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INTRODUCTION

In blood, bacteria or bacterial products elicit a systemic
inflammation characterized by massive activation of both mac-
rophages in the reticuloendothelial system and circulating leu-
kocytes, release of cytokines, adhesion molecule expression on
endothelial cells, and development of hypotension. The con-
sequences of this systemic inflammation may progress to sep-
sis, septic shock, and multiple organ failure (70, 73, 85).

Soon after the first adequate dose of an antimicrobial drug
to treat a wide spectrum of infectious diseases such as syphilis,
relapsing fever, Lyme disease, leptospirosis, brucellosis, Vin-
cent’s angina, or African trypanosomiasis, a complex clinical
reaction may occur, often characterized by sudden fever, myo-
cloni, and hypotension. This phenomenon was first described
by Jarisch (82) and Herxheimer (71) during therapy of second-
ary syphilis using mercury and is well known as the Jarisch-
Herxheimer reaction (JHR). Typically, this systemic reaction
occurs 1 to 2 h after the initial treatment of syphilis with
effective antibiotics, especially penicillin. It consists of the
abrupt onset of fever, chills, myalgias, headache, tachycardia,
hyperventilation, vasodilation with flushing, and mild hypoten-
sion. It is particularly common (70 to 90%) when secondary
syphilis is treated but can occur at any stage. It lasts from 12 to
24 h in various degrees of severity and is self-limiting (170,
187).

Although the molecular mechanisms of the JHR and inflam-
matory host responses to other bacteria following antibiotic
treatment are not yet well understood, the JHR is predictable
and of relatively uniform intensity (52). A more detailed anal-
ysis of antimicrobial drug-induced inflammatory host re-
sponses showed differences between spirochetes, other mi-
crobes, and endotoxin injections (23). Furthermore, spirochetes
like Treponema pallidum, Borrelia recurrentis, and Borrelia burg-
dorferi sensu lato have never been shown to contain classical
endotoxins (49, 66, 136). The bacterial compounds involved in
JHR remain to be identified.

For the bacteria containing endotoxin, a JHR-like reaction
was first described for typhoid fever. In the early days of anti-
biotic therapy, lethal vasomotor collapse after the first dose of

chloramphenicol was noted. A rapid and strong release of
endotoxin was suspected as the cause of adverse effects asso-
ciated with the initiation of treatment. This led to the advice to
start with a low dose of the antibiotic (75). Worsening of
clinical symptoms after initiation of antibiotic treatment during
sepsis or meningitis has also frequently been observed, leading
to the concept of immunosuppression by corticosteroids and
other agents concomitant or prior to the first antibiotic dose.

A therapeutic approach in meningitis and sepsis, which
avoids immunosuppression, is to influence the liberation of
bacterial proinflammatory cell wall products. Compared to
continuing replication and autolysis, all bactericidal antibiotic
regimens eventually reduce the release of bacterial compo-
nents. Whereas cell wall-active antibacterials can temporarily
enhance the liberation of toxic or proinflammatory bacterial
compounds, bactericidal antibiotics acting by the inhibition of
RNA or protein synthesis or DNA replication (rifamycins,
macrolides, clindamycin, ketolides, and quinolones) delay or
even circumvent bacterial lysis. They are promising with re-
spect to reducing toxic or proinflammatory bacterial com-
pounds when they possess bactericidal in vivo activity against
gram-positive and gram-negative bacteria causing sepsis and
meningitis.

The present review aims at a critical reevaluation of in vitro,
animal, and clinical data and of whether the use of antibacte-
rials which reduce the release of proinflammatory and toxic
compounds from bacteria may be advantageous in comparison
to �-lactam antibiotics for initial therapy of severe infections.

PROINFLAMMATORY AND TOXIC EFFECTS OF
BACTERIAL COMPONENTS

LPSs

Structure. The cell walls of gram-negative bacteria are com-
posed of three layers, which include outer and inner mem-
branes that enclose a peptidoglycan backbone. The outer
membrane is a trilamellar structure which has a different
chemical composition from the cytoplasmic membrane and
contains the lipopolysaccharide (LPS) moiety. The negatively
charged LPS molecules (molecular weight, about 3,000 to
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18,000) are noncovalently cross-bridged by divalent cations.
This stabilizes the membrane and provides a barrier to hydro-
phobic molecules. Displacement of LPS by polycationic anti-
biotics such as polymyxins, aminoglycoside, or chelating agents
renders the outer membrane permeable to large hydrophobic
molecules. LPS is found only in gram-negative bacteria.

The classic molecule consists of three regions: polysaccha-
ride side chains (O-antigen), core saccharides, and lipid A. The
sequence of sugars of the O-antigen is highly variable. The
number of repeating oligosaccharide subunits, consisting usu-
ally of linear trisaccharides or branched tetra- or pentasaccha-
rides, may be more than 20.

The core saccharides are similar in all gram-negative bacte-
ria that have LPS and consist mainly of N-acetylglucosamine,
glucose, galactose, heptose, phosphate, and ethanolamine.
This unit is linked through its 2-keto-3-deoxyoctonic acid via a
glycoside bond to the glucosamine of the lipid A.

The lipid A component contains a dimer of phosphorylated
glucosamine bound to O-and N-linked saturated long-chain
fatty acids or hydroxy fatty acids and accounts for about half
the lipids in the outer bilayer (117, 138, 149).

Proinflammatory activity. The lipid A is responsible for the
inflammatory activity of LPS. LPS induces the release of a
broad spectrum of inflammatory cytokines such as interleu-
kin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor alpha
(TNF-�) from human peripheral mononuclear blood cells and
expression of VCAM or ICAM on endothelial cells (21, 104,
105, 174, 175). It elicits many features of septic shock (38, 161).

The mechanisms by which LPS activates cells and initiates
inflammatory responses have been investigated extensively.
CD14 and the LPS binding protein (LBP) are key mediators in
the activation pathway of inflammatory cells (164, 168, 169,
184). CD14 is not a transmembrane protein, i.e., a further
transmembrane molecule is needed to explain the cell stimu-
lation by the suggested complex containing LPS, LBP, and
membrane-bound CD14. The Toll-like receptor 4 (Tlr4) has
recently been found to function as the transmembrane com-
ponent of the LPS-receptor complex and as the missed trans-
ducer of the LPS signal (13, 14). After activation of this sig-
naling cascade, genes encoding inflammatory cytokines are
transcribed.

Teichoic and Lipoteichoic Acids

Structure. Most gram-positive bacteria contain considerable
amounts of teichoic acid (TA) and lipoteichoic acid (LTA) in
the cell wall, accounting for up to 50% of its dry weight. The
molecules are water-soluble polymers, containing ribitol or
glycerol residues joined through phosphodiester linkages and
carrying one or more amino acid or sugar substituents. The
repeat units may be glycerol, joined by 1,3- or 1,2-linkages, or
ribitol, joined by 1,5-linkages. More complex units in which
glycerol or ribitol is joined to a sugar residue such as glucose,
galactose, or N-acetylglucosamine also occur. Although 10 or
fewer of the repeat units are common, 30 or more may be
possible. D-Alanine is often part of TA, usually linked to po-
sition 2 or 3 of glycerol or position 3 or 4 of ribitol or attached
to one of the sugar residues.

The composition of the TA molecule can vary with the
composition of the growth medium. A defined species may

have more than one type of sugar substituent in addition to
D-alanine. Two types of TA can be differentiated. The wall TA
is covalently linked to peptidoglycan, and the LTA is covalently
linked to membrane glycolipid (9, 107, 130).

The function of TA and LTA is still a matter of speculation.
LTAs may serve to anchor the wall to the underlying cell
membrane. TAs may participate in adhesion and magnesium
ion supply to the bacterium. In pneumococci, TAs contribute
to resistance, autolysis, and DNA transformation (54, 55, 118).
LTAs are heterogeneous in molecular details, but their prin-
cipal structure is similar in gram-positive bacteria. With re-
spect to the induction of inflammation, they are thought to be
the counterpart of the LPS of gram-negative bacteria (67, 68).

Proinflammatory activity. Gram-positive as well as gram-
negative microorganisms can cause septic shock. The cell walls
of gram-positive organisms contain various components,
mainly LTA and peptidoglycan, which elicit the host’s inflam-
matory response (15, 29, 167, 180). LTAs exhibit many biolog-
ical activities mediated by the induction of cytokines like IL-1,
IL-6, IL-8, IL-12, and other molecules activating inflammation
(15, 24, 34, 111). In anesthetized rats, administration of LTA
caused a release of TNF-�, induction of inducible nitric oxide
synthase, and circulatory failure (39). The pathogenetic conse-
quences of LTA can vary among bacterial species (68, 99, 100).

CD14, the major receptor of LPS, also recognizes bacterial
components like LTA (34). LTA can act synergistically or as an
antagonist of LPS depending on the origin of the LTA (162).

Peptidoglycans

Structure. Due to the structure of the peptidoglycan, cell
walls of gram-positive and gram-negative bacteria are rigid,
thereby protecting bacteria against osmotic rupture. In Gram’s
stain, the gram-positive cell wall retains crystal violet because
of its thick, multilayered peptidoglycan. The peptidoglycan
layer of gram-positive bacteria is 50 to 100 molecules thick,
whereas the cell wall of gram-negative bacteria is only one or
two molecules thick. Peptidoglycans are heteropolymers of
long polysaccharide chains in which N-acetylglucosamine and
N-acetylmuramic acid alternate in a linear form. Peptides are
attached to each N-acetylmuramic acid, and the strands are
cross-linked by peptide linkages. Typical linkage exists between
the carboxyl group of a D-alanine residue that forms the ter-
minal peptide, linked either directly or through a short peptide
cross bridge to lysine or diaminopimelic acid (33, 41, 65, 141,
152).

Inhibition of peptidoglycan synthesis is the aim of several
important classes of antibiotics, including the penicillins, ceph-
alosporins, and glycopeptides.

Proinflammatory activity. A number of biological activities
in the host have been attributed to peptidoglycan, but its role
in pathogenesis remains unclear. Gram-positive cell wall frag-
ments as well as purified peptidoglycan induce the release of
TNF-�, IL-1�, and IL-6 from cultured macrophages/mono-
cytes (15, 72, 111, 167). The molecular mechanism of this
induction is still a matter of discussion.

Peptidoglycan from gram-positive bacteria also binds CD14,
suggesting that this receptor is involved in cytokine induction
in gram-positive infection (47, 48, 182). Peptidoglycan from
Staphylococcus aureus induced IL-6 and IL-10 mRNA in both
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T cells and monocytes. LTA induced IL-6 and IL-10 produc-
tion in monocytes. The results in T cells were inconclusive.
Only peptidoglycan was a potent inducer of TNF-�, whereas
peptidoglycan and LTA induced the release of similar amounts
of IL-6 and IL-10 (182).

In cultured macrophages, LTA but not peptidoglycan from
S. aureus induced the release of nitric oxide. Coadministration
of LTA and peptidoglycan resulted in a fourfold increase in the
production of nitric oxide elicted by LTA alone. For this rea-
son, LTA and peptidoglycan probably work synergistically in
systemic inflammation induced by gram-positive bacteria (39).
A specific part of the peptidoglycan molecule (N-acetylglu-
cosamine-�-[134]-N-acetylmuramyl-L-alanine-D-isoglutamine)
was found to be responsible for the synergism of peptidoglycan
and LTA in NO formation, septic shock, and organ injury (85).

In anesthetized rats, administration of LTA caused a release
of TNF-�, induction of inducible nitric oxide synthase, and
circulatory failure. In cultured macophages, LTA but not pep-
tidoglycan from S. aureus induced the release of nitric oxide.
Coadministration of LTA and peptidoglycan resulted in a four-
fold increase in the production of nitric oxide elicited by LTA
alone. For this reason, LTA and peptidoglycan probably work
synergistically in systemic inflammation induced by gram-pos-
itive bacteria (39).

Bacterial DNA

Bacterial DNA can induces B-cell proliferation. In contrast,
mammalian DNA does not show this biological activity (97,
185). Similarly, CpG motifs in fragments of bacterial DNA
trigger direct B-cell activation. Methylation of bacterial DNA
with CpG methylase abolishes mitogenicity, demonstrating
that this difference in CpG status is the cause of the immune-
stimulatory effects of bacterial DNA (97).

Unmethylated CpG motifs are about 20-fold more common
in bacterial DNA than in vertebrate genomes. When CpG
motifs are present in vertebrates, they are more likely to be
methylated. It has been suggested that the vertebrate immune
system uses these unique characteristics of bacterial DNA to
launch innate immune defenses against bacteria.

In addition to B-cell proliferation, the immunological activ-
ity of DNA containing unmethylated CpG motifs includes
stimulation of the release of IL-6 and Il-10, natural killer cell
activation, secretion of gamma interferon and activation of
monocytes, with increases in the levels of TNF-� and IL-12.
Furthermore, in a murine model, CpG-containing oligonucle-
otides modified Th2 inflammatory response, making it more
Th1-like (7, 30, 32, 37, 63, 92, 93, 94, 97, 185).

On the one hand, bacterial DNA has been found to cause
septic shock; on the other, it can reduce LPS-induced inflam-
mation through an IL-12-dependent pathway (148, 156). In
inducing septic shock, on a weight basis bacterial DNA is
approximately 10-fold less potent than LPS (156).

Bacterial DNA alone induced little nitric oxide production
in cultured macrophages, yet DNA from both gram-negative
and gram-positive bacteria synergized with subthreshold con-
centrations of endotoxin (59). Although the exact role of bac-
terial DNA in the signal pathway and its biological significance
during severe infections remain unclear, it probably contrib-
utes to the proinflammatory activity of lysed bacteria.

Bacterial Proteins

A variety of bacterial proteins can participate in the patho-
genesis of inflammation and injury to the host during infection.
Since the influence of antibiotic treatment on the expression
and release of bacterial proteins has been less thoroughly in-
vestigated than its influence on the release of the compounds
mentioned above, this review focuses on exotoxins and hemo-
lysins.

Exotoxins. Only a minority of gram-positive organisms pro-
duce entero- or exotoxins, e.g., toxic shock syndrome toxin and
staphylococcal enterotoxins A to E, which are able to induce
shock in humans (17, 96). These toxins are called superanti-
gens because of their ability to activate T cells by binding to
major histocompatibility complex class II molecules and to the
T-cell receptor at picomolar concentrations, leading to exces-
sive production of proinflammatory cytokines (96, 166).

Hemolysins. Several genera, particularly of gram-positive
bacteria, produce hemolysins. Pneumolysin has been studied
extensively. It consists of a single 53-kDa polypeptide chain, is
localized in the cytoplasm, and is produced by virtually all
clinical isolates of Streptococcus pneumoniae. It can activate the
classical complement pathway by binding to the Fc portion of
immunoglobulin G and forms transmembrane pores by oli-
gomerization (129).

Modes of Action on the Host

Proinflammatory and toxic bacterial products may affect the
host on several levels.

Leukocytes. Many of the harmful effects of bacterial com-
pounds on the host organism are mediated by mechanisms of
the immune response. Stimulation of circulating cells of the
immune system leading to cytokine and chemokine secretion,
degranulation of granulocytes, and production of free radicals
by granulocytes and monocytes has been firmly established
(72) (see above also).

Resident immune cells. The action of bacterial compounds
on immune cells does not necessarily involve the circulating
pool of monocytes and granulocytes. In rats, LPS induces
caspase-3-mediated apoptosis of hepatocytes, which depends
on the presence of intact Kupffer cells (64). Stimulation of
cultured microglia with LPS (1 ng/ml) resulted in a strong
release of TNF-�. Higher concentrations of LPS caused time-
and dose-dependent apoptotic death of microglia. In contrast,
astrocytes were insensitive to LPS-induced cytotoxicity (102).

Heat-inactivated pneumococci and pneumococcal cell wall
preparations damage astrocytes and microglia in vitro. Neuro-
nal injury, however, only occurs during coculture with glial cells
(88). The production of nitric oxide by glial cells plays an
important role in neuronal cell death (89). In organotypic
hippocampal slices in vitro, i.e., in the absence of leukocytes,
necrotic and apoptotic cell damage occurs after exposure to
heat-inactivated S. pneumoniae R6, lipoteichoic acid, pepti-
doglycans, and pneumococcal DNA (144). This indicates that
several bacterial components may stimulate local immunocom-
petent cells.

Endothelia. High-dose endotoxin produces oligonucleoso-
mal and random DNA fragmentation in liver, lung, kidney,
intestine, and vascular endothelial cells in vivo (18, 84). Al-
though this may be, in part, mediated by circulating immune
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cells, a direct effect of bacterial components on endothelial
cells has been demonstrated. In vitro, endotoxin stimulated
endothelial cells to release TNF-�, ICAM-1, and inducible
nitric oxide synthetase (57) and disrupted the endothelial cell
barrier function by a mechanism which does not involve pro-
tein synthesis (8). Upon stimulation with supernatants of an-
tibiotically treated S. aureus, human umbilical cord vein endo-
thelial cells released IL-8 and MCP-1 and showed increased
adhesiveness for granulocytes (178). Heat-inactivated unen-
capsulated pneumococci induced the release of matrix metal-
loproteinase-2 from aortic and cerebral endothelial cells (114).
Pneumolysin damaged brain microvascular endothelial cells
and decreased transendothelial electrical resistance (191) and
caused a dose-dependent inhibition of ciliar beat frequency in
ependymal cells (74).

Neurons. Pneumolysin is capable of directly damaging hair
cells of the cochlea (35). It may induce apoptosis in neurons of
the hippocampal formation, possibly by direct action on the
cell membrane (22; A. Stringaris and R. Nau, unpublished
data).

RELEASE OF BACTERIAL COMPOUNDS
DURING TREATMENT

Gram-Negative Bacteria

During normal growth, endotoxin is shed continuously by
gram-negative organisms (3, 50). Furthermore, various gram-
negative pathogens liberate bilayered membrane vesicles con-
taining endotoxin, outer membrane proteins, and several hy-
drolytic enzymes, including proteases, alkaline phosphatase,
phospholipase C, and peptidoglycan hydrolase (83). Antibiotic
treatment causes up to 100-fold rises in the endotoxin levels in
the supernatants of bacterial cultures (44). The release of en-
dotoxin by gram-negative bacteria during antibiotic therapy is
drug and dose dependent. In general, high concentrations of
antibacterials release smaller quantities of endotoxin than con-
centrations close to the MIC (44, 78, 133, 171).

�-Lactam antibiotics. Meningococci exposed to penicillin in
vitro for 1 to 2 h released more endotoxin than untreated
meningococci (2, 3, 113). After an observation period of 4 h,
however, multiplying bacteria not treated with antibacterials
released more endotoxin than bacteria treated with penicillin
or ceftriaxone (132).

Three main responses to �-lactam antibiotics by gram-neg-
ative bacteria have been observed: rapid cell lysis due to the
inhibition of penicillin-binding protein 1A (PBP-1A) and PBP-
1B; production of osmotically sensitive, cell wall-deficient
round cells by the inhibition of PBP-2; and filament formation
by inhibition of PBP-3. Filament formation leads to strong
endotoxin production and, ultimately, endotoxin release when
such cells lyse (61). The amount of endotoxin released corre-
lates with cell wall morphology and bacterial shape before lysis
(76). Antibacterials inhibiting PBP-3 at low concentrations
(e.g., ceftazidime) also bind to PBP-2 at higher concentrations,
which causes round cells not containing large amounts of en-
dotoxin (61).

At two times the MIC, PBP-3-specific ceftazidime liberated
10 to 40 times more endotoxin from Pseudomonas aeruginosa
than the PBP-2-specific imipenem (78). In contrast to the dif-

ference between ceftazidime and imipenem with respect to P.
aeruginosa, the endotoxin release by ceftazidime and imipenem
from Escherichia coli in one study was almost identical at
concentrations between 0.06 and 256 mg/liter (Fig. 1) (51). In
two other studies (134, 171), however, the amount of endotoxin
was lower after exposure of E. coli to imipenem and mero-
penem than to ceftazidime. At two times the MIC, the release
of endotoxin from E. coli was higher than at 50 times the MIC
for all antibacterials tested (meropenem, imipenem, ceftazi-
dime, and ciprofloxacin) (171).

Incubation of Salmonella enterica serovar Typhi with cefta-
zidime and imipenem led to a maximum release of 33 and 27%
of the radiolabeled endotoxin, respectively. The delay between
bacterial killing and LPS release was approximately 1 h for
both antibiotics (177).

Quinolones. E. coli exposed for 60 min to ciprofloxacin
showed a 1,000-fold decrease in CFU but no equivalent de-
crease in bacterial numbers, as determined by light microscopy
and flow cytometry, suggesting that the bacteria did not lyse
(108). In another study investigating E. coli, at two and 50

FIG. 1. Release of LPS from E. coli following exposure to various
antibacterials (tetracycline, 16 mg/liter; all other agents, 256 mg/liter)
(means � standard deviations). Protein synthesis inhibitor antibiotics
released smaller LPS quantities than �-lactam antibiotics. Significant
differences (analysis of variance) were detected between tetracycline
versus polymyxin B and no antibiotic; imipenem and ceftazidime ver-
sus polymyxin B; imipenem versus gentamicin, ciprofloxacin, and no
antibiotic; and ceftazidime versus gentamicin and no antibiotic. Re-
printed from reference 51 with permission of the publisher.
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times the MIC, after 8 h of exposure ciprofloxacin had induced
the release of approximately two- and one-fifth, respectively, of
the endotoxin released by ceftazidime (171). The release of
endotoxin was slower during ciprofloxacin than during ceftazi-
dime treatment (171). Although in two other studies the ab-
solute amount of endotoxin released from E. coli by ciprofloxa-
cin was similar to that liberated by ceftazidime (51, 133), in
timed experiments ciprofloxacin, despite rapid bactericidal ac-
tion, induced the release of only 12.7% of the total LPS within
the first hour of exposure, whereas during ceftazidime treat-
ment 61.9% was released (Fig. 1) (51).

Polymyxin. The hydrophobic fatty acid chain of polymyxin is
able to bind the LPS core glycolipid, inactivating its biological
function (139). The amounts of intact drug or the reactive side
chain necessary to achieve anti-LPS activity, however, are toxic
and preclude systemic use of polymyxin in humans (140, 183).
Nevertheless, in several animal models of gram-negative sep-
sis, subinhibitory polymyxin doses bound endotoxin and in-
creased or prolonged survival (36, 181). As for polymyxin and
aminoglycosides (see below), the glycopeptide teicoplanin was
able to bind and neutralize endotoxin. After incubation of
teicoplanin with LPS for 3 h, it reduced in vitro reactivity and
lethality of D-galactosamine-sensitized mice challenged intra-
peritoneally with Salmonella enterica serovar Minnesota R595
LPS (56).

Aminoglycosides. Gentamicin and other aminoglycosides, in
addition to inhibiting protein synthesis, also perturb the pack-
ing order of lipids by interaction with anionic lipopolysaccha-
rides on the surface of gram-negative bacteria and thereby may
induce cell lysis. By destabilizing the membranes of P. aerugi-
nosa, gentamicin increased the release of membrane vesicles
three- to fivefold (83). Similarly, in several studies the release
of endotoxin by protein synthesis-inhibiting aminoglycosides
was comparable to the release observed during treatment with
�-lactam antibiotics (176). For this reason, aminoglycosides
may not be ideal candidates for the reduction of proinflamma-
tory bacterial compounds. In two studies, however, tobramycin
induced the release of less LPS from E. coli than ceftazidime
and cefuroxime (155, 171).

Aminoglycosides, although less potent than polymyxin B,
can bind and neutralize endotoxin (116, 150). Binding of en-
dotoxin to the aminoglycoside is one explanation for the ob-
servation that the combination of tobramycin and cefuroxime
caused less endotoxin liberation from E. coli than treatment
with cefuroxime alone (43, 44).

Chloramphenicol. In meningococci treated with penicillin,
ceftriaxone, and chloramphenicol, the release of endotoxin was
lowest during chloramphenicol treatment. The difference be-
tween chloramphenicol versus the �-lactams reached statistical
significance with only one of the four strains investigated,
whereas with the other three strains a trend towards differ-
ences between chloramphenicol and �-lactams was observed
(132).

Clindamycin. Antibacterials usually not employed for treat-
ment of infections by gram-negative bacteria have also been
shown to influence the release of proinflammatory compounds
and virulence factors. Clindamycin, although not effective
against E. coli, suppressed the production of hemolysin (16).
Treatment with clindamycin at 25 �g/ml for 4 h strongly re-

duced and treatment for 18 h almost completely abolished
endotoxin release during treatment with ceftazidime (91).

As mentioned above, endotoxin is not the only proinflam-
matory compound of gram-negative bacteria. Other bacterial
products probably contribute to the pathogenesis of septic
shock, meningeal inflammation, and tissue damage (134). The
influence of antibiotic treatment on the release of peptidogly-
cans and bacterial DNA by gram-negative bacteria, however,
has not been studied, to our knowledge.

Gram-Positive Bacteria

Until recently, the lack of convenient analytical methods
impeded the comparative investigation of the liberation of
LTA and TA from gram-positive bacteria by various antibac-
terials.

�-Lactam antibiotics. The release of peptidoglycans and TA
in pneumococci treated with penicillin and ampicillin has been
demonstrated after incorporation of [3H]lysine and [3H]cho-
line (53) in vitro. Benzylpenicillin enhanced the release of
radiolabeled LTA from Lactobacillus casei, whereas chloram-
phenicol inhibited its release (131).

The release of LTA and TA from an S. pneumoniae type 3
strain grown in tryptic soy broth was monitored by enzyme
immunoassay (EIA) (159). At a concentration of 10 �g/ml, a
rapid and intense release of LTA/TA occurred during expo-
sure to ceftriaxone and meropenem (160).

Protein synthesis inhibitors. The LTA/TA concentrations
during treatment of S. pneumoniae with rifampin, rifabutin,
and quinupristin/dalfopristin were substantially lower than
during treatment with ceftriaxone and meropenem (Fig. 2).
The release of LTA/TA during exposure to trovafloxacin was
slower than during ceftriaxone; the difference after 12 h, how-
ever, failed to reach statistical significance. At low antibiotic
concentrations (MIC and MBC), larger quantities of LTA/TA
were released than in cultures treated with 10 to 300 times the
MIC of the respective antibacterial (160). Rifampin treatment
resulted in less bacterial DNA release than treatment with
ceftriaxone and spontaneous growth (60).

Similarly, LTA in the supernatant of S. aureus cultured in
vitro was quantified by EIA, and peptidoglycan was measured
by means of a silkworm larva plasma test 4 h after the addition
of antibiotics at concentrations of 20 times the MIC. Eryth-
romycin, clindamycin, and gentamicin acting as inhibitors of
protein synthesis released smaller quantities of LTA and pep-
tidoglycan from S. aureus than the �-lactam antibiotics cefa-
mandole, flucloxacillin, and imipenem (177, 179) (Fig. 3). The
different antibiotic supernatants were then tested for TNF-�
production in a whole-blood stimulation assay without and
after degradation of peptidoglycan in the bacterial superna-
tants. The enzymatic treatment reduced the TNF-�-inducing
capacity of supernatants exposed to �-lactams by approxi-
mately 80%. For protein synthesis inhibitors, no residual
TNF-� production was observed. This suggests that the stim-
ulation of TNF-� release in whole blood exerted by superna-
tants of S. aureus cultures was primarily effected by peptidogly-
can (179).

Clindamycin substantially inhibited the production of pyro-
genic exotoxin C (toxic shock syndrome toxin 1) from S. aureus,
as measured by double immunodiffusion at concentrations
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(�0.01 mg/liter) which did not significantly inhibit bacterial
growth (142). At subinhibitory concentrations, �-lactam anti-
biotics strongly induced and clindamycin almost completely
inhibited the expression of the gene encoding the staphylococ-

cal alpha-toxin (126). Tetracycline and kanamycin also inhib-
ited the production of staphylococcal exotoxin at subinhibitory
concentrations, but were less potent than clindamycin, eryth-
romycin, and lincomycin (40). Similarly, the ability of Strepto-

FIG. 2. Release of LTA and TA by S. pneumoniae during treatment with 10 �g of ceftriaxone (A), rifampin (B), rifabutin (C), quinupristin/
dalfopristin (D), trovafloxacin (E), and meropenem (F) per ml (solid circles). Means � standard errors of means of five experiments are shown.
�, P � 0.05 versus ceftriaxone-treated bacteria (open squares, bacterial titers, means � SEM). Reprinted from reference 160 with permission of
the American Society for Microbiology. Antibacterials inhibiting bacterial protein synthesis released smaller quantities of LTA and TA than
�-lactam antibiotics.

VOL. 15, 2002 RELEASE OF PROINFLAMMATORY COMPOUNDS BY ANTIBACTERIALS 101



coccus pyogenes to produce streptococcal pyrogenic exotoxin A
(as estimated by [3H]thymidine uptake of mononuclear cells)
was lower in cultures treated with clindamycin than with am-
picillin (concentration 0.5 times the MIC) (157). Furthermore,
lincomycin and clindamycin at concentrations below those
which partially inhibited bacterial growth completely sup-
pressed the production of streptolysin S in streptococci. Chlor-
amphenicol and erythromycin, two other bacterial protein in-
hibitors, had no effect on hemolysin production (151). Upon
exposure to clindamycin, Clostridium perfringens released sub-
stantially less �-toxin than during penicillin treatment (158).
Based on these observations, several authors recommend the
use of clindamycin for therapy of staphylococcal or streptoccal
toxic shock syndrome and Clostridium perfringens gas gangrene.

EFFECT OF DIFFERENTIAL RELEASE OF
PROINFLAMMATORY COMPOUNDS ON

MAMMALIAN CELLS

Gram-Negative Bacteria

Mononuclear cells released less TNF after exposure to fil-
trates of E. coli cultures treated with amikacin or imipenem
than when they were exposed to filtrates of ceftazidime-, ce-
fotaxime-, and aztreonam-treated cultures. Exposure to cipro-
floxacin gave intermediate levels of TNF release (153). Low-
dose treatment with cefuroxime and ceftazidime resulted in
higher production of TNF than high-dose therapy, and coad-
ministration of tobramycin reduced the TNF release induced
by cefuroxime treatment (43). Exposure of Haemophilus influ-
enzae to ceftriaxone resulted in greater release of TNF than
exposure to imipenem despite similar degrees of bacterial kill-
ing (5).

Upon stimulation by endotoxin, endothelial cells increase
their surface expression of adhesion molecules and their se-
cretion of chemokines such as IL-6, IL-8, and MCP-1 (6, 106).
Killing of E. coli by PBP-2-specific imipenem induced less IL-6

release from human umbilical vein endothelial cells than did
PBP-3-specific ceftriaxone and meropenem. When endothelial
cells were coincubated with 4% human blood, antibiotic-in-
duced IL-6 release was substantially higher than IL-6 libera-
tion produced by endothelial or blood cells alone, indicating
amplification of IL-6 release by coincubation of endothelia and
monocytes (6).

After 4 and 18 h of clindamycin incubation, the release of
IL-1� and TNF-� from a human acute monocytic leukemia cell
line (THP-1) induced by supernatants of ceftazidime-treated
E. coli was smaller than that without clindamycin treatment
(91).

Gram-Positive Bacteria

Supernatants from Staphylococcus epidermidis cultures incu-
bated with �-lactam antibibiotics induced a stronger TNF re-
lease from plastic-adherent monocytes than those obtained
from bacteria incubated with culture medium only, vancomy-
cin, and clindamycin (110).

Peptidoglycan and LTA released from S. aureus caused
TNF-� secretion in a whole-blood stimulation assay (179) and
IL-8 and MCP-1 liberation, ICAM-1 expression, and increased
adhesiveness of granulocytes in human umbilical vein endo-
thelial cultures (178). The stimulatory effects of supernatants
from cultures treated with �-lactam antibiotics was greater
than from cultures treated with protein synthesis inhibitors,
indicating a stronger release of proinflammatory compounds
by �-lactams (178, 179).

RELATIONSHIP BETWEEN PROINFLAMMATORY
COMPOUND CONCENTRATION AND OUTCOME

IN HUMANS

Meningitis

Pathology. The release of bacterial cell wall components into
the cerebrospinal fluid (CSF) during antibiotic-induced bacte-

FIG. 3. Release of LTA and peptidoglycans from Staphylococcus aureus after 4 h of exposure to various antibacterials (means � standard errors
of the mean for three to four separate experiments). Reprinted from reference 178 with permission of the American Society for Microbiology. The
protein synthesis inhibitors (PSI) erythromycin (ery), clindamycin (clinda), and gentamicin (genta) released substantially smaller amounts of LTA
and peptidoglycans than imipenem (imi), flucloxacillin (fluclox), and cefamandole (cefa). Contr, control.
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rial lysis may cause a burst of meningeal inflammation after
initiation of antibiotic therapy (119, 173). Endotoxins and pep-
tidoglycans of gram-negative organisms and fragments of the
cell wall of gram-positive bacteria (peptidoglycans, TA, and
LTA) can stimulate the release of proinflammatory cytokines,
induce profound meningeal inflammation, increase intracra-
nial pressure, and cause brain edema in experimental menin-
gitis (26, 119, 137).

In humans, evidence of brain herniation was present at au-
topsy in approximately one in three cases who die during the
acute phase of meningitis (46, 121). More than 50% of the
brain herniations occurred later than 2 h after lumbar puncture
(42). At this time, antibiotic therapy had presumably been
initiated. Since endotoxin injected intracisternally is able to
increase brain water content, it has been suspected that the
antibiotic-induced release of proinflammatory cell wall prod-
ucts contributed to brain herniation in some of these cases
(163, 165).

Adjunctive corticosteroids. In order to attenuate subarach-
noid space inflammation, adjunctive anti-inflammatory drugs
have been introduced into the therapy of bacterial meningitis
(135). However, although different regimens have been proven
effective in animal models, only dexamethasone therapy has
been shown to decrease hearing loss and overall neurologic
sequelae in children with H. influenzae meningitis (125). For all
other pathogens, the present data are not strong enough to
warrant routine use of dexamethasone (112). In animal exper-
iments, dexamethasone increased neuronal damage in the den-
tate gyrus of the hippocampal formation (190). It has been
shown to decrease the concentrations of hydrophilic antibiotics
in the CSF in meningitis and in the pus of brain abscesses and
to affect CSF sterilization in the case of pathogens with de-
creased sensitivity to antibiotics (28, 95, 128).

Protein synthesis inhibitors and quinolones versus �-lactam
antibiotics. Bactericidal protein synthesis inhibitors, promising
for use in infections of the central nervous system (CNS),
include rifampin, clindamycin, and perhaps quinupristin/dalfo-
pristin, linezolid, and ketolides. Older quinolones are inadae-
quate for the majority of CNS infections because of their low
activity against S. pneumoniae and Listeria monocytogenes (120).
Newer quinolones, such as clinafloxacin, trovafloxacin, and
moxifloxacin, are highly active against gram-positive and gram-
negative pathogens causing meningitis. They also appear to kill
bacteria without lysing them immediately (58, 123, 129, 143).

Chloramphenicol. In E. coli meningitis, the marked increase
in endotoxin in CSF 3 h after initiating treatment with cefo-
taxime was not observed with chloramphenicol, although the
reduction in bacterial titers in CSF was not significantly differ-
ent. Brain edema was less severe in chloramphenicol- than in
cefotaxime-treated rabbits (165). Similarly, bacteriostatic con-
centrations of chloramphenicol did not cause the initial in-
crease in LPS observed 2 h after initiation of antibiotic ther-
apy which occurs during therapy of meningitis with �-lactam
antibiotics (58). After 6 h, however, LPS was higher in the
chloramphenicol-treated than in any of the �-lactam antibiotic-
treated groups (58). For this reason, the bacteriostatic chlor-
amphenicol appears not to be suitable to decrease the release
of proinflammatory or neurotoxic bacterial compounds in
meningitis.

Rifampin. In the CSF of experimental rabbits, the release of
proinflammatory cell wall products (LTA and TA) of S. pneu-
moniae killed by rifampin, rifabutin, quinupristin/dalfopristin,
moxifloxacin, and trovafloxacin was slower and/or smaller than
that of pneumococci killed by ceftriaxone (20, 160). S. pneu-
moniae type 3 killed in vitro by trovafloxacin and injected
intracisternally caused less CSF pleocytosis in rabbits than
bacteria killed in vitro by ceftriaxone (123).

In the rabbit model of S. pneumoniae meningitis, trovafloxa-
cin delayed (123) and rifabutin and quinupristin/dalfopristin
decreased the activity of TNF in the CSF (145, 172). Trova-
floxacin and rifabutin, however, failed to reduce parameters of
neuronal damage in this model. Treatment with quinupristin/
dalfopristin decreased the CSF concentration of neuron-spe-
cific enolase, an indicator of neuronal damage in meningitis
(77), in comparison to ceftriaxone, yet this compound only
slowly reduced pneumococcal titers in CSF (172).

Rifampin, compared to ceftriaxone, reduced early mortality
in a mouse model of S. pneumoniae meningitis (Fig. 4) (122).
In a rabbit model of S. pneumoniae meningitis, CSF leukocytes
from rifampin-treated rabbits produced less reactive oxygen
intermediates than leukocytes from animals receiving ceftriax-
one. The CSF malondialdehyde concentrations and the density
of apoptotic neurons in the dentate gyrus were lower in ri-
fampin- than in ceftriaxone-treated animals (20).

The rapid induction of resistance to rifampin during mono-
therapy precludes its use as a single agent for sepsis and men-
ingitis, yet no substantial release of LTA/TA was observed in
vitro when ceftriaxone was added 6 h after initiation of anti-
biotic therapy with rifampin (J. Gerber, P. Yamini, and R.
Nau, Abstr. 39th Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. 1788, 1999). Therefore, after initial rifampin
therapy, �-lactam antibiotics may be added when the majority
of the bacteria have already been killed by rifampin (i.e., 12 to
24 h later).

The available data do not permit the introduction of this
concept into clinical routine. They strongly suggest a random-
ized clinical trial comparing standard therapy (�-lactams) ver-

FIG. 4. Kaplan-Meier analysis of mice treated with rifampin
(dashed line) and ceftriaxone (solid line) for experimental S. pneu-
moniae meningitis. Reprinted from reference 122 with permission of
the publisher. Note the high early mortality in animals treated with
ceftriaxone. The survival-versus-time curves for the two antibiotics
were significantly different (P � 0.007; Cox proportional hazard mod-
el). Rifampin reduced overall mortality from 49 to 26% (P � 0.04,
Fisher’s exact test).
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sus a protein synthesis-inhibiting antibiotic (rifampin) followed
by the combination of rifampin plus �-lactam 12 h later.

Sepsis

Adjunctive corticosteroids. Clinical trials in humans with
several immunomodulatory agents, including high-dose meth-
ylprednisolone, have been unsuccessful (19). This fact encour-
ages the study of the influence of antibacterials on the release
of proinflammatory and toxic bacterial compounds in vivo and
on survival.

�-Lactam antibiotics. The potential of antibiotics to cause
endotoxin release influenced the outcome of gram-negative
sepsis in animal models (25, 79, 127). In mouse models of
E. coli and P. aeruginosa peritonitis/sepsis, where bacteria,
D-galactosamine (to sensitize mice for endotoxin), and antibi-
otics were given at the same time, 20 mg of the PBP-2 inhibitor
imipenem per kg resulted in an approximately eightfold in-
crease in the 50% lethal dose (LD50) of bacteria. Conversely,
PBP-3-specific ceftazidime led to only a threefold increase in
the LD50 (Fig. 5) (25). When antibiotic treatment was started
2 h after intraperitoneal inoculation of 4 � 103 E. coli, only
imipenem provided significant protection (25). In D-galac-
tosamine-sensitized mice infected with an LD50 dose of P.
aeruginosa, treatment with imipenem decreased mortality to
0%, whereas an equivalent dose of ceftazidime increased mor-
tality in comparison to untreated animals (90). Similarly, in
sepsis models of E. coli and P. aeruginosa infection in D-galac-
tosamine-treated rats, imipenem therapy resulted in lower lev-
els of circulating endotoxin and TNF and reduced mortality
compared to ceftazidime treatment (127).

Aminoglycosides. In rabbits suffering from E. coli sepsis,
gentamicin released approximately 10-fold less endotoxin than
moxalactam despite equal killing of bacteria. The reduction in
endotoxin release, however, did not lead to an increase in
survival (150).

As in meningitis, the present data do not allow the uncritical
use of this concept in clinical routine but strongly suggest a
large clinical trial in strictly selected sepsis patients. The ben-
efit of treatment with bacterial protein synthesis inhibitors is
probably greatest in patients with a high bacterial load.

Other Infections

Peritonitis. The intraperitoneal injection of P. aeruginosa
with imipenem resulted in rounding of the bacteria and strong
phagocytosis by peritoneal cells. Administration of P. aerugi-
nosa with ceftazidime induced the formation of long filaments
and resulted in a decreased number of phagocytizing perito-
neal cells and an increased number of viable bacteria recov-
ered from the peritoneal cavity (186).

Plague. In a mouse model of pneumonic plague, early treat-
ment (24 h after infection) with ceftriaxone (250 mg/kg every
6 h) produced 100% protection. At this time point, septicemia
was absent. When treatment was initiated 42 h after infection
(at this time, mice were bacteremic), mortality was 97.5%.
Mice receiving ceftriaxone and other �-lactam antibiotics (ce-
fotetan, cefazolin, ceftazidime, ampicillin, and aztreonam) be-
ginning 42 h after infection died earlier than saline-treated
control animals. Although proinflammatory bacterial compo-
nents were not measured, the authors suggest that the poor
performance of �-lactam antibiotics in advanced pulmonic
plague may be due to endotoxin release. Consistently, approx-
imately 60% of mice receiving streptomycin, netilmicin, gen-
tamicin, ciprofloxacin, and ofloxacin beginning 42 h after in-
fection survived (27).

RELATIONSHIP BETWEEN PROINFLAMMATORY
COMPOUND CONCENTRATION AND

OUTCOME IN HUMANS

There are no prospective randomized studies on well-de-
fined severe forms of human sepsis with a sufficiently high
number of patients to address the question of whether bacte-
rial protein synthesis inhibitors can decrease mortality. Con-
sidering the large number of negative trials in sepsis, a clinical
trial addressing the concept of bacterial protein synthesis-in-
hibiting antibiotics should include a sufficiently high number of
patients and aim at a homogeneous study population (i.e.,
include only patients with a high bacterial load).

Urosepsis. In a small study of patients with urosepsis (two
groups of 35 patients), the use of imipenem as the primary
antibacterial significantly shortened the interval to defeveres-
cence compared with ceftazidime. After 4 h of treatment, the
blood endotoxin levels decreased in patients receiving imi-
penem, whereas they increased above the pretreatment level in
half of the patients receiving ceftazidime. Overall outcome was
not different (133). It should be noted, however, that another
small study in gram-negative urosepsis comparing imipenem
(n � 14) and ceftazidime (n � 19) found no differences in
plasma or urine endotoxin, plasma IL-6 and TNF, and urine
IL-6 and IL-8 levels between the two treatment groups (103).

FIG. 5. Protection of mice from E. coli induced death by ceftazi-
dime and imipenem. Redrawn from reference 25 with permission of
the publisher. Mice were administered 5 � 103 to 5 � 105 CFU of E.
coli along with a single treatment of saline or antibiotic (20 mg/kg) and
D-galactosamine (20 mg/mouse). Bacteria and antibiotic treatments
were given intraperitoneally at the same time. At equal bacterial in-
ocula, the percentage of mice surviving was substantially greater with
imipenem than with ceftazidime.
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Melioidosis. In severe melioidosis caused by Burkholderia
pseudomallei, ceftazidime-treated patients (n � 34) had
greater systemic endotoxin levels than patients treated with
imipenem (n � 34) (Fig. 6). However, the difference in endo-
toxin release did not have a significant impact on survival in
these patients (154).

Septic trauma. A post hoc analysis of a randomized trial
designed to test the efficacy of gamma interferon yielded a
mortality of 17% in patients treated with antibacterials pref-
erentially binding to PBP-3 versus a mortality of 8% in patients
treated by antibiotics not binding to PBP-3 (P � 0.02) (115).

Invasive Streptococcus pyogenes infections. Patients with deep
infection were more likely to have a favorable outcome when
initial treatment included a protein synthesis-inhibiting antibi-
otic (mainly clindamycin) than when treated exclusively with
cell wall-inhibiting agents (189). The authors of the latter study
hypothesize that protein synthesis inhibitors such as clindamy-
cin may work by decreasing the production of extracellular
bacterial compounds which play a role in the pathogenesis of
systemic toxicity or tissue destruction (189).

Meningitis. In children with H. influenzae meningitis, initial
total endotoxin concentrations in CSF correlated with the se-
verity of the disease and with the number of febrile hospital
days. Ceftriaxone treatment induced a pronounced increase in
free endotoxin in CSF, which was associated with a rise in CSF
lactate and a decrease in CSF glucose levels (4). Increased
endotoxin and IL-1 concentrations in CSF and poor outcomes
have been reported in infants treated with intraventricular
gentamicin compared with infants receiving intravenous anti-
biotics alone for meningitis caused by gram-negative enteric
bacilli (119). This has been attributed to the rapid release of
endotoxin by high aminoglycoside concentrations in CSF. In
adults with S. pneumoniae meningitis, clinical outcome was
correlated with the LTA concentration in the CSF drawn upon
admission (146).

IMMUNOMODULATORY AND TISSUE-PROTECTIVE
ACTION OF ANTIBACTERIALS

A variety of immunomodulatory actions of antibacterials
suggesting direct effects of these compounds on eukaryotic
cells have been noted, but these have not always been repro-
ducible. The exact underlying mechanism(s) and clinical sig-
nificance of these observations frequently remain to be deter-
mined.

Rifampin. Immunosuppression, including inhibition of T-
cell activity, has long been noted during rifampin therapy (62).
The compound has been claimed to bind at glucocorticoid
receptors, thereby acting as an immunosuppressant. Recent
studies in human alveolar and neuroblastoma cells and in
mouse hippocampal cells, however, have found no evidence of
activation of glucocorticoid receptors by rifampin (69, 81).

Minocyclin. Minocyclin inhibits caspase-1 and caspase-3 ex-
pression, thereby delaying mortality in a transgenic mouse
model of Huntington disease (31). In a rat model of ischemic
stroke, minocycline (45 mg/kg intraperitoneally twice on the
first day and then 22.5 mg/kg for the subsequent 2 days) re-
duced the infarct size when started before and up to 4 h after
the onset of ischemia (188).

Fosfomycin. In a mouse model of gut-derived P. aeruginosa
sepsis, treatment with an isomer of fosfomycin without anti-
bacterial activity significantly increased the survival rate in
comparison to saline-treated mice. Apparently, the fosfomycin
isomer possessed immunomodulatory activity inducing protec-
tion against P. aeruginosa bacteremia (109).

Quinolones. Trovafloxacin reduced the in vitro production
of TNF-�, IL-1�, and IL-6 by LPS-stimulated human mono-
cytes (87). In vivo, trovafloxacin (100 mg/kg), ciprofloxacin
(250 mg/kg), and tosufloxacin (100 mg/kg) protected 75, 25,
and 50%, respectively, of mice challenged with a lethal dose of
E. coli LPS against death (86). The mechanism of this effect

FIG. 6. Plasma endotoxin concentrations after the initial dose of imipenem or ceftazidime (n � 34 each) in patients with acute septicemic
melioidosis (medians, 25th / 75th quartiles). Reprinted from reference 154 with permission of the publisher. Note the increased endotoxin levels
during ceftazidime treatment. �, P � 0.05.
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remains unclear, and in alveolar macrophages TNF production
after LPS stimulation was not decreased by ciprofloxacin (124).

Macrolides and ketolides. Erythromycin and other macro-
lides inhibit cytokine production (TNF-� and IL-6) in leuko-
cytes in vitro. In contrast, upon stimulation with heat-inacti-
vated S. pneumoniae, erythromycin treatment increased the
release of neutrophil degranulation products bactericidal/per-
meability-increasing protein, neutrophil elastase, and lactofer-
rin in human blood (147). From 5 to 80 �g of clindamycin per
ml reduced TNF-� production by monocytes upon LPS stim-
ulation by 30 to 40% (158). The ketolide HMR3004 reduced
the release of IL-6 and IL-1� into bronchoalveolar lavage fluid,
leukocyte infiltration, and lung edema after challenge with
heat-inactivated pneumococci (45).

�-Lactam antibiotics. The cephalosporin cefodizime en-
hanced immune parameters such as natural killer and phago-
cytic activity in immunocompromised animals. In a mouse
pneumonia model, it upregulated the early Klebsiella-induced
secretion of TNF-� and the number and phagocytic efficacy of
alveolar macrophages (11). Prophylactic administration of ce-
fodizime increased the survival of some mouse strains after
infection with Toxoplasma gondii or Candida albicans (101). In
contrast, cefodizime inhibited the LPS-stimulated release of
TNF and IL-1 from human monocytes (140) and TNF-� and
IL-6 secretion into the bronchoalveolar lavage fluid after in-
tranasal challenge with heat-killed fluorescein isothiocyanate-
labeled pneumococci (12).

In healthy rats, an intravenous bolus of 30 mg of ceftazidime
per kg led to a substantial increase in IL-6 and TNF-� con-
centrations in serum (1). This observation suggests that the
increase in parameters of inflammation occurring after initia-
tion of ceftazidime therapy may be a consequence not only of
the release of proinflammatory bacterial compounds, but also
of a direct immunostimulatory action of ceftazidime. In alve-
olar macrophages stimulated with P. aeruginosa LPS, however,
ceftazidime, imipenem, aztreonam, amikacin, and ciprofloxa-
cin did not influence TNF release (124).

Clinical significance. Low-dose macrolide therapy has
greatly increased survival in patients with diffuse panbronchio-
lotis, a chronic inflammatory airway disease that is relatively
frequent in the Far East, with a high mortality during conven-
tional treatment (98). This has led to investigations concerning
macrolide use in cystic fibrosis, bronchiectasis, and asthma.
Preliminary results in patients with cystic fibrosis are encour-
aging. Randomized studies in patients with cystic fibrosis,
bronchiectasis, and asthma, however, have not been completed
yet, i.e., routine use of macrolides for these indications cannot
be recommended at this time (80). For other indications, at
present there is no place for attempts to modulate the immune
response by antibacterials in clinical routine. Several effects,
however, deserve attention for future research in humans.

CONCLUSIONS

Bacterial products stimulate monocytes, macrophages, and
endothelial and glial cells and can exert direct cytotoxicity.
Initiation of treatment by cell wall-active antibiotics causes a
rapid release of proinflammatory or toxic compounds from
both gram-negative and gram-positive bacteria. This phenom-
enon is less pronounced with PBP-2 than with PBP-3-specific

�-lactam antibiotics and can be absent when antibiotics inhib-
iting bacterial protein synthesis are employed. High antibiotic
concentrations release smaller amounts of bacterial com-
pounds than doses close to the MIC. Quantitative differences
in the release of proinflammatory bacterial compounds corre-
late with antibiotic-initiated morphological changes in the bac-
teria.

With a variety of bacteria, the release of mediators of in-
flammation by cultured cells and in experimental animals de-
pends on the mode of action and the dose of the antibiotic
employed. In several animal models of infection, antibiotic
regimens aimed at reducing proinflammatory bacterial com-
pounds improve outcome compared to standard therapy. The
clinical importance of this strategy, however, is still unclear.

Sufficient in vitro and experimental animal data to validate
this concept have been accumulated to justify large clinical
trials for bacterial meningitis and sepsis. In randomized trials
available for septicemia and other systemic infections, the
number of patients was too small and the mortality in the
control group was too low to detect a decrease in mortality by
antibacterials that reduce the release of bacterial compounds
with sufficient statistical power. For the planning of appropri-
ate trials, it has to be considered that in the past all major
studies of immunomodulators in sepsis have yielded disap-
pointing results despite having shown promise during prelim-
inary clinical studies (10), for several reasons. The studies used
the sepsis syndrome as an entry criterion. This allowed the
inclusion of a substantial number of intensive-care patients in
clinical trials, but accepted a very heterogeneous study popu-
lation. Also, although several hundred patients were included,
the heterogeneity of the study population impeded the detec-
tion of a significant benefit of experimental therapies.

A properly conducted study on the possible benefit of bac-
terial protein synthesis inhibitors versus �-lactam antibiotics
will require both stricter selection and a larger number of
patients. We hypothesize that the benefit of the approach dis-
cussed will be greatest in patients with a high bacterial load in
the bloodstream or in the CNS.
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114. Michel, U., R. Zobotke, M. Mäder, and R. Nau. 2001. Regulation of matrix
metalloproteinase expression in endothelial cells by heat-inactivated Strep-
tococcus pneumoniae. Infect. Immun. 69:1914–1916.

115. Mock, C. N., G. J. Jurkovich, D. J. Dries, and R. V. Maier. 1995. Clinical
significance of antibiotic endotoxin-releasing properties in trauma patients.
Arch. Surg. 130:1234–1240, 1240–1241.

116. Moore, R. A., N. C. Bates, and R. E. Hancock. 1986. Interaction of poly-
cationic antibiotics with Pseudomonas aeruginosa lipopolysaccharide and
lipid A studied by using dansyl-polymyxin. Antimicrob. Agents Chemother.
29:496–500.

117. Morrison, D. C., R. Silverstein, M. Luchi, and A. Shnyra. 1999. Structure-
function relationships of bacterial endotoxins: contribution to microbial
sepsis. Infect. Dis. Clin. North Am. 13:313–340.

118. Musher, D. M. 2000. Streptococcus pneumoniae, p. 2128–2490. In G. L.
Mandell, M. D. Bennett, and R. Dolin (ed.), Principles and practice of
infectious diseases, 3rd ed. Churchill Livingstone, Philadelphia, Pa.

119. Mustafa, M. M., J. Mertsola, O. Ramilo, X. Saez-Llorens, R. C. Risser, and
G. H. McCracken, Jr. 1989. Increased endotoxin and interleukin-1 beta
concentrations in cerebrospinal fluid of infants with coliform meningitis and
ventriculitis associated with intraventricular gentamicin therapy. J. Infect.
Dis. 160:891–895.

120. Nau, R., T. Schmidt, K. Kaye, J. L. Froula, and M. G. Tauber. 1995.
Quinolone antibiotics in therapy of experimental pneumococcal meningitis
in rabbits. Antimicrob. Agents Chemother. 39:593–597.

121. Nau, R., A. Soto, and W. Bruck. 1999. Apoptosis of neurons in the dentate
gyrus in humans suffering from bacterial meningitis. J. Neuropathol. Exp.
Neurol. 58:265–274.

122. Nau, R., A. Wellmer, A. Soto, K. Koch, O. Schneider, H. Schmidt, J. Gerber,
U. Michel, and W. Bruck. 1999. Rifampin reduces early mortality in exper-
imental Streptococcus pneumoniae meningitis. J. Infect. Dis. 179:1557–1560.

123. Nau, R., G. Zysk, H. Schmidt, F. R. Fischer, A. K. Stringaris, K. Stuertz,
and W. Bruck. 1997. Trovafloxacin delays the antibiotic-induced inflamma-
tory response in experimental pneumococcal meningitis. J. Antimicrob.
Chemother. 39:781–788.

124. Nwariaku, F. E., K. L. McIntyre, P. J. Sikes, and W. J. Mileski. 1997. The
effect of antimicrobial agents on the induction of tumour necrosis factor by
alveolar macrophages in vitro in response to endotoxin. J. Antimicrob.
Chemother. 39:265–267.

125. Odio, C. M., I. Faingezicht, M. Paris, M. Nassar, A. Baltodano, J. Rogers,
X. Saez-Llorens, K. D. Olsen, and G. H. McCracken, Jr. 1991. The bene-
ficial effects of early dexamethasone administration in infants and children
with bacterial meningitis. N. Engl. J. Med. 324:1525–1531.

126. Ohlsen, K., W. Ziebuhr, K. P. Koller, W. Hell, T. A. Wichelhaus, and J.
Hacker. 1998. Effects of subinhibitory concentrations of antibiotics on al-
pha-toxin (hla) gene expression of methicillin-sensitive and methicillin-
resistant Staphylococcus aureus isolates. Antimicrob. Agents Chemother.
42:2817–2823.

127. Opal, S. M., D. L. Horn, J. E. Palardy, N. Parejo, J. Jhung, A. Bhattachar-
jee, and L. D. Young. 1996. The in vivo significance of antibiotic-induced
endotoxin release in experimental gram-negative sepsis. J. Endotoxin Res.
3:245–252.

128. Paris, M. M., S. M. Hickey, M. I. Uscher, S. Shelton, K. D. Olsen, and G. H.
McCracken, Jr. 1994. Effect of dexamethasone on therapy of experimental
penicillin- and cephalosporin-resistant pneumococcal meningitis. Antimi-
crob. Agents Chemother. 38:1320–1324.

129. Paton, J. C., P. W. Andrew, G. J. Boulnois, and T. J. Mitchell. 1993.

Molecular analysis of the pathogenicity of Streptococcus pneumoniae: the
role of pneumococcal proteins. Annu. Rev. Microbiol. 47:89–115.

130. Pieringer, R. A. 1975. Phosphatidylkojibiosyl diglyceride: metabolism and
function as an anchor in bacterial cell membrane. Lipids 10:421–426.

131. Pollack, J. H., A. S. Ntamere, and F. C. Neuhaus. 1992. D-Alanyl-lipotei-
choic acid in Lactobacillus casei: secretion of vesicles in response to ben-
zylpenicillin. J. Gen. Microbiol. 138:849–859.

132. Prins, J. M., P. Speelman, E. J. Kuijper, J. Dankert, and S. J. van Deventer.
1997. No increase in endotoxin release during antibiotic killing of menin-
gococci. J. Antimicrob. Chemother. 39:13–18.

133. Prins, J. M., M. A. van Agtmael, E. J. Kuijper, S. J. van Deventer, and P.
Speelman. 1995. Antibiotic-induced endotoxin release in patients with
gram-negative urosepsis: a double-blind study comparing imipenem and
ceftazidime. J. Infect. Dis. 172:886–891.

134. Prins, J. M., S. J. van Deventer, E. J. Kuijper, and P. Speelman. 1994.
Clinical relevance of antibiotic-induced endotoxin release. Antimicrob.
Agents Chemother. 38:1211–1218.

135. Quagliarello, V., and W. M. Scheld. 1992. Bacterial meningitis: pathogen-
esis, pathophysiology, and progress. N. Engl. J. Med. 327:864–872.

136. Radolf, J. D., M. V. Norgard, M. E. Brandt, R. D. Isaacs, P. A. Thompson,
and B. Beutler. 1991. Lipoproteins of Borrelia burgdorferi and Treponema
pallidum activate cachectin/tumor necrosis factor synthesis: analysis using a
CAT reporter construct. J. Immunol. 147:1968–1974.

137. Riesenfeld-Orn, I., S. Wolpe, J. F. Garcia-Bustos, M. K. Hoffmann, and E.
Tuomanen. 1989. Production of interleukin-1 but not tumor necrosis factor
by human monocytes stimulated with pneumococcal cell surface compo-
nents. Infect. Immun. 57:1890–1893.

138. Rietschel, E. T., H. Brade, O. Holst, L. Brade, S. Muller-Loennies, U.
Mamat, U. Zahringer, F. Beckmann, U. Seydel, K. Brandenburg, A. J.
Ulmer, T. Mattern, H. Heine, J. Schletter, H. Loppnow, U. Schonbeck,
H. D. Flad, S. Hauschildt, U. F. Schade, F. Di Padova, S. Kusumoto, and
R. R. Schumann. 1996. Bacterial endotoxin: chemical constitution, biolog-
ical recognition, host response, and immunological detoxification. Curr.
Top. Microbiol. Immunol. 216:39–81.

139. Rifkind, D. 1967. Prevention by polymyxin B of endotoxin lethality in mice.
J. Bacteriol. 93:1463–1464.

140. Ritts, R. E. 1990. Antibiotics as biological response modifiers. J. Antimi-
crob. Chemother. 26(Suppl. C):31–36.

141. Rogers, H. J. 1974. Peptidoglycans (mucopeptides): structure, function, and
variations. Ann. N. Y. Acad. Sci. 235:29–51.

142. Schlievert, P. M., and J. A. Kelly. 1984. Clindamycin-induced suppression
of toxic-shock syndrome-associated exotoxin production. J. Infect. Dis. 149:
471.

143. Schmidt, H., A. Dalhoff, K. Stuertz, F. Trostdorf, V. Chen, O. Schneider, C.
Kohlsdorfer, W. Bruck, and R. Nau. 1998. Moxifloxacin in the therapy of
experimental pneumococcal meningitis. Antimicrob. Agents Chemother.
42:1397–1407.

144. Schmidt, H., A. Tlustochowska, K. Stuertz, J. Djukic, J. Gerber, E. Schütz,
U. Kuhnt, and R. Nau. 2001. Organotypic hippocampal — a model of brain
tissue damage in Streptococcus pneumoniae meningitis. J. Neuroimmunol.
113:30–39.

145. Schmidt, H., G. Zysk, R. R. Reinert, W. Bruck, A. Stringaris, V. Chen, K.
Stuertz, F. Fischer, R. Bartels, K. J. Schaper, S. Weinig, and R. Nau. 1997.
Rifabutin for experimental pneumococcal meningitis. Chemotherapy 43:
264–271.

146. Schneider, O., U. Michel, G. Zysk, O. Dubuis, and R. Nau. 1999. Clinical
outcome in pneumococcal meningitis correlates with CSF lipoteichoic acid
concentrations. Neurology 53:1584–1587.

147. Schultz, M. J., P. Speelman, C. E. Hack, W. A. Buurman, S. J. van De-
venter, and T. van Der Poll. 2000. Intravenous infusion of erythromycin
inhibits CXC chemokine production, but augments neutrophil degranula-
tion in whole blood stimulated with Streptococcus pneumoniae. J. Antimi-
crob. Chemother. 46:235–240.

148. Schwartz, D. A., C. L. Wohlford-Lenane, T. J. Quinn, and A. M. Krieg.
1999. Bacterial DNA or oligonucleotides containing unmethylated CpG
motifs can minimize lipopolysaccharide-induced inflammation in the lower
respiratory tract through an IL-12-dependent pathway. J. Immunol. 163:
224–231.

149. Seydel, U., A. B. Schromm, R. Blunck, and K. Brandenburg. 2000. Chem-
ical structure, molecular conformation, and bioactivity of endotoxins.
Chem. Immunol. 74:5–24.

150. Shenep, J. L., R. P. Barton, and K. A. Mogan. 1985. Role of antibiotic class
in the rate of liberation of endotoxin during therapy for experimental
gram-negative bacterial sepsis. J. Infect. Dis. 151:1012–1018.

151. Shibl, A. M., and I. A. Al-Sowaygh. 1979. Differential inhibition of bacterial
growth and hemolysin production by lincosamide antibiotics. J. Bacteriol.
137:1022–1023.

152. Shockman, G. D., and J. F. Barrett. 1983. Structure, function, and assembly
of cell walls of gram-positive bacteria. Annu. Rev. Microbiol. 37:501–527.

153. Simon, D. M., G. Koenig, and G. M. Trenholme. 1991. Differences in
release of tumor necrosis factor from THP-1 cells stimulated by filtrates of
antibiotic-killed Escherichia coli. J. Infect. Dis. 164:800–802.

VOL. 15, 2002 RELEASE OF PROINFLAMMATORY COMPOUNDS BY ANTIBACTERIALS 109



154. Simpson, A. J., S. M. Opal, B. J. Angus, J. M. Prins, J. E. Palardy, N. A.
Parejo, W. Chaowagul, and N. J. White. 2000. Differential antibiotic-in-
duced endotoxin release in severe melioidosis. J. Infect. Dis. 181:1014–
1019.

155. Sjolin, J., G. Goscinski, M. Lundholm, J. Bring, and I. I. Odenholt. 2000.
Endotoxin release from Escherichia coli after exposure to tobramycin: dose-
dependency and reduction in cefuroxime-induced endotoxin release. Clin.
Microbiol. Infect. 6:74–81.

156. Sparwasser, T., T. Miethke, G. Lipford, K. Borschert, H. Hacker, K. Heeg,
and H. Wagner. 1997. Bacterial DNA causes septic shock. Nature 386:336–
337.

157. Sriskandan, S., A. McKee, L. Hall, and J. Cohen. 1997. Comparative effects
of clindamycin and ampicillin on superantigenic activity of Streptococcus
pyogenes. J. Antimicrob. Chemother. 40:275–277.

158. Stevens, D. L., A. E. Bryant, and S. P. Hackett. 1995. Antibiotic effects on
bacterial viability, toxin production, and host response. Clin. Infect. Dis.
20(Suppl. 2): S154–157.

159. Stuertz, K., I. Merx, H. Eiffert, E. Schmutzhard, M. Mader and R. Nau.
1998. Enzyme immunoassay detecting teichoic and lipoteichoic acids versus
cerebrospinal fluid culture and latex agglutination for diagnosis of Strepto-
coccus pneumoniae meningitis. J. Clin. Microbiol. 36:2346–2348.

160. Stuertz, K., H. Schmidt, H. Eiffert, P. Schwartz, M. Mader, and R. Nau.
1998. Differential release of lipoteichoic and teichoic acids from Strepto-
coccus pneumoniae as a result of exposure to beta-lactam antibiotics, rifa-
mycins, trovafloxacin, and quinupristin-dalfopristin. Antimicrob. Agents
Chemother. 42:277–281.

161. Suffredini, A. F., R. E. Fromm, M. M. Parker, M. Brenner, J. A. Kovacs,
R. A. Wesley, and J. E. Parrillo. 1989. The cardiovascular response of
normal humans to the administration of endotoxin. N. Engl. J. Med. 321:
280–287.

162. Sugawara, S., R. Arakaki, H. Rikiishi, and H. Takada. 1999. Lipoteichoic
acid acts as an antagonist and an agonist of lipopolysaccharide on human
gingival fibroblasts and monocytes in a CD14-dependent manner. Infect.
Immun. 67:1623–1632.

163. Syrogiannopoulos, G. A., E. J. Hansen, A. L. Erwin, R. S. Munford, J.
Rutledge, J. S. Reisch, and G. H. McCracken, Jr. 1988. Haemophilus influ-
enzae type b lipooligosaccharide induces meningeal inflammation. J. Infect.
Dis. 157:237–244.

164. Tapping, R. I., and P. S. Tobias. 2000. Soluble CD14-mediated cellular
responses to lipopolysaccharide. Chem. Immunol. 74:108–121.

165. Tauber, M. G., A. M. Shibl, C. J. Hackbarth, J. W. Larrick, and M. A.
Sande. 1987. Antibiotic therapy, endotoxin concentration in cerebrospinal
fluid, and brain edema in experimental Escherichia coli meningitis in rab-
bits. J. Infect. Dis. 156:456–462.

166. Tessier, P. A., P. H. Naccache, K. R. Diener, R. P. Gladue, K. S. Neote, I.
Clark-Lewis, and S. R. McColl. 1998. Induction of acute inflammation in
vivo by staphylococcal superantigens. II. Critical role for chemokines,
ICAM-1, and TNF-alpha. J. Immunol. 161:1204–1211.

167. Timmerman, C. P., E. Mattsson, L. Martinez-Martinez, L. De Graaf, J. A.
Van Strijp, H. A. Verbrugh, J. Verhoef, and A. Fleer. 1993. Induction of
release of tumor necrosis factor from human monocytes by staphylococci
and staphylococcal peptidoglycans. Infect. Immun. 61:4167–4172.

168. Tobias, P. S., H. Lee, S. Orr, K. Soldau, and R. Tapping. 2000. Innate
immune system recognition of microbial pathogens. Immunol. Res. 21:341–
343.

169. Tobias, P. S., R. I. Tapping, and J. A. Gegner. 1999. Endotoxin interactions
with lipopolysaccharide-responsive cells. Clin. Infect. Dis. 28:476–481.

170. Tramont, E. C. 2000. Treponema pallidum (syphilis), p. 2474–2490. In G. L.
Mandell, J. E. Bennett, and R. Dolin (ed.), Principles and practice of
infectious diseases, 3rd ed. Churchill Livingstone, Philadelphia, Pa.

171. Trautmann, M., R. Zick, T. Rukavina, A. S. Cross, and R. Marre. 1998.
Antibiotic-induced release of endotoxin: in-vitro comparison of mero-
penem and other antibiotics. J. Antimicrob. Chemother. 41:163–169.

172. Trostdorf, F., R. R. Reinert, H. Schmidt, T. Nichterlein, K. Stuertz, M.
Schmitz-Salue, I. Sadowski, W. Bruck, and R. Nau. 1999. Quinupristin/
dalfopristin attenuates the inflammatory response and reduces the concen-
tration of neuron-specific enolase in the cerebrospinal fluid of rabbits with
experimental Streptococcus pneumoniae meningitis. J. Antimicrob. Che-
mother. 43:87–94.

173. Tuomanen, E., H. Liu, B. Hengstler, O. Zak, and A. Tomasz. 1985. The
induction of meningeal inflammation by components of the pneumococcal

cell wall. J. Infect. Dis. 151:859–868.
174. Ulevitch, R. J., and P. S. Tobias. 1995. Receptor-dependent mechanisms of

cell stimulation by bacterial endotoxin. Annu. Rev. Immunol. 13:437–457.
175. Ulevitch, R. J., and P. S. Tobias. 1994. Recognition of endotoxin by cells

leading to transmembrane signaling. Curr. Opin. Immunol. 6:125–130.
176. Van Den Berg, C., A. J. de Neeling, C. S. Schot, W. N. Hustinx, J. Wemer,

and D. J. de Wildt. 1992. Delayed antibiotic-induced lysis of Escherichia coli
in vitro is correlated with enhancement of LPS release. Scand. J. Infect. Dis.
24:619–627.

177. van Langevelde, P., K. M. Kwappenberg, P. H. Groeneveld, H. Mattie, and
J. T. van Dissel. 1998. Antibiotic-induced lipopolysaccharide (LPS) release
from Salmonella typhi: delay between killing by ceftazidime and imipenem
and release of LPS. Antimicrob. Agents Chemother. 42:739–743.

178. van Langevelde, P., E. Ravensbergen, P. Grashoff, H. Beekhuizen, P. H.
Groeneveld, and J. T. van Dissel. 1999. Antibiotic-induced cell wall frag-
ments of Staphylococcus aureus increase endothelial chemokine secretion
and adhesiveness for granulocytes. Antimicrob. Agents Chemother. 43:
2984–2989.

179. van Langevelde, P., J. T. van Dissel, E. Ravensbergen, B. J. Appelmelk, I. A.
Schrijver, and P. H. Groeneveld. 1998. Antibiotic-induced release of lipo-
teichoic acid and peptidoglycan from Staphylococcus aureus: quantitative
measurements and biological reactivities. Antimicrob. Agents Chemother.
42:3073–3078.

180. Wakabayashi, G., J. A. Gelfand, J. F. Burke, R. C. Thompson, and C. A.
Dinarello. 1991. A specific receptor antagonist for interleukin 1 prevents
Escherichia coli-induced shock in rabbits. FASEB J. 5:338–343.

181. Walterspiel, J. N., S. L. Kaplan, E. O. Mason, Jr., and J. W. Walterspiel.
1986. Protective effect of subinhibitory polymyxin B alone and in combina-
tion with ampicillin for overwhelming Haemophilus influenzae type B infec-
tion in the infant rat: evidence for in vivo and in vitro release of free
endotoxin after ampicillin treatment. Pediatr. Res. 20:237–241. (Erratum,
22:654.)

182. Wang, J. E., P. F. Jorgensen, M. Almlof, C. Thiemermann, S. J. Foster,
A. O. Aasen, and R. Solberg. 2000. Peptidoglycan and lipoteichoic acid from
Staphylococcus aureus induce tumor necrosis factor alpha, interleukin 6
(IL-6), and IL-10 production in both T cells and monocytes in a human
whole-blood model. Infect. Immun. 68:3965–3970.

183. Warren, H. S., S. A. Kania, and G. R. Siber. 1985. Binding and neutraliza-
tion of bacterial lipopolysaccharide by colistin nonapeptide. Antimicrob.
Agents Chemother. 28:107–112.

184. Wright, S. D., R. A. Ramos, P. S. Tobias, R. J. Ulevitch, and J. C. Mathison.
1990. CD14, a receptor for complexes of lipopolysaccharide (LPS) and LPS
binding protein. Science 249:1431–1433.

185. Yi, A. K., D. M. Klinman, T. L. Martin, S. Matson, and A. M. Krieg. 1996.
Rapid immune activation by CpG motifs in bacterial DNA. Systemic in-
duction of IL-6 transcription through an antioxidant-sensitive pathway.
J. Immunol. 157:5394–5402.

186. Yokochi, T., K. Narita, A. Morikawa, K. Takahashi, Y. Kato, T. Sugiyama,
N. Koide, M. Kawai, M. Fukada, and T. Yoshida. 2000. Morphological
change in Pseudomonas aeruginosa following antibiotic treatment of exper-
imental infection in mice and its relation to susceptibility to phagocytosis
and to release of endotoxin. Antimicrob. Agents Chemother. 44:205–206.

187. Young, E. J., N. M. Weingarten, R. E. Baughn, and W. C. Duncan. 1982.
Studies on the pathogenesis of the Jarisch-Herxheimer reaction: develop-
ment of an animal model and evidence against a role for classical endo-
toxin. J. Infect. Dis. 146:606–615.

188. Yrjanheikki, J., T. Tikka, R. Keinanen, G. Goldsteins, P. H. Chan, and J.
Koistinaho. 1999. A tetracycline derivative, minocycline, reduces inflam-
mation and protects against focal cerebral ischemia with a wide therapeutic
window. Proc. Natl. Acad. Sci. USA 96:13496–13500.

189. Zimbelman, J., A. Palmer, and J. Todd. 1999. Improved outcome of clin-
damycin compared with beta-lactam antibiotic treatment for invasive Strep-
tococcus pyogenes infection. Pediatr. Infect. Dis. J. 18:1096–1100.

190. Zysk, G., W. Bruck, J. Gerber, Y. Bruck, H. W. Prange, and R. Nau. 1996.
Anti-inflammatory treatment influences neuronal apoptotic cell death in
the dentate gyrus in experimental pneumococcal meningitis. J. Neuro-
pathol. Exp. Neurol. 55:722–728.

191. Zysk, G., B. K. Schneider-Wald, J. H. Hwang, L. Bejo, K. S. Kim, T. J.
Mitchell, R. Hakenbeck, and H.-P. Heinz. 2001. Pneumolysin is the main
inducer of cytotoxicity to brain microvascular endothelia cells caused by
Streptococcus pneumoniae. Infect. Immun. 69:845–852.

110 NAU AND EIFFERT CLIN. MICROBIOL. REV.


