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The Significance of Endotoxin Release in Experimental and Clinical
Sepsis in Surgical Patients — Evidence for Antibiotic-Induced Endotoxin

Release?

Summary: Sepsis and peritonitis remain a serious challenge for surgical patients, despite im-
provement in surgical therapy and intensive care and the introduction of new powerful an-
tibiotics. Recent in virro studies revealed the potential of certain antibiotics, e.g. penicillin-
binding protein (PBP) 3-specific antibiotics, to cause antibiotic-induced endotoxin release.
Other types of antibiotics, e.g., PBP 2-specific antibiotics, were associated with no or less
endotoxin release. Further in vitro experiments and investigations in animals support the
hypothesis of antibiotic-induced endotoxin release, but there is little clinical evidence. The
clinical significance of endotoxin is subject of open dispute with many pro’s and contra’s.
Endotoxin, although an important trigger, may not be the only factor to induce cytokine re-
lease, e.g., peptidoglycans were able to stimulate cells to release cytokines. Gram-positive
pathogens have gained more importance in clinical sepsis and may not be sufficiently re-
flected in current clinical studies. The hypothesis that neutralization of endotoxin and pro-
inflammatory cytokines is beneficial in sepsis was seriously challenged by the results of re-
cent clinical and experimental studies. The better understanding of mechanisms in endotox-
in-induced cell activation and cell, cell-receptor and soluble receptor interactions led to
new treatment options. Recent reports on the complex pathogenesis of peritonitis and the
detection of pathogen-related factors with intraperitoneal immune response may have im-
plications on clinical studies investigating the potential of new compounds and the effect of
antibiotics on endotoxin release. However, only few reports are available on the clinical sig-
nificance of antibiotic-induced endotoxin release, and association of endotoxin release with
pathogens, mortality or alteration of physiological parameters were not observed. With re-
gard to the particulars of these studies, e.g., a small study population or low mortality rate,
mortality may not be an ideal outcome parameter for these studies. There is clinical evi-
dence for antibiotic-induced endotoxin release. However, the need for well-designed and
performed studies using newly developed monitoring devices in intensive care therapy is

obvious.

Introduction

Sepsis and intraabdominal infections continue to be a
challenge in hospitals despite intensive care treatment and
potent antibiotics. Sepsis has a large impact on the socio-
economic system in Europe and the United States. Every
year 500,000 patients suffer from sepsis in the United
States and similar numbers are expected for Europe.
175,000 patients die from sepsis [1]. Overall sepsis mortal-
ity is 35%; however, in surgical patients the mortality may
be even higher, ranging from 40 to 70% [2]. The mortality
rate in surgical patients has not changed within the last de-
cades, despite the introduction of powerful antibiotics
(e.g., B-lactam antibiotics) [3]. Surgical therapy is still the
mainstay for peritonitis treatment. Antibiotics play a role
as adjuvant therapy. Without source control the mortality
rate in surgical patients is as high as 80-100%. Kirschner
was among the first surgeons, in 1926, to demonstrate that
surgical therapy with source control, debridement and in-
traperitoneal lavage can lower mortality to 70% [4]. It is
well known that in surgical patients the immune system
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may be in a critical balance [5] and outcome may be de-
termined mainly by the patient’s own immune response
{6]. In patients with elective aortic aneurysm repair it was
demonstrated that the immune system is challenged by mi-
nor amounts of endotoxin released after cross-clamping of
the aorta [7]. In patients with severe peritonitis and a con-
tinuously challenged immune system due to infection or
operation, only minor amounts of endotoxin may be need-
ed to tip the balance to deterioration. In fact, this may be
triggered by antibiotic-induced endotoxin release.

A report by Jackson and Kropp in 1992 has revealed that
there may be a different endotoxin release after different
antibiotics. With PBP 2-specific antibiotics, less endotoxin
was detected in vitro than after PBP 3-specific antibiotics
(e.g., cephalosporins) [8]. The significance of in vitro endo-
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toxin release and the objective to neutralize endotoxin or
endotoxin-induced mediators was brought up by several
investigators [9-21]. Several studies performed in diffe-
rent animal models support the notion that antibiotics may
release different amounts of endotoxin [22-27]. The inter-
action of penicillin-binding proteins with antibiotics is
complex and may influence LPS release and clinical res-
ponse. B-lactam antibiotics specifically bind to a particular
PBP which may correlate with outcome. This may trigger
LPS release which is time, concentration and species de-
pendent [28-30]. The kinetics of bacterial lysis and killing
correlated with LPS in some reports; however, this hypoth-
esis is not generally accepted [31-32]. With regard to sur-
gical patients several questions need to be addressed:

1. Is endotoxin of clinical importance?

2. Isthere a difference between compartmentalized intra-
abdominal infection (surgery) and systemic sepsis
(ARDS, sepsis) and what does this mean for studies and
treatment of patients?

3. Is the pathogen relevant to antibiotic-induced endotox-
in release in clinical circumstances?

4. Can we observe clinical changes in patients with regard
to different endotoxin release and what would be the clin-
ical parameter to study?

5. How can we improve our study setup to be able to see
differences?

6. What conclusion can be drawn for clinical therapy?

Pathophysiological Significance of Endotoxin

Endotoxin is known to be an important trigger for the in-
flammatory response in sepsis [33-35], activating macro-
phages and PMN to release inflammatory cytokines
[36-37]. High levels of inflammatory cytokines correlated
with fever and hypotension in septic patients [38] which led
to the conclusion that neutralization of endotoxin or in-
flammatory cytokines, e.g., TNF-a, may improve the survi-
val in septic patients [39]. However, the results of animal
and clinical studies were controversial [40, 41]. In a recent
publication it was doubted that endotoxin is the trigger for
the systemic inflammatory response syndrome (SIRS) af-
ter injury [42]. While it is generally accepted that endotox-
in is released from disintegrating cell walls of gram-nega-
live pathogens, the clinical significance of endotoxin is link-
cd to the presence and determination of gram-negative
pathogens in isolates from septic patients. The rate of iden-
tification of gram-negative pathogens in patients with sep-
sis syndrome may be low [43] or, if pathogens were isolated
in the peritoneal exudate in intraabdominal infections,
these pathogens may not even correlate with the outcome
[44]. Berger reported a correlation of endotoxemia with
pulmonary and infectious complications in surgical pa-
tients [45]. In urinary tract infections the endotoxin assay
was used as a sensitive method for the detection of bacteri-
al contamination [46). The presence of pathogens in intra-
abdominal fluid was associated with high levels of endotox-
in in the systemic circulation and the peritoneal exudate
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[44]. Several clinical studies investigated the effect of endo-
toxin on cytokine release. After i.v. endotoxin administra-
tion cytokines were elevated in healthy volunteers [47].
Endotoxin, IL-6 and phospholipase A2 were considered to
be valuable tools for detection of sepsis in hematological
malignancies [48). However, soluble peptidoglycans (SPG)
may also be responsible for the cytokine release from mo-
nocytes and macrophages in sepsis and the concomitant
clinical alterations in sepsis. It has been demonstrated that
sPG interact with CD14, a monocyte surface protein which
is involved in monocyte activation, suggesting that CD14
may be a key factor in cellular stimulation by bioactive com-
ponents from gram-negative and gram-positive organisms
[49]. It has further been noted that the activation of cells by
LPS may be a concentration-dependent mechanism. Inter-
action of LPS at low concentrations with target cells is
CD14 dependent, whereas at high LPS concentrations it is
CD14 independent. This interaction may be mediated by li-
popolysaccharide-binding protein (LBP) [50]. In the search
for additional LPS receptors a protein has been detected on
monocytes and endothelial cells binding to lipid A. Serum
factors mediating the binding of lipid A to this protein were
soluble CD14 and LPS-binding protein {51]. The inter-
action of endotoxin or lipid A with macrophages/mono-
cytes requires specific cellular receptors but also a unique
endotoxin conformation of lipid A [52]. The effect of endo-
toxin on cells may also depend on the activating or deac-
tivating effects of pro- and anti-inflammatory cytokines, re-
ceptor antagonists and soluble cytokine receptors [53]. In
this respect the observation that human T cells responded
in a monocyte-supported manner to LPS exposure by proli-
feration and production of Thl-cell-derived cytokines
(IFN-y and IL-2) merits further consideration [54].
Antibodies against endotoxin and TNF-«a were used in ani-
mal and clinical studies with controversial results [55].
However, recent studies suggest that the failure of these an-
tibodies to neutralize the biological activity of LPS may be
due to a low affinity of these antibodies to endotoxin [56].
In the light of new developments of endotoxin-neutralizing
compounds, e.g., BPI, endotoxin analogs or cross-reactive
endotoxin-neutralizing antibodies, which were protective
in animal models of sepsis in combination with antibiotics,
the dispute on the clinical significance of endotoxin re-
mains open [57-58]. For the determination of the reactivi-
ty of lipid A monoclonal antibodies it may be necessary to
run the mAbs in various assays. It was demonstrated that
dependent on the type of assay mAbs reacted differently
[59]. However, therapies to augment natural defense
against endotoxin or proinflammatory cytokines may have
their limitations, according to a recent report of septic in-
tensive care patients with high circulating levels of cytokine
antagonists and a relatively small proportion of patients
developing endotoxin core antibody depletion [60]. Low
levels of IgM EndoCAb were an important independent pre-
dictor of an adverse postoperative outcome, which supports
the hypothesis that endotoxin may be a cause of postope-
rative morbidity [61].
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Diagnostic Aspects

The method of endotoxin determination, although a cru-
cial factor for the evaluation of clinical studies with regard
to specificity and reliability of endotoxin study results,
seems to be underestimated in the discussion of the clini-
cal significance of endotoxin. In most studies commercial
test kits are used which show a good performance in plas-
ma free solutions. However, it is known that certain com-
pounds in the blood, e.g., plasma proteins, lipids, bacteri-
cidal permeability increasing protein (BPI), may interfere
with the limulus amebocyte lysate (LAL) reaction [62].
There is evidence for additional endotoxin neutralization
of antibiotics, e. g. ciprofloxacin, aminoglycosides, which
may interfere with the LAL-assay [30]. Furthermore, bio-
logically active endotoxin may be below the detection limit
of the assay, but may induce an inflammatory response ne-
vertheless. A kinetic LAL-assay with internal standar-
dization which includes the interference of plasma com-
pounds in the measurement may be more reliable for as-
sessment of endotoxin [63]. This system allows the deter-
mination of endotoxin-neutralizing capacity (ENC) in the
blood, a global index of the host defense system [64).
Other investigators used endotoxin core antibodies (En-
doCADb) [60] or TNF-a [65] to describe the effects of endo-
toxin, based on the assumption that endotoxin triggers the
EndoCAb and TNF-a production. Several investigators
used IL-6 for evaluation of clinical sepsis and peritonitis
and demonstrated a correlation of outcome and 1L-6 lev-
els [66-70]. In general, all test methods for evaluation of
the clinical significance of endotoxin and the immune res-
ponse in sepsis have their limitations. For clinical purposes,
a test should be reliable and reproducible, easy to handle,
rapid and available for a reasonable price. A new system
to measure 1L-6 within 70 min is currently being tested in
a large European multicenter study [70].

Differences in Intraabdominal Sepsis and Systemic Sepsis

The pathogenesis of sepsis is complex. Several cell and im-
mune compartments become activated and may influence
each other. The idea to have many septic patients in a study
may be intriguing with regard to time and cost. However,
recent clinical trials in which the inclusion criteria did
not discriminate between different forms of sepsis were
hampered by the fact that intraabdominal sepsis and sys-
temic sepsis may not follow the same rules [5]. Several
studies helped us to understand this difference. The con-
cept that TNF-a is detrimental and blocking TNF-a is ben-
eficial, was first challenged by Echtenacher, who demon-
strated in a model of intraabdominal infection (cecal liga-
tion and puncture [CLP]) that the administration of anti-
TNF-« antibodies increased mortality, while the addition
of TNF-a reversed the trend [71]. In another animal study
systemic sepsis and intraabdominal sepsis were compared.
Systemic pretreatment with anti-TNFa antibodies decreas-
ed mortality following i.v. challenge with Escherichia col,
but was ineffective in intraabdominal sepsis [72]. The no-
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Table 1: In vitro studies of antibiotic-induced endotoxin/cyto-
kine release in pathogens.

Escherichia coli

Escherichia coli

Enterobacter
cloacae,
Escherichia coli

Escherichia coli

Salmonella
minnesota

Escherichia coli

Escherichia coli

Escherichia coli,
Klebsiella
pneumoniae
Enterobacter
cloacae,
Pseudomonas
aeruginosa,
Staphylococcus
aureus

Haemophilus

Escherichia coli

Escherichia coli

Pathogens Aatibiotics Authors
Escherichia coli, ES mAb, amoxycil-  Seelen et al. 1995
Salmonelta lin, gentamicin [9]

Ceftazidime, cipro-
floxacin, imipenem,
gentamicin, poly-
myxin B, rBPI-21

BPI, antibacterial 15-
kDa protein isoforms
(p15s), defensins

Cefotaxime, cipro-
floxacin, piperacillin

Ceftazidime,
imipenem

Teicoplanin

MaB 8G9,
polymyxin B

Cefuroxime, ceftazi-
dime, aztreonam,
imipenem, taurolidine

Aztreonam, imi-
penem, quinolones

Ceftriaxone, imi-

influenzae type b penem, polymyxin B

Escherichia coli Gentamicin, amoxy-
cillin, ciprofloxacin
Haemophilus Ampicillin, cefo-
influenzae type b taxime, amikacin
Pseudomonas  Imipenem,
aeruginosa ceftazidime 1992

Imipenem, tobramy-
cin, ceftazidime, ce-
furoxime, aztreonam,
chloramphenicol

Amikacin, ciproflox-
acin, ceftazidime,
cefotaxime, aztreo-
nam, imipenem

Prins et al. 1995
[65]

Levy et al. 1995
(10}

Crosby et al. 1994
(1]

Bucklin et al. 1994
[12]

Foca et al. 1993
{13]

Burd et al. 1993
(14]

Dofferhoff et al.
1993
[15]

Eng et al. 1993
(16)

Arditi et al. 1993
(17]

Van den Berg et al.
1992 [18]

Bingen et al. 1992
(19]

Jackson and Kropp
1992 [8]

Dofferhoff et al.
1991
(20]

Simon et al. 1994
[21]
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tion that intraabdominal sepsis is different from systemic
sepsis is further supported by a study in which TNF, IL-1
beta and II-6 were less increased than after systemic LPS
injection. Treatment resulted in a different outcome de-
pending on the type of infection. Pretreatment with
dexamethasone, ibuprofen and L-arginine led to reduced
survival; antibiotics and pentoxifylline improved survival
in mice in which CLP was performed. LPS mortality was
reduced with chlorpromazine and dexamethasone [73].
There is evidence that endotoxin or LPS lead to a variable
challenge of the immune system — according to the type of
sepsis. The pattern of intraabdominal cytokine release in
secondary peritonitis and its correlation with plasma levels
and outcome may have clinical relevance. In patients with
secondary peritonitis peritoneal levels of endotoxin and
inflammatory mediators were higher than plasma levels
and remained elevated in non-survivors. During successful
operative treatment mediators decreased in survivors.
However, plasma levels of the same mediators were similar
in survivors and non-survivors, except for IL-6. Secondary
peritonitis was associated with a significant cytokine-me-
diated inflammatory response that is compartmentalized
in the peritoneal cavity and may indicate adverse progno-
sis [70]. Although certain amounts of cytokines may be
beneficial to the peritoneal defense mechanisms, higher
levels correlate with adverse outcome. The uncontrolled
compartmentalized inflammatory response may be res-
ponsible for the failure of surgical and antibiotic treatment
in many patients [74]. In another recently published study
it was demonstrated that the immune response may de-
pend on the type of trauma and sepsis. A combination of
trauma and sepsis (double hit) caused a hyporesponsive-
ness of splenic macrophages to LPS stimulation with consec-
utive reduced production of inflammatory cytokines
compared to trauma or sepsis alone [75].

Endotoxin Release under Different Clinical Conditions

Pathogens get access to the peritoneal cavity mostly after
perforation of the intestine or an infection of intraabdomi-
nal organs. In general these are constituents of the gastro-
intestinal flora [76]. In cases of immunosuppression there
can be alterations in the quantity of pathogens isolated.
Pathogens such as Pseudomonas, Serratia and Candida spp.
may be isolated more often [77]. There were differences in
pathogen distribution with regard to pathogens in nosoco-
mial wound infections, nosocomial infections, type of ope-
‘ration, type of hospital setting, e.g., intensive care unit or gen-
eral ward [78]. Treatment failure may be due, partially, to
the presence of resistant pathogens at the site of infection
[79]. The LPS-induced cytokine immune response and the
bacterial surface characteristics may be important in the
process of killing of invading pathogens [80). The func-
tional relationship between the pathogen and the immune
response is not yet fully understood. The in vitro studies on
antibiotic-induced endotoxin release investigated mainly
the effect of selected pathogens on antibiotic-induced
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endotoxin release. Several in vitro studies have revealed
that endotoxin release after antibiotic administration may
alsobe influenced by the type of pathogen used in the mod-
el (Table 1). Induction of LPS Pseudomonas aeruginosa
cultures suggested that ceftazidime-induced filamentation
released larger quantities of bioreactive endotoxin than
non-filamentous fast-lysing imipenem [8]. The effect of
different types and combinations of antimicrobial agents
on endotoxin release from gram-negative bacteria was ob-
served in vitro and in vivo [20]. In whole blood assays,
endotoxin was higher when cells were treated with ceftazi-
dime, ciprofloxacin than with imipenem or gentamicin [81].
The effect of imipenem on endotoxin release may also de-
pend on the way of administration; intraperitoneal topi-
cally applied imipenem was associated with endotoxin re-
lease [82]. Crosby reported that cefotaxime, ciprofloxacin
and piperacillin caused significant endotoxin release in in
vitro cultures of Enterobacter cloacae and E. coli. Small
amounts of endotoxin were released when bacteria were
exposed to tobramycin [11]. It was also demonstrated that
with regard to the pathogen antibiotic-induced endotoxin
release may be different with the same antibiotic. In E. coli
ceftazidime released more endotoxin than imipenem; how-
ever, in P. aeruginosa endotoxin release was independent
of the antibiotic used [83]. It is obvious that these studies
are important to detect mechanisms of antibiotic-induced
endotoxin release; for clinical purposes the investigation of
the effect of polymicrobial infections may be more relevant.
In established peritonitis, only a limited number of patho-
gens has to be considered. These infections are almost
always polymicrobial, containing a mixture of aerobic and
anaerobic bacteria [84-87]. Schiffel et al. [44] suggest that
pathogens and respective antibiotic treatment may not in-
fluence the outcome in peritonitis.

Relevance of Pathogens in Peritonitis/Intraabdominal
Infection and their Relationship to Antibiotic-Induced
Endotoxin Release

In many in vitro and animal studies the effects of antibiot-
ic-induced endotoxin release have been demonstrated. In
selected patient groups with urosepsis or meningitis a dif-
ferent endotoxin release after PBP 2-specific and PBP
3-specific antibiotics was observed [88-90). In surgical pa-
tients intraabdominal infections remain a serious challenge
and antibiotics play an important role in the treatment
strategy.

At the present time there are only few clinical studies in-
vestigating antibiotic-induced endotoxin release in surgical
patients [91, 92]. In a retrospective analysis of data from a
study with IFN-y, Mock and coworkers found evidence that
antibiotics, known to cause a release of larger amounts of
endotoxin, were associated with higher TNF-a levels and a
higher mortality in septic trauma patients. However, be-
cause no endotoxin was determined it may be difficult to
correlate the antibiotic treatment to endotoxin release.
Significantly more endotoxin-positive results after PBP
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3-specific antibiotics than after imipenem were detected in
surgical intensive care patients. Different PBP 3-specific
antibiotics may be associated with a different kinetics of
endotoxin release [92]. To quantify the amount of circulat-
ing endotoxin released following administration may not
be accurate in clinical circumstances. Presently it is not
known which form of endotoxin (free or neutralized, pro-
tein-bound, bacteria-bound) may activate immunocompe-
tent cells [93]). Brandenburg et al. conclude that the basic
determinant for endotoxicity is the conformation of the lip-
id A moiety, whether in its free form or as a constituent of
LPS. A prerequisite for the biological activity is the
conical molecular shape which may trigger cell activation
[94].

Endotoxins derived from different bacterial strains may
vary in their ability to activate the limulus assay [95]. Mea-
surable levels of endotoxin activity were higher with cefta-
zidime than with imipenem after treatment of E. coli and
P. aeruginosa strains. However, this was not observed with
Klebsiella pneumoniae. The LAL activation in the study of
antibiotic-induced endotoxin release in surgical ICU pa-
tients could not be attributed to a single pathogen. Most of
the infections were polymicrobial and the number of pa-
tients in the study was too small [92].

Endotoxin is known to cause pro-inflammatory cytokine
release. IL-6 has been intensively studied in patients (e.g.,
trauma, sepsis, elective surgery, peritonitis). There is a grow-
ing body of evidence that IL-6 may reflect the severity of
disease [96, 97]. There is also evidence that imipenem ad-
ministration, which was not associated with LAL activa-
tion, may be followed by a remarkable decrease of IL-6 plas-
ma levels, whereas the decrease after administration of
PBP 3-specific antibiotics may be less prominent [92]. It is
known that antibiotics have immunomodulating properties
[98] and macrophage activation with IL-6 release may be a
“side effect” of an antibiotic. This may explain the tempo-
rary increase of I1-6 plasma levels seen after administration
of some antibiotics [92].

Clinical outcome, e.g., survival, is certainly an accurate end
point. However, in most recent sepsis trials, this end point
was not influenced by the treatment [99-101]. The clinical
course of sepsis is very complex and intensive care treat-
ment may have confounding effects on the outcome. Cer-
tainly the mortality rate for sepsis, on an average 35%, is
not high enough for verification of a significant difference
with regard to outcome in small study populations. Other
parameters to be considered as study end points are mor-
bidity, functional parameters of the cardiovascular system,
and scores, e.g., Apache II and I1I score [102, 103]. How-
ever, in a recent pilot study in surgical intensive care pa-
tients these parameters failed to detect a difference after
antibiotic-induced endotoxin release {92].

The problem in all clinical studies is to decide what assay
to use, to find the best time point in the clinical course where
changes in clinical parameters may be visible and what
clinical parameters may be reliable for detecting the effects
of endotoxin release. Time series analysis techniques may
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help to overcome these difficulties and should be introduc-
ed in clinical studies [104]. An automated system which
handles data from a Cobas TM analyzer may automatical-
ly analyze routine laboratory and clinical parameters, cal-
culate automatically scores, e.g., Apache Il score, and ana-
lyze various proteases (proenzymes, enzyme activators, en-
zyme cofactors and inhibitors) [105]. Much clinical evi-
dence has accumulated that analysis of various proteases can
provide indicators and prognostic tools for severely ill pa-
tients [106]. The proenzyme functional inhibition index
may contribute information on the severity of illness [107].
It became rather obvious that with a single assay no one
can evaluate the immune mechanisms in the septic patient.
However, the combination of time series analysis of rou-
tine laboratory and clinical data, the proteases, together
with endotoxin, endotoxin-neutralizing index, and IL-6
may allow more accurate evaluation of antibiotic-induced
endotoxin release.

Consequences for Clinical Therapy

In summary, there is evidence that endotoxin is a major
trigger for the inflammatory response in sepsis and trauma,
which makes antibiotic-induced endotoxin release a possi-
ble candidate as a risk factor in intensive care treatment.
However, the pathogenesis of sepsis and peritonitis is very
complex and therefore it is a difficult task to correlate out-
come or morbidity with antibiotic-induced endotoxin re-
lease. Other confounding factors are pharmaco-dynamics
of antibiotics, the sensitivity of pathogens, and the test meth-
od available for clinical research and clinical studies. The
time course of different events during intensive care treat-
ment has to be more closely observed and with regard to
organ dysfunction. The methods available can improve the
evaluation of antibiotics and their potential for endotoxin
release.
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