
ADVANCES IN SEPSIS
Commentary and analysis on advances in the understanding 
and treatment of sepsis
EDITORS-IN-CHIEF
Mitchell M Levy, Providence, RI, USA
Benoît Vallet, Lille, France

VOLUME 6  NUMBER 1  2007

Mitochondrial Mechanisms 
of Organ Dysfunction During Sepsis
Stephen P Hoffmann and Elliott D Crouser

Ethyl Pyruvate and Sepsis
Undurti N Das

Surviving Sepsis Campaign: 
Glycemic Control in Sepsis
Armelle Mathonnet and Alain Cariou

Letter to Surviving Sepsis Campaign Network 
Heads and Sponsoring Organization Leadership
Mitchell M Levy

Jointly sponsored by the University of Kentucky Colleges of Pharmacy
and Medicine and Remedica Medical Education and Publishing. 

The University of Kentucky is an equal opportunity university.
This journal is supported by an educational grant

from Eli Lilly and Company, Acute Care

www.advancesinsepsis.com



Editors-in-Chief
Mitchell M Levy
Professor of Medicine, Brown Medical School; Medical Director, 
Medical Intensive Care Unit, Rhode Island Hospital, Providence, RI, USA

Benoît Vallet
Professor, Department of Anesthesiology and Intensive Care, 
Lille University Hospital, Lille, France

Surviving Sepsis Section Editor
Margaret M Parker
Professor, Department of Pediatrics, Stony Brook University, 
Stony Brook, NY, USA

Editors
Daniel De Backer
Assistant Professor, Department of Intensive Care, Erasme University Hospital,
Free University of Brussels, Brussels, Belgium

Nicholas S Ward
Assistant Professor of Medicine, Rhode Island Hospital, Brown Medical School,
Providence, RI, USA

Eric Wiel
Anesthesiologist and Intensivist, Department of Emergency Medicine,
Lille University Hospital, Lille, France

Editorial Advisory Board
Edward Abraham
Roger Sherman Mitchell Professor of Pulmonary and Critical Care Medicine;
Vice Chair, Administrative Affairs, Department of Medicine; Head, Division 
of Pulmonary and Critical Care Medicine; University of Colorado Health
Sciences Center, Denver, CO, USA

Derek C Angus
Associate Professor in Anesthesiology and Critical Care Medicine, 
University of Pittsburgh, Pittsburgh, PA, USA

Jean Carlet
Head of Medicosurgical Intensive Care Unit, Chair of Intensive Care,
Anesthesiology, and Emergency Units, Fondation Hôpital Saint-Joseph,
University of Paris VII, Paris, France

Jonathan Cohen
Dean, Brighton & Sussex Medical School, University of Brighton, Brighton, UK

Jean-François Dhainaut
Chief of Service for General Medical Intensive Care, Cochin Port Royal
University Hospital, Paris, France

Charles T Esmon
Lloyd Noble Chair in Cardiovascular Research, and Member & Head,
Cardiovascular Biology Research Program, Oklahoma Medical Research
Foundation; Investigator, Howard Hughes Medical Institute, Oklahoma City,
OK, USA

Leonard D Hudson
Professor of Medicine, Endowed Chair in Pulmonary Disease Research, 
Head of Division of Pulmonary and Critical Care Medicine, Harborview
Medical Center, University of Washington, Seattle, WA, USA

John C Marshall
Professor of Surgery, Director of Research, Interdepartmental Division 
of Critical Care, University of Toronto; St Michael’s Hospital, Toronto, 
ON, Canada

Steven Opal
Professor of Medicine, Infectious Disease Division, Memorial Hospital 
of Rhode Island, Brown Medical School, Providence, RI, USA

James A Russell
Professor, University of British Columbia, Division of Critical Care, Vancouver,
BC, Canada

Sean R Townsend
Institute for Healthcare Improvement and Massachusetts General Hospital,
Boston, MA, USA

Jean-Louis Vincent
Head of Department of Intensive Care, Erasme University Hospital, Professor
of Intensive Care Medicine, Free University of Brussels, Brussels, Belgium

Karl Werdan
Professor and Head of Cardiology and Angiology, University Clinic and Clinic
of Internal Medicine III, Martin-Luther-University of Halle-Wittenberg, 
Halle, Germany



Contents

Leading Articles
Mitochondrial Mechanisms 
of Organ Dysfunction During Sepsis
Stephen P Hoffmann and Elliott D Crouser 2

Ethyl Pyruvate and Sepsis
Undurti N Das 10

Surviving Sepsis Campaign: Quarterly Update
Glycemic Control in Sepsis
Armelle Mathonnet and Alain Cariou 16

Letter to Surviving Sepsis Campaign Network 
Heads and Sponsoring Organization Leadership
Mitchell M Levy 19

Clinical Reviews
Clinical Observations and Research 21

Pathogenesis 24

Research 26

Therapeutics Research 27

Clinical Trials 29

Diagnosis and Assessment 30

Editorial Policy   
Advances in Sepsis is an independent journal published by Remedica Medical Education and Publishing Ltd. Editorial
control is the sole responsibility of the Editors-in-Chief and Editorial Advisory Board. Before publication, all material
submitted to the journal is subjected to rigorous review by the Editors-in-Chief, Editorial Advisory Board, and/or
independent reviewers for suitability of scientific content, scientific accuracy, scientific quality, and conflict of interest.  

Aims and Scope   
Advances in Sepsis is designed to bring a critical analysis of the recent world sepsis literature, written by clinicians, for
clinicians, to an international, multidisciplinary audience. Our mission is to promote better understanding and treatment
of severe sepsis and septic shock across the global healthcare system by providing an active forum for the discussion of
clinical and healthcare policy issues.
Leading Articles – These major review articles are chosen to reflect topical clinical and healthcare policy issues in
sepsis care. All contributions undergo a strict editorial review process.
Surviving Sepsis Campaign: Quarterly Update – Each issue of Advances in Sepsis contains a specially commissioned
article on implementing the Surviving Sepsis Guidelines and an update on the progress of the Campaign.
Clinical Reviews – The most important papers from the international literature on sepsis are systematically selected
by an internationally recognized panel of experts. The Editors then prepare concise and critical analyses of each
paper, and, most importantly, place the findings into clinical context.
Meeting Reports – Advances in Sepsis provides incisive reportage from the most important international critical
care congresses. 

Publisher’s Statement   
©2007 Remedica Medical Education and Publishing. 
All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording, or otherwise without the prior permission of
the copyright owners. While every effort is made by the publishers and editorial board to see that no inaccurate or
misleading data, opinions, or statements appear in this journal, they wish to make it clear that the material contained
in the publication represents a summary of the independent evaluations and opinions of the authors and
contributors. As a consequence, the board, publishers, and any supporting company accept no responsibility for the
consequences of any such inaccurate or misleading data or statements. Neither do they endorse the content of the
publication or the use of any drug or device in a way that lies outside its current licensed application in any territory.  
Advances in Sepsis (ISSN 1472-2445) is published four times a year. Subscriptions are available at the following
rates: Europe v150; USA, Canada and all other territories US$200. Additional subscription information is available
from the publisher.
Remedica Medical Education and Publishing Ltd., 20 N. Wacker Drive, Suite 1642, Chicago, IL 60606, USA, 
Tel: +1 (312) 372 4020,    Fax: +1 (312) 372 0217    Email: info@remedica.com
Editorial Team: Rhian Phillips, Scott Millar    Editorial Director: Reghu Venkatesan 
Design and Artwork: AS&K Skylight Creative Services
Publishers: Ian Ackland-Snow, Simon Kirsch
ISSN 1472-2445

Dear Colleague,

Welcome once again to Advances in Sepsis. 

In the first article of this issue, Drs Elliott Crouser and Stephen P
Hoffmann (The Ohio State University, Columbus, OH, USA) review the
potential role of altered mitochondrial function as a major cause of the
metabolic alterations seen in severe sepsis. The authors discuss the
evidence to suggest that mitochondrial damage contributes to organ
failures, and describe mechanisms of mitochondrial dysfunction during
sepsis, in particular, the effects of oxidants on mitochondrial function.
Furthermore, they discuss a potential role in sepsis of a specific marker
of mitochondrial damage.

Dr Undurti Das (UND Life Sciences, Shaker Heights, OH, USA) assesses
the potential use of ethyl pyruvate as a therapy in sepsis. Dr Das
discusses the anti-inflammatory actions of ethyl pyruvate, its activity as
a free radical scavenger, and in vivo studies demonstrating beneficial
anti-inflammatory effects. Lastly, the involvement of pyruvate in glucose
metabolism and its effects on insulin production is assessed.

Septic patients may develop hyperglycemia, and one of the
recommendations of the SSC is to maintain adequate glycemic control.
In the Surviving Sepsis section of this issue, Drs Armelle Mathonnet and
Alain Cariou (Cochin Hospital, Paris 5 René Descartes University, Paris,
France) evaluate studies assessing the importance of strict regulation of
glycemia in critically ill patients. The authors suggest that a system
should be developed for continuous glycemic monitoring prior to
considering intensive insulin therapy for all critically ill patients, and that
this could reduce the occurrence of adverse effects of insulin treatment.

This is followed by our regular SSC update. In this issue, the SSC Steering
Committee Members respond to the article from Peter Eichacker and
colleagues that was published towards the end of last year in the 
New England Journal of Medicine, which took the position that the SSC
and the associated guidelines have been influenced by Eli Lilly. 

As in all issues, the Clinical Reviews provide concise and critical analyses
of the latest and most important sepsis literature, placing recent
developments in a clinical context. 

We would like to thank all those readers who have taken time to
provide feedback on the articles presented in Advances in Sepsis. We
are pleased that the comments have been overwhelmingly positive and
that the journal continues to be regarded as a useful resource by
clinicians working in this fast-developing field. 

We hope that you will continue to submit articles, ideas, and suggestions
for future issues.

Benoît Vallet and Mitchell M Levy 

Editors-in-Chief
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Sepsis is the leading cause of death in the intensive care unit
(ICU), and most of these deaths are attributed to the multiple
organ dysfunction syndrome (MODS). Uncontrolled systemic
inflammation and inadequate tissue perfusion (shock) are the
putative mechanisms through which sepsis induces organ
failures. Evidence for these mechanisms comes from animal
and human studies that demonstrate improved survival when
anti-inflammatory agents or reversal of shock are rendered 
in the early phases of sepsis. However, inhibition of
inflammatory responses, or measures designed to optimize
tissue perfusion are shown to have little or no benefit in the
context of established sepsis (i.e. sepsis associated with one
or more organ failures). Moreover, a growing body of
evidence indicates that sepsis-induced organ failures are
associated with fundamental alterations of metabolism at the
cell and tissue level and that tissue hypoxia does not play a
central role in this process. This review will focus on the
possible role of altered mitochondrial function as a major
cause of the metabolic alterations attendant to severe sepsis. 

The controversy surrounding mitochondrial
mechanisms of organ failure
Over 40 years ago, Broder and Weil observed a strong
correlation between elevated blood lactate levels and
increased mortality rates in critically ill patients [1]. Increased

blood lactate was interpreted to reflect tissue hypoxia
(anaerobic metabolism), which has emerged as the putative
cause of organ failures in critically ill patients, including those
with severe sepsis [2]. Indeed, most of the monitoring
equipment presently employed for the management of
critically ill patients, including pulmonary artery catheters,
oxygen saturation probes, and blood pressure cuffs, are
designed to detect inadequate tissue oxygen delivery. 

Recent reports provide convincing evidence that shock
contributes significantly to the risk of mortality during sepsis;
however, the mortality rate exceeds 30% even when shock is
preemptively treated, suggesting that inadequate tissue
oxygen delivery, as reflected by conventional hemodynamic
parameters and circulating lactate levels, is not the sole cause
of organ dysfunction and attendant mortality [3]. However, it
should be noted that covert tissue hypoxia may be missed
when conventional clinical parameters are employed for the
detection of blood flow [4]. Even so, tissue oxygen levels are
shown to be normal or even elevated in adequately
resuscitated sepsis [5–7], and attempts to increase systemic
oxygen delivery in established severe sepsis provide no
survival benefit [8–9]. Levy et al. provide evidence that
elevated lactate concentrations during sepsis are reflective of
inherent changes in glucose metabolism, which are unrelated
to tissue hypoxia [10]. Furthermore, elevated pyruvate levels
in the setting of hyperlactatemia, which occurs in severe
sepsis, is inconsistent with the tissue hypoxia paradigm,
instead implying dysregulation of metabolic pathways that
are operating distal to glycolytic pathways [11]. 

Mitochondrial Mechanisms of Organ
Dysfunction During Sepsis

Stephen P Hoffmann1,2 and Elliott D Crouser1,2,3

1Division of Pulmonary, Sleep and Critical Care Medicine, The Ohio State University Medical Center,
2Dorothy M Davis Heart and Lung Research Institute and 3Institute of Mitochondrial Biology, The Ohio State
University, Columbus, OH, USA

Acute bacterial and fungal infections that are associated with organ failures (sepsis) account for hundreds of thousands 
of deaths worldwide each year, yet the primary cause of sepsis-associated organ failures remains elusive. Inadequate tissue
perfusion (shock) is capable of undermining organ function; however, organ failures and death frequently occur in septic
patients even in the absence of shock. A growing number of animal models and some human studies indicate that cell
metabolism is fundamentally altered during sepsis. This review considers the evidence supporting damage to
mitochondria, the primary energy providers of the cell, as a major determinant of sepsis-induced organ failures.
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Address for correspondence: Elliott D Crouser, The Ohio State

University Medical Center, 201F DHLRI, 473 West 12th Avenue,

Columbus, OH 43210-1252, USA. Email: elliott.crouser@osumc.edu

ADVANCES IN SEPSIS VOL 6 NO 1 2007

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 2



MITOCHONDRIAL MECHANISMS OF ORGAN DYSFUNCTION DURING SEPSIS

3

Research in animal models supports the notion that
fundamental changes in cellular metabolism, as opposed to
inadequate supply of energy substrates, is the cause of
altered metabolism during sepsis. Over 30 years ago, Mela
and colleagues demonstrated mitochondrial damage and
dysfunction in response to direct exposure to bacterial
endotoxin [12] and in mitochondria that were isolated from
the tissues of septic animals [13]. However, subsequent
studies variably reported unchanged or even supernormal
mitochondrial function in different sepsis models [14,15]. In
some cases, the findings are explained by technical
limitations, including highly selective mitochondrial isolation
techniques, which tend to exclude the most damaged
mitochondria from analysis [15]. Other studies failed to
preserve mitochondrial integrity during the isolation process,
as reflected by profound dysfunction of mitochondria in the
non-septic control groups [14]. Other important variables
that influence the experimental results include the model of
sepsis used, including the site of infection, the toxicity of the
organisms or bacterial components used to inoculate the
animal, the use of fluid resuscitation and antibiotics, and the
species of animal employed (see discussion by Singer and
Brealey. [16]). In the final analysis, the optimal model should
reflect the human condition.

Within the past decade, a body of research has provided
convincing evidence of mitochondrial pathology in vital
organs in animal models of sepsis. Several groups
independently observed tissue acidosis – traditionally viewed
as a sign of tissue hypoxia – in the setting of elevated tissue
oxygenation, indicating abnormal tissue oxygen utilization in
septic animals [7,17]. These findings were substantiated by
Piantadosi et al. who observed reduced oxygen consumption
in liver tissue extracted from endotoxin-treated animals [15].
Using a feline endotoxemia model, the current authors’
laboratory reported a correlation between mitochondrial
damage and altered oxygen utilization in an intact, perfused
organ (ileum), and further demonstrated that mitochondrial
damage was unrelated to tissue hypoperfusion or hypoxia
[18,19]. Thus, abnormal mitochondrial function apparently
can develop independently of tissue hypoperfusion (ischemia)
in the context of sepsis. 

Cellular metabolism is difficult to assess in real time in
human tissues, particularly in the setting of acute illness;
however, indirect evidence of mitochondrial damage and
dysfunction in septic humans is provided by several
investigations. In 1979, Trump et al. reported the results of
immediate autopsies performed on patients who died of
various critical illnesses [20]. In one dramatic case the patient
died within 24 h of the onset of overwhelming infection
related to bowel perforation. Dramatic ultrastructural
changes and impaired respiratory function were documented

in mitochondria that were rapidly recovered from various
vital organs in multiple organ systems [20]. Likewise, Van den
Berghe et al. recently documented ultrastructural
mitochondrial damage in a representative vital organ (liver) in
a cohort of sepsis non-survivors [21]. Mitochondrial damage
could explain decreased adenosine triphosphate levels and
reduced mitochondrial complex I activity in muscle tissue of
patients who eventually died of sepsis [22]. A recent study by
Fredriksson et al. reported that mitochondrial content was
reduced by more than 50% in diaphragm and leg muscle
biopsies obtained from patients with sepsis-induced MODS
relative to non-septic controls [23]. Thus, the human data
corroborate the findings of animal models and support a role
for mitochondrial damage and depletion in the context of
sepsis-induced MODS.

Aside from oxygen utilization, the metabolism of
essentially all metabolic substrates is altered during severe
sepsis, and mitochondria appear to contribute significantly
to this phenomenon. Increased protein catabolism, impaired
β-oxidation of long-chain fatty acids, and inhibition of
ketogenesis are well-documented complications of severe
sepsis [24,25]. Using a proteomic technique that makes no 
a priori assumptions regarding which, if any, mitochondrial
pathways might be affected (i.e. an unsupervised analysis),
protein expression changes in liver mitochondria in response
to systemic administration of Escherichia coli endotoxin
supports a likely role of mitochondria in many of the
metabolic alterations that occur during sepsis. With respect
to protein metabolism, the expression of rate-controlling
enzymes of the urea cycle was shown to be significantly
increased, which has implications for protein catabolism and
excessive nitric oxide production. Conversely, the expression
of acyl-coenzyme A (CoA) dehydrogenase and
hydroxymethylglutaryl (HMG)-CoA synthase, key enzymes
regulating the β-oxidation of lipids and ketogenesis,
respectively, were significantly reduced [26]. Thus,
adaptations of mitochondria to conditions of sepsis at the
level of gene expression could explain many of the
metabolic alterations that are observed in septic patients. 

Mitochondria and cell death
The implications of acute mitochondrial damage extend
beyond metabolic functions and during the extremes of
cellular stress, mitochondria play an important role in “life-
and-death” decisions. Cell damage of any cause that is
associated with super-physiological accumulation of reactive
oxygen species (ROS), calcium, or the induction of certain
cell signaling pathways (e.g. by tumor necrosis factor-α
[TNF-α]) can trigger highly regulated “mitochondrial death
signals”. The critical step in this process is the opening 
of large conductance channels called mitochondrial

ADVANCES IN SEPSIS VOL 6 NO 1 2007
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permeability pores, which span the inner mitochondrial
membrane. This phenomenon, referred to as the
mitochondrial permeability transition (MPT), results in high-
amplitude swelling of the mitochondrial matrix, rupture of
outer mitochondrial membranes, and consequent release of
various factors that initiate programmed cell death
(apoptosis). The apoptotic cascade that follows requires
energy (ATP) and new protein synthesis, culminating in the
formation of neatly packaged, partially degraded “apoptotic
bodies”, which are then removed by regional macrophages
[27]. Under certain conditions and in specific cell types, the
release of mitochondrial apoptotic factors appears to occur
through the direct movement of pro-apoptotic factors across
the outer mitochondrial membrane and does not require the
MPT; this process is referred to as mitochondrial outer
membrane permeabilization (MOMP) [28]. Finally, under
conditions of extreme and overwhelming cell stress, such as
occurs after prolonged tissue ischemia and subsequent
reperfusion, cellular ATP levels acutely decline and the
integrity of all cell membranes is compromised, resulting in
widespread MPT-induced mitochondrial swelling and cell
lysis (necrosis). This is an unfavorable outcome for the host
because, unlike apoptosis, necrosis potently induces regional
and systemic inflammation [29].

In contrast to conditions of acute sepsis complicated by
refractory shock, which results in acute and widespread cell
necrosis [20], cell death appears to play a limited role during
the terminal phase of severe sepsis. Expecting to find
widespread cell death in vital organs in patients who had
recently died of sepsis, Hotchkiss and colleagues observed
increased apoptotic cell death that was localized to the gut
epithelium, spleen, and circulating lymphocytes only [30].
Mitochondrial apoptotic pathways were shown to play 
a critical role in the death of immune cells [31]. The 
latter presumably promotes “immune paralysis” and
predisposition to nosocomial infection in the late phase of
sepsis; however, it is clear from these investigations that
massive cell death does not explain sepsis-induced vital
organ failures, which are the ultimate cause of death in most
septic patients.

Evidence that mitochondrial damage
contributes to organ failures
As it is difficult to isolate mitochondrial functions from other
metabolic pathways, definitive proof that changes in
mitochondrial function contribute directly to impaired cell
and organ function during sepsis is not currently available. In
metabolically active tissues, such as the brain and working
muscle, mitochondrial ATP production is essential for normal
function. It follows that a critical threshold of mitochondrial
dysfunction would result in organ failure, which explains why

metabolically active organs, such as muscle, kidney, and
brain, are susceptible to failure during sepsis. Recent studies
performed in relevant animal models provide compelling
support for a causal relationship between altered
mitochondrial function and vital organ failure in the context
of sepsis. In a highly lethal model of bacterial septic shock
that is associated with impaired cardiac contractile function,
Watts and colleagues observed dramatic depletion of
mitochondrial populations and attendant mitochondrial
dysfunction in the heart [32]. However, evidence for a
statistical correlation between mitochondrial respiratory
dysfunction and abnormal cardiac contractility and relaxation
times in a sepsis model, was recently reported by two
independent studies [33,34]. Other laboratories have
confirmed that toxic doses of sepsis mediators
(lipopolysaccharide [LPS]) potently inhibit contractile and
mitochondrial functions in diaphragm and cardiac muscle
[35,36]. By contrast, in a fluid resuscitated dog model,
Solomon et al. failed to observe a change in tissue ADP levels
in association with impaired cardiac contractility. However, in
contrast to untreated animals, it is interesting to note that
septic dogs failed to further increase their myocardial
performance (work) in response to catecholamines [37].
Thus, it would appear that septic animals are operating at or
near their maximal cardiac performance at baseline, perhaps
due to limited mitochondrial ATP production. In support of
this notion, there is known to be a dynamic interplay
between the transfer of high energy phosphates, including
ADP and ATP, and cardiac contractility [38,39], which
presumably matches energy consumption with energy supply
to avoid ATP depletion and associated cell death [40]. 

The impact of mitochondrial dysfunction in adult human
populations may be underestimated in experiments conducted
in young and healthy animals, which is the standard
approach. Considering that gradual loss of mitochondrial
functional reserve and associated changes in metabolism are
common manifestations of aging [41], and that elderly
patients are susceptible to multiple organ failure [42], it is
interesting to speculate that elderly patients are particularly
sensitive to sepsis-induced mitochondrial dysfunction. Thus,
appropriate experimental models of human sepsis should
consider the influence of advanced age.

Mechanisms of mitochondrial dysfunction
during sepsis
Sustained shock or ischemia/reperfusion is sufficient to cause
mitochondrial damage and dysfunction. However, tissue
oxygenation is found to be normal or even supernormal in
patients with severe sepsis, and mitochondrial damage is
observed despite adequate tissue oxygenation under
conditions modeling sepsis [18]. Alternatively, direct and
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indirect cytotoxic actions of pro-inflammatory cytokines may
be responsible.

TNF-α is a cytokine with pleiotropic actions, including the
induction of mitochondrial “death pathways”. Blood and tissue
TNF-α levels are dramatically elevated in the early phase of
sepsis [43], and TNF-α has the capacity to directly confer
damage to mitochondria [44]. Recognition of TNF-α by 
TNF receptor-1 (TNFR-1) results in the activation of specific
caspases and intracellular release of ceramide, which are agents
that promote the MPT [45]. The mitochondrial toxicity of 
TNF-α is attenuated by cyclosporin A, a pharmacological
inhibitor of mitochondrial permeability pore opening [46], and
is shown to confer mitochondrial protection in vital organs
during Gram-negative endotoxemia [33,47,48]. Likewise,
overexpression of endogenous inhibitors of the MPT (e.g. Bcl-2
proteins) protects against mitochondria-mediated cell death in
mononuclear immune cell lines and in the intestinal epithelium
[49], improves vital organ function [34], and significantly
reduces the mortality rate in murine sepsis models [34,49]. 

Sepsis promotes increased oxidant stress in vital organs,
and mitochondria serve as both a source and target of 

ROS (Fig. 1). Mitochondria are the primary source of ROS 
in healthy cells, and high levels of antioxidants 
are concentrated in the mitochondrial matrix in order to
quench these potentially harmful byproducts of oxidative
phosphorylation. During sepsis, mitochondria become
overproducers of ROS [50,51] and there is a shift in the
expression of critical antioxidant enzymes, including increased
expression of superoxide dysmutase relative to catalase, which
together promote the overproduction of ROS, and subsequent
oxidative damage to the cell [52,53]. Mitochondria are
susceptible to oxidative stress during sepsis, and impaired
mitochondrial function is an expected consequence [33,36,54].
Although the uncoupling of mitochondrial respiration from
ATP formation observed during sepsis undermines the capacity
of the cell to perform work, it may confer protection by
reducing the rate of ROS production [33]. 

The oxidant stress paradigm is supported by recent
investigations showing improved outcomes with antioxidant
treatments. Very recently, Supinski et al. demonstrated potent
protection against mitochondrial damage in the hearts of
endotoxemic rats that were pretreated with a cell-permeable

Figure 1. Mechanisms of mitochondrial damage during sepsis. Variables relating to the characteristics of the pathogen–host
interaction, including the virulence of the microorganism and the quality of the host immune response, dictate the duration and
magnitude of the sepsis syndrome. In severe cases, systemic activation of immune cells, particularly neutrophils, and tissue hypoxia
(shock) contribute to the formation of ROS. ROS, in turn, contribute to the release of intracellular iron and mitochondrial damage,
events that further contribute to ROS formation. This cycle is ultimately broken by the removal and replacement of damaged
mitochondria and resolution of systemic inflammation. The contribution of altered gene and protein expression towards the
development of mitochondrial dysfunction in vital organs during sepsis remains to be determined.

MØ: Macrophage; PMN: polymorphonuclear leukocyte; ROS: reactive oxidant species.
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mimic of an endogenous antioxidant enzyme (superoxide
dysmutase) [36]. Likewise, Ritter et al. reported protective
effects of combination therapy with an iron chelator
(desferoxamine) and glutathione precursor (N-acetylcysteine)
[52]. The benefits of iron chelation are based on the
observation that sepsis promotes the liberation of intracellular
iron, which, in turn, reacts with oxygen to promote highly
toxic hydroxyl radical formation (i.e., Fenton reaction) [55].
However, one should be careful not to categorize all oxidants
as toxic. For example, nitric oxide (NO) reacts readily with
cysteine thiols to modify and presumably regulate the
activities of various mitochondrial enzymes under physio-
logically relevant conditions [56]. NO reacts immediately with
highly toxic superoxide anions to form peroxinitrite, which
contributes to protein nitration. Nitration and denitration of
mitochondrial proteins is shown to occur rapidly in normally
respiring mitochondria [57], suggesting that protein nitration
events are not pathological, at least in healthy mitochondria.
Supernormal concentrations of NO, such as are observed
during sepsis, are capable of inhibiting mitochondrial
respiration [58] while suppressing energy consuming
processes (e.g. muscle contractility [59]), which may be
essential for reducing metabolic demands in the face of acute
cell injury. In this context, it would appear that suppression of
NO formation in the heart results in improved cardiac and
mitochondrial performance, but results in irreversible oxidative
protein damage (carbonylation) in the heart [60]. This might
explain why nonspecific inhibition of NO synthase enzymes,
the primary source of NO during sepsis, improves
hemodynamic indices (e.g. mean arterial pressure), but
increases sepsis mortality rate in humans [61]. Thus, it is
reasonable to speculate that sepsis-induced organ failures
serve a protective role by reducing cell work under conditions
of oxidative cell injury, as suggested by Singer et al. [62]. 

Sepsis-induced mitochondrial damage promotes increased
ROS production, and the process is expected to be self-
perpetuating. Fortunately, mechanisms are in place to target
damaged or senescent mitochondria for removal from the cell,
thereby interrupting the cycle of mitochondrial ROS
overproduction and progressive mitochondrial dysfunction.
One manifestation of mitochondrial damage caused by
oxidant stress, is a change in electrochemical gradient (ΔΨ)
that forms across the inner mitochondrial membrane in
response to electron transport and consequent hydrogen ion
efflux from the mitochondrial matrix. Dissolution of ΔΨ may
occur by a number of mechanisms, including opening of
mitochondrial permeability pores and increased electron
“leak” during electron transport. Regardless of the cause, a
sustained reduction in ΔΨ activates specific calcium-
independent phospholipase enzymes that begin to degrade
mitochondrial membranes [63]. Recent studies suggest that

these mitochondria are effectively taken “offline” in that they
no longer respire [54], and presumably no longer produce
excessive amounts of ROS. These mitochondria are
subsequently targeted for lysosomal degradation (autophagy)
[54,64]. The resultant depletion of mitochondria is transient
providing that simultaneous mitochondrial biogenesis occurs,
such as is demonstrated in models of sepsis [54,65].
Ultimately, this process leads to the removal of oxidatively
damaged and dysfunctional mitochondria (Fig. 1) [54]. 

In addition to damage and depletion, recent
investigations indicate that mitochondrial functions are
under genetic control during sepsis. Human volunteers were
systemically treated with a low-dose bolus of Gram-negative
bacterial endotoxin and peripheral blood monocytes 
(PBMC) were analyzed for gene expression changes at
various timepoints thereafter. Initially, as expected, pro-
inflammatory gene networks were activated in response to
LPS. However, gene expression in PBMC at later timepoints
was characterized by downregulation of gene networks
regulating metabolic activities, particularly mitochondrial
functions [66]. It is interesting to speculate that suppression
of PBMC metabolic pathways may be one mechanism by
which the intense immune response that occurs upon initial
exposure to infection is modulated to prevent secondary
injury to the host. Alternatively, the downregulation of
metabolic pathways in immune cells may contribute to the
“immune paralysis” that commonly occurs in the late phase
of sepsis, which predisposes the patient to secondary, life-
threatening hospital-acquired infections [67]. These findings,
together with the observed decreases in ATP levels and
mitochondrial complex I activity in muscle in sepsis non-
survivors [22], suggest that bioenergetic failure due to
altered mitochondrial function is a global problem affecting
diverse cell and tissue types and potentially contributing to
vital organ failures in humans (Fig. 2).

Mitochondrial biomarkers
The functional status of mitochondria in vital organs is
difficult to measure in vivo, and the equipment required to
do so (e.g. nuclear magnetic resonance imaging), is not
readily applied to the clinical setting. However, specific
biomarkers of mitochondrial damage are emerging. In an
effort to identify novel sepsis biomarkers, Struck and
colleagues performed an unsupervised analysis of total
protein expression in blood samples of septic humans [68].
They identified a mitochondrial protein, carbamoyl
phosphate synthetase-1 (CPS-1), which is primarily derived
from liver mitochondria. Recently, CPS-1 was shown to
reflect mitochondrial damage and depletion in the context of
peritonitis in a mouse model. Notably, CPS-1 release occurs
earlier than other liver enzymes [54]. The specificity of CPS-1
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as a sepsis biomarker is undetermined, but the authors
predict that circulating CPS-1 levels would be elevated in the
context of various forms of liver toxicity. Nonetheless, CPS-1
represents the first available biomarker of mitochondrial
damage in a vital organ and may prove to be a useful marker
of liver toxicity in various clinical settings, including sepsis.

Organ failures: a cytoprotective mechanism?
Beyond the limitations of cellular energy production caused
by mitochondrial damage and depletion, there is a further
strain on cellular metabolism attendant to repairing the
damage itself. For instance, DNA damage is a common
manifestation of sepsis and DNA repair is costly in terms of
energy demands on the cell. DNA repair requires the
activation of poly(ADP-ribose) polymerase (PARP), a process
that consumes both nicotinamide adenine dinucleotide
(NAD), which is a vital substrate for mitochondrial ATP
synthesis, and ATP itself. Indeed, excessive activity of PARP-
mediated DNA repair can severely deplete cellular ATP levels
resulting in necrotic cell death, especially in cells relying on
glycolytic substrates for mitochondrial ATP production [69].
It follows that reduced energy consumption in the form of
cell and organ “work”, would help to maintain nominal ATP
stores in the face of impaired mitochondrial function and
energy-dependent cell repair processes, in the context of
sepsis-induced organ injury. Thus, suppression of cell and
organ metabolism, such as that observed in the hearts [70]

and livers [71] of septic animals, may serve to maintain cell
viability in the context of decreased mitochondrial energy
production and increased metabolic demands attendant to
cell repair. To the extent that reduced cellular metabolism
favors cell survival and eventual recovery, it follows that
inhibition of cellular metabolism in the context of sepsis is
genetically regulated, as indicated by recent studies
demonstrating suppression of mitochondrial gene expression
in diaphragm muscle [72] and in circulating monocytes [66].

Conclusion
The body of scientific evidence indicates that cell
metabolism is abnormal in vital organs in the setting of
severe sepsis. Mitochondria participate in numerous critical
metabolic pathways, including the breakdown of lipids,
glucose, and proteins for the purpose of high-energy
phosphate production and other vital functions. The
cumulative effects of oxidant stress, attendant mitochondrial
damage, and altered expression of genes and proteins
regulating mitochondrial metabolic pathways, results in
compromised cell function or even cell death. As such,
sepsis-associated limitations of mitochondrial performance
almost certainly contribute to vital organ dysfunction and
would explain the ineffectiveness of augmenting blood flow
(increased energy substrate delivery) in patients with sepsis
and established organ failures [8,9]. 

Fortunately, damaged mitochondria are efficiently
removed and replaced, at least in otherwise healthy young
animals [54]. Additional research is needed to fully understand
these processes and to answer several critical questions. For
instance, how are damaged mitochondria targeted for
removal, and what are the key regulators of mitochondrial
repletion? Is the restoration of normally functioning
mitochondrial populations required for recovery of vital organ
function? Most importantly, can therapies be devised to
manipulate mitochondrial function in the context of critical
illness to prevent or restore cell and organ function? In this
context, novel antioxidant therapies [52,73] and measures
designed to interrupt mitochondrial death pathways
[34,49,74] are being tested in animals with encouraging
results, but none of these approaches are currently employed
during human sepsis. Moreover, the beneficial effects of
insulin in terms of preserving mitochondria populations in vital
organs [17] and preventing organ failures in critically ill
patients [75] may relate to insulin’s known capacity to
increase mitochondrial biogenesis and thereby improve
glucose tolerance [76]. Thus, there is hope that further
advances in our understanding of the various roles played by
mitochondria in the pathogenesis of disease will contribute to
the development of more effective therapies for patients with
sepsis and other forms of critical illness.

ADVANCES IN SEPSIS VOL 6 NO 1 2007

Figure 2. Proposed relationships between organ failures and
mitochondrial events during severe sepsis.

Normal organ function

Sepsis onset
Restoration of

mitochondrial function

Mitochondrial
biogenesis

Resolution of
inflammation

Inflammation

Shock

Oxidant stress

Organ failures

Mitochondrial damage and depletion

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 7



STEPHEN P HOFFMANN AND ELLIOTT D CROUSER

ADVANCES IN SEPSIS VOL 6 NO 1 20078

Disclosures
The authors have no relevant financial interests to disclose.

References
1. Broder G, Weil MH. Excess lactate: an index of reversibility of shock in human patients.

Science 1964;143:1457–9.

2. Vincent JL. The international sepsis forum’s frontiers in sepsis: high cardiac output should
be maintained in severe sepsis. Crit Care 2003;7:276–8.

3. Rivers E, Nguyen B, Havstad S et al. Early Goal-Directed Therapy Collaborative Group.
Early goal-directed therapy in the treatment of severe sepsis and septic shock. 
N Engl J Med 2001;345:1368–77.

4. DeBacker D, Creteur J, Preiser JC et al. Microvascular blood flow is altered in patients with
sepsis. Am J Respir Crit Care Med 2002;166:98–104.

5. Boekstegers P, Weidenhofer S, Kapsner T et al. Skeletal muscle partial pressure of oxygen
in patients with sepsis. Crit Care Med 1994;22:640–50. 

6. Sair M, Etherington PJ, Peter Winlove C et al. Tissue oxygenation and perfusion in patients
with systemic sepsis. Crit Care Med 2001;29:1479–80. 

7. VanderMeer TJ, Wang H, Fink MP. Endotoxin causes ileal mucosal acidosis in the absence
of mucosal hypoxia in a normodynamic model of septic shock. Crit Care Med
1995;22:1217–26.

8. Hayes MA, Timmins AC, Yau E et al. Elevation of systemic oxygen delivery in the
treatment of critically ill patients. N Engl J Med 1994;330:1717–22. 

9. Gattinoni L, Brazzi L, Pelosi P et al. A trial of goal-oriented hemodynamic therapy 
in critically ill patients. N Engl J Med 1995;333:1025–32.

10. Levy B, Gibot S, Franck P et al. Relation between muscle Na+K+ATPase activity and raised
lactate concentrations in septic shock: a prospective study. Lancet 2005;365:871–5.

11. Mizock B. Septic shock: a metabolic perspective. Arch Intern Med 1984;144:579–85.

12. Mela L, Bacalzo LV Jr, Miller LD. Defective oxidative metabolism of rat liver mitochondria
in hemorrhagic and endotoxin shock. Am J Physiol 1971;220:571–7.

13. Tavakoli H, Mela L. Alterations of mitochondrial metabolism and protein concentrations 
in subacute septicemia. Infect Immun 1982;38:536–41.

14. Dawson KL, Geller ER, Kirkpatrick JR. Enhancement of mitochondrial function in sepsis.
Arch Surg 1988;123:241–4. 

15. Kantrow SP, Taylor DE, Carraway MS et al. Oxidative metabolism in rat hepatocytes and
mitochondria during sepsis. Arch Biochem Biophys 1997;345:278–88.

16. Singer M, Brealey D. Mitochondrial dysfunction in sepsis. Biochem Soc Symp
1999;66:149–66.

17. Revelly JP, Ayuse T, Brienza N et al. Endotoxic shock alters distribution of blood flow within
the intestinal wall. Crit Care Med 1996;24:1345–51. 

18. Crouser ED, Julian MW, Dorinsky PM. Ileal VO2-DO2 Alterations induced by endotoxin
correlate with severity of mitochondrial injury. Am J Resp Crit Care Med
1999;160:1347–53.

19. Crouser ED, Julian MW, Blaho DV et al. Endotoxin-induced mitochondrial damage
correlates with impaired respiratory activity. Crit Care Med 2002;30:276–84.

20. Cowley RA, Mergner WJ, Fisher RS et al. The subcellular pathology of shock in trauma
patients: studies using the immediate autopsy. Am Surg 1979;45:255–69.

21. Vanhorebeek I, De Vos R, Mesotten D et al. Protection of hepatocyte mitochondrial
ultrastructure and function by strict blood glucose control with insulin in critically ill
patients. Lancet 2005;365:53–9.

22. Brealey D, Brand M, Hargreaves I et al. Association between mitochondrial dysfunction
and severity and outcome of septic shock. Lancet 2002;360:219–23.

23. Fredriksson K, Hammarqvist F, Strigard K et al. Derangements in mitochondrial metabolism
in intercostals and leg muscle of critically ill patients with sepsis-induced multiple organ
failure. Am J Physiol Endocrinol Metab 2006;291:E1044–50.

24. Takeyama N, Itoh Y, Kitazawa Y et al. Altered hepatic mitochondrial fatty acid oxidation
and ketogenesis in endotoxic rats. Am J Physiol 1990;259:E498–505. 

25. Wannemacher RW, Pace JG, Beall FA et al. Role of the liver in regulation of ketone body
production during sepsis. J Clin Invest 1979;64:1565–72.

26. Crouser ED, Julian MW, Huff JE et al. A proteomic analysis of liver mitochondria during
acute endotoxemia. Intensive Care Med 2006;32:1252–62.

27. Ren Y, Silverstein RL, Allen J et al. CD36 gene transfer confers capacity for phagocytosis 
of cells undergoing apoptosis. J Exp Med 1995;181:1857–62.

28. Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science
2004;305:626–9.

29. Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 by necrotic cells
triggers inflammation. Nature 2002;418:191–5.

30. Hotchkiss RS, Swanson PE, Freeman BD et al. Apoptotic cell death in patients with sepsis,
shock, and multiple organ dysfunction. Crit Care Med 1999;27:1230–51.

31. Hotchkiss RS, Osmon SB, Chang KC et al. Accelerated lymphocyte death in sepsis occurs
by both the death receptor and mitochondrial pathways. J Immunol 2005;174:5110–8.

32. Watts JA, Kline JA, Thornton LR et al. Metabolic dysfunction and depletion 
of mitochondria in hearts of septic rats. J Mol Cell Cardiol 2004;36:141–50.

33. Joshi MS, Julian MW, Huff JE et al. Calcineurin regulates myocardial function during acute
endotoxemia. Am J Respir Crit Care Med 2006;173:999–1007.

34. Larche J, Lancel S, Hassoun SM et al. Inhibition of mitochondrial permeability transition
prevents sepsis-induced myocardial dysfunction and mortality. J Am Coll Cardiol
2006;48:377–85.

35. Callahan LA, Nethery D, Stofan D et al. Free radical-induced contractile protein
dysfunction in endotoxin-induced sepsis. Am J Respir Cell Mol Biol 2001;24:210–7.

36. Supinski GS, Callahan LA. Polyethylene glycol-superoxide dismutase prevents endotoxin-
induced cardiac dysfunction. Am J Respir Crit Care Med 2006;173:1240–7.

37. Solomon MA, Correa R, Alexander HR et al. Myocardial energy metabolism and
morphology in a canine model of sepsis. Am J Physiol 1994;266:H757–68.

38. Joubert F, Mazet JL, Mateo P et al. Identification of subcellular energy fluxes by P NMR
spectroscopy in the perfused heart: contractility induced modifications of energy transfer
pathways. Mol Biol Rep 2002;29:171–6. 

39. Khuchua ZA, Vasiljeva EV, Clark JF et al. The creatinine kinase system and cardiomyopathy.
Am J Cardiovasc Pathol 1992;4:223–34.

40. Vogt AM, Elsasser A, Pott-Beckert A et al. Myocardial energy metabolism in ischemic
preconditioning and cardioplegia: a metabolic control analysis. Mol Cell Biochem
2005;278:223–32.

41. Petersen KF, Befroy D, Dufour S et al. Mitochondrial dysfunction in the elderly: possible
role in insulin resistance. Science 2003;300:1140–2.

42. Guidet B, Aegerter P, Gauzit R et al. CUB-Rea Study Group. Incidence and impact of organ
dysfunctions associated with sepsis. Chest 2005;127:942–51.

43. Tracey KJ, Cerami A. Tumor necrosis factor and regulation of metabolism in infection: role
of systemic versus tissue levels. Proc Soc Exp Biol Med 1992;200:233–9.

44. Schulze-Osthoff K, Bakker AC, Vanhaesebroeck B et al. Cytotoxic activity of tumor
necrosis factor is mediated by early damage of mitochondrial functions. Evidence for the
involvement of mitochondrial radical generation. J Biol Chem 1992;267:5317–23.

45. Siskind LJ. Mitochondrial ceramide and the induction of apoptosis. J Bioenerg Biomembr
2005;37:143–53.

46. Soriano ME, Nicolosi L, Bernardi P. Desensitization of the permeability transition pore by
cyclosprin a prevents activation of the mitochondrial apoptotic pathway and liver damage
by tumor necrosis factor-alpha. J Biol Chem 2004;279:36803–8.

47. Crouser ED, Julian MW, Joshi MS et al. Cyclosporing A ameliorates mitochondrial
ultrastructural injury in the ileum during acute endotoxemia. Crit Care Med
2002;30:2722–8.

48. Crouser ED, Julian MW, Huff JE et al. Abnormal permeability of inner and outer
mitochondrial membranes contributes independently to mitochondrial dysfunction in the
liver during acute endotoxemia. Crit Care Med 2004;32:478–88.

49. Coopersmith CM, Stromberg PE, Dunne WM et al. Inhibition of intestinal epithelial
apoptosis and survival in a murine model of pneumonia-induced sepsis. JAMA
2002;287:1716–21.

50. Nethery D, Callahan LA, Stofan D et al. PLA(2) dependence of diaphragm mitochondrial
formation of reactive oxygen species. J Appl Physiol 2000;89:72–80. 

51. Taylor DE, Ghio AJ, Piantadosi CA. Reactive oxygen species produced by liver
mitochondria of rats in sepsis. Arch Biochem Biophys 1995;316:70–6.

52. Ritter C, Andrades ME, Reinke A et al. Treatment with N-acetylcysteine plus deferoxamine
protects rats against oxidative stress and improves survival in sepsis. Crit Care Med
2004;32:342–9.

53. Andrades M, Ritter C, Moreira JC et al. Oxidative parameters differences during non-lethal
and lethal sepsis development. J Surg Res 2005;125:68–72.

54. Crouser ED, Julian MW, Huff JE et al. Carbamoyl phosphate synthase-1: a marker 
of mitochondrial damage and depletion in the liver during sepsis. Crit Care Med
2006;34:2439–46. 

55. Jung M, Drapier JC, Weidenbach H et al. Effects of hepatocellular iron imbalance on nitric
oxide and reactive oxygen intermediates production in a model of sepsis. J Hepatol
2000;33:387–94.

56. Foster MW, Stamler JS. New insights into protein S-nitrosylation. Mitochondria as a model
system. J Biol Chem 2004;279:25891–7.

57. Aulak KS, Koeck T, Crabb JW et al. Dynamics of protein nitration in cells and mitochondria.
Am J Physiol Heart Circ Physiol 2004;286:H30–8.

58. Beckman JS, Koppenol WH. Nitric oxide, superoxide, and peroxynitrite: the good, the bad,
and ugly. Am J Physiol 1996;271:C1424–37.

59. Kojda G, Kottenberg K. Regulation of basal myocardial function by NO. Cardiovasc Res
1999;41:514–23.

60. Joshi MS, Julian MW, Huff JE et al. Calcineurin regulates myocardial function during acute
endotoxemia. Am J Respir Crit Care Med 2006;173:999–1007.

61. Lopez A, Lorente JA, Steingrub J et al. Multiple-center, randomized, placebo-controlled,
double-blind study of nitric oxide synthase inhibitor 546C88: Effect on survival in patients
with septic shock. Crit Care Med 2004;32:21–30.

62. Singer M, DeSantis V, Vitale D et al. Multiple organ failure is an adaptive, endocrine-
mediated, metabolic response to overwhelming systemic inflammation. Lancet
2004;364:545–8.

63. Broekemeier KM, Iben JR, LeVan EG et al. Pore formation and uncoupling initiate a Ca2+-
independent degradation of mitochondrial phospholipids. Biochemistry 2002;41:7771–80.

64. Elmore SP, Qian T, Grissom SF et al. The mitochondrial permeability transition initiates
autophagy in rat hepatocytes. FASEB J 2001;15:2286–7.

65. Suliman HB, Carraway MS, Welty-Wolf KE et al. Lipopolysaccharide stimulates
mitochondrial biogenesis via activation of nuclear respiratory factor-1. J Biol Chem
2003;278:41510–8.

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 8



MITOCHONDRIAL MECHANISMS OF ORGAN DYSFUNCTION DURING SEPSIS

ADVANCES IN SEPSIS VOL 6 NO 1 2007 9

66. Calvano SE, Xiao W, Richards DR et al. A network-based analysis of systemic inflammation
in humans. Nature 2005;437:1032–7.

67. Hotchkiss RS, Karl IE. The pathophysiology and treatment of sepsis. N Engl J Med
2003;348:138–50.

68. Struck J, Uhlein M, Morgenthaler NG et al. Release of the mitochondrial enzyme
carbamoyl phosphate synthase under septic conditions. Shock 2005;23:533–8.

69. Zong WX, Ditsworth D, Bauer DE et al. Alkylating DNA damage stimulates a regulated
form of necrotic cell death. Genes Dev 2004;18:1272–82.

70. Levy RJ, Piel DA, Acton PD et al. Evidence of myocardial hibernation in the septic heart.
Crit Care Med 2005;33:2752–6.

71. Pelias ME, Townsend MC. In vivo [31P]NMR assessment of early hepatocellular
dysfunction during endotoxemia. J Surg Res 1992;52:505–9.

72. Callahan LA, Supinski GS. Downregulation of diaphragm electron transport chain and
glycolytic enzyme gene expression in sepsis. J Appl Physiol 2005;99:1120–6.

73. Liaw WJ, Chen TH, Lai ZZ et al. Effects of a membrane-permeable radical scavenger,
Tempol, on intraperitoneal sepsis-induced organ injury in rats. Shock 2005;23:88–96.

74. Sarkar A, Hall MW, Exline M et al. Caspase-1 regulates E. coli sepsis and splenic B cell apoptosis
independently of IL-1{beta} and IL-18. Am J Respir Crit Care Med 2006;174:1003–10.

75. Van den Berghe G, Wilmer A, Hermans G et al. Intensive insulin therapy in the medical
ICU. N Engl J Med 2006;354:449–61.

76. Colca JR. Insulin sensitizers may prevent metabolic inflammation. Biochem Pharmacol
2006;72:125–31.

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 9



Sepsis is caused by a systemic inflammatory response to
infection or noninfectious disorders, and mortality in sepsis is
a result of multiple organ dysfunction. The 1992 American
College of Chest Physicians/Society of Critical Care
Medicine (ACCP/SCCM) Consensus Conference introduced
the term “systemic inflammatory response syndrome” (SIRS)
as a reference for the complex findings that result from a
systemic activation of the innate immune response, which is
triggered by localized or generalized infection, trauma,
thermal injury, or sterile inflammatory processes such as
acute pancreatitis [1]. A diagnosis of SIRS is considered
when patients present with more than one of the following
clinical findings: 

• Body temperature >38oC or <36oC.
• Heart rate >90 beats/min. 
• Hyperventilation, as evidenced by a respiratory rate of

>20 breaths/min or a partial pressure of carbon dioxide
of <32 mmHg. 

• White cell count of >12 000 cells/μL or <4000 cells/μL. 

The SIRS concept is now globally adopted and followed
by many clinicians. Sepsis is defined as SIRS plus infection,
while severe sepsis is defined as sepsis associated with organ
dysfunction, hypoperfusion, or hypotension, and septic
shock is defined as sepsis with arterial hypotension, despite
adequate fluid resuscitation. The 2001 SCCM/European

Society of Intensive Care Medicine/ACCP/American
Thoracic Society/Surgical Infection Society International
Sepsis Definitions Conference noted that these definitions of
sepsis, severe sepsis, and septic shock are robust and there is
no necessity to change the criteria of these definitions;
however, it was recognized and agreed that the signs and
symptoms of sepsis are more varied than the initial criteria
established in 1991 [2].

Although the clinical manifestations of systemic
inflammation are variable, it is possible that the biochemical
features are more consistent. For instance, elevated levels of
circulating interleukin-6 (IL-6), adrenomedullin, soluble
CD14, soluble endothelial-leukocyte adhesion molecule-1,
macrophage inflammatory protein-1α (MIP-1α), extracellular
phospholipase A2, and C-reactive protein are some of the
biochemical markers that have been described to be elevated
in SIRS [3]. However, large-scale epidemiological studies are
needed to establish these markers as confirmative indices of
SIRS. Until such a time, these markers remain relevant as
laboratory and research biochemical and immunological
criteria to identify the inflammatory response.

Acute septic shock syndrome occurs suddenly, and
patients die within 24–48 h. In severe sepsis, patients display
signs of systemic inflammation and organ dysfunction, with
post mortems of severe sepsis victims showing only minimal
signs of inflammation or necrosis, indicating that this is a
disease of low-grade inflammation [4,5]. Some patients with
severe sepsis will eventually develop septic shock; thus, both
severe sepsis and acute septic shock are two stages of 
the same disease and may occur in the same patient, but 
at different time periods. Therefore, it is likely that the
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specific causative mediators of severe sepsis and septic shock
are distinct.

In acute septic shock, a sudden overproduction of TNF-α
triggers hypotension, circulatory collapse, renal and hepatic
failure, and widespread inflammation and injury [6,7]. These
events occur so suddenly and abruptly that there is very 
little time to generate sufficient amounts of neutralizing TNF-α
antibodies. In contrast, in severe sepsis, plasma concentrations
of TNF-α are low and anti-TNF-α antibodies may actually be
harmful [8,9]. High-mobility group box-1 (HMGB1) appears to
play a crucial role in severe sepsis. It is released by activated
macrophages, monocytes, and a variety of other cells and is
capable of inducing the release of pro-inflammatory cytokines
from immune cells resulting in epithelial cell barrier
dysfunction, lung injury, fever, and lethality, but not shock
[10,11]. Experimental animals that die due to the effects of
HMGB1 showed minimal pathological changes at necropsy,
similar to those associated with severe sepsis in humans. In
addition, antibodies to HMGB1 protected experimental
animals against severe sepsis [10]. These results suggest that
TNF and HMGB1 serve as prototype inflammatory mediators
in acute septic shock and severe sepsis, with “early” and
“late” patterns of expression that correlate with the acute and
delayed phases of sepsis, respectively. In animal models of
severe sepsis and acute septic shock, HMGB1 and TNF-α
appear to play a critical role; however, there are no definitive
clinical data in humans with severe sepsis or acute septic shock
at present showing the beneficial effects of methods that
interfere with TNF-α and HMGB1.

It should be mentioned here that both TNF-α and
HMGB1 are therapeutic targets for the treatment of a
variety of infections and inflammatory disorders, for
example, rheumatoid arthritis and ulcerative colitis, which
underscores their role as important mediators of
inflammation in disease. In this context, the altered glucose
uptake, utilization, and metabolism in various tissues during
sepsis may be a promising pathway to consider. Recent
evidence suggests that pyruvate, an intermediate product of
glucose metabolism, could be of benefit both in severe
sepsis and acute septic shock as it is able to block production
of TNF-α and HMGB1, and that of other derived mediators
which appear to play a significant role in inflammation. 

Altered glucose metabolism and 
utilization in sepsis
Insulin resistance is common in sepsis, liver cell failure, multi-
organ dysfunction syndrome, and other critical conditions.
Macrophage migration inhibitory factor (MIF) is secreted, along
with insulin, from pancreatic β-cells and acts as an autocrine
factor to stimulate insulin release [13]. The expression of MIF in
adipocytes can be modulated by insulin and glucose [12].

During the systemic inflammatory process, MIF is secreted from
the pituitary gland along with glucocorticoids. The increase in
plasma glucose level that occurs as a result of this glucocorticoid
production is likely to be controlled by the positive effect of MIF
on insulin secretion. TNF-α, whose plasma levels are increased
in sepsis, induces insulin resistance by decreasing insulin-
mediated whole body glucose uptake and by increasing IL-18
gene expression in muscle tissue [14,15]. It is possible that the
function of TNF-α may be to prevent hypoglycemia in the
event of inappropriate insulin secretion. Thus, glucose
homeostasis during stress and inflammation is maintained by
glucocorticoids, TNF-α, MIF, and insulin. Furthermore, MIF
expression can be induced by TNF-α, suggesting that there is a
close interaction between MIF and TNF-α [16]. It is interesting
to note that glucose administration is also able to inhibit TNF-α
production [17]. An in vivo study reported that insulin was able
to revert to normal the TNF-induced reduction in food intake
and decrease in body weight, interstitial pneumonitis, periportal
inflammation in the liver, and increases in the weights of the
heart, lungs, kidney and spleen [18]. The feedback control
between MIF, TNF-α, glucose, and insulin [12,16–19] suggests
that administration of a glucose–insulin–potassium regimen
may benefit patients with sepsis and other critically ill subjects
by inhibiting MIF, TNF-α, and inducible nitric oxide 
(iNO) production and effects, and by augmenting endothelial
NO (eNO) synthesis [20]. In animal studies of sepsis, it 
was noted that inhibition of MIF improved survival only 
when the treatment was started very early during the
pathological process.

It has been shown that the glucose utilization rate is
increased significantly upon exogenous insulin infusion in
control subjects but not in patients with sepsis [21]. A total
lack of response to the elevated levels of insulin and a
decrease in whole-body glucose uptake were noted in
patients with sepsis. In contrast, in the early phase of sepsis,
increased tissue glucose uptake was observed. Thus, in the
early phase of sepsis, hyperglycemia occurs whereas
hypoglycemia or euglycemia is observed in the late stages.
During the euglycemic and hypoglycemic stages of sepsis,
glucose uptake remained elevated and was independent of
changes in plasma glucose and insulin [22]. During sepsis, the
increased level of glucose that is taken up by tissues is
preferentially metabolized to lactate. In the critically ill, basal
serum lactate, glucose, and insulin levels were reported to be
elevated compared with control subjects and correlated with
indices of severity of illness such as Acute Physiology and
Chronic Health Evaluation II (APACHE II) score. Furthermore,
serum glucose, free fatty acids (FFA), glycerol, and
triacylglycerol, very low-density lipoprotein, and low-density
lipoprotein (LDL) were elevated, whereas high-density
lipoprotein cholesterol was decreased in sepsis patients
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compared with those without sepsis. Elevated serum lactate
and free glycerol (an indicator of lipolysis) correlated with
poor survival in patients with sepsis [23]. These results suggest
that both glucose and lipid metabolism are altered in sepsis
secondary to impaired insulin action, in both the skeletal
muscle and liver. This impaired insulin action has been
attributed to decreases in insulin-stimulated phosphorylation
of insulin receptor, insulin-receptor substrate-1, and mitogen
activated protein kinase by endotoxin, increased clearance 
of insulin, and production of corticosteroids [19,20,24–27]. 

In the early phase of sepsis, hyperglycemia occurs due to
enhanced corticosterone and normal insulin levels, whereas
hypoglycemia is observed in the late stages as a result of
increases in the concentrations of insulin, glucagon, and
corticosterone levels by 40-fold, 6.5-fold, and six-fold,
respectively [19,27]. These data suggest that blood glucose
levels depend to a large extent on the balance between
corticosterone and insulin levels [28], and the occurrence of
initial hyperglycemia and late stage hypoglycemia in sepsis
reflects altered equilibrium between MIF, TNF-α, HMGB1,
corticosteroids, insulin, glucagon, and their actions. This implies
that continuous infusion of glucose and insulin (with potassium
to prevent hypokalemia) might enhance tissue glucose uptake,
suppress lactate, FFA, glycerol production, and lipolysis,
overcome corticosterone-dependent insulin resistance, enhance
eNO production, and improve tissue perfusion and recovery in
sepsis and the critically ill [19,29,30]. This suggestion is
supported by the observation that intensive insulin treatment
(~50 U/day of insulin) reduced morbidity and mortality rates
among critically ill patients in the surgical intensive care unit
[31,32]. This beneficial action has been attributed to the anti-
inflammatory nature of insulin [19,33,34]. 

In this context, it is interesting to note that pyruvate has
been found to be of benefit in the prevention and treatment of
critical illness due to burns, ischemia/reperfusion injury, and
hemorrhagic shock. Pyruvate scavenges reactive oxygen
species (ROS), inhibits TNF-α and HMGB1 production, and
suppresses messenger RNA (mRNA) expression of nuclear
factor-κB (NF-κB), COX-2, iNO synthase (iNOS), and IL-6 in
the liver, ileal mucosa, and colonic mucosa – target organs that
are generally involved in sepsis, severe sepsis, and septic shock
– in animal models of endotoxemia. Furthermore, pyruvate is a
secretagogue of insulin. Hence, in the presence of adequate
amounts of pyruvate, insulin secretion will be increased such
that glucose utilization by the tissues is enhanced. As both
insulin and pyruvate have anti-inflammatory actions, this will
also facilitate suppression of inappropriate inflammation seen
in sepsis. These results suggest that a derivative of pyruvate,
ethyl pyruvate (EP), may be useful in the treatment of the
critically ill and those with sepsis/septic shock; these actions are
described in detail below.

Pyruvate as a free radical scavenger
Pyruvic acid (CH3COCOOH) is a three-carbon α-keto mono-
carboxylic acid. It is present in the cells and extracellular fluids
as its conjugate anion, pyruvate. As the final product of
glycolysis and the starting substrate for tricarboxylic acid cycle,
pyruvic acid plays a crucial role in intermediary metabolism.
Pyruvate is unstable in solution, and spontaneously undergoes
condensation and cyclization [35]. EP, a derivative of pyruvic
acid, is not only stable and non-toxic in a calcium- and
potassium-containing balanced salt solution (Ringer EP
solution) [35], but is a more effective anti-inflammatory
molecule than pyruvate [36]. It is extensively used as a food
additive, and is approved by the US Food and Drug
Administration (FDA) for this purpose. EP is used in a calcium-
containing solution as it is a hydrophilic compound and the
calcium prevents its emulsion and increases its solubility. As EP
is chemically related to lactate and lactate is used as an inert
compound in Ringer’s solution, it has been suggested that
lactate should be substituted with EP to provide a therapeutic
anti-inflammatory component to the Ringer’s solution. In
general, sodium pyruvate is unstable and undergoes
degradation to give rise to harmful products such as
parapyruvate. Furthermore, sodium pyruvate has to be infused
in large amounts that can cause hypernatremia, which is
harmful. Hence, EP, derived from ethanol and pyruvic acid, in a
Ringer-type Ca2+- and K+-containing balanced salt solution, is
both stable and more effective than sodium pyruvate [37]. 

Ringer EP solution prevented both structural and functional
damage induced by mesenteric ischemia/reperfusion injury 
to the intestinal mucosa, ameliorated hepatic and intestinal
mucosal lipid peroxidation, and prolonged survival by
decreasing intestinal mucosal injury induced by hemorrhagic
shock in rats [38]. These results suggest that EP is an effective
free radical scavenger. Further studies revealed that pyruvate
could also scavenge hydroxyl (OH) radicals as evident from the
observation that pyruvate prevented mucosal injury induced
by ischemia/reperfusion to rat small intestine, myocardial
damage inflicted by ischemia/reperfusion, and renal injury
induced by H2O2 in experimental animals [39–42]. Pyruvate
prevented galactose or diabetes-induced cataract formation
both in vitro and in vivo, and stroke and hemorrhagic shock,
which are effects that could be attributed to anti-inflammatory
actions [43–47]. These studies confirm that pyruvate
suppresses free radical-induced tissue damage, and, by virtue
of its free radical scavenger property, it could be of significant
benefit in sepsis, in which free radicals are known to play 
a dominant role.

EP in hemorrhagic shock
In a rat model of severe hemorrhagic shock, both pre-
treatment and post-treatment (in the form of resuscitation 
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fluid) with a solution of Ringer’s EP solution ameliorated 
gut mucosal damage in animals subjected to mesenteric
ischemia/reperfusion. EP also decreased lipid peroxidation and
improved survival by obliterating ileal mucosal permeability (a
feature that is also seen in sepsis and septic shock) in these
animals, suggesting that EP scavenges reactive oxygen species
(ROS) [46]. Woo et al. reported that EP decreased infarct size
and lipid peroxidation in a rat model of transient coronary artery
occlusion followed by reperfusion [48]. In that study, EP
administration significantly increased myocardial adenosine
triphosphate levels, reduced oxidative injury, diminished infarct
size, and improved myocardial function compared with control
animals. In contrast, Mulier et al. found no significant beneficial
effects of EP in an animal model of hemorrhagic shock [49].
These contrasting results could be due to the differences in the
types of animal models used and dose of EP employed. Despite
these results, several other studies have demonstrated that EP
has potent anti-inflammatory and free radical quenching
actions, which suggest that EP could be of benefit in sepsis [50]. 

EP ameliorates sepsis and other 
inflammatory conditions
An early TNF-α and IL-1 and late HMGB1 pro-inflammatory
cytokine response to infection, injury, or surgery mediates
sepsis. EP has been shown to attenuate lethal systemic
inflammation caused by either endotoxemia or sepsis even
when the treatment was started after the early TNF-α
response [50]. Administration of EP 24 h after cecal ligation
and puncture (an experimental model of polymicrobial
sepsis), significantly increased survival and reduced
circulating levels of TNF-α and HMGB1. In vitro studies
showed that EP inhibited the release of TNF-α and HMGB1
from endotoxin-stimulated murine macrophages and
attenuated activation of NF-κB signaling pathways. In an
LPS-induced endotoxic shock model, EP improved survival
and lowered circulating concentrations of nitrite/nitrate
(metabolites of NO) and IL-6, which are pro-inflammatory
molecules, and enhanced plasma levels of IL-10, an anti-
inflammatory cytokine, suggesting that EP has significant
anti-inflammatory actions [51].

In an in vitro study, exposure of Caco-2 human
enterocytic cells to interferon-γ, TNF-α, and IL-1β increased
permeability to fluorescein isothiocyanate-labeled dextran,
NF-κB activation, iNOS mRNA expression, NO production,
and modulated expression and localization of the tight
junctional proteins, zonula occludens-1, and occludin; these
effects were inhibited by EP. EP was also found to ameliorate
ileal mucosal hyperpermeability and bacterial translocation to
mesenteric lymph nodes in LPS-challenged mice, suggesting
that it is capable of preserving intestinal epithelial barrier
function disturbed by cytokines and LPS [52]. 

Acute alcohol intoxication and extrahepatic cholestasis
mediate increases in lipid peroxidation, NF-κB activation, and
TNF-α mRNA expression. The resultant hepatic inflammatory
response and hepatocellular injury are prevented by EP
[53–56]. Furthermore, EP decreased gut manipulation-
induced increases in IL-6 and iNOS mRNA levels and restored
intestinal smooth muscle contractility [57]. 

Insulin resistance and pyruvate: 
application to sepsis
Insulin can influence the production of pyruvate by its
modulatory action on glucose metabolism, while pyruvate 
is an insulin secretagogue [58]. Hence, it is reasonable to
suggest that in instances of insulin resistance and defective
insulin action, the production and actions of pyruvate would
also be defective or suboptimal. 

For instance, lipid oxidation is increased in obesity and type
2 diabetes mellitus. Increased lipid oxidation suppresses glucose
oxidation due to decreased glucose uptake in skeletal muscle,
and this leads to the development of insulin resistance. The
products of FFA, which are formed as a result of lipid oxidation,
catalyze a key step of glucose oxidation, namely, the conversion
of pyruvate, formed during glycolysis, to acetyl-coenzyme A
(acetyl-CoA). The products of FFA oxidation (acetyl-CoA and
nicotinamide adenine dinucleotide) regulate the pyruvate
dehydrogenase (PDH) enzyme complex that converts 
pyruvate to acetyl-CoA. The PDH complex is inhibited by
phosphorylation of one of its components by pyruvate
dehydrogenase kinase (PDK). Increased PDK activity suppresses
glucose oxidation and induces insulin resistance in subjects with
obesity and type 2 diabetes. Both starvation and experimental
diabetes induce an increase in PDK activity in skeletal muscle,
which leads to a reduction of glucose oxidation. Insulin
suppresses PDK-4 (an isoform of PDK that is expressed in
skeletal muscle) and thus, enhances glucose oxidation by
enhancing the conversion of pyruvate to acetyl-CoA [59].
Zucker fatty (ZF) rats, which are obese, hyperlipidemic, and
normoglycemic, showed a 3.8-fold increased β-cell mass along
with a 3–10-fold increase in insulin secretion in response to
various stimuli, due to a 250% increase in pyruvate in
mitochondria that accounted for increased mitochondrial
glucose metabolism [60]. This suggests that availability of
enhanced amounts of pyruvate stimulates the production of
insulin and thus, prevents the development of hyperglycemia in
ZF rats. In this context, it is interesting to note that obese
subjects were found to have decreased PDH activity, leading to
decreased glucose oxidation, which is attenuated when plasma
insulin is enhanced [61,62]. These data suggest that in subjects
with obesity, type 2 diabetes mellitus, or metabolic syndrome X,
the production of pyruvate is decreased due to decreased PDH
activity, which is the rate-limiting enzyme that irreversibly
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channels intermediate metabolites from anaerobic glucose
breakdown to either oxidative metabolic pathways or fatty acid
and cholesterol synthesis. This leads to insulin resistance, which,
in turn, causes decreased PDH activity. The decreased
intracellular pyruvate levels could account for the high incidence
of sepsis in these conditions. As pyruvate has anti-inflammatory
actions, this may also explain why pro-inflammatory markers
are enhanced in these conditions [63]. In view of the beneficial
actions of EP in animal models of hemorrhagic shock, sepsis,
and myocardial ischemia/reperfusion injury, it remains to be
seen whether EP or its structural analogues alone or with
insulin, which also has anti-inflammatory effects [19,20], would
form a new approach in the treatment of these conditions.

Conclusion
From the preceding discussion, it can be assumed that EP
protects the myocardium, intestines, hepatic, and renal
tissues from ROS-, cytokine-, and ischemia/reperfusion-

induced injury (Fig. 1). Indeed, EP has the ability to inhibit
binding of NF-κB to DNA, decrease iNO production, quench
ROS, prevent the production of IL-1, IL-6, COX-2, TNF-α,
MIF, and HMGB1, and simultaneously enhance expression of
the anti-inflammatory cytokine IL-10. However, it is not yet
known whether there is altered production and utilization of
pyruvate in sepsis. Insulin, by virtue of its action on glucose
metabolism, influences the production of pyruvate, while
pyruvate is an insulin secretagogue. This indicates that in
instances of insulin resistance and defective insulin action, for
example, in sepsis and the other conditions described in this
review, the production and actions of pyruvate may be
defective or suboptimal. In view of this, it will be interesting
to study whether the altered insulin dynamics seen in sepsis
would lead to changes in pyruvate production and action.

EP is already in Phase II clinical trials under the trade
name CTI-01 and in one sepsis-related trial to determine its
efficacy and identify possible side effects. 

Figure 1. Scheme showing the relationship between various mediators of sepsis/septic shock, insulin, and pyruvate. The scheme
summarizes the actions of pyruvate and the mediators involved in sepsis. 

(–): indicates inhibition of synthesis/action/negative feedback control; (+): indicates augmentation of action/synthesis/positive feedback control; 
COX-2: cyclooxygenase-2; iNO: inducible nitric oxide; LPS: lipopolysaccharide; MIF: macrophage inhibitory factor; NF-κB: nuclear factor-κB; 
ROS: reactive oxygen species; TNF-α: tumor necrosis factor-α.
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During 2004, the experts involved in the Surviving Sepsis
Campaign (SSC) established guidelines for the management
of severe sepsis and septic shock. Besides well-established
procedures such as anti-infectious and hemodynamic
management, several adjunctive therapies (e.g. steroids,
recombinant human activated protein C, glucose control)
were also considered in order to improve metabolic control
and diminish the risk of organ dysfunction [1]. In this
setting, the importance of controlling endocrine disorders is
now well recognized. Indeed, the endocrine system is
frequently affected during sepsis, and may also provoke
other systemic disorders.

Septic patients may develop hyperglycemia due to a
combination of several factors. Firstly, insulin clearance is
increased leading to a reduction in insulin-mediated glucose
uptake [2]. Moreover, stress induces an elevation in plasma
levels of counter-regulatory hormones, such as catecholamines,
glucagon, cortisol, and growth hormone. Consequently, hepatic
glycogenolysis is promoted and hepatic gluconeogenesis is
increased [2]. Adverse effects of several therapies (such as
glucocorticoids or sympathicomimetic drugs) may also
contribute to the development of hyperglycemia in septic shock
[2,3]. Furthermore, insulin resistance, which is proportional to
the severity of stress response, worsens hyperglycemia. This
insulin resistance could be due to a defective GLUT4 transporter
and to the deleterious effects of the pro-inflammatory cytokines
interleukin-1 (IL-1), IL-6, and tumor necrosis factor-α (TNF-α).
As an illustration, TNF-α decreases the expression and
phosphorylation of insulin cell surface receptors, leading to liver
adipocyte and muscle insulin resistance [2–4]. Together, these
abnormalities may explain why hyperglycemia and insulin
resistance are common in septic patients, even in those who did
not previously have diabetes [5–8]. 

Historically, hyperglycemia was considered to be an
adaptive response, providing glucose for the brain, red blood
cells, and wound healing, and was treated only when blood

glucose levels were >215 mg/dL (>12 mmol/L) [2].
However, recent results of experimental and clinical research
underscored the beneficial effects of treating hyperglycemia
at an earlier time point. It was hypothesized that, in critically
ill patients, hyperglycemia and insulin resistance may confer
a predisposition to several complications such as severe
infection, polyneuropathy, multi-organ failure, and death
[2,3]. This concept was mainly an extrapolation of well-
known consequences of chronic hyperglycemia in diabetic
patients [7,8]. In critically ill patients, increased oxidative
stress and bioenergetics failure contribute to multiple organ
failure. The dysfunctional mitochondrial respiration seen in
sepsis can affect all organs and may lead to overproduction
of superoxide. Van den Berghe et al. showed that restoration
or maintenance of mitochondrial function and cellular
energetics, observed when normoglycemia is maintained
with intensive insulin therapy, may improve outcomes for
critically ill patients [9].

These observations led to several questions regarding the
optimal blood glucose level to be maintained in critically ill
patients. In 2001, Van den Berghe et al. published the results
of a randomized, controlled study that investigated the
impact of intensive insulin therapy in mechanically ventilated
patients treated in their surgical intensive care unit (ICU)
[10]. Patients were randomized to receive either intensive or
conventional insulin therapy. In the intensive therapy arm,
the blood glucose concentration was firmly maintained in
the range of 80–110 mg/dL. This study showed that strict
control of blood glucose levels with insulin significantly
reduced morbidity and mortality rates. Indeed, intensive
insulin therapy reduced the ICU mortality rate by 43% and
in-hospital mortality rate by 34%. A shorter duration of
mechanical ventilation and ICU stay was also observed with
intensive glycemic control. The incidence of infections was
reduced by 46% and significant differences were observed
in the occurrence of acute renal failure requiring renal
replacement therapy and the need for red blood cell
transfusions. The authors of this study provided several
explanations for these benefits including: prevention of
immune dysfunction, reduction of systemic inflammation,
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protection of the endothelium, and protection of mito-
chondrial ultrastructure and function [9]. 

Following this publication, questions arose as to whether
the benefits were the direct consequence of the infused
insulin per se or were obtained by the prevention of
hyperglycemia, as both occurred concomitantly. Insulin has
been shown to inhibit TNF-α [11], and it is also likely that the
infusion of glucose and insulin inhibits macrophage inhibitory
factor [12]. Thus, the improved outcomes observed in the
group receiving intensive insulin therapy may have resulted
primarily from the action of insulin on these cytokines rather
than from the relatively mild hyperglycemia that was
observed in the conventional treatment group. In summary,
insulin might have had a role independent of its effect on
glycemia. All of the effects of insulin could also contribute to
the well-documented benefits of treating hyperglycemia to
reduce infection. Besides the anti-inflammatory effects of
insulin [13], favorable effects on coagulation and fibrinolysis
[14,15] and on macrophage function [16], partially mediated
by the prevention of hyperglycemia, may also have occurred.
Given the practical complexity involved in maintaining
normoglycemia in critically ill patients and the potential
dangers associated with these attempts, it appeared
questionable to wholly attribute these results to the
normalization of blood glucose levels. 

In an effort to resolve this issue, Van den Berghe et al.
analyzed data from their previous study [10]. Multivariate
logistic regression analysis revealed that the daily dose of
insulin and mean blood glucose level were independent
positive predictors of mortality in the study population.
Metabolic control, as reflected by normoglycemia rather
than the infused insulin dose per se, was related to the
beneficial effects of intensive insulin therapy. Thus, a
higher dose of insulin was associated with a worse
outcome, and a lower blood glucose level was associated
with a better outcome, suggesting that the latter had 
a crucial role [17]. 

Some experts also argued that the benefits observed
with intensive insulin therapy were due to the prevention of
hyperglycemic complications related to parenteral nutrition,
and questioned whether the intensive insulin regimen was
beneficial in patients who did not receive parenteral
nutrition. Van den Berghe et al. showed that a gradual
transition from intravenous nutritional support to enteral
nutrition resulted in the administration of similar numbers of
calories and similar amounts of glucose, protein, and lipids in
both treatment groups at all times [10]. The mortality rate
was reduced to 68% in the group that received intensive
insulin therapy associated with enteral nutrition, and to 
60% in the combined parenteral–enteral feeding group. A
subsequent observational study also suggested that insulin

therapy improved outcome in a single-center medical and
surgical ICU [18]. 

On the basis of these results, several groups
recommended that glycemic control with intensive insulin
therapy should become standard care for the critically ill
patient. The Joint Commission on Accreditation of Healthcare
Organization (www.jcaho.org) recently proposed tight
glucose control for critically ill patients as a core quality of
care measure for all US hospitals that participate in the
Medicare program. Finally, during the establishment of the
SSC guidelines, the committee experts recommended
glycemic control, although only a grade D level of evidence
was attributed to this recommendation [1]. The SSC experts
considered that the extrapolation of benefits observed in the
surgical population was not firmly established in medical
patients, particularly in the septic population where the risk
of hypoglycemia in sepsis was considered high. Indeed,
severe hepatic dysfunction and renal failure are also more
frequent and may lead to more frequent treatment adverse
effects. Additional arguments came from the results of a
recently published study. Van den Berghe et al. conducted a
prospective, randomized, controlled study of adult patients 
in a medical ICU [17]. On admission, patients were randomly
assigned to strict normalization of blood glucose levels
(80–110 mg/dL [4.4–6.1 mmol/L]) with the use of insulin
infusion or to conventional therapy (insulin administered
when blood glucose levels exceeded 215 mg/dL 
[12 mmol/L], with the infusion tapered when levels fell
below 180 mg/dL [10 mmol/L]). In the intention-to-treat
analysis of 1200 patients, intensive insulin therapy reduced
blood glucose levels but did not significantly reduce in-
hospital mortality rates. However, morbidity was significantly
reduced in the intensive glycemic control arm by prevention
of newly acquired kidney injury, accelerated weaning from
mechanical ventilation, and accelerated discharge from the
ICU and hospital. Interestingly, among the 433 patients who
stayed in the ICU for <3 days, the mortality rate was greater
in those receiving intensive insulin therapy. In contrast, 
of the 767 patients who stayed in the ICU for ≥3 days, 
386 received intensive insulin therapy; in this subgroup, the
in-hospital mortality rate was reduced from 52.5% to 43.0%
(p=0.009), and morbidity was also decreased. The main
conclusion of this study was that intensive insulin therapy
during intensive care did not significantly reduce the risk of
death among all patients in the medical ICU included in the
intention-to-treat population. However, among those who
stayed in the ICU for ≥3 days, intensive insulin therapy
reduced morbidity and mortality rates. Regarding the issue of
intensive insulin therapy specifically in septic patients, the
question remains unresolved by this study, as it included only
a small number of sepsis cases [10,18,19].
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A recent German multicenter study testing intensive
insulin therapy in patients with severe sepsis was suspended
by the safety monitoring board due to a significant excess
risk of severe hypoglycemia, without any evidence of
improved survival [20]. As this study did not provide
information regarding efficacy (because it was underpowered
to detect an effect on mortality), the role of intensive insulin
treatment in the setting of sepsis remains unclear. In the
meantime, we await the outcomes of two ongoing, large-
scale, multicentric, randomized trials examining the issue of
glycemic control in the ICU. The first is the Glucontrol (A
Multi-Center Study Comparing the Effects of Two Glucose
Control Regimens by Insulin in Intensive Care Unit Patients)
study, which randomized 3500 medical and surgical ICU
patients in several European centers to one of two different
insulin regimens, designed to achieve either tight or modest
blood glucose control [21]. The second trial is the NICE-
SUGAR (Normoglycaemia in Intensive Care and Evaluation
and Survival Using Glucose Algorithm Regulation) study, a
multicenter, open-label, randomized, controlled trial of two
target ranges for glycemic control in ICU patients [22].
Neither of these studies mandates glucose infusions or
parenteral nutrition, and both are intended to enroll a broad
case-mix of patients from a large number of ICUs.

It now seems important to develop a system for continuous
glycemic monitoring before considering intensive insulin
therapy for critically ill patients. These continuous glucose-
monitoring systems are eagerly awaited as they could reduce
the occurrence of adverse events with intensive insulin therapy
[23]. Finally, any strategy of strict glycemic control should be
carefully coordinated with the level of nutritional support and
metabolic status, which change frequently in septic patients.
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As you may know, the October 19, 2006 issue of the New
England Journal of Medicine contains an opinion piece
entitled “Surviving Sepsis—Practice Guidelines, Marketing
Campaigns, and Eli Lilly” by Peter Eichacker, Charles
Natanson, and Robert Danner [1]. The commentary takes
the position that the Surviving Sepsis Campaign (SSC) and
the associated guidelines have been influenced by Eli Lilly.
Unfortunately, in the authors’ zeal to address an alleged
improper relationship with Eli Lilly, the power, evolution,
successes and other robust interventions included in the
Campaign are not acknowledged. The SSC is the driving
force behind a phenomenal change in the quality of care
provided to severely septic patients. Without the campaign,
there would be no effort to reduce relative risk of mortality
from severe sepsis by 25% globally within 5 years.

The members of the SSC executive committee wish to
assure you that we take very seriously the implication that
the guidelines reflect anything less than the best practices
and evidence available at the time they were developed.
From the Campaign’s inception, the role of industry in the
Campaign has been clearly and frequently stated to all
publics. Transparency about the role of industry in providing
financial support for the Campaign as well as the
relationships with industry of all the people involved in the
Campaign’s leadership and of those who participated in the
development of the guidelines has always been clearly
stated. In fact, the guidelines themselves describe the
relationship in great detail:

“This process [guidelines development] represented
phase II of the Surviving Sepsis Campaign, an international
effort to increase awareness and improve outcome in severe
sepsis. Meeting expenses as well as staff support for
guidelines creation were provided by unrestricted industry
educational grants as listed. There were no industry
members of the committee. There was no industry input
into guidelines development and no industry presence at

any of the meetings. Industry awareness or comment on the
recommendations was not allowed. The sponsors of the
educational grants did not see the recommendations until
the manuscript was peer reviewed and accepted for
publication in final form” [2].

The Campaign leadership is acutely aware of the
inherent risk of misinterpretation when industry is involved
in science. Nevertheless, the benefits to the public from the
power of partnerships far outweigh the criticisms that accrue
from outside the Campaign. The organizations involved had
to weigh the idea of a Campaign supported by industry
versus not having the activity at all. Funding from other
sources, such as the National Institues of Health (NIH), was
not forthcoming and not likely to be in the near future. So if
the effort to reduce mortality from severe sepsis by raising
awareness and standardizing treatment were to occur, it had
to happen via commercial support. 

Always concerned about transparency in the funding
process as a safeguard against the type of influence
intimated by the authors, the SSC has produced an
“industry fact sheet” outlining the Campaign’s position on
the use of industry funds – both by the Campaign and the
sites seeking to implement the Campaign. This fact sheet is
distributed at every event held by the SSC.

To address some of the specific items mentioned in the
authors’ opinion piece, we wish you to be aware that there
are factual errors in the description of the founding of the
Campaign and the Campaign’s relationship to the public
relations firm Belsito and Company. Although much of this
will be addressed in a forthcoming reply in print, it is
important to note that the Campaign was established prior
to the timeline cited by the authors. Moreover, the
Campaign itself hired Belsito and Company to assist with
promoting the campaign, not Eli Lilly. Nobody should be
surprised that a nascent campaign required the efforts of a
public relations firm to spread its aims, goals and intentions. 

Letter to Surviving Sepsis Campaign
Network Heads and Sponsoring
Organization Leadership

Mitchell M Levy on Behalf of the Surviving Sepsis Campaign Steering 
Committee Members

Adv Sepsis 2007;6(1):19–20.
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Many of the concerns cited by the authors in their
commentary about the involvement of industry in guidelines
development dissolve with the upcoming publication of the
2006 guidelines revision. While the Campaign vigorously
defends the position that no impropriety existed in the use
of industry funds to hold a meeting to establish the 2004
guidelines, all involved were acutely aware that if the
meeting could be held without industry funding concerns
about undue industry influence would be allayed. To that
end, the 2006 revision of the guidelines was supported by
the Society of Critical Care Medicine with no industry
funding. Delegates traveled to this meeting either at their
own expense or that of the society that sponsored their
participation. All items included in the revised guidelines
were subject to a private ballot for acceptance or rejection.
With respect to recombinant human activated protein C
(rhAPC), 84% of the 52-member committee approved the
new recommendation, which continues to identify its place
in the treatment of severe sepsis. The results of the non-
industry funded guidelines revision in 2006 confirm that the
2004 guidelines committee had acted appropriately to
include the use of rhAPC in the treatment of patients with
severe sepsis.

Given the controversies surrounding rhAPC, the
Campaign made a strategic decision that the performance
improvement program offered to hospitals – the bundles
and measures – would not mandate the use of rhAPC. In
fact, the bundles that the authors cite only require that
hospitals create and adhere to a standardized policy on the
administration of rhAPC. The assumption is that physician

experts can assess the guideline’s recommendation and
rationale as well as the literature on which it is based and
create a rational use policy. Indeed, the standard policy
could be non-administration of rhAPC and the hospital
would receive full credit for compliance with this measure. In
addition, the revision of the guidelines incorporates and cites
all of the available science on rhAPC noted by the authors in
their opinion piece. 

The SSC is a novel and creative attempt to change
behavior at the bedside in an effort to improve patient care.
Hospitals that are participating and the organizations that
provided time and volunteer resources to develop the
guidelines should be proud of the contribution they are
making. Never before have guidelines for practice been
introduced in this manner with the development of care
bundles and an organized method of collecting and
aggregating data to document and provide feedback to
enable quality improvement. The data that have been
collected so far are proof that this effort is succeeding. As
the Campaign leadership, we are firmly committed to
continuing our efforts and providing positive messages about
activities that ultimately contribute to the greater good.

We welcome your comments, questions, and concerns
and are committed to an open, productive discussion of 
this issue.

References
1. Eichacker PQ, Natanson C, Danner RL. Surviving sepsis – practice guidelines, marketing

campaigns, and Eli Lilly. N Engl J Med 2006;355:1640–2.

2. Dellinger RP, Carlet JM, Masur H, et al. Surviving sepsis campaign guidelines for
management of severe sepsis and septic shock. Crit Care Med 2004;32:858–73.

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 20



ADVANCES IN SEPSIS VOL 6 NO 1 2007 21

CLINICAL REVIEWS
Commentary and Analysis on Recent Key Papers

Clinical reviews were prepared by Daniel De Backer, Nicholas Ward, and Eric Wiel

CLINICAL OBSERVATIONS AND RESEARCH

Adrenal axis function does not appear to be
associated with hemodynamic improvement 
in septic shock patients systematically receiving
glucocorticoid therapy
Morel J, Venet C, Donati Y et al.
Intensive Care Med 2006;32:1184–90.

In recent years, much research has focused on the significance
of the hypothalamic–adrenal axis in patients with septic shock.
One large study showed that administration of exogenous
glucocorticoids in hypotenisve patients improved hemo-
dynamics and outcomes [1]. This and other studies have
suggested that patients with an abnormal adrenocorticotrophic
hormone (ACTH) stimulation test may benefit from exogenous
steroids to a greater degree than those with a normal test. 

The investigators of the present study performed a
retrospective assessment of 52 consecutive patients with
septic shock who received exogenous steroids in order to
determine if an abnormal ACTH stimulation test predicted
hemodynamic improvement with steroids, which they
defined as a reduction in the dose of vasopressors of ≥50%.
They found that 55.8% of the patients improved in the first
3 days, but that having an abnormal stimulation test did not
predict which patients responded to steroids. Responders
and non-responders did not differ significantly in terms of
infection site, organism, or management.

This study is in agreement with several other studies that
have shown that abnormal ACTH stimulation tests do not
predict greater success with the use of steroids in septic shock.

One confounding factor in these studies is the inconsistency
with which an abnormal test is defined. Another factor is that
it is likely that many patients will improve, despite receiving
steroids. Clearly, additional, large studies are needed before
the value of testing cortisol stimulation is understood.
1. Annane D, Sebille V, Charpentier C et al. Effect of treatment with low doses of

hydrocortisone and fludrocortisone on mortality in patients with septic shock. 
JAMA 2002;288:862–71.
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Persisting low monocyte human leukocyte antigen-
DR expression predicts mortality in septic shock
Monneret G, Lepape A, Voirin N et al.
Intensive Care Med 2006;32:1175–83.

Sepsis is usually characterized by an initial pro-inflammatory
response referred to as the systemic inflammatory response
syndrome (SIRS). It is now clear that shortly after this occurs,
the immune system creates a compensatory anti-inflammatory
response syndrome (CARS) in which several immune functions
are downregulated. Accepted components of this response
include the expression on interleukin-10, lymphocyte
apoptosis, deactivation of monocytes, and the downregulation
of the antigen-presenting DR receptor on monocytes. Previous
studies have shown a correlation between the magnitude of
the CARS response and poor outcomes in a variety of
inflammatory conditions [1]. The authors of this study
examined human leukocyte antigen-DR (HLA-DR) expression
on moncytes in patients with sepsis and assessed its use as an
indicator of a poor prognosis.

Sepsis is characterized by both a pro- and anti-inflammatory
response. Previous studies have shown the magnitude of
the anti-inflammatory response to be predictive of poor
outcomes. The authors of this study sequentially followed
levels of a proposed anti-inflammatory marker, monocyte
human leukocyte antigen-DR, in patients with sepsis and
demonstrated that a failure to increase levels of this marker
after day 2 correlated with increased mortality rate.

This study aimed to determine the predictive value 
of adrenocorticotrophic hormone stimulation tests in
identifying those patients with septic shock that would
benefit from treatment with exogenous steroids. A
retrospective assessment of 52 patients who received
steroids found that an abnormal test did not predict
hemodynamic improvement with steroids.
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The investigators followed 93 patients with septic shock and
measured monocyte HLA-DR expression over time. Overall, the
mortality rate was 34% with the majority of the deaths
occurring >48 h after the time of diagnosis. Their results showed
that, in the first 2 days, there was no significant difference in
HLA-DR expression between those who survived and those who
did not; however, a significant difference appeared after 48 h
with more non-survivors showing persistent depression of
expression (48%) compared with survivors (18%). Multiple
logistic regression analysis showed that an HLA-DR expression
of <30% at day 3–4 was independently associated with
mortality rate after controlling for confounding variables.

This study is yet another piece of clinical data suggesting
that the persistence or magnitude of the CARS response is
associated with a poor outcome in sepsis. This information
could be useful in predicting the course of a septic patient.
In the future it may also become possible to use this
information to tailor pro-inflammatory therapies to these
patients in order to improve outcomes.
1. Munford RS, Pugin J. Normal response to injury prevents systemic inflammation and can

be immunosuppressive. Am J Respir Crit Care Med 2001;163:316–21.
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Increased colorectal permeability in patients 
with severe sepsis and septic shock
Jørgensen VL, Nielsen SL, Espersen K et al. 
Intensive Care Med 2006;32:1790–6.

Intestinal barrier dysfunction contributes to the patho-
physiology of sepsis, which itself induces regional ischemia
with bacterial translocation. Several techniques have been
developed to ascertain intestinal barrier integrity, but
interpretation of results obtained using these methods
remains difficult. Moreover, no studies have assessed
mucosal permeability in the large bowel. The authors of this
study developed a method to assess colorectal permeability
in septic patients, and aimed to identify a link between
permeability and luminal concentration of L-lactate, which is
indicative of mucosal metabolic dysfunction [1]. 

In this clinical study performed in intensive care unit
patients with sepsis, colorectal permeability was assessed by

the initial appearance rate of rectally administered
99mTechnetium-diethylene triamine penta-acetic acid (99mTc-
DTPA) in plasma. An increased rate of permeability was found
in patients with severe sepsis and septic shock compared with
healthy subjects. The permeability rate was correlated with
both arterial and luminal concentrations of L-lactate; however,
it was not positively related to the simplified acute physiology
score II, mean arterial blood pressures, or bladder pressures.
The authors calculated the cumulative systemic recovery of
the marker at 1 h, by estimation of volume of distribution and
renal clearance of 99mTc-DTPA (by comparison with the volume
of distribution and renal clearance calculated using an
intravenous bolus of 51chromium-ethylene diamine tetra-acetic
acid). An increased cumulative permeability was found in
patients with severe sepsis and septic shock, compared with
control subjects. This was correlated to the initial permeability
rate. Some limitations of this study include the fact that
patients were not matched for age or treatments
(vasopressors and fluid challenge were not standardized).
Nine patients with septic shock had a laparotomy, which
might have induced higher intestinal permeability. Moreover,
apoptosis of the intestinal epithelium may have played a role;
however, this is also unclear. 

In conclusion, this study demonstrated reduced barrier
integrity in the large bowel of septic patients. Increased
intestinal permeability was correlated with luminal 
L-lactate concentration, which is suggestive of mucosal
metabolic dysfunction. 
1. Den Hond E, Hiele M, Evenepoel P et al. In vivo butyrate metabolism and colonic

permeability in extensive ulcerative colitis. Gastroenterology 1998;115:584–90.
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Erythropoiesis abnormalities contribute to early-
onset anemia in patients with septic shock
Claessens YE, Fontenay M, Pene F et al. 
Am J Respir Crit Care Med 2006;174:51–7.

Critically ill patients are frequently anemic. In addition to
blood losses, altered erythropoiesis may contribute to
anemia. Red blood cells are generated from pluripotent stem
cells under the influence of erythropoietin, the stimulatory
effect of which is counterbalanced by the inhibitory effects
of ligands of tumor necrosis factor (TNF) receptor family
members, in particluar, the Fas ligand and the TNF related
apoptosis-inducing ligand (TRAIL). The authors investigated

The authors of this study demonstrated that apoptosis
pathways, specifically Fas ligand, play a key role in the
development of early-onset anemia in patients with
septic shock.

The intestinal barrier has an important role in the
pathophysiology of sepsis. The authors of this study
developed a new method for the assessment of intestinal
barrier integrity, using a marker of paracellular permeability.
This method was able to demonstrate an increased
permeability in the large bowel of septic patients that was
correlated with the luminal concentrations of L-lactate,
which is suggestive of mucosal metabolic dysfunction. 

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 22



CLINICAL OBSERVATIONS AND RESEARCH

ADVANCES IN SEPSIS VOL 6 NO 1 2007 23

erythropoiesis abnormalities in patients with early-onset
anemia during septic shock.

Ten patients with septic shock related to community-
acquired pneumonia who developed early-onset anemia
(hemoglobin levels <10 g/dL within 48 h of admission to the
intensive care unit [ICU]) were included. Patients with acute
bleeding, history of bone marrow disease, chronic renal
disease, HIV, hematological diseases, or immunosuppression
were excluded. Healthy controls (patients undergoing bone
marrow sampling for exploration of thrombophilia) were
also included.

Sera of control subjects and septic patients were
analyzed and cytokine levels were measured. Bone marrow
was obtained within 48 h of admission to ICU (mean 30 h),
the bone marrow mononuclear cells were isolated, and
cellular lineages quantified. Bone marrow mononuclear cells
expressing the glycophorin A (GPA) membrane receptor
were isolated using immunomagnetic columns and the GPA
levels quantified by flow cytometry. Bone marrow
mononuclear cells were also cultured to quantify clonogenic
erythroid progenitors in the presence of control or septic
patients’ sera. Erythropoietin was added either at a normal
dose, or at a rescue dose (four times the previous dose).
Erythropoietin receptor signaling was also evaluated after
erythropoietin administration. Finally, apoptosis (assessed by
annexin V and propidium iodide staining) and mitochondrial
membrane potential were evaluated, and immunopheno-
typing was performed on GPA-positive cells.

In patients with septic shock, hemoglobin levels were
8.3–9.7 g/dL and red blood cell volume was normal.
Reticulocyte numbers were moderately elevated (20–130 /mL)
while erythropoietin levels were within a normal range 
(19–54 mU/mL; these would be expected to be elevated). The
erythroid lineage was not decreased in the bone marrow of
septic patients; however, apoptosis of bone marrow erythroid
precursors was increased. Flow cytometry identified Fas ligand
as being highly expressed, while TRAIL expression did not
differ from controls. Addition of sera of septic patients impaired
the development of erythroid progenitors.

The authors concluded that apoptotic pathways,
specifically Fas ligand, play a key role in the development of
anemia in patients with septic shock. Unfortunately, this
study did not include a control group of subjects from the
ICU or patients with septic shock who were not developing
early-onset anemia. Accordingly, some of the differences
between healthy controls and patients with early anemia
may perhaps not be related to the development of anemia.

Address for reprints: A Cariou, Medical Intensive Care Unit, Cochin
Hospital, APHP Universite Paris-Descartes, 27 rue du Faubourg 
Saint-Jacques, F-75679 Paris, Cedex 14, France. 
Email: alain.cariou@cch.ap-hop-paris.fr

Systemic inflammatory response syndrome 
and nosocomial infection in trauma
Hoover L, Bochicchio GV, Napolitano LM et al. 
J Trauma 2006;61:310–6; discussion 316–7.

The systemic inflammatory response syndrome (SIRS) occurs
frequently in trauma patients. In these patients, SIRS is
associated with the development of organ dysfunction and a
higher mortality rate. Infection is a common problem in
patients with trauma, occurring in close to 40% of
individuals, although the differentiation of infectious versus
non-infectious SIRS may be problematic. The presence of
SIRS criteria on admission to an intensive care unit (ICU) is
predictive of infection in blunt trauma; however, the link
between SIRS and development of nosocomial infection has
not previously been ascertained. The current authors
investigated the use of a daily SIRS score to predict
subsequent infections.

This prospective study investigated 1277 consecutive
trauma patients admitted into the ICU or intermediate care area
of the Maryland trauma center (University of Maryland School
of Medicine, Baltimore, MD, USA) during a 26-month period. A
SIRS score (one point for each of its components) was
calculated daily for the first 7 days and then every other day for
the subsequent 14 days. Infection was diagnosed, using
Centers for Disease Control and Prevention criteria, by a
multidisciplinary team that included trauma, ICU, infectious
disease specialists, and, if required, a radiologist. No routine
cultures were undertaken; sputum cultures and invasive
sampling were reserved for patients who displayed progression
of lung infiltrates.

A SIRS score of ≥2 was observed on day 1 post-injury in
92% of the patients. This incidence of SIRS decreased over
time, being present in just 22% of patients on day 21. The
incidence of infection was higher in patients with a SIRS
score of ≥2 on day 1 post-injury (47% vs. 41%), as was the
mortality rate (16% vs. 11%). The risk of nosocomial
infection, assessed by an odd ratio for a SIRS score of ≥2 on
a given day, was 1.28 on day 1 post-injury, and increased
rapidly to 3.9 after 1 week and 24.7 after 3 weeks. Thus,
SIRS criteria are frequently observed on day 1, but these
should rapidly disappear. The occurrence or persistence of
SIRS criteria after day 1 post-injury is highly suggestive of
ongoing infection.

Criteria that indicate the occurrence of systemic
inflammatory response syndrome (SIRS) are frequently
observed in trauma during the first days post-injury. The
authors of this study assessed the importance of the later
occurrence or persistence of SIRS criteria and found these
to be highly suggestive of ongoing infection.
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One of the most important limitations of the study is 
the manner in which infection was diagnosed. No specific
sampling was undertaken, and, in many cases, SIRS criteria
(i.e. fever or leukocytosis) may have been taken into
account by the multidisciplinary team diagnosing infection.
Ideally, these physicians should not have been aware of the
SIRS criteria. Another important limitation is that there were
some errors in the presentation of the data; the incidence of
SIRS on day 1 post-injury was 68% according to Table 2,
which was different to that reported in Table 1 (92%).
Figure 1 was in agreement with Table 2, while the data 
in the text were in agreement with Table 1. These
inconsistencies cast some doubt on the data presented. 

Address for reprints: GV Bochicchio, Department of Surgery, R Adams
Cowley Shock Trauma Center, 22 South Greene Street, Baltimore, 
MD 21201, USA. Email: gbochicchio@umm.edu

PATHOGENESIS

Nitric oxide involvement in the hemodynamic
response to fluid resuscitation in endotoxic 
shock in rats
Losser MR, Forget AP, Payen D. 
Crit Care Med 2006;34:2426–31.

It has recently been shown that the initial phase of septic
shock is characterized by low blood pressure and decreased
systemic blood flow [1]. Fluid challenge during this initial
phase often fails to improve arterial hypotension,
necessitating catecholamine administration. The exact
mechanisms of fluid failure have not been extensively
studied. In this experimental study, the authors investigated

the effects of fluid resuscitation on heart and vascular
functions in rats with endotoxic shock, in particular, the
involvement of the nitric oxide (NO) pathway. 

Under general anesthesia, animals were monitored with
arterial and intravenous catheters, and placement of a
Doppler transducer around the ascending aorta to allow
measurements of aortic blood flow velocity (VAo), maximal
acceleration (Gmax), and arterial conductance (CArt).
Endotoxic shock was induced by intravenous injection of 
5 mg/kg lipopolysaccharide (LPS). After 165 min (T165),
mean arterial pressure (MAP) significantly decreased in LPS
animals (a reduction of 30% compared with control
animals), as did VAo (a reduction of 20%), but there were no
changes in Gmax and CArt. At that time, half of animals were
intravenously injected with the NO synthase (NOS) inhibitor
L-NG-nitroarginine (LNA). This caused an increase in MAP
with decreased VAo, Gmax, and CArt in control and LPS-treated
animals. Fluid challenge with 15 mL/kg hydroxyethyl starch
was performed after 15 min (T180). In the absence of LNA,
fluid loading increased MAP, VAo, Gmax, and decreased CArt in
control animals and in rats that received LPS. In LNA-treated
animals, fluid loading increased MAP and VAo in control and
LPS-treated groups similarly, without any effects on Gmax.
CArt increased in control animals after fluid challenge but less
so in the LPS-treated group. This could be explained by
presence of LPS-induced endothelial dysfunction. L-arginine
infusion, administered in order to reverse LNA effects,
induced a marked increase in CArt in both group, with this
increase being more pronounced in LPS-treated animals due
to L-arginine induced hypotension. VAo and Gmax were not
modified by L-arginine infusion. 

This study demonstrated that LPS caused hypokinetic
shock with low blood pressure, low systemic blood flow, and
unchanged conductance in the absence of any resuscitation.
In control and LPS-treated animals, rapid fluid loading
improved systolic cardiac function (increased Gmax) and
induced vasodilation (decreased CArt). The LNA-induced
impairment of systolic left ventricular performance did not
improve after fluid loading in either control or LPS-treated
animals. LNA completely blocked the vasodilation induced
by fluid loading in control animals and only partially in LPS
animals. In the latter, the presence of endothelial
dysfunction may explain the disparity, and the different roles
of the NO pathway in the heart and in the regulation of
vascular tone.

These results have to be interpreted with care since the
effects were demonstrated during the early phase of sepsis
(3 h after LPS induction). This short delay may not have
involved inducible NOS-mediated production of NO.
Nevertheless, this study demonstrated that fluid loading in
septic animals is responsible for the vasodilatory state, and

The initial phase of septic shock is characterized by a low
blood pressure and reduced systemic blood flow. Initial
care, consisting of massive fluid challenge, often fails to
improve arterial hypotension leading to catecholamine
administration. This experimental study investigated 
the role of nitric oxide (NO) in the fluid loading-induced
modifications of the heart and vascular functions in
endotoxemic rats. Rapid fluid loading improved systolic
cardiac function and induced vasodilation. Pretreatment
with an NO synthase inhibitor (L-NG-nitroarginine) fully
blocked the vasodilation induced by fluid loading in
control animals and only partially in lipopolysaccharide
(LPS)-treated animals, probably due to presence of LPS-
induced endothelial dysfunction. This study demonstrated
that fluid loading in septic animals is responsible 
for vasodilatory state related to the NO pathway.
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that the NO pathway is involved in this function. Further
investigations are required to define the exact mechanisms
of the fluid challenge-mediated vasodilatory effect. 
1. Rivers E, Nguyen B, Havstad S et al.; Early Goal-Directed Therapy Collaborative Group.

Early goal-directed therapy in the treatment of severe sepsis and septic shock. N Engl J
Med 2001;345:1368–77.

Address for reprints: MR Losser, Laboratoire du Département
d’Anesthésie–Réanimation, Centre Hospitalier Universitaire Lariboisière,
Assistance Publique–Hôpitaux de Paris, Université Paris 7, Paris, France.

Interleukin-1-dependent sequential chemokine
expression and inflammatory cell infiltration 
in ischemia-reperfusion injury
Furuichi K, Wada T, Iwata Y et al. 
Crit Care Med 2006;34:2447–55.

Ischemia–reperfusion injury is a complex process occurring in
various conditions such as organ transplantation, surgical
procedures including vessel clamping, or recovery after
cardiac arrest. Ischemia–reperfusion injury leads to organ
damage, but the pathophysiological mechanisms involved
remain to be elucidated. The severity of organ injury
depends on the length of the ischemic period, but,
interestingly, most lesions occur after reperfusion.
Histological analyses demonstrate that inflammatory
processes are involved in the tissue destruction. Thus, the
current authors investigated the role of one of the key
elements of inflammation, interleukin-1 (IL-1). The IL-1
family comprises IL-1α, IL-1β, and IL-1 receptor antagonist
(IL-1RA). These bind to the same receptor; however, IL-1RA
does not induce intracellular signals. IL-1 plays a key role in
the activation of the inflammatory cascade, stimulating
numerous types of cells to synthesize tumor necrosis factor,
interferon, IL-8, monocyte chemoattractant protein-1 (MCP-1),
and IL-1 itself. The authors investigated the role of IL-1α, 
IL-1β, and IL-1RA in ischemia–reperfusion injury using IL-1α-,
IL-1β-, and IL-1RA-deficient mice.

Wild-type, IL-1α-deficient, IL-1β-deficient, and IL-1RA-
deficient mice were submitted to 45 min of renal ischemia
(clamping) under anesthesia. Sham animals that underwent
operations, but no clamping, were also included. Renal
tissues and blood samples were obtained at baseline and at
24 h, 48 h, and 96 h post-injury. In addition to classical
histological examination, apoptosis was assessed by the
dUTP-biotin nick-end labeling method, and immuno-
histochemical studies were performed to assess local
production of the chemokines MCP-1 and macrophage
inflammatory protein-1α. Serum levels of these chemokines

were also evaluated. Finally, proximal tubular cell cultures
were stimulated by IL-1β and/or H2O2, and chemokine
expression evaluated.

IL-1β levels increased in the serum of wild-type and 
IL-1RA-deficient mice, but not in IL-1α- or IL-1β-deficient
mice. Similarly, chemokine levels were lower in IL-1α- or 
IL-1β-deficient mice compared with wild-type and IL-1RA-
deficient mice. Renal tissue destruction was observed in
wild-type and IL-1RA-deficient mice but not in IL-1α- or 
IL-1β-deficient mice, and the lesions were more severe in 
IL-1RA than in wild-type mice. Neutrophilic infiltration in the
kidney correlated both with acute tubular necrosis and with
local expression of chemokines. Apopotosis was lower in 
IL-1α- or IL-1β-deficient mice, but was increased in IL-1RA-
deficient mice. Finally, while exposure of proximal tubular
cells to IL-1β alone did not lead to necrosis or apoptosis,
exposure to IL-1β in combination with H2O2 led to a much
more pronounced increase in necrotic and apoptotic cells,
compared with H2O2 alone.

This study illustrates the role of inflammation, specifically
IL-1, in the pathophysiology of ischemia–reperfusion injury.

Address for reprints: K Furuichi, Department of Gastroenterology and
Nephrology and Division of Blood Purification, Kanazawa University,
Kanazawa, Japan.

Mechanisms of mortality in early and late sepsis
Xiao H, Siddiqui J, Remick DG. 
Infect Immun 2006;74:5227–35.

Although the initial pathophysiological findings in sepsis
usually reflect a hyperactive inflammatory response, the later
stages are usually associated with signs of decreased
immune response, as reflected by the high rate of
nosocomial infections. The authors used a mouse model of
abscess to investigate the immune response in early and late
phases of sepsis and correlated these findings with the
outcome of the animals.

A standardized procedure of cecal ligation and
perforation was performed in 121 mice. Fluid resuscitation
(with a standardized amount) and antibiotics were
administered. At day 4, surviving mice were randomized into
two groups, one receiving antibiotics alone (control animals)
and the second undergoing surgery (resection of necrotic
cecum plus washing of the peritoneal cavity) in addition to

In the mouse model of sepsis employed in this study, early
mortality was associated with an excessive inflammatory
response while later deaths were characterized by a
suppressed inflammatory response. The paper also presents
data describing the effects of surgery, emphasizing its key
role in the control of the source of sepsis.

Inflammation, in particular the presence of interleukin-1,
is implicated in the development of tissue damage during
ischemia–reperfusion injury.
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antibiotics for a further 2 days. Temperature and body
weight were determined on a daily basis, and blood was
obtained at specific times for measurement of cytokine
levels. Mice were sacrificed at predefined intervals and the
size of intraperitoneal abscess was measured. Peritoneal fluid
was cultured, and peritoneal cytokine levels measured. In
addition, peritoneal cells were stimulated in vitro by
endotoxin or via toll-like receptor 2, and cytokine expression
was measured.

Twenty percent of the mice died prior to day 4. Mice
that underwent cecal resection at day 4 had a lower
mortality rate (5%) between days 4 and 21 than mice
allocated to antibiotics alone (33%). Cecal resection
dramatically reduced the size of the peritoneal abscess,
which was almost undetectable in this group. In the control
mice, abscess size was 4 mm3 on day 11, but decreased to 
1 mm3 on day 21. This may either represent a spontaneous
resorbtion of the abscess or an association between abscess
size and outcome, since mice continued to die in the control
group between day 11 and day 21 (suggesting that only
mice with a small abscess size were able to survive).

The evolution of mouse weight was also interesting. In
mice surviving beyond day 4, weight decreased initially in all
animals; it further decreased in the 24 h after surgery
(probably related to the negative metabolic impact of the
resection procedure) but thereafter, operated animals had a
more rapid weight recovery than non-operated animals.
Mice that died in the acute phase (prior to day 4) gained
weight continuously before death, reflecting a generalized
increase in permeability and edema, while animals dying at
later stages lost weight in the 5 days preceding death,
reflecting starvation. 

After a transient neutropenia, the numbers of white blood
cells increased markedly in all animals; this increase was
reversed by surgery. Mice that were found to have a large
abscess size at sacrifice had higher neutrophil counts. Non-
surviving mice had higher neutrophil counts than surviving
mice, regardless of whether resection surgery had been
performed. Bacterial growth in the peritoneal cavity was
higher in non-operated mice than in animals that underwent
cecal resection; furthermore, bacterial growth was higher in
non-surviving compared with surviving animals. 

Plasma interleukin-6 (IL-6) levels were higher in animals
dying within the first 4 days than in those that survived, but 
did not differ between surviving and non-surviving mice after
day 4. More macrophages were recovered from the peritoneal
cavity of moribund animals compared with healthy animals, but
stimulation of these peritoneal cells resulted in a higher release
of IL-6 from cells of healthy animals than moribund mice.

Collectively, these data suggest that animals dying early
in the course of infection had an enhanced inflammatory

response, while animals dying at later stages were immuno-
incompetent and were not able to cure the abdominal
infection. These data also emphasize the beneficial role of
surgery in controlling the source of infection.

Address for reprints: DG Remick, Department of Pathology, University
of Michigan, 2210 Medical Science I Building, 1301 Catherine Road,
Ann Arbor, MI 48109-0602, USA. Email: remickd@umich.edu

RESEARCH

Modulation of the triggering receptor expressed on
myeloid cells-1 pathway during pneumonia in rats
Gibot S, Alauzet C, Massin F et al.
J Infect Dis 2006;194:975–83. 

Triggering receptor expressed on myeloid cells-1 (TREM-1)
plays a role in the amplification of the inflammatory
response in sepsis. It is a cell-surface molecule belonging to
the immunoglobulin superfamily of receptors and is
upregulated on neutrophils and monocytes in the presence
of Gram-positive and Gram-negative bacteria or fungi, but
not in aseptic inflammatory conditions. In addition, TREM-1
amplifies synthesis of proinflammatory cytokines in the
presence of endotoxin. A synthetic peptide (LP17) that
mimics interspecies-conserved domains but is deprived of
proinflammatory properties was tested in a rat model of
Pseudomonas aeruginosa-induced pneumonia. It was
anticipated that LP17 might limit lung damage and death.

Rats were randomly allocated to receive saline instillation
in the lung (sham), P aeruginosa instillation (control), or
LP17 instillation followed 5 min later by P aeruginosa
(LP17). Mechanical ventilation was initiated 18 h after
instillations with a tidal volume of 7–8 mL/kg and a fraction
of inspired oxygen (FiO2) of one. Arterial blood pressure and
blood gas, bronchoalveolar lavage (BAL), histological
examination, and survival rate were assessed.

Arterial blood pressure decreased in the control group
while it was preserved in the LP17 group. Lactic acidosis 
and arterial hypoxemia were less severe in the LP17 group
than in control group. The BAL fluid revealed a marked
neutrophilic infiltration that was not prevented by prior
administration of LP17.

In a rat model of lung pneumonia, pretreatment of
animals with a synthetic peptide antagonizing the cell
surface molecule, triggering receptor expressed on
myeloid cells-1, blunted the inflammatory response,
limited hemodynamic and metabolic alterations, and
improved the disease outcome.
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The elevation of tumor necrosis factor, interleukin-1β
(IL-1β), and IL-6 that occurred in the blood and lungs of the
control animals was reduced by LP17. Similarly, LP17
blunted the activation of coagulation, as evaluated by 
D-dimer and thrombin–antithrombin complex concentrations
in the blood and BAL fluid.

At 24 h after bacterial instillation, histological
examination of the lungs disclosed intra-alveolar
hemorrhage, protein precipitation, leukocyte infiltration into
the alveoli, and thickening of the perivascular space. These
lesions were attenuated by LP17. The 1-week survival rate
was 100% in the sham group, 14% in the control group,
and 43% in LP17-pretreated animals.

Several limitations of this study should be recognized. No
antibiotics were used and it is possible that the observed
protective mechanisms may be of less significance in
circumstances when they are administered. Secondly, fluid
administration was minimal and this may also have
influenced the outcome of the animals. Finally, LP17 was
administered as a pretreatment, and many interventions
given early have failed to confirm efficacy when
administered as a delayed treatment. Thus, although
promising, these results need to be confirmed in more
clinically relevant models.

Address for reprints: S Gibot, Service de Reanimation Medicale, Hôpital
Central, 54035 Nancy, France. Email: s.gibot@chu-nancy.fr

A proteomic analysis of liver mitochondria during
acute endotoxemia
Crouser ED, Julian MW, Huff JE et al. 
Intensive Care Med 2006;32:1252–62.

The pathophysiology of sepsis-induced multiple organ
dysfunction is likely to be multifactorial. In addition to
hemodynamic alterations including global, regional, and
microvascular blood flow alterations, mitochondrial
dysfunction may play a role in the development and
progression of organ dysfunction. Morphological alterations
of mitochondria have been described but definitive evidence
linking these alterations to organ dysfunction is lacking.

Mitochondrial function is not restricted to oxidative
phosphorylation, it also participates in calcium regulation,
lipid and protein metabolism, and apoptosis. In this paper,
Crouser et al. investigated the effects of sepsis on

mitochondrial proteomics in order to better understand
which mitochondrial functions may be affected by sepsis.

Adult, male cats were anesthetized and administered
intravenous endotoxin or saline vehicle. Standard resuscitation
procedures were provided in both groups. Liver oxygenation
was evaluated by in vivo reflectance spectrophotometry.
Mitochondria were isolated from excised livers and cellular
proteins were prepared for proteomic analyses on two-
dimensional gel electrophoresis. Of note, all samples in each
group were mixed to avoid inter-individual variability.

There was no alteration in hemodynamics or acid–base
balance. More than 500 protein spots were identified, but
some of the spots could not be identified due to limitation in
the resolution of the gel. Lipopolysaccharide induced
different expression characteristics of approximately 8% of
protein spots. There was a significant reduction in the
expression of hydroxymethylglutaryl-coenzyme A synthase
and heat shock protein 70 (HSP70). Conversely, levels of
two enzymes critical for the urea cycle (HSP60 and
manganese superoxide dismutase) were increased.

These data suggest that there is differential
mitochondrial protein expression in sepsis, with an increase
in enzymes involved in the urea cycle, a decrease in an
enzyme implicated in ketogenesis and cholesterol
biosynthesis, and alterations in levels of chaperone proteins
implicated in repair after oxidant stress. The functional
implications of these changes remain to be elucidated.

Address for reprints: ED Crouser, Division of Pulmonary, Critical Care
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Attenuation of capillary leakage by hydroxyethyl
starch (130/0.42) in a porcine model of septic shock
Marx G, Pedder S, Smith L et al.
Crit Care Med 2006;34:3005–10.

Central to the pathophysiology of sepsis is the dysfunction of
blood vessels leading to plasma leakage. This serves both to

The authors of this study compared a new version of
hydroxyethyl starch (130/0.42) with an older version of this
synthetic colloid (200/0.5) in a porcine model of sepsis.
Their results showed that administration of the new version
was able to reduce capillary leakage, as measured by
albumin escape. This new colloid may represent a useful
tool in volume resuscitation of patients with septic shock.

The authors of this study performed a proteomic analysis
of mitochondria in order to identify the mitochondrial
functions affected by sepsis. They demonstrated that
endotoxin induces changes in the expression of several
mitochondrial proteins.
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decrease circulating blood volume, which can decrease
oxygen delivery, and to increase tissue edema, which can lead
to organ dysfunction. Administration of colloid, as opposed to
crystalloid fluids, has been shown to help reduce tissue edema
formation while providing adequate intravascular volume
expansion. Hydroxyethyl starch (HES) is a synthetic colloid
solution that has been used in models of sepsis – with similar
findings. The authors of this study evaluated a newer version
of HES in a porcine model of sepsis.

In this study, the investigators compared administration
of 200/0.5 HES with the newer 130/0.42 HES, which is
characterized by a smaller molecular weight. The pigs were
made septic with peritonitis and HES was used for volume
resuscitation. Capillary leakage was monitored by measuring
the albumin escape rate. The results showed that
administration of 130/0.42 HES was associated with a lower
capillary leak rate compared with the 200/0.50 formulation.
The authors do not know the mechanism underlying this
improved function but they hypothesize that drug
pharmacokinetics may play a role.

This study demonstrates that further improvements in
the effectiveness of synthetic colloids (compared with
existing solutions) for sepsis are possible. In addition to these
results, the authors point out that the newer HES solution is
characterized by less alteration of coagulation in the patients
who receive it. 
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Effect of recombinant activated protein C and low-
dose heparin on neutrophil-endothelial cell
interactions in septic shock
Kirschenbaum LA, Lopez WC, Ohrum P et al. 
Crit Care Med 2006;34:2207–12.

Septic shock is characterized by inflammation of the
endothelium and activation of coagulation mechanisms,
which both contribute to impaired microvascular blood flow.
Drotrecogin alfa (activated) (recombinant human activated
protein C) has been shown to exert anti-inflammatory effects,

in particular, by attenuating leukocyte adhesion to endothelial
cells. Low-dose (LD) heparin has also been shown to have a
protective role in sepsis through its anti-inflammatory
properties and attenuation of cell adhesion. This study
compared the effects of drotrecogin alfa (activated) and LD
heparin on sepsis-related neutrophil–endothelial and
platelet–endothelial interactions in an in vitro model of
capillary blood flow. 

The study was divided into several sets of experiments.
Serum or plasma was taken from 21 septic shock patients
and six healthy volunteers. The first experiment used
neutrophils and platelets stimulated with septic plasma
(containing clotting factors) or septic serum (depleted of
clotting factors), with or without drotrecogin alfa (activated).
By analyzing the effects of both plasma and serum, it was
possible to separate the anti-inflammatory effects of
drotrecogin alfa (activated) from those related to its
anticoagulant effect. Drotrecogin alfa (activated) was
demonstrated to significantly decrease neutrophil adhesion
to endothelial cells and leukoaggregation, while neutrophil
rolling velocity was increased. Platelet–neutrophil aggregates
in septic plasma were decreased by drotrecogin alfa
(activated). In a second set of experiments, cells were
incubated with or without LD heparin; this did not
significantly affect sepsis-related neutrophil aggregation,
adherence, rolling velocity, or platelet–neutrophil
aggregation. In the third set of experiments, addition of LD
heparin to the drotrecogin alfa (activated) in septic plasma
attenuated the effects compared with drotrecogin alfa
(activated) alone on neutrophil adherence and aggregation
and rolling velocity. No effect on the binding of activated
platelets to neutrophils was observed. 

Since similar changes were observed when using septic
serum and plasma, it is not possible to separate the anti-
inflammatory effects of drotrecogin alfa (activated) from its
anticoagulant actions. These results are consistent with
several studies demonstrating a link between inflammation
and coagulation via the protease activated receptor 1. In this
study, drotrecogin alfa (activated) interfered with
neutrophil–endothelial cell interactions via reduction of
platelet–neurophil aggregation. The absence of any
beneficial effect of LD heparin when in combination with
drotrecogin alfa (activated) is consistent with results from
the PROWESS (Recombinant Human Activated Protein C
Worldwide Evaluation in Severe Sepsis) study [1], in which
heparin administration interfered with the beneficial effects
of drotrecogin alfa (activated). The mechanisms underlying
the response to LD heparin remain unclear and, as the
authors suggest, additional work is required, in particular to
evaluate the effect of low-molecular-weight heparin. One
limitation to this study is the use of an in vitro model where

Using an in vitro model of neutrophil rolling and
adhesion, the authors of this study demonstrated that
drotrecogin alfa (activated) (recombinant human
activated protein C) decreased sepsis-induced neutrophil
adherence to endothelium and neutrophil aggregation,
which is thought to be associated with a reduction in
platelet–neutrophil aggregation. These effects may
explain how drotrecogin alfa (activated) plays a role in
preservation of the microcirculation in septic conditions.
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different shear stress conditions were not simulated; this is
likely to play an important role in cell–cell interactions. 
The absence of erythrocytes may also affect the results.

This study presents a novel area of research with regard to
the properties of drotrecogin alfa (activated), demonstrating
its potential role in preserving microcirculation by attenuating
neutrophil–endothelial cell interactions in septic conditions. 
1. Haley M, Cui X, Minneci PC et al. Recombinant human activated protein C in sepsis:

assessing its clinical use. Am J Med Sci 2004;328:215–9.
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Preclinical trial of L-arginine monotherapy alone or
with N-acetylcysteine in septic shock
Kalil AC, Sevransky JE, Myers DE et al. 
Crit Care Med 2006;34:2719–28.

L-arginine is a non-essential amino acid that is proposed to
be conditionally essential in septic conditions. It is known to
have a number of diverse activities; however, the impact of
these on the outcome of sepsis is largely unknown.
Consequently, its administration in sepsis is controversial.
This study tested the therapeutic efficacy of parenteral 
L-arginine administration in a well-characterized canine
model of septic shock.

Sepsis was induced under general anesthesia by
intraperitoneal placement of Escherichia coli, mimicking
peritonitis. Parenteral L-arginine was continuously infused at a
rate of 10 or 100 mg/kg/h for 36 h, equivalent respectively to
1.5- to 15-times the dose routinely used in patient total
parenteral nutrition. L-arginine was infused without or with
infusion of N-acetyl-cysteine (20 mg/kg/h for 36 h), which was
given as an antioxidant agent, thus increasing nitric oxide (NO)
bioavailability and preventing peroxynitrite formation. The
septic model used is a resuscitated model in which antibiotics
and fluid challenge are administered throughout the analysis. 

In low- and high-dose L-arginine-treated animals, the
mortality rate significantly increased compared with control
animals. N-acetylcysteine infusion had no effect on the
increased mortality rate. L-arginine infusion lowered mean
arterial pressure, worsening shock, irrespective of the
presence of N-acetylcysteine. L-arginine was well absorbed

with a significant increase in arginine and ornithine plasma
concentrations observed in L-arginine-treated animals
compared with the control group. Nitrate/nitrite levels
increased significantly after 8 h compared with control
animals, as did serum markers of renal function (blood urea
nitrogen/creatinine ratios), while serum liver enzymes did
not increase significantly. Animals treated with L-arginine
alone or in combination with N-acetylcysteine had greater
decreases in mean arterial pH and bicarbonate levels. 

From these results, the authors concluded that L-arginine
administration at supradietary doses is harmful in this septic
shock model. Furthermore, addition of N-acetylcysteine
could not inhibit or reduce these harmful effects of 
L-arginine. The authors could not infer any information
regarding the precise mechanisms of L-arginine toxicity from
this study. It may be related to increased production of NO,
but this needs further study. Regardless, these results are in
accordance with the recommendation of the Canadian
Clinical Practice Guidelines for nutrition support in critical
illness, which state that diets supplemented with L-arginine
should not to be used in critically ill patients [1]. 
1. Heyland DK, Dhaliwal R, Drover JW et al.; Canadian Critical Care Clinical Practice

Guidelines Committee. Canadian clinical practice guidelines for nutrition support in
mechanically ventilated, critically ill adult patients. J Parenter Enteral Nutr
2003;27:355–73.
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Vasopressin or norepinephrine in early hyperdynamic
septic shock: a randomized clinical trial 
Lauzier F, Lévy B, Lamarre P et al.
Intensive Care Med 2006;32:1782–9.

Vasopressin deficiency has been shown to occur 36 h after
the onset of septic shock [1]. Therefore, it appears relevant to
administer exogenous arginine–vasopressin (AVP) to septic
shock patients. There are multiple reports in the literature of
studies on the use of AVP in septic shock; however, these

Since vasopressin levels decrease 36 h after onset of septic
shock, administration of exogenous arginine–vasopressin
(AVP) is considered to be important. AVP is mainly used
as a rescue therapy in refractory septic shock. In this
study, AVP alone failed to maintain mean arterial pressure
at >70 mmHg when administered during the early phase
of septic shock. However, AVP improved sequential organ
failure assessment score and had no significant adverse
effects on gastrointestinal, renal, or liver functions. 

L-arginine is the substrate for nitric oxide (NO), which is an
endogenous mediator that is associated with sepsis-induced
shock. In this study, when parenterally infused in a canine
septic shock model, L-arginine had harmful effects, including
an increased mortality rate in septic animals with worsened
shock, hyperchloremic acidosis, and organ failure. This
toxicity appears to be related to increased production of
NO. Thus, L-arginine should be avoided in septic patients. 
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were uncontrolled or retrospective. In this study, the authors
prospectively evaluated the effects of AVP in the early
management (in the first 12 h) of hyperdynamic shock.

Twenty-three patients suffering from septic shock were
randomized to receive AVP at a dose of 0.04–0.20 U/min
(n=13), or norepinephrine (NE) at a dose of 0.1–2.8 μg/kg/min
(n=10). Patient characteristics were similar at baseline with
the exception of higher bilirubin levels in the AVP group.
When the maximal dosage of the experimental drug was
reached, administration of the other drug was allowed 
as rescue therapy if the mean arterial pressure (MAP) was
<70 mmHg. AVP and NE similarly increased MAP over 48 h.
AVP decreased cardiac index by decreasing heart rate. The
NE dose was lower in the AVP group at the end of the study
compared with baseline, but 85% of AVP-infused patients
received NE at some point (due to a MAP of <70 mmHg
despite maximal dose of AVP of 0.2 U/min). No patients in
the NE group received rescue AVP therapy. AVP was shown
to improve sequential organ failure assessment (SOFA) score
and creatinine clearance compared with NE. During the
course of the study, the change in bilirubin levels from
baseline did not differ between the AVP and NE groups. No
difference between NE and AVP was demonstrated with
respect to platelet count and gastric-arterial pCO2 difference,
even though AVP increased systemic vascular resistance. The
mortality rate was similar in both groups (three died during
the study from refractory shock). One patient in each group
suffered from an acute coronary syndrome. 

In this study, the authors demonstrated that high-dose
AVP alone did not maintain MAP above 70 mmHg in the
early resuscitation phase of hyperdynamic septic shock
patients. Patients enrolled in this study were in septic shock
for <12 h before AVP depletion occurred. AVP levels were not
measured throughout the study; however, even if it had been
done, this would not have taken into account the decreased
sensitivity to AVP. This study showed an improvement of
SOFA score and renal function without adverse effects on
gastric-arterial pCO2 difference or liver function. Moreover,
AVP decreased NE exposure. Two limitations of this study are
that it was performed on a small number of patients, and
clinicians were not blinded to the drug used. 

This is the first study to evaluate AVP as primary therapy
of septic shock rather than as a rescue therapy. These results
indicate a novel use for AVP early in septic shock patients,
and the authors suggest that a larger, controlled, double-
blind, randomized trial should be undertaken.
1. Sharshar T, Blanchard A, Paillard M et al. Circulating vasopressin levels in septic shock. Crit

Care Med 2003;31:1752–8.
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DIAGNOSIS AND ASSESSMENT

Renal failure in septic shock: predictive value 
of Doppler-based renal arterial resistive index
Lerolle N, Guérot E, Faisy C et al.
Intensive Care Med 2006;32:1553–9.

During septic shock, hemodynamic failure and the induction
of an inflammatory cascade are responsible for acute tubular
necrosis, leading to acute renal failure (ARF). ARF is often
diagnosed at a late stage, on the basis of functional markers
such as oliguria and serum creatinine concentration. In this
study, the authors assessed renal arterial resistive index 
(RI), which is correlated to renal vascular resistance;
hypothesizing that RI could be an early marker of renal
dysfunction in septic patients. 

Thirty-seven medical intensive care unit septic shock
patients without chronic renal failure were enrolled in this
study. A Doppler-ultrasonography-based calculation of 
RI was performed at day 1 in patients in whom
hemodynamic stability for >1 h (adequate fluid challenge
and absence of change of catecholamine infusion) was
obtained. ARF was diagnosed according to the RIFLE (risk
of renal dysfunction, injury to the kidney, failure of kidney
function, loss of kidney function, and end-stage kidney
disease) criteria [1] at day 5. In the 18 patients who were
diagnosed as having ARF at day 5, RI was higher
compared with the 17 patients who did not have ARF. This
was associated with higher Simplified Acute Physiology
Score II and arterial lactate concentration. In this study, the
authors specified that RI was determined during
catecholamine infusion at a stable rate, and in the absence
of diuretic use (even if diuretics did not affect RIFLE
classification). The receiver operating characteristic (ROC)
curve for RI as a predictor of renal dysfunction at day 5
showed that an RI of >0.74 (normal range 0.5–0.71) had a
positive likelihood ratio for severe renal dysfunction of 
3.3. RI was similar in patients treated with dopamine or
epinephrine, and no dose effect of either drug was
demonstrated. Finally, the authors showed that RI was
inversely correlated with mean arterial pressure (MAP), but
not with lactate concentration. 

Acute renal failure (ARF) frequently occurs during septic
shock. Renal arterial resistive index (RI) can be assessed
using Doppler ultrasonography and has been shown 
to be correlated with renal vascular resistance. The
authors of this study demonstrated that the detection 
of increased RI at day 1 of septic shock is helpful 
in identifying patients who will develop ARF.
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In this well-designed study, the authors verified that RI was
not influenced by the dose of the catecholamine used. This is
an important point, which was confirmed by the inverse
correlation with MAP. Indeed, if RI were determined by
vasopressor, a positive correlation would have been found.
These study results are in accordance with previous
experimental and clinical studies. One remaining limitation of
this study is the actual significance of RI: does it indicate renal
failure or just the risk of it? Another limitation is related to the
delay, with RI assessment performed one day after the
occurrence of septic shock. The determination of the beginning
of septic shock is a universal problem. Septic shock is diagnosed
when the hemodynamic situation dictates the need for
catecholamines, as defined by Bone’s criteria [2]. At that time,
ARF is patent. However, for the time being, there is no early
marker indicating the shift from severe sepsis to septic shock. 

In spite of these limitations, Doppler-based RI performed
1 day after septic shock appears to be helpful in identifying
patients who will develop ARF. Further studies are required
to confirm this. 
1. Bellomo R, Ronco C, Kellum JA et al.; Acute Dialysis Quality Initiative workgroup. Acute

renal failure – definition, outcome measures, animal models, fluid therapy and information
technology needs: the Second International Consensus Conference of the Acute Dialysis
Quality Initiative (ADQI) Group. Crit Care 2004;8:R204–12.

2. Bone RC, Balk RA, Cerra FB et al. Definitions for sepsis and organ failure and guidelines for
the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference
Committee. American College of Chest Physicians/Society of Critical Care Medicine. Chest
1992;101:1644–55.
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Activated partial thromboplastin time waveform
analysis: a new tool to detect infection?
Chopin N, Floccard B, Sobas F et al. 
Crit Care Med 2006;34:1654–60.

Calcium-dependent formation of complexes between very
low-density lipoprotein and C-reactive protein (CRP) can
induce abnormalities in the optical transmission waveform
during measurements of the activated partial thromboplastin
time (aPTT) using specific photometric analyzers. These
abnormalities, characterized by a biphasic waveform, are not
related to an alteration in the coagulation properties
determined by aPTT, but are associated with sepsis. They
usually last 2–3 days and precede the full onset of
disseminated intravascular coagulation and sepsis. The
authors performed this study to assess the predictive value

of an abnormal aPTT waveform for the diagnosis and
prognosis of sepsis.

All consecutive patients admitted to a single intensive
care unit over a 9-month period were investigated. On
admission and daily for 28 days, systemic inflammatory
response syndrome (SIRS), sepsis, severe sepsis, and septic
shock criteria were evaluated and categorized as an event
(for example, septic shock occurring on day 21 in a patient
initially admitted for drug intoxication would be classified as
an event, as would that in a patient initially admitted for
septic shock). The most severe event was recorded when
these were related (e.g. SIRS leading to septic shock), but
multiple independent events could occur in the same patient
(i.e. severe sepsis cured but later suffer a new episode of
septic shock related to nosocomial infection). Sequential
Organ Failure Assessment score was calculated at days 1, 2,
and 3; procalcitonin (PCT), CRP, lactate levels, and aPTT
waveform were measured at days 1 and 3. A biphasic
waveform was defined as an initial slope (slope_1) 
higher than three standard deviations of the slope of healthy
volunteers, and corresponded to a slope larger than 
–0.25% transmission/sec (% T/s). Survival at day 28 was
also assessed. 

A total of 355 patients were admitted to the ICU during
the study period; of these, 187 presented at least one event,
with the total number of events being 217 as some subjects
had several independent events. In patients who were
classed as having an event, a biphasic aPTT waveform was
observed in 53% upon admission and in the remainder of
the patients (47%) on subsequent days. The aPTT slope was
steeper in patients with severe sepsis and septic shock than
in patients with SIRS and sepsis. Furthermore, the aPTT
slope was steeper in sepsis nonsurvivors compared with
septic survivors on admission, and although this slope
tended to improve over time, it remained steeper in non-
survivors than in survivors at all times. The receiver operating
characteristic curve area was similar for aPTT waveform, PCT,
and CRP measurements at day 1 for predicting severe sepsis
and septic shock. Outcome prediction was similar for aPTT
waveform, PCT, and lactate measurements on day 3, while
CRP performed less adequately.

These results show that aPTT waveform analysis can be
used to identify patients who are at risk of developing severe
sepsis and septic shock and who are at higher risk of death.
Whether this information really helps the clinician (compared
with measurements of PCT, CRP, and lactate) remains to 
be elucidated.

An important limitation of the study is the occasionally long
delay between biological measurements and the onset of the
event. Another limitation is that the results of PCT, CRP, and
lactate tests were known by the physicians when treating the

The authors of this study found that the activated partial
thromboplastin time waveform, which is altered in sepsis,
can be used to identify patients who have, or are at risk
of developing, severe sepsis or septic shock.
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patients, and this may have affected the prognostic value of
these variables (i.e. a diagnosis of sepsis may have been more
rigorously assessed when one or more of these were altered).

Address for reprints: N Chopin, Service de Réanimation Chirurgicale,
Hospices Civils de Lyon, Hôpital Edouard Herriot, Lyon, France.

Mixed venous oxygen saturation cannot be
estimated by central venous oxygen saturation 
in septic shock
Varpula M, Karlsson S, Ruokonen E et al.
Intensive Care Med 2006;32:1336–43. 

New models for hemodynamic resuscitation in sepsis call for
the assessment of cardiac output by analyzing blood gas
from a sample obtained by a central venous line in the neck
or central mixed-venous O2 (ScvO2). It is thought that the
values will be close to the true mixed-venous O2 (SvO2) level
that is sampled from the pulmonary artery with a Swan-
Ganz catheter. The authors of this study sought to

determine whether ScvO2 was in fact an accurate surrogate
for using SvO2 as a marker of cardiac output in septic shock.

The authors obtained paired samples of blood from 
16 patients with septic shock and also obtained a
measurement of cardiac output via thermodilution for 24 h.
It is interesting to note that the ScvO2 was obtained from
the side port of the introducer, typically well within the
superior vena cava. Analysis of the data showed a
statistically significant correlation of the paired samples (in
general, they moved up or down together); however, 45%
of the time they did not correlate well. They also showed
poor agreement, with significant differences in the values
consistent throughout all measurements and the difference
between the two measurements became more pronounced
at either very high or very low values. Mean SvO2 was
consistently lower than the mean ScvO2. 

This study demonstrates that if accurate assessment of a
patient’s cardiac output is required over time, the use of an
ScvO2 may not be appropriate. Using the measurement 
for clinical purposes or to assess outcomes was not
considered. It should be noted that this study was small,
involving only 16 patients; furthermore, these subjects were
all suffering from septic shock, which is a condition that can
alter oxygen extraction and thus affect SvO2 independently
of cardiac output.

Address for reprints: M Varpula, Helsinki University Hospital, POB 340,
00029 HUS, Helsinki, Finland. Email: marjut.varpula@hus.fi

The authors of this study used paired samples of blood from
the superior vena cava and pulmonary artery to assess the
accuracy of using central venous lines to measure mixed-
venous oxygen saturation (SvO2) in patients with septic
shock. Their results show that while there is some correlation
the values vary significantly and therefore central venous O2

may not be an accurate substitute for true SvO2.

R8184_1_REM_Sepsis6_1_05  14/5/07  17:30  Page 32





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /None
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /None
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /None
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [3000 3000]
  /PageSize [612.000 792.000]
>> setpagedevice




