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Septic shock Djillali Annane, Eric Bellissant, Jean-Marc Cavaillon



Lancet 2005; 365: 63–78



Septic shock, the most severe complication of sepsis, is a deadly disease. In recent years, exciting advances have been made in the understanding of its pathophysiology and treatment. Pathogens, via their microbial-associated molecular patterns, trigger sequential intracellular events in immune cells, epithelium, endothelium, and the neuroendocrine system. Proinﬂammatory mediators that contribute to eradication of invading microorganisms are produced, and anti-inﬂammatory mediators control this response. The inﬂammatory response leads to damage to host tissue, and the anti-inﬂammatory response causes leucocyte reprogramming and changes in immune status. The time-window for interventions is short, and treatment must promptly control the source of infection and restore haemodynamic homoeostasis. Further research is needed to establish which ﬂuids and vasopressors are best. Some patients with septic shock might beneﬁt from drugs such as corticosteroids or activated protein C. Other therapeutic strategies are under investigation, including those that target late proinﬂammatory mediators, endothelium, or the neuroendocrine system. In 1879–80, Louis Pasteur showed for the ﬁrst time that bacteria were present in blood from patients with puerperal septicaemia. One woman survived, leading Pasteur to state that “Natura medicatrix won the victory”, an opinion consistent with the notion that sepsis is a systemic response to ﬁght off pathogens (panel, ﬁgure 1). However, a consensus on the deﬁnition of sepsis was reached only a decade ago,1 and the list of symptoms was updated very recently.2 Sepsis is now deﬁned as infection with evidence of systemic inﬂammation, consisting of two or more of the following: increased or decreased temperature or leucocyte count, tachycardia, and rapid breathing. Septic shock is sepsis with hypotension that persists after resuscitation with intravenous ﬂuid. Normally, the immune and neuroendocrine systems tightly control the local inﬂammatory process to eradicate invading pathogens. When this local control mechanism fails, systemic inﬂammation occurs, converting the infection to sepsis, severe sepsis, or septic shock.



Epidemiology The yearly incidence of sepsis is 50–95 cases per 100 000, and has been increasing by 9% each year.3 This disease accounts for 2% of hospital admissions; roughly 9% of patients with sepsis progress to severe sepsis, and 3% of those with severe sepsis experience septic shock,4 which accounts for 10% of admissions to intensive care units.5 The occurrence of septic shock peaks in the sixth decade of life.5 Factors that can predispose people to septic shock include cancer, immunodeﬁciency, chronic organ failure, iatrogenic factors,3,5,6 and genetic factors,7 such as being male,8 non-white ethnic origin in North Americans,3 and polymorphisms in genes that regulate immunity.9



Cause Infections of the chest, abdomen, genitourinary system, and primary bloodstream cause more than 80% of cases of sepsis.3,5,6 Rates of pneumonia, bacteraemia, and



multiple-site infection have increased steadily over time, whereas abdominal infections have remained unchanged and genitourinary infections have decreased.3,5 The occurrence of gram-negative sepsis has diminished over the years to 25–30% in 2000. Grampositive and polymicrobial infections accounted for 30–50% and 25% of cases, respectively (table 1).3,5,6 The fact that multidrug-resistant bacteria and fungi now cause about 25% of cases is cause for concern.5,6 Viruses and parasites are identiﬁed in 2–4% of cases, but their frequency could be underestimated.5 Lastly, cultures are negative in about 30% of cases, mainly in patients with community-acquired sepsis who are treated with antibiotics before admission.



Service de Réanimation, Hôpital Raymond Poincaré, Assistance Publique-Hôpitaux de Paris, Faculté de Médecine Paris Ile de France Ouest, Université de Versailles Saint Quentin en Yvelines, Garches, France (Prof Djillali Annane MD); Centre d’Investigation Clinique INSERM 0203, Unité de Pharmacologie Clinique, Hôpital de Pontchaillou, CHU de Rennes, Faculté de Médecine, Université de Rennes 1, Rennes, France (Prof E Bellissant MD); UP Cytokines & Inﬂammation, Institut Pasteur, Paris, France (J-M Cavaillon PhD) Correspondence to: Professor Djillali Annane, Service de Réanimation Médicale, Hôpital Raymond Poincaré, Assistance Publique-Hôpitaux de Paris, Faculté de Médecine Paris Ile de France Ouest, Université de Versailles Saint-Quentin en Yvelines, 104 Boulevard Raymond Poincaré, 92380 Garches, France [email protected]



Pathomechanisms The deﬁnition of sepsis is often over-simpliﬁed as being the result of exacerbated inﬂammatory responses. However, pathogenesis involves several factors that interact in a long chain of events from pathogen recognition to overwhelming of host responses.



Search strategy and selection criteria We attempted to identify all relevant studies irrespective of language or publication status (published, unpublished, in press, and in progress). We searched the Cochrane Central Register of Controlled Trials (The Cochrane Library Issue 1, 2004) using the terms “sepsis” and “septic shock”, and MEDLINE (1966 to June 2004), EMBASE (1974 to June 2004), and LILACS (www.bireme.br; accessed Aug 1, 2003) databases using the terms “septic shock”, “sepsis”, “septicaemia”, “endotoxin”, “lipopolysaccharide” variably combined with “incidence”, “prevalence”, “cause”, “origin”, “diagnosis”, “management”, “treatment”, “therapy”, “prognosis”, “morbidity”, and “mortality”. Studies were selected on the basis of relevance to septic shock.
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Patterns and receptors Panel: Key dates in sepsis research ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●



Prognostic discrimination between localised and systemic infections and recognition of fever as a major symptom (Hippocrates, 4th century BCE) Description of inﬂammation: rubor et tumor cum calore et dolore (Celsus, 1st century CE, Galen, 2nd century CE) Death of Lucrezia Borgia from puerperal septicaemia (1519) Surgery proposed to avoid microbial dissemination from infected wounds (Paré, 16th century) Antiseptic methods proposed to avoid puerperal septicaemia (Semmelweiss, 1841-47) Introduction of the term “microbes” (Sédillot, 1878) Identiﬁcation of microbes in blood from patients with sepsis (Pasteur, 1879-80) Description of phagocytosis as a host response against microbes (Metchnikoff, 1882) Role of bacterial toxins described (Roux and Yersin, 1888) Concept of endotoxin-induced shock and death (Pfeiffer, 1894) Reproduction of infection by auto-inoculation of blood from patients (Moczutkoswky, 1900) First antibody to endotoxin (Besredka, 1906) Discovery of penicillin (Fleming, 1929) First biochemical characterisation of endotoxin (Boivin and Mesrobeanu, 1933) Description of stress syndrome (Selye, 1936) Dawn of intensive care medicine (Hamburger, Lassen, 1953) Description of mechanisms underlying endotoxin shock (Hinshaw, 1956-58) Role of tumour necrosis factor  in endotoxin-induced shock (Beutler and Cerami, 1985) Genetic predisposition to infection (Sorensen, 1988) Current deﬁnitions of sepsis (Bone, 1989) First genomic polymorphism associated with severity of sepsis (Stüber, 1996)



Estimated frequency* Gram-positive bacteria Meticillin-susceptible S aureus Meticillin-resistant S aureus Other Staphylococcus spp Streptococcus pneumoniae Other Streptococcus spp Enterococcus spp Anaerobes Other gram-positive bacteria Gram-negative bacteria E coli Pseudomonas aeruginosa Klebsiella pneumoniae Other Enterobacter spp Haemophilus inﬂuenzae Anaerobes Other gram-negative bacteria Fungus Candida albicans Other Candida spp Yeast Parasites Viruses



30–50% 14–24% 5–11% 1–3% 9–12% 6–11% 3–13% 1–2% 1–5% 25–30% 9–27% 8–15% 2–7% 6–16% 2–10% 3–7% 3–12% 1–3% 1–2% 1% 1–3% 2–4%



*From published clinical trials145,150 and epidemiological studies.5,6



Table 1: Main pathogens in septic shock
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Matzinger10 redeﬁned immunity by postulating that immune system activity stemmed from recognition of and reaction to internal danger signals, rather than from discrimination between self and non-self molecules. Danger signals also include recognition of exogenous molecules, pathogen-associated molecular patterns, which are surface molecules such as endotoxin (lipopolysaccharide), lipoproteins, outermembrane proteins, ﬂagellin, ﬁmbriae, peptidoglycan, peptidoglycan-associated lipoprotein, and lipoteichoic acid; and internal motifs released during bacterial lysis, such as heat-shock proteins and DNA fragments. These molecules are common to pathogenic, non-pathogenic, and commensal bacteria, making “microbial-associated molecular patterns” a better term. These patterns are recognised by speciﬁc pattern recognition receptors, which induce cytokine expression. These microbial patterns act synergistically with one another, with host mediators, and with hypoxia. Of pattern recognition receptors, the toll-like receptors are characterised by an extracellular leucinerich repeat domain and a cytoplasmic toll-interleukin-1 receptor (TIR) domain that shares considerable homology with the interleukin-1 receptor cytoplasmic domain. Currently, ten toll-like receptors have been described in humans, and the list of their speciﬁc microbial ligands is growing.11 Signal transduction after interaction between microbial-associated molecular patterns and these receptors results in activation of numerous adaptors, some with the TIR domain (myeloid differentiation protein [MyD] 88, TIR domaincontaining adaptor protein, TIR receptor domaincontaining adaptor protein inducing interferon  [TRIF], and TRIF-related adaptor molecule), and of kinase proteins. MyD88 interacts directly with most toll-like receptors and appears upstream from activation of the transcription nuclear factor-B. TRIF results in activation of nuclear factor interferon regulatory factor 3, promoting production of interferon  (ﬁgure 2).11 Additionally, molecules in the cytoplasm (MyD88s, interleukin-1 receptor-associated kinase-M, Tollip, suppressor of cytokine signalling 1) or at the cell surface (single immunoglobulin interleukin-1R-related molecule, ST2) negatively control the signalling cascade. Nod1 and Nod2 proteins are intracellular pattern recognition receptors.12 Nod1’s ligand is a peptidoglycan fragment that is almost exclusive to gram-negative bacteria. Nod2 detects a different such fragment and also recognises muramyl dipeptide, the smallest bioactive fragment common to all peptidoglycans. Four peptidoglycan recognition proteins (PGRPs), a third family of pattern recognition receptors, have been characterised in people.13 Three are membrane-bound proteins, PGRP-I, PGRP-I, and PGRP-L. The fourth is the soluble molecule PGRP-S. www.thelancet.com Vol 365 January 1, 2005
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Figure 1: From bacteria to disease Barred lines=inhibition. Arrows=activation or consequences.



Leucocytes Sepsis is associated with migration of activated leucocytes from the bloodstream to inﬂammatory tissues,14 and with intensiﬁed bone-marrow production of leucocytes that are released into the blood as newly differentiated or immature cells. Profound changes arise in peripheral-blood lymphocytes15,16 and monocytes,17 as well as changes in cell surface markers (eg, chemokine CXC receptor 2, tumour necrosis factor [TNF] receptor p50 and p75, interleukin 1R, C5a receptor, and toll-like receptors 2 and 4). Downregulation of HLA DR expression on monocytes followed lipopolysaccharide challenge in healthy volunteers,18 and in patients with sepsis is mediated by interleukin 1019 and cortisol,20 and is correlated with death.21 Leucocytes release numerous proteases that play a pivotal part in combating infections. For example, compared with controls, mice that have a knockout of the neutrophil-elastase gene are more susceptible to sepsis and death after intraperitoneal gram-negative, but not gram-positive, infection.22 In people, concentrations of elastase are increased in plasma and bronchoalveolar lavage ﬂuid,23 and might contribute to shock and organ dysfunction, as suggested by experiments using elastase inhibitor24 or mice that have



a knockout of an enzyme required for protease maturation25 or a natural protease inhibitor26. Cell apoptosis in patients with sepsis varies across cell types. It is increased for blood and spleen lymphocytes and spleen dendritic cells, unchanged for spleen macrophages and circulating monocytes, and reduced for blood neutrophils and alveolar macrophages.27 Apoptosis is also abnormal in the thymic, intestinal, and pulmonary epithelia and in the brain, but not in the endothelium. In animals, glucocorticoids,28 Fas ligand,29 and TNF30 are the main proapoptotic factors, and caspase inhibitors or overexpression of B-cell lymphoma/ leukaemia-2, prevent sepsis-induced apoptosis and death.27 In people, the mechanisms and role of apoptosis in the pathogenesis of septic shock remain unclear. Ex-vivo experiments with blood cells from patients have shown blunted cytokine production in response to mitogens with lymphocytes31 (both T-helper 1 and T helper 2 cytokines),32 and in response to lipopolysaccharide with neutrophils33,34 and monocytes.35 Neutrophils and monocytes from endotoxin-challenged healthy volunteers gave similar results.36,37 Although interleukin 10 might partly account for sepsis-associated monocyte hyporesponsiveness to lipopolysaccharide,38 the underlying molecular mechanisms remain to be clariﬁed. Synthesis of TNF induced by lipopolysaccha-



www.thelancet.com Vol 365 January 1, 2005



65



For personal use. Only reproduce with permission from Elsevier Ltd



Seminar



MD2



TLR4/4



CD14 Lipopolysaccharide



ST2



SIGIRR TIRAP/Mal



tein G-pro



TRAM/TICAM-2 MyD88s



MyD88 SOCS1 Tollip



TRIF/TICAM1



IRAK-M IRAK2



IRAK1



IRAK4 TBK1



TRAF6



Ecsit



MEK1/2



pl-3-kinase



MEKK1 TAK1 TAB1,2



MKK3/6 Erk1/2 p38 MAPK



IKKα/β/γ



Akt



CREB



C-Jun



Sp1



p50/p65



IRF3



CRE



AP-1



Sp1



NF-κB



ISRE



Interleukin 8



Interleukin 10



Interleukin 1β



TNF



Interleukin-1 receptor antagonist



Interferon β



Figure 2: Lipopolysaccharide-induced intracellular signalling cascade CRE=cyclic AMP-responsive element. CREB=CRE binding protein. Ecsit=evolutionarily conserved signalling intermediate in toll pathways. MD2=myeloid differentiation 2. AP-1=activator protein-1. erk=extracellular signal-regulated kinase. IKK2=I kappa B kinase 2. IRF=interferon regulatory factor. ISRE=interferonstimulated responsive element. IRAK=interleukin-1 receptor-associated kinases. MAPK=mitogen activated protein kinase. MEKK=mitogen-activated protein kinase/ERK kinase. MyD88=myeloid differentiation protein 88. Mal=MyD88 adaptor-like. MyD88s=MyD88 short. NF-B=nuclear factor-B. pI=phosphoinositide. SIGIRR=single immunoglobulin interleukin-1R-related molecule. Sp1=stimulating protein 1. SOCS=suppressor of cytokine signalling. TANK=TRAF-associated NF-B kinase. TBK=TANK-binding kinase. TRIF=TIR (toll/interleukin-1 receptor) domain-containing adaptor protein inducing interferon . TICAM=TIR-containing adaptor molecule. TIRAP=TIR domain-containing adaptor protein. Tollip=toll-interacting protein. TLR=toll-like receptor. TRAF=tumour necrosis factor receptor-associated factor. TRAM=TRIF-related adaptor molecule.



ride needs activation and nuclear translocation of nuclear factor B. Thus, alterations in the pathway of this factor could contribute to monocyte deactivation, as suggested by ex-vivo experiments with lipopolysaccharide stimulation of monocytes from patients, which showed upregulation of the inactive form of this factor (homodimer p50p50), and downregulation of the active form (heterodimer p65p50).39 However, other signalling pathways might remain unaltered or even undergo stimulation (eg, p38 mitogen activated protein kinase [MAPK], Sp1 activation), resulting, for example, in enhanced interleukin-10 responses.40 In mice, blockade of p38 MAPK prevented sepsis-induced monocyte deactivation.41 Numerous negative regulators of toll-likereceptor-dependent signalling pathways remain to be investigated in sepsis,42 such as the rapid upregulation of interleukin-1 receptor-associated kinase-M in lipopolysaccharide-activated monocytes from patients.43 The terms anergy, immunodepression, or immunoparalysis are commonly used to describe the immune status of 66



septic patients. However, by contrast with the cell response to lipopolysaccharide, production of TNF after stimulation with heat-killed Staphylococcus aureus, Escherichia coli, or muramyl dipeptide was unaltered (unpublished data), suggesting diversiﬁed leucocyte responsiveness to microbial agonists.40 Thus, we propose the term leucocyte reprogramming, the clinical relevance of which remains to be explored.



Epithelium In mice, bacteria-mediated epithelial-cell apoptosis could contribute to immune defences via activation of the Fas/Fas ligand system.44 However, lipopolysaccharide might alter the epithelial tight junctions in the lung, liver, and gut, thereby promoting bacterial translocation and organ failure.45 Nitric oxide, TNF, interferon , and high mobility group box 1 (HMGB1) contribute to the functional disruption of epithelial tight junctions.46 Underlying mechanisms might include an inducible NO synthase-associated decrease in expression www.thelancet.com Vol 365 January 1, 2005
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Figure 3: Crosstalk between immune, neurological, and endocrine systems Proinﬂammatory cytokines initiate neuroendocrine loop, leading to production of glucocorticoids, and their own production is affected by different neuromediators. CRF=corticotropin releasing factor. PACAP=pituitary adenylate cyclase activating peptide. VIP=vasoactive intestinal polypeptide. MSH=melanocyte stimulating hormone.



of the tight junction protein zonula occludens 1, as well as internalisation of the apical junctional complex transmembrane proteins called junction adhesion molecule 1, occludin, and claudin-1/4.47



Endothelium Endothelial cells between blood and tissues promote adhesion of leucocytes, which can then migrate into tissues. On the one hand, experiments with knockout Disorders



mice48 or animals treated with adhesion moleculespeciﬁc antibodies49 suggest that adhesion molecules expressed on leucocytes or endothelial cells (ie, lymphocyte function associated antigen 1, intercellular adhesion molecule 1, endothelial leucocyte adhesion molecule 1, L-selectin, and P-selectin) might contribute to tissue damage. On the other hand, other adhesionmolecule blockade worsened cardiovascular and metabolic functions.50 In patients with sepsis, Putative consequences



Impaired synthesis, circadian rhythm Impaired contractile response to -agonists: contributes to shock Impaired clearance from plasma Inﬂammation Impaired transport to tissues Organ dysfunction Peripheral tissue resistance Death Renin and Shift of aldosterone from renin dependency to adrenocorticotropin dependency Salt loss and hypovolaemia contribute to shock aldosterone with hyper-reninaemia and hypoaldosteronism DHEA, DHEAS Usually decreased levels—mechanisms unknown? Unknown Sex hormones Androstenedione and oestrogen concentrations are raised. Unknown Concentrations of testosterone, luteinising hormone, and follicle stimulating hormone are decreased. Loss of pulsatile secretion of gonadic hormones Thyroid hormones Loss of pulsatile secretion of thyrotropin, reduced secretion of thyroid Possibly contribute to muscle protein loss and malnutrition stimulating hormone and thyroid hormone secretion, and altered peripheral thyroid hormone metabolism (changes in tissue deiodinase activities), resulting in low circulating T3 and high rT3 concentrations and decreased T4 concentrations Vasopressin Neuronal apoptosis triggered by inducible NO synthase, resulting in impaired Contributes to shock vasopressin synthesis and release, mainly in late phase of septic shock Insulin Cytokines impair transcription of glucose transporter 4 gene and mediate Enhances immune cell and neurone functions. systemic insulin resistance, resulting in hyperglycaemia and high concentrations Hyperglycaemia promotes superinfection and polyneuromyopathy, of circulating insulin and increases the risk of death Growth hormones Loss of pulsatile secretion Possibly contributes to lean body mass loss and malnutrition Cortisol



DHEA=dehydroepiandrosterone. DHEAS=dehydroepiandrosterone sulphate.



Table 2: Summary of endocrine disorders during septic shock
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Two or more of the following: Body temperature >38·5°C or 90 beats per minute ● Respiratory rate >20 breaths per minute or arterial CO2 tension 12 000/mm3 or 10% Systemic inﬂammatory response syndrome and documented infection (culture or gram stain of blood, sputum, urine, or normally sterile body ﬂuid positive for pathogenic microorganism; or focus of infection identiﬁed by visual inspection—eg, ruptured bowel with free air or bowel contents found in abdomen at surgery, wound with purulent discharge) Sepsis and at least one sign of organ hypoperfusion or organ dysfunction: ● Areas of mottled skin ● Capillary reﬁlling time 3 s ● Urinary output 2 mmol/L ● Abrupt change in mental status or abnormal electroencephalogram ● Platelet counts 
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