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Abstract

appears driven by a perfect storm of

modulation to provide benefit rather than harm.

An exaggerated, dysregulated host response to insults such as infection (i.e. SEpSis), tratimal and iSchaemia reperfusion
injury can result in multiple [Gfgan @YSFUREEoN and [déath. While the focus of research in this area has largely centred

on inflammation and immunity, a crucial missing link is the precise identification of mechanisms at the organ level that
cause this physiological-biochemical failure. Any hypothesis must fe€ORGlE this functional [Gfgan failure vvith [minimal
signs of (Gell deaith |availability of ©Xygen, and (ofter) [miifial arly loca! flammaton Cell ifiltiate. These failed organs

also retain the [€@pagity to usually FEEOVER, even those that are poorly regenerative. A metabolic

BSAGEdeWR, akin to RIBEMEEION or aestivation, is the most [platisible Explanation currently advanced. This shutdown

compromised mitochondrial oxidative phosphorylation

excessive [inflammatory [mediators, direct OXidant| Stress, a tissue [OXygen [deficit in the [URrestsCitated phase, altered

hormonal drive, and [déWiregulation of Genes encoding [fitéehondfial proteins. In addition, the efficiency of oxidative
phosphorylation may be affected by a Stlbstrate shift towards fat metabolism| and increased [URcoUpling A Jack of
sufficient TR, provision to fuel normal metabolic processes will drive [deWnregulation of ietabolism, and thus [EElltlar
fUREEGRAlIEY. In turn, a decrease in metabolism will provide negative feedback to the mitochondrion, inducing a
[biGenergetic shutdewin Arguably, these processes may offer [protection against a [prolonged inflammatory it by
Bpafing the cell from fifiitiation of [d&ath pathways, thereby explaining the laeK of significant iicrphological Ehange. A

narrow line may exist between adaptation and maladaptation. This places a considerable challenge on any therapeutic

related to iARiBition by

Background

A wide range of insults, including infection, trauma,
pancreatitis and ischaemia-reperfusion injury, can trigger
a dysregulated host response that can lead, via a (likely)
common pathway, to multi-organ failure and death. The
top end of the pathway is reasonably well characterized [1,

2). I AR rcccptors known s BAEEH FeGoRIGON
EeGepioss (BRRS cg¢ [OMKE receptors (TLRS) and

nucleotide-binding oligomerization domain (NOD)-like re-

ceptors (NLRS)) are [activated either by _

(‘pathogen-associated molecular p host -

atterns’)
lcomponents known collectively as (‘damage-asso-

ciated molecular patterns’). Examples of PAMPs include

lendotoxin, lipoteichoic acid and bacterial or viral DNA or
RNA, while DAMPS (released during cell damage or death)
inclucl [N NN I i <! N
fteins. Activation of PRRs increases transcription of a wide
range of both [pro- and anti-inflammatory cytokines and

production of multiple other mediators such as the
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eicosanoids and [feactive oxygen species, including [itric
loxide. Apart from activating the immune response, hormo-
nal, [metabolic, bioenergetic and [other pathways are also
modulated in either positive or negative directions [1, 2].

e [innate immune response has been the primary
focus of research, particularly in relation to infection.
However, much less attention has been paid to identifi-
cation of mechanisms that result in organ dysfunction/
failure, especially affecting those [organs removed from
the site of the insult. A series of clinical observations in
both patients and animal models add further intrigue

and complexity. The [istology of these [failed lorgans
show [minimal, if any, cell death, even when examined
soon after the patient’s demise (3]. In survivors, the
failed [organs usually [Fecover sufficient functionality

within [days to Weeks such that a long-term requirement
for organ support is rarely needed [4]. This occurs [éven

in organs with |pOOK regenerative [capacity. Furthermore,
after adequate [resuscitation, levels of -- ten-

sion in various organ beds are fiormal or

[5-8], indicating an availability of _

(v exceeds cellulaE metabolic demands. These findings
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e !l QR it v N o SR e
resulting in [ischaemic injury and cell damage as the pre-

dominant
A paradigm is thus needed that can embrace this

seemingly paradoxical combination of organ [dysfunc-
ffion occurring in the @bSénce of significant Structural
damage et provision of adequate joxygen (Cellular

is a concept that satisfies these
above observations. This shutdown is analogous to hi¥

or [aestivation where the normal functioning
of the organism is lost as part of a process that pres

ality. Oxygen consumption falls in such situations in
conjunction with a [fall in Patients with
sepsis and trauma are in the [catly

stages of the insult as the body initially fights to defend
itself. However, with a prolonged insult there is a pro-

gressive QG0N in GXy8en CoNSHMBHON which, in se-

verely affected patients, can

fall to near-baseline levels
Fok'a healthy pesson (9, 10). A §ebound InErease in me-

tabolism occurs in the f€€oVery phase, with metabolic

rate risin g5 500 BIB6VE hormal |9, 11].

Several mechanisms can potentially induce this meta-
bolic shutdown. These may relate to a direct effect on
metabolism with repurposing of metabolic pathways,

and/or to secondary effects related to a [progressive de=

and a conse-
quent metabolic [shutdown.

processes
continue Without sufficient ATP to fuel them, cellular
ATP levels will fall and, beyond a certain [threshold, can

L ee—y
icide the cell can attempt to compensate by switching off
IGBOIE processes GOMECEEANVIBRISAE that can
imaintain ATP levels above the critical [threshold [12].

There is significant control over the rates of individual

ATP consumers by energy supply [13]. The hierarchy
consists of |protein and being the
[most sensitive to energy supply, followed by sodium and
then calcium cycling [¢ross the plasma membrane, and
itoclondiial [roton ek being the [EASE SERSIGVE. In
consequence, processes relating to the usual functional-
ity of the cell, such as _ can be down-
regulated or even Conversely, pathways
such

needed to maintain
that

tentlal transports substrates and lelectrolytes
out of the cell and [prevents| cell - and -

As mitochondrial respiration is primarily responsible
in most cell types for provision of ATP, this organelle is
likely integral to the process of metabolic shutdown
through a reduction in energy availability. Several factors
associated with a prolonged and/or severe stressful [insult

n [trigger this Shutdown, and these may be synergistic

(Fig. 1). Such factors include:

0_
and

1.

. Tissue |hypoxia, especially before adequate
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with excessive production of
mediators such as itric 0Xide and other reactive
species. Mitochondria are the predominant source of
reactive oxygen species -) production in the
body and, in health, play an important role in
signalling. In excess, however, [ROS have a direct
ARIBIEORY cect on ochondsial FESpIFaon, cither
through direct inhibition of the electron transport
chain or damage to the organelle when
mitochondrial antioxidant defences are overwhelmed
[14-17]. Routinely used treatments in the critically

ll, such as baGierioadaIERHbIORES (15],
EEEEOIRMESNG) on sedatives [20], may also
inhibit mitochondrial respiration

[résuscitation This hypoxia is of insufficient
magnitude to trigger cell déath pathways yet Sévere
enough to €Ompromise normal functioning of the
cells. Consequential to the ongoing oxygen debt, the
cell responds by an [adaptive compensatory

in [metabolism to balance supply and
demand. There are further corollaries of tissue
hypoxia. As [6Xygen and [itric loxide compete for the
same binding site on [complex IV (cytochrome
oxidase), the last component of the electron
transport chain, a [décrease in local oXygen
concentration will enhance the inhibitory effect of

nitric oxide described above [21].

. Mitochondrial respiration, which is modulated by

various loriones and

hormone, for example, has profound effects on ATP
synthesis and turnover [22, 23]. It can also activate

AHCOUpIN of G¥idaivE PHOSPHORAHON (sce below);

this mechanism may be responsible for some of its

hypermetabolic effects. Complex relationships are

reported between mechanisms of mitochondrial
proton leak, production of reactive oxygen species and

thyroid status. However, with [prolonged and severe
fillness, there is decreased availability of active thyroid
sick euthyroid syndrome,

non-thyroidal illness syndrome), the idégree of which

is prognostic [24]. This may impact on mitochondrial

function and ATP turnover during critical illness.

. [Decreased turnover of healthy, functional

(biogenesis). Mitochondrial biogenesis
must keep pace with mitophagy (processes that
eliminate dysfunctional mitochondria) to maintain

mitochondrial density. Several mechanisms may all
conspire to decrease mitochondrial biogenesis in
sepsis. In a pioneering study, Calvano and colleagues
administered endotoxin to healthy volunteers and
noted a generalized downregulation of gene
transcripts encoding mitochondrial proteins,
including those within the electron transport chain
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EXCESSIVE
INFLAMMATION

OXIDANT PRODUCTION

TISSUE HYPOXIA

HORMONAL
DOWN-REGULATION

4

N METABOLIC
SHUTDOWN

l MITOCHONDRIAL
FUNCTIONALITY

TRANSCRIPTIONAL
DOWN-REGULATION

e

METABOLIC
ALTERATIONS

Inhibition of ETC
Oxidant damage
Decreased biogenesis
Uncoupling ...

BIOCHEMICAL/PHYSIOLOGICAL
DYSFUNCTION
“MULTI-ORGAN FAILURE”

Fig. 1/Mechanisms of mitochondrial and metabolic ShUtdown L7C electron transport chain, RNS reactive nitrogen species, ROS reactive oxygen species
A

[25]. Transcription factors such as PGC-1alpha, the
‘master regulator’ of biogenesis, is reduced in animal
models of sepsis and in eventual human non-

survivors [26, 27]. Of note, the [Féduction in mito-
fturnover may be iatrogenically com-
pounded by BEGERGRERGE RRGBIGRA therapy tht
oopcts BRTEEIE upon BB hrous BEEEER
e [ )

. Uncoupled respiration with production of leat

rather than ATP. Most of the oxygen used by the
body is consumed by mitochondria, predominantly
for generation of ATP—so-called {coupled
respiration. A proportion is uncoupled, whereby
the proton gradient created by electron transfer
down the electron transport chain is dissipated, and
the _ [29]. The precise amount
of oxygen utilised by uncoupled respiration is
uncertain. Ex vivo studies in different rat tissues
suggests this proton leak varies from 15% in heart
to as high as 50% in skeletal muscle [29]. Whether
this increases in sepsis and other critical illness is
not yet established [30], although a recent study
showed an increase in uncoupling protein-1 in
white adipose tissue after human burn injury [31].

This may explain;, at least in part, [pyrexia, especially
@as'other mechanisms of heat production, such as

muscular activity and food breakdown, are Feduced
in a sick patient. However, two corollaries of
increased uncoupling are a reduction in ATP for
fuelling metabolism yet also a reduction in
mitochondrial membrane potential that may

ldecrease production of damaging ROS and thus
offer |protection [32, 33].

Circulating humoral factors likely play a role. Belikova
et al. [34] studied the impact of peripheral blood mono-
nuclear cells (PBMCS) incubated in healthy volunteer
plasma or plasma pooled form septic patients. While

overall 0Xygen consumption decreased by approximately
a [third, the proportion of Fespiration coupled to ATP
production fell from 897€6755%. Likewise, Boulos et al.
found septic plasma had a depressant effect on endothe-

lial cell oxygen consumption and ATP levels when incu-

bated ex vivo, and this could be [prévented by mitric
oxide synthase inhibition (35

The literature is, however, conflictéd when analysing the
presence of mitochondrial [dysfunction in critical illness,
especially with respect to animal models [36]. This dispar-
ity does not consider the impact of time or illness severity,
nor inter-organ or inter-species differences. Short-term
models often fail to show an effect, or even demonstrate
increased activity, reflecting the feed to use better repre-|
sentative models of the human condition [37].
It is feasible that the above changes represent an adap-
{tive response to prolonged stress. The kidney is a useful
exemplar organ to argue this case. Acute Kidney [injury
and failure are COmmonplace in critical illness yet acute
in both §eptic pa-
tients and animal models [38]. Indeed, awareness of this
marked Jhistological normality has been réported for crit-
ical illness in general foF [60years [39]. Forty years ago,
Thurau and Boylan [40] argued that acute renal failure
epresciited Aeite Fenal SHEcess; most of the §OHKIORA of
the kidney relates to féabsorption of approximately 98%
Sparing an [ischaemic and/or

stressed kidney with this t task

heavily energy-dependen
of reabsorbing large volumes of [salff and Water is thus a
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logical means of offering protection. Short-term shut-
down translates into an ability to recover function in
those who survive their critical illness.

There are many [biological equivalents (torpor, dor-
mancy, aestivation, |hibernation) where metabolism
switches off within hours in the face of an extreme and
prolonged stress such as cold, heat, food shortage or

drought. An approximate _
Imetabolic rate is considered due to active metabolic sup-
[pression, with the remainder related to thermal
effects as core femperature [falls [41]. The [dormouse can
[dropl its core temperature to ambient and its metabelic
Fate By190% within 3 h [42]. Mifochondiial Fespifation is
lsuppressed and this occurs quickly during entrance into
torpor when body temperature is still high. The rapidity
of this response may reflect epigenetic modifications of
mitochondrial electron transport chain complex activity,
e.g. by phosphorylation or acetylation.

Another potential mechanism of metabolic suppres-

sion in §gE may relate to [EBHGRONMGAOAEI
@ctivity through increased production of the endogenous
carbon monoxide and hydrogen

gasesilfies 6%ide

sulphide. This production can happen rapidly, within
minutes to hours. We reported rapid falls in core
temperature in septic mice given a faecal peritonitis in-
sult, especially in eventual non-survivors [43]. Within
6 h the core temperature had fallen by 8°C. [OXygen

Conversely, in septic rats, temperature and oxygen con-
sumption were initially maintained, although a pre-
terminal fall in oxygen consumption was routinely seen
commencing 6-8 h before death. It is conceivable that
the maintained oxygen consumption in rats as well as
humans is reprioritised towards heat production in
sepsis, generating pyrexia but at the expense of fuelling

normal processes. Of note, Hisfologiéal and biochemical

been described in septic mouse myocardium [44].
IMyocardial hibernation is well recognized in humans in
ischaemic hearts where persisting liypoperfusion results
in decreased myocardial contractility to match substrate
supply, but which fécovers on reperfusion. The parallels
between fhibérnation-like states in @animals with critical
illness in humans are striking and potentially translatable

[45]. The underlying mechanisms are not necessarily du-
plicated as evolutionary pressures may have determined
upregulation of different pathways. However, as

Boutillier commented, _
oxia and hypothermia) lies in an inherent ability to
downregulate cellular metabolic rate to new hypometa-
in a way that balances the ATP de-
mand and ATP - pathways” [46]. A major
challenge in patient management is to recognize when
our efforts to intervene, which are often predicated on

Page 72 of 73

of and bio-

chemical values, are to the -
{tempts to adapt and, ultimately, injurious.

Reécovery from organ dysfunction is [preceded by
evidence of [increased [biogenesis in both
long-term animal models [26] and patients [27]. This may
simply be epiphenomenal; interventional studies demon-
strating improved survival rates or faster resolution of
organ failure through stimulation of biogenesis are still

lacking. Nevertheless, Fecovery in human [epsis and
trauma is associated with marked [incréases in jmetabolic
Irate as the body switches back to anabolism and repair
processes [9, 11]. A -leading to a persist-

ent inflammation, immunosuppression and catabolism
syndrome (-) [47]—may potentially be caused by an
ongoing

In conclusion, while pathways leading to inflammation
and immune activation/suppression have been extensively

studied in sepsi, SN
O RAGWACcmtantil i
dence strongly points to a metabolic shutdown triggered

by a and/or cellu-
lar reprioritisation of energy utilisation. Targeted modula-
tion of these processes has yet to show improved
outcomes but the concept is appealing [12, 45]. Neverthe-

less, ftiming is likely to be [critical as the body may object
to RO i N |

Acknowledgements
None.

Funding

Research awards from MRC, Wellcome Trust, UK National Institute of Health.
Research (NIHR) and European Union. Industry-related grants from Apollo
Therapeutics. Publication of this supplement was supported by Fresenius Kabi.

Availability of data and materials
Not applicable.

About this supplement

This article has been published as part of Critical Care Volume 21
Supplement 3, 2017: Future of Critical Care Medicine (FCCM) 2016. The full
contents of the supplement are available online at https.//
ccforum.biomedcentral.com/articles/supplements/volume-21-supplement-3.

Authors’ contributions
Singer wrote the article unaided.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declares that he/she has no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://ccforum.biomedcentral.com/articles/supplements/volume-21-supplement-3
https://ccforum.biomedcentral.com/articles/supplements/volume-21-supplement-3
John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Singer Critical Care 2017, 21(Suppl 3):309

Published: 28 December 2017

References

1.

20.

21.

22.

23.

24.

25.

26.

Abraham E, Singer M. Mechanisms of sepsis-induced organ dysfunction. Crit
Care Med. 2007,;35:2408-16.

Angus DC, van der Poll T. Severe sepsis and septic shock. N Engl J Med.
2013;369:840-51.

Boekstegers P, Weidenhofer S, Pilz G, Werdan K. Peripheral oxygen
availability within skeletal muscle in sepsis and septic shock: comparison to
limited infection and cardiogenic shock. Infection. 1991;19:317-23.

Noble JS, MacKirdy FN, Donaldson SI, Howie JC. Renal and respiratory failure
in Scottish ICUs. Anaesthesia. 2001;56:124-9.

Rosser DM, Stidwill RP, Jacobson D, Singer M. Cardiorespiratory and tissue
oxygen dose response to rat endotoxemia. Am J Physiol. 1996,271:H891-5.
Sair M, Etherington PJ, Winlove CP, Evans TW. Tissue oxygenation and
perfusion in patients with systemic sepsis. Crit Care Med. 2001;29:1343-9.
Dyson A, Rudiger A, Singer M. Temporal changes in tissue cardiorespiratory
function during faecal peritonitis. Intensive Care Med. 2011;37:1192-200.
Kreymann G, Grosser S, Buggisch P, Gottschall C, Matthaei S, Greten H.
Oxygen consumption and resting metabolic rate in sepsis, sepsis syndrome,
and septic shock. Crit Care Med. 1993;21:1012-9.

Zauner C, Schuster Bl, Schneeweiss B. Similar metabolic responses to
standardized total parenteral nutrition of septic and nonseptic critically ill
patients. Am J Clin Nutr. 2001;74:265-70.

Uehara M, Plank LD, Hill GL. Components of energy expenditure in patients
with severe sepsis and major trauma: a basis for clinical care. Crit Care Med.
1999,27:1295-302.

Singer M, De Santis V, Vitale D, Jeffcoate W. Multiorgan failure is an
adaptive, endocrine-mediated, metabolic response to overwhelming
systemic inflammation. Lancet. 2004;364:545-8.

Buttgereit F, Brand MD. A hierarchy of ATP-consuming processes in
mammalian cells. Biochem J. 1995;312:163-7.

Lee |, Hittemann M. Energy crisis: the role of oxidative phosphorylation in
acute inflammation and sepsis. Biochem et Biophys Acta. 2014;1842:1579-86.
Quoilin C, Mouithys-Mickalad A, Lécart S, Fontaine-Aupart MP, Hoebeke M.
Evidence of oxidative stress and mitochondrial respiratory chain dysfunction
in an in vitro model of sepsis-induced kidney injury. BBA-Bioenergetics.
2014;1837:1790-800.

Cooper CE, Giulivi C. Nitric oxide regulation of mitochondrial oxygen
consumption Il: Molecular mechanism and tissue physiology. Am J Physiol
Cell Physiol. 2007;292:C1993-2003.

Brealey D, Brand M, Hargreaves |, Heales S, Land J, Smolenski R, et al.
Association between mitochondrial dysfunction and severity and outcome
of septic shock. Lancet. 2002;360:219-23.

LGnemann JD, Buttgereit F, Tripmacher R, Baerwald CG, Burmester GR, Krause
A. Norepinephrine inhibits energy metabolism of human peripheral blood
mononuclear cells via adrenergic receptors. Biosci Rep. 2001,21:627-35.
Stevanato R, Momo F, Marian M, Rigobello MP, Bindoli A, Bragadin M, et al.
Effects of nitrosopropofol on mitochondrial energy-converting system.
Biochem Pharmacol. 2002;64:1133-8.

Frost M, Wang Q, Moncada S, Singer M. Hypoxia accelerates nitric oxide-
dependent inhibition of mitochondrial complex | in activated macrophages.
Am J Physiol Regul Integr Comp Physiol. 2005;288:394-400.

Harper ME, Seifert EL. Thyroid hormone effects on mitochondrial energetics.
Thyroid. 2008;18:145-56.

Lanni A, Moreno M, Goglia F. Mitochondrial actions of thyroid hormone.
Compr Physiol. 2016;6:1591-607.

Boelen A, Kwakkel J, Fliers E. Beyond low plasma T3: local thyroid hormone
metabolism during inflammation and infection. Endocr Rev. 2011,32:670-93.
Calvano SE, Xiao W, Richards DR, Felciano RM, Baker HV, Cho RJ, et al. A
network-based analysis of systemic inflammation in humans. Nature. 2005;
437:1032-7.

Haden DW, Suliman HB, Carraway MS, Welty-Wolf KE, Ali AS, Shitara H, et al.
Mitochondrial biogenesis restores oxidative metabolism during
Staphylococcus aureus sepsis. Am J Respir Crit Care Med. 2007;176:768-77.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

Page 73 of 73

Carré JE, Orban J-C, Re L, Felsmann K, Iffert W, Bauer M, et al. Survival in
critical illness is associated with early activation of mitochondrial biogenesis.
Am J Respir Crit Care Med. 2010;182:745-51.

Barnhill AE, Brewer MT, Carlson SA. Adverse effects of antimicrobials via
predictable or idiosyncratic inhibition of host mitochondrial components.
Antimicrob Agents Chemother. 2012;56:4046-51.

Porter C, Tompkins RG, Finnerty CC, Sidossis LS, Suman OE, Herndon DN.
The metabolic stress response to burn trauma: current understanding and
therapies. Lancet. 2016;388:1417-26.

Sidossis LS, Porter C, Saraf MK, Barsheim E, Radhakrishnan RS, Chao T, et al.
Browning of subcutaneous white adipose tissue in humans after severe
adrenergic stress. Cell Metab. 2015,22:219-27.

Echtay KS, Roussel D, St-Pierre J, Jekabsons MB, Cadenas S, Stuart JA, et al.
Superoxide activates mitochondrial uncoupling proteins. Nature. 2002;415:96-9.
Sanderson TH, Reynolds CA, Kumar R, Przyklenk K, Hittemann M. Molecular
mechanisms of ischemia-reperfusion injury in brain: pivotal role of the
mitochondrial membrane potential in reactive oxygen species generation.
Mol Neurobiol. 2013;47:9-23.

Belikova |, Lukaszewicz A, Faivre V, Damoisel C, Singer M, Payen D. Oxygen
consumption of human peripheral blood mononuclear cells in severe
human sepsis. Crit Care Med. 2007;35:2702-8.

Boulos M, Astiz ME, Barua RS, Osman M. Impaired mitochondrial function
induced by serum from septic shock patients is attenuated by inhibition of nitric
oxide synthase and poly(ADP-ribose) synthase. Crit Care Med. 2003;31:353-8.
Jeger V, Djafarzadeh S, Jakob SM, Takala J. Mitochondrial function in sepsis.
Eur J Clin Invest. 2013;43(5):532-42.

Dyson A, Singer M. Animal models of sepsis: why does preclinical efficacy
fail to translate to the clinical setting? Crit Care Med. 2009;37(1 Suppl):S30-7.
Langenberg C, Bagshaw SM, May CN, Bellomo R. The histopathology of
septic acute kidney injury: a systematic review. Crit Care. 2008;12:R38.

Brun C, Munck O. Lesions of the kidney in acute renal failure following
shock. Lancet. 1957;272:603-7.

Thurau K, Boylan JW. Acute renal success. The unexpected logic of oliguria
in acute renal failure. Am J Med. 1976;61:308-15.

Elvert R, Heldmaier G. Cardiorespiratory and metabolic reactions during
entrance into torpor in dormice, Glis glis. J Exp Biol. 2005,208:1373-83.
Zolfaghari PJ, Bollen Pinto B, Dyson SA, Singer M. The metabolic phenotype
of rodent sepsis: cause for concern? Intensive Care Med Exp. 2013;1:6.

Levy RJ, Piel DA, Acton PD, Zhou R, Ferrari VA, Karp JS, et al. Evidence of
myocardial hibernation in the septic heart. Crit Care Med. 2005; 33:2752-6.
Quinones QJ, Ma Q, Zhang Z, Barnes BM, Podgoreanu MV. Organ protective
mechanisms common to extremes of physiology: a window through
hibernation biology. Integ Comp Biol. 2014;54:497-515.

Boutilier RG. Mechanisms of cell survival in hypoxia and hypothermia. J Exp
Biol. 2001,204:3171-81.

Gentile LF, Cuenca AG, Efron PA, Ang D, Bihorac A, McKinley BA, et al.
Persistent inflammation and immunosuppression: a common syndrome and
new horizon for surgical intensive care. J Trauma. 2012;72:1491-501.


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



	Abstract
	Background
	Funding
	Availability of data and materials
	About this supplement
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

