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   Foreword   

   Life is like riding a bicycle. To keep your balance, you must keep moving. 

Albert Einstein 

   All living organisms share common biological characteristics, developed over hun-
dreds of millions of years, which have allowed them to adapt and survive since the 
beginning of life on earth. This is particularly true for human beings, so weak and 
frail before the occurrence of organized civilizations. The importance of effective 
adaptation abilities was recognized very long ago by the Chinese and Greek physi-
cians, although it was not before the nineteenth and twentieth centuries that the real 
importance of the stress response with its complex multisystem mechanisms was 
discovered. Claude Bernard recognized the importance of a constant  milieu intéri-
eur , insuring the function of body cells in a changing environment via adaptive 
mechanisms in the vital organs. Later, Walther Cannon developed further the con-
cept of  homeostasis , leading in case of failure of the homeostatic mechanisms to 
disequilibrium and illness. 

 In 1936, Hans Selye published the historical Letter to the Editor of Nature, “A 
syndrome produced by diverse nocuous agents,” describing stress as the consequence 
of an inadequate response to harmful physical and psychological agents. The stress 
response was originally believed to be mainly related to the neuroendocrine system 
activation, but Selye later realized that nearly all systems were involved and the 
concept of a multisystem general response was developed. 

 Although the clinical relevance of such adaptive mechanisms in trauma and 
acute conditions was long recognized, their long-term effects on the mood and 
behavior were not acknowledged before the second part of the twentieth century: 
the post-traumatic stress disorder was only included in 1980 in the third edition of 
the DSM of the American Psychiatric Association. This underlines the central role 
of the brain in the response to stress, as a regulation but also as a target organ, when 
its vulnerability to emotional and psychological challenges, exceeds its resilience 
capacity and induces undesirable emotional and behavioral symptoms. 
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 In the fi eld of stress response, the critical care environment is unique, since it 
gathers individuals with different kinds of stress: patients with life-threatening 
conditions, health-care professionals, mainly physicians and nurses, as well as 
family members. In the early phase of critical illness, the patients are submitted to 
acute challenges such as hemorrhage, ischemia, hypoxia, sepsis and pain, as well as 
psychological or emotional threats. The initial adaptation to the critical illness is 
mainly related to the multiple autonomic, endocrine, tissue, and immune mediators; 
it promotes survival and recovery. However, when the critical illness is prolonged, 
inadequate regulation of this response may occur, inducing damaging effects, such 
as depressed immunity, metabolic dysfunctions, and malnutrition. At longer term, 
patients with prolonged or complicated stay are at risk to develop post-traumatic 
stress disorder, mainly characterized by psychological, emotional, and behavioral 
symptoms. 

 The family is submitted to intense psycho-emotional stress, leading to adverse 
psychological responses, the so-called post-intensive care syndrome-family. The 
latter is mainly characterized by insomnia, anxiety, depressive symptoms, inability 
to perform the grief, and diffi culty or inability to work. Surprisingly, the clinical 
importance of post-intensive care syndrome-family was only discovered about 
20 year ago, despite quite a high prevalence: about a third of family members are 
affected by PTSD symptoms in both pediatric and adult ICUs. The process of 
decision making involving families and proxies plays a critical role, particularly the 
methods of communication and inclusion. Various strategies of communication 
with family members have shown to be associated with decreased anxiety, improved 
resilience, and coping. 

 In addition to emotional, psychological stress, the health-care givers are 
submitted to work-related stress, promoting burnout symptoms, as emotional and 
physical exhaustion, inability to work, depersonalization, and depression. The 
prevalence of PTSD in ICU nurses is particularly high, due to the daily contact with 
suffering, uncertainty of therapy, and death. This is also the case of health-care 
professionals working in emergency and mental health care, which in addition are 
often submitted to violence and physical assaults. The occurrence and severity of 
work-related stress is affected by several factors, the type, nature, and severity of the 
stressor, the presence of a team support, and the quality of professional training, as 
well as by individual factors, such as the individual personality, mental health, and 
social-family support. 

 The publication of  The Stress Response of Critical Illness: Metabolic and 
Hormonal Aspects  by Jean-Charles Preiser and more than 20 top-level scientists 
must be highlighted, since it constitutes a remarkable high level and original 
contribution. This book comes at a right stage, as a large body of recent information 
has brought new insights on the metabolic and endocrine aspects of the stress 
response during the last decade, such as the corticoadrenal response in sepsis, the 
regulation of blood glucose, and substrate metabolism in the settings of critical care.  

 Lausanne, Switzerland    René     Chioléro    

Foreword
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    Chapter 1   
 Introduction                     

       Jean-Charles     Preiser     

        The important thing in science is not so much to obtain new facts as to discover new ways 
of thinking about them. William Henry Bragg 

   One of the most challenging tasks on earth is to bring people together and to 
build bridges to promote the cross-fertilization of knowledge! 

 In the fi eld of care of the critically ill, this statement can be translated into the 
integration of new discoveries or major advances in the understanding of physiol-
ogy into unbiased evaluations of new therapeutic strategies adapted from novel 
experimental fi ndings. Conversely, basic science should be open to clinical data and 
able to understand and to integrate clinical concerns into research questions. This 
book aims to bridge the new knowledge gathered in experimental research with new 
clinical results. 

 Historically, the  “stress response”  was quoted by the Canadian physiologist 
Hans Selye, who discovered the mechanisms of the “fl y or fi ght response” designed 
to restore the homeostasis needed for an independent life, as described by Claude 
Bernard. Some of the basic and adaptive mechanisms were preserved over the evo-
lution, in keeping with the Darwinian theory of evolution. 

 Now, the changes and improvements in the practice of medicine allow patients to 
survive critical illness, allow surgeons to perform risky interventions, allow anes-
thesiologists to sedate very weak patients, etc. The support of the vital functions 
prolongs the lifespan of a critically ill thanks to improvements in pharmacological 
agents, in the technology of ventilators, renal replacement therapies, and extracor-
poreal membrane oxygenators. However, the metabolic and functional conse-
quences of the critical illness can last weeks or months, representing a major burden 
for the society and cannot be supported by any dedicated device. Only a few drugs 

        J.-C.   Preiser ,  MD, PhD      
  Department of Intensive Care ,  Erasme University Hospital, Université Libre de Bruxelles , 
  808 route de Lennik ,  Brussels   1070 ,  Belgium   
 e-mail: Jean-Charles.Preiser@erasme.ulb.ac.be  
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and nutritional formulas can slightly infl uence metabolism. Therefore, a detailed 
knowledge of the intimate mechanisms of the stress response is warranted to help 
clinicians to support the adaptive and desirable metabolic responses while trying to 
minimize the maladaptive ones. 

 In this book, several world-leading experts accepted to share their knowledge 
and to summarize the current understanding of the metabolic response to stress, 
including the cellular and subcellular mechanisms, the use of macro- and micronu-
trient as energy substrates during catabolism or anabolic resistance typically associ-
ated with critical illness. The roles and patterns of endocrine mediators will be 
discussed in detail. The fi nal section will address diffi cult clinical situations, as 
examples of how the new fi ndings can be translated into daily practice. 

 Specifi cally, in the fi rst section, the bioenergetics of the stress response has been 
revisited in detail by C Faisy, using the concept of stress as a challenge to the equi-
librium at each level of the body. The successive phases of the metabolic response 
to stress were being reviewed in a temporal and clinically relevant sequence. Novel 
insights as hibernation and mitochondrial mechanisms of adaptation have been 
updated by J Grip, N Tardif, and O Rooyackers, while the development of anabolic 
resistance has been reviewed by JP Thissen. The ensuing alterations in the use of 
lipids, carbohydrates, and protein metabolism were updated by Ph Calder, P Singer, 
L Tappy, A Norberg, F Liebau, and J Wernerman, whereas the current roles of 
micronutrients have been reviewed by MM Berger. A Thooft, R Machado, and 
myself summarized the related issue of stress hyperglycemia. 

 In Part 2, the current understanding of the functional changes of hormonal sys-
tems has been described by L Langouche and G Van den Berghe for the thyroid axis 
and P Marik for the adrenal system. The roles and relevance of new important endo-
crine mediators, the enterohormones released from the gastrointestinal tract, and the 
adipokines released from fat tissue have been reviewed by M Plummer, A Reintam, 
A Deane, K Robinson, J Prins, and B Venkatesh. 

 In Part 3, the clinical views and attitudes in situations accompanied by challeng-
ing metabolic alterations have been addressed. The issue of severe undernutrition 
was revisited by P Singer and J Cohen; the specifi cities of traumatic brain injury by 
H Quintard, C Ichai, and JF Payen; the particular aspects of sepsis and organ fail-
ures by V Fraipont and myself; morbid obesity by M Coeffi er and F Tamion; and the 
issues related to burn injury by A Abdullahi, D Patsouris, SR. Costford, and MG 
Jeschke. 

 I would like to thank wholeheartedly each one of the authors who brought his 
own contribution and his personal stone to the huge enterprise of understanding the 
metabolic response to stress, an indispensable step to improve the quality of care 
and the quality of the lives of the survivors of critical illness.   

J.-C. Preiser



       

   Part I 
   Metabolic Changes 
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    Chapter 2   
 Successive Phases of the Metabolic Response 
to Stress                     

       Jean-Charles     Preiser      ,     Carole     Ichai     , and     A.  B.     Johan     Groeneveld    

    Abstract     The metabolic response to stress have been selected as an adaptive 
response to survive critical illness. Several mechanisms well preserved over the 
evolution, including the stimulation of the sympathetic nervous system, the release 
of pituitary hormones, a peripheral resistance to the effects of these and other ana-
bolic factors are triggered to increase the provision of energy substrates to the vital 
tissues. After an acute insult, alternative substrates are used as a result of the loss of 
control of energy substrate utilization. The clinical consequences of the metabolic 
response to stress include sequential changes in energy expenditure, stress hyper-
glycemia, changes in body composition, psychological and behavioral problems. 
The loss of muscle proteins and function is a major long-term consequence of stress 
metabolism. Specifi c therapeutic interventions, including hormone supplementa-
tion, enhanced protein intake and early mobilization are investigated.   

2.1      Introduction 

 The understanding and knowledge of metabolic response to critical illness has dra-
matically changed during the last decade, following several important discoveries in 
line with the fi ndings of pioneering scientists of the nineteenth and twentieth 

        J.-C.   Preiser ,  MD, PhD      (*) 
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century. In his theory of the evolution, Charles Darwin reported that “It is not the 
strongest or the most intelligent that survives. It is the most adaptable to change.” 
This statement is particularly relevant after any life-threatening injury triggering a 
“critical illness,” when survival in a hostile environment strongly relies on the abil-
ity to mount an appropriate adaptive response. In terms of the metabolic response to 
stress, the principle of homeostasis of Claude Bernard (“The constancy of the 
internal environment is the condition for a free and independent life”) is highly 
relevant to the critically ill whose homeostasis must be restored as rapidly as 
possible to survive the injury. The mechanisms allowing the maintenance of 
homeostasis, vital functions, and ultimately survival in a hostile environment have 
been unraveled by Hans Selye, who described the “fi ght or fl ight” response, “a 
nonspecifi c response to a wide variety of stimuli.” Sir David Cuthbertson described 
several phases of the metabolic response over time, including the ebb phase and the 
fl ow phase. A third sequence, the chronic phase, preceding recovery, was more 
recently suggested and is probably relevant to the post-injury phase frequently 
encountered in modern intensive care [ 1 ,  2 ]. The mechanisms of these successive 
adaptive changes mounted to survive a stress are increasingly understood and are 
now gathered into a general theory.  

2.2     Pathophysiological Mechanisms 

 The metabolic response to stress involves a neuroendocrine and an infl ammatory/
immune component. Recent data suggest that hormones released from the adipose 
tissue and from the gastrointestinal tract can play an important role as well (Fig.  2.1 ).

   The neuroendocrine component is triggered in a region located near the 
hypothalamus, paraventricular nucleus/locus coeruleus. When a stressor is detected 
and signaled to the central nervous system, a prototypical response will be triggered, 
resulting in the activation of the sympathetic nervous system (SNS), the 
hypothalamic-pituitary axis, and later by behavioral changes. Many different 
stressors can be sensed and transmitted; for instance, a peripheral tissular injury 
induced by a trauma will activate afferent nerves, hypoxemia or hypercapnia will 
trigger chemoreceptors, hypovolemia will activate baroreceptors, and infl ammatory 
mediators will change the phenotype of microglial cells. 

 The SNS is involved in the fast control of most of the body’s internal organs, via 
the activation of adrenergic receptors. After any stress, an immediate release of 
norepinephrine occurs from the postganglionic neuron in response to the stimula-
tion of its nicotinic receptors by acetylcholine released from the preganglionic neu-
rons [ 3 ]. The adrenal medulla is a functional sympathetic ganglion, where chromaffi n 
cells release norepinephrine and epinephrine into the bloodstream upon stimulation 
by the preganglionic neuron. 

 The activation of the hypothalamus-pituitary axis results in the release of adreno-
corticotropic hormone, thyroid-stimulating hormone, growth hormone, and follicle-
stimulating and follicle-luteinizing hormones by the anterior pituitary gland. The 
circulating levels of hormones released from peripheral glands in response to these 

J.-C. Preiser et al.
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pituitary factors are decreased, with the notable exception of cortisol. Peripheral inac-
tivation of the active hormones is the likely mechanism [ 2 ], while recently reported 
alterations in the cortisol breakdown [ 4 ] could account for its increased concentration. 
During the chronic phase, the plasma levels of both pituitary factors and peripheral 
hormones are lowered, while a peripheral resistance to the effects of growth hormone, 
insulin, thyroid hormone, and cortisol persists. These hormonal alterations profoundly 
and sequentially affect the energy, protein, and fat metabolism. The metabolic response 
to stress thus depends on the time lag after the initial insult. 

 In addition to these well-characterized pathways, adipokines released from the 
different cell types of the fat tissue, including leptin, resistin, and adiponectin, are 
currently being investigated as potential contributors to the metabolic changes 
related to sepsis [ 5 – 8 ]. The role played by hormones released from the gut is also 
under scrutiny. Recent data reviewed by Deane et al. [ 9 ] indicate that the circulating 
levels of ghrelin are mostly decreased, while the levels of cholecystokinin and 
peptide YY are increased [ 10 ,  11 ]. These changes have been related to anorexia, a 
common feature of the behavioral adaptation to stress. Of note, the metabolic 
changes associated with adipokines and with the gastrointestinal hormones vary 
according to the clinical circumstances. The elucidation of the metabolic roles of 
these hormones requires more clinical research. 

 The infl ammatory component is partially regulated at the level of the central 
nervous system, via cytokines and infl ammatory mediators. The immune response 
of the host to an infection comprises an innate and a specifi c immune response. This 
latter response is subdivided into cell-mediated and humoral components, including 
antibodies and cytokines. These cytokines can impair some of the body’s physiolog-
ical functions. For example, tumor necrosis factor (TNF), interleukin (IL)-1, and 
IL-6 play pivotal roles in the metabolic changes associated with sepsis. In addition 
to typical clinical signs of sepsis (fever, lethargy), these cytokines also induce 
weight loss and increase proteolysis and lipolysis. In addition, these cytokines trig-
ger anorexia at the hypothalamic level. Several other metabolic effects are indirectly 
exerted by cytokines via the activation of other cells [ 12 ,  13 ]. 

 The fi nal common pathway of the metabolic response to stress implies the 
development of a resistance to anabolic signals, including insulin, in order to reset 
the hierarchy of the delivery of energy substrates to prioritize vital tissues over the 
insulin-dependent organs, mainly fat and muscle [ 14 ,  15 ]. Therefore, insulin resis-
tance is considered as an adaptive mechanism designed to provide enough glucose 
to the vital organs, unable to use other energy substrates in stress conditions [ 16 , 
 17 ], which results in the inability to suppress central hepatic glucose production 
[ 14 ,  18 ] and to a decrease of insulin-mediated glucose uptake in the periphery. 
Insulin resistance is mediated through the reduction of post-receptor insulin sig-
naling defects and downregulation of glucose transporter (GLUT)-4, especially in 
skeletal muscle. Moreover, impaired nonoxidative glucose disposal results from a 
reduction in skeletal muscle glycogen synthesis. Despite decreased insulin-medi-
ated glucose uptake, there is an early increase in whole-body glucose uptake, pri-
marily a result of cytokine-mediated upregulation of GLUT-1 [ 18 ]. 

 The complexity of the metabolic response is further enhanced by the currently 
increasing prevalence of obesity and the (type of) metabolic and nutritional support 

J.-C. Preiser et al.
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that is given and may either attenuate or aggravate some of the metabolic responses 
to stress. The latter depends, among others, on the level of feeding – under- and 
overnutrition – as well as, indirectly, the level of infl ammation that is either evoked 
or attenuated by nutrition. Also preoperative fasting is a metabolic stress, and losses 
of energy and proteins following bleeding, hemofi ltration, gastrointestinal dysfunc-
tion, and others may further compound the metabolic response to stress [ 19 ]. Some 
of the hormones released early from endocrine glands such as (nor)epinephrine, 
cortisol, thyroid hormone, and glucagon are clearly associated with hypermetabo-
lism aimed at survival, whereas the later changes, with impaired production and/or 
increased resistance, are more likely adaptive and aimed at a long-term protection 
of the organism. The latter may, theoretically, be associated with mitochondrial 
changes, some type of hibernation, and a shutdown of excessive organ function and 
may thereby, together with an infl ammatory response, herald development of mul-
tiple organ dysfunction syndrome [ 19 ]. Some of these chronic hormonal changes 
may, however, be regarded as maladaptive when contributing to ultimate mortality 
by increasing organ dysfunction, immunodepression, and wasting [ 20 – 25 ].  

2.3     Clinical Consequences 

 The clinical consequences of the metabolic response to stress include several 
different aspects, from changes in resting energy expenditure, use of macronutrients 
as sources of energy, stress hyperglycemia, and changes in body composition to 
behavioral changes (Table  2.1  and Fig.  2.2 ).

2.3.1        Energy Expenditure (EE) 

 Traditionally, the EE is thought to be lower during the fi rst ebb phase described by 
Cuthbertson. During the later fl ow phase, EE is considered to be higher than the EE 
predicted for a matched healthy subject [ 26 – 28 ]. During the third chronic phase of 
critical illness, EE decreases slightly. Kreymann et al. serially measured EE in 
patients with sepsis and septic shock and found lower values during severe sepsis 

   Table 2.1    Typical patterns of metabolic changes   

 Usual patterns of change 

 Energy expenditure  Decrease (ebb phase or early phase) followed by increase (fl ow 
phase or late and recovery phases) 

 Use of energy substrates  Increased oxidation of carbohydrates, more than lipids/proteins 
 Use of alternative substrates (lactate) 

 Stress hyperglycemia  Systematic 
 Changes in body 
composition 

 Decreased active cell mass 
 Decreased fat-free mass, increased or unchanged fat mass 

 Behavior  Lethargy, anorexia 

2 Successive Phases of the Metabolic Response to Stress
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[ 29 ]. Due to these temporal changes, the actual EE is extremely diffi cult to predict 
during critical illness [ 30 ]. Indeed, EE is infl uenced of several physiological derange-
ments, such as fever of hypothermia, changes in heart rate, shivering, agitation, as 
well as by therapeutic interventions such as sedative agents, nonselective beta-block-
ers, and active cooling. The use of indirect calorimetry is the best way to assess EE, 
even though its use to guide the caloric prescription is debatable [ 31 – 34 ].  

2.3.2     Use of Energy Substrates 

 The metabolism of macronutrients is altered at several levels, including the digestive 
absorption, the intracellular intermediate metabolism, and the oxidation of substrates. 

 Facing the increased requirements, the oxidation of macronutrients is largely 
increased during critical illness, and the relative contribution and metabolism of each 
type of macronutrient is regulated by the circulating hormones (Table  2.2 ). Overall, the 
oxidation of carbohydrates is globally more increased than the oxidation of lipids and 
proteins [ 35 ]. Later on, decreased glucose utilization, increased fat turnover, and loss 
of muscle and visceral (organ) protein mass with wasting occur. A negative nitrogen 
balance – pointing to increased protein breakdown over protein synthesis – is the ulti-
mate result, even when reprioritization leads to an increased overall hepatic protein 
synthesis. Indeed, muscle may lose amino acids at the benefi t of the liver. These 
changes are hardly amenable to any fruitful intervention to improve protein synthesis, 
attenuate lipogenesis, and thereby conserve lean body mass needed for rehabilitation.

    Carbohydrates     Glucose is the preferential energy substrate during critical illness 
and will be able to yield 2 ATP after anaerobic glycolysis and 36 additional mole-
cules of ATP by the Krebs cycle when the mitochondrion is functional. At the 
whole-body level, changes in the metabolism of carbohydrates include the rapid 
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utilization of the glycogen stores, followed by a high level of endogenous glucose 
production from lactate, glycerol, and alanine in the liver, the kidney, and the intes-
tine [ 36 ,  37 ]. As the turnover of glucose is increased, plasma concentrations of 
glucose will rise, resulting in the typical stress hyperglycemia [ 18 ]. While nonoxi-
dative metabolism (e.g., glycogen synthesis) is impaired, oxidative glucose metabo-
lism is upregulated early [ 38 ]. Alterations in the digestion of dietary carbohydrates 
occur as well: once ingested, the long molecules of polysaccharides are cleaved into 
oligosaccharides (3–10 sugars) by the amylase enzymes. The resulting oligosac-
charides will be cleaved by enzymes of the intestinal brush border. The activity of 
one of these enzymes, lactase, can be inhibited in the critically ill, thereby reducing 
the absorption of enteral carbohydrates [ 39 ].  

  Use of lactate as an alternative substrate     Alteration of lactate metabolism is one 
of the prominent component of the metabolic stress response. Lactate is a physiolog-
ical substrate (carbohydrate) issued from pyruvate reduction during glycolysis. In 
stable conditions, lactate production and elimination are equivalent, i.e., 1200–
1500 mmol per day, leading to a stable blood lactate concentration of 0.8–1.2 mmol/L 
[ 40 ]. Most organs, except those without mitochondria, simultaneously release and 
take up lactate. As a result, the net fl ux of lactate depends on the difference between 
release and uptake and varies upon organs and their energetic condition [ 41 ]. In sta-
ble conditions, the brain, muscles, and digestive tract are producing lactate organs, 
whereas the liver is responsible for more than 70 % of lactate clearance. Lactatemia 
and lactate metabolism (turnover) are often confused. Lactatemia indicates an instan-
taneous equilibrium between total body lactate production and clearance. Accordingly, 
lactatemia can be in a normal value, while lactate turnover can be normal, high, or 
low, just indicating that there is an equilibrium between production and elimination.  

 Lactate, is a physiological intermediate energetic substrate. The Cori cycle (con-
version of lactate into glucose) confi rms the ability of lactate to serve as a very 
effi cient interorgan shuttle, allowing to provide fuel useable by organs in various 
stress conditions [ 42 ]. For instance, red blood cells not equipped with mitochondria 
produce ATP only  via  an anaerobic glycolysis leading to lactate production, the 
latter being further metabolized in glucose in the liver in the presence of oxygen. 
Growing data support that these exchanges are favored during stress condition and 
that lactate “per se” is at least a useful if not an obligatory substrate used by organs 

   Table 2.2    Use of substrates during the successive phases   

 Macronutrient  Anabolic  Catabolic 

 Carbohydrates  Insulin  Cortisol 
 Glucagon 
 Growth hormone 
 Catecholamines 

 Lipids  Insulin  Catecholamines 
 Proteins  Insulin 

 Growth hormone – IGF-1 
 Testosterone 
 Catecholamines 

 Cortisol 
 Glucagon 
 Catecholamines 

2 Successive Phases of the Metabolic Response to Stress
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and tissues during energetic crisis conditions and has been particularly demonstrated 
to fuel the heart and brain. 

 At rest, the heart consumes energy issued for 60–90 % from fatty acids ß-oxidation. 
But in case of hypoxia such as during myocardial ischemia, increased O 2  consumption, 
or decreased O 2  delivery, metabolic pathways shift toward a preferential use of carbo-
hydrate oxidation for ATP production [ 43 ]. The role of lactate as a myocardial fuel has 
been confi rmed experimentally during septic and hemorrhagic shocks [ 44 ,  45 ]. 

  Stress hyperglycemia     The etiology of hyperglycemia in type 2 diabetes is a com-
bination of insulin resistance and beta cell secretory defects [ 14 ,  18 ]. The develop-
ment of stress hyperglycemia involves a much more dramatic, complex interplay of 
counterregulatory hormones such as catecholamines, growth hormone, and cortisol, 
and cytokine resulting in excessive hepatic glucose production (from gluconeogen-
esis and glycogenolysis) and insulin resistance. Increased hepatic output of glucose, 
particularly through gluconeogenesis, appears to be the most important contributor 
to stress hyperglycemia (see Chap.   8     for further discussion).  

 Numerous association studies [ 46 ,  47 ] confi rm the presence of a U-shaped 
relationship between admission BG value and outcome, i.e., low and high BG are 
associated with poor outcome. An admission BG value of 5.5–6.1 mmol/L is 
associated with the lowest mortality rate. Similarly, high GV and low BG complexity 
are also associated with a worsened outcome. 

  Lipids     The use of lipids as energy substrate is relatively less increased than carbohy-
drates, during critical illness [ 35 ]. Indeed, the conversion of lipids into ATP requires 
large amounts oxygen and functional mitochondria. During critical illness, endoge-
nous triglycerides stored in the adipose tissue and exogenous triglycerides released 
from chylomicrons and other lipoproteins are avidly hydrolysed to release FFAs and 
glycerol into the bloodstream. In contrast to physiological conditions, this increased 
lipolysis cannot be effi ciently inhibited by infusion of carbohydrates. The oxidation of 
FFAs is increased in peripheral tissues, while in the liver they are converted to ketone 
bodies or re-esterifi ed to triglycerides and released into the bloodstream as very-low-
density lipoprotein (VLDL), which is subject to impaired clearance. However, the 
production of FFAs from exogenous and endogenous triglycerides still exceeds the 
utilization of FFAs, and plasma FFA levels are typically increased in critically ill 
patients. Overall, the metabolism of lipids is increased, although complete oxidation 
can only be achieved in tissues where mitochondria are functional.  

  Proteins     Under normal conditions, proteins are constantly broken down and replaced 
in a highly selective and closely balanced process. The majority of intracellular pro-
teins are degraded via activation of the ubiquitin-proteasome pathway. In a series of 
enzymatic reactions, ubiquitin forms a chain on a protein to be degraded. Once tagged, 
the protein is recognized by a proteasome. The protein unravels and is injected into the 
central core of the proteasome where it is broken down into peptides.  

 Stress metabolism is characterized by over-activation of the ubiquitin-protea-
some pathway that causes excessive protein degradation and muscle wasting. 
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Overall, the large increases in protein breakdown are partially balanced by increased 
protein synthesis (of infl ammatory mediators). The amino acids released during the 
degradation of proteins will be either reused (cf. alanine, glutamine) or oxidized and 
will provide waste products: urea and ammonium. The nitrogen balance will be 
negative, with a rate of breakdown largely exceeding the rate of synthesis. 
Consequently, the stores of proteins, i.e., the skeletal muscles, will be rapidly 
depleted. These losses are related to the large wastage of muscles, which is involved 
in ICU-acquired weakness [ 48 – 52 ]. This is one of the most devastating consequences 
of the metabolic response to stress. A major complaint of patients who had a 
prolonged stay in an ICU is weakness, even a considerable time after discharge. In 
a study by Herridge et al., survivors of an acute respiratory distress syndrome had 
persistent muscle wasting and weakness 5 years after discharge from the ICU [ 48 ]. 
Thus, it is essential to take muscle function into consideration when assessing and 
monitoring the nutritional status of ICU patients.  

2.3.3     Changes in Body Composition 

 The changes in body composition systematically found during critical illness 
include a loss of lean body mass and a relative preservation of the fat tissue [ 6 ]. As 
a result, body cell mass is typically decreased, while extracellular fl uid is increased. 
Recently, functional and morphological changes of the fat tissue have been 
identifi ed. These changes can be summarized as a preservation of the fat mass, with 
increased number of small adipocytes and increased infi ltration of the fat tissue by 
macrophages [ 53 ]. Functionally, these changes result in increased lipid storage.  

2.3.4     Psychosocial and Behavioral Problems 

 Long-term psychosocial and behavioral issues have been consistently reported in 
different cohorts of critically ill patients [ 54 ]. Some of these changes, such as 
prolonged catabolism, are clearly related to the metabolic response to critical illness. 
Behavioral changes, including anorexia, might be related to changes in the release 
of gastrointestinal hormones [ 10 ].   

2.4     Therapeutic Implications 

 Generally speaking, hormone repletion in the chronic phase by exogenous 
administration, even though attempted in the past on numerous occasions, has not 
been successful in attenuation morbidity and mortality of the critically ill, even 
though successful from a metabolic point of view [ 55 ]. For instance, growth or 
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thyroid hormone suppletion may have anabolic effects by increasing protein 
synthesis and ameliorating protein breakdown in the critically ill but may even 
increase morbidity and mortality because of other unwanted effects [ 56 – 59 ]. 
Although insulin may have some albeit controversial anabolic effects and may help, 
by overcoming resistance and glucose control, the patient-centered outcome effects 
are highly controversial. Recently, expert guidelines recommend to avoid severe 
hyperglycemia, although an universally acceptable high limit to titrate insulin 
therapy cannot be defi ned [ 60 – 62 ]. Sex steroid hormones are still explored to 
increase anabolism [ 63 ]. Intervening with intermediary metabolism by administering 
(pharmacologic quantities of) substrates, often together with other nutritional 
supplements seemed promising in the last decades, but recent evidence suggests 
that this may be less helpful. For instance, glutamine supplementation of nutrition 
improved immunologic, gut function and protein metabolism, and even patient- 
centered outcomes in prior studies, but recent, large studies demonstrate that this 
may be associated with worse rather than better vital outcomes [ 64 ]. This is not to 
say that adequate nutrition lacks suffi cient evidence in improving patient outcomes. 
Whatever route, quantities, or composition is chosen – these issues remain highly 
controversial – there is no doubt that prolonged starvation and resultant malnutrition 
in the critically ill substantially contribute to morbidity and mortality. The question, 
however, remains whether altered composition – branched chain amino acids, 
immunonutrition with L-arginine and glutamine, antioxidants, and others – is 
meaningfully contributing to altered utilization and metabolic processes, particularly 
in sepsis and trauma patients where metabolism is driven by underlying infl ammatory 
and host defense mechanisms rather than by exogenous supply. Then, metabolic or 
nutritional support may have some cosmetic effects, including normalization of 
altered plasma and tissue amino acid and protein levels, but without large effects on 
gluconeogenesis from protein breakdown, protein synthesis and lean body mass, 
and even in the presence of hyperinsulinemia. Early mobilization and the avoidance 
of prolonged sedation are other daily therapeutic measures that are likely to attenu-
ate catabolism. 

 Hence, other interventions include raising ambient temperature (to decrease 
energy-consuming heat production) and administering beta-blockers to attenuate 
sympathetic overstimulation, infl ammation, and protein breakdown and to improve 
organ and muscle function, particularly in burns and sepsis [ 65 ,  66 ]. The latter is 
still under investigation and certainly not uniformly and routinely accepted. Animal 
studies suggest that gut-derived ghrelin has anabolic properties, and studying its 
administration in critically ill patients has been proposed, since circulating levels 
have been found to be increased or lowered depending on the phase of disease.  

2.5     Conclusion 

 The metabolic response to stress is a complex combination of neurological, 
endocrine, immune, and infl ammatory mechanisms which lead to multiple functional 
changes in each tissue of the body. A better understanding of the physiology of this 
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response is needed when the progresses of intensive care medicine allow the survival 
of patients whose adaptive metabolic mechanisms are developing. Therapeutic 
interventions need to account for the complexity and sequential pattern of the meta-
bolic response to critical illness.     
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    Chapter 3   
 Bioenergetics of the Stress Response                     

       Christophe     Faisy     

    Abstract     Energy is a property of matter which obeys the two principles of thermo-
dynamics: energy conservation within a given system and the general trend toward 
a higher degree of disorder, i.e., the concept of entropy (diminution of the amount 
of energy available within a given system). Chemical reactions in biological and 
biomolecular systems are based on a succession of energy transmission provided by 
redox reactions involving the exchange of electrons between the oxidized and the 
reduced organic substrates. The major energy source of all cells in aerobic organ-
isms is adenosine triphosphate (ATP). Oxidation reactions in nutrients allow ATP 
synthesis by oxidative phosphorylation. The most common chemical reaction to 
produce energy in cells is the hydrolysis of ATP to ADP and inorganic phosphate. 
Before the formalization of the principles of thermodynamics, Antoine-Laurent de 
Lavoisier (1743–1794) has already anticipated the key principle of bioenergetics 
among living organisms: “Life is a slow combustion sustained by respiration. 
Animals are composed of fuel elements. The food replaces loss of substances aris-
ing from the combustion of matters present in the body.” Indeed, living systems are 
open systems drawing their energy from substrates like nutrients. This is why living 
organisms are fundamentally different from inert material: biochemical reactions 
lead to an increase in energy availability, i.e., negative entropy. What has perhaps 
best characterizes a living system is the negative entropy to allow a dynamic and 
unstable balance between this open system and its environment. See from this ther-
modynamic perspective, homeostasis (degree of organization of the organism) is 
only the consequence of the accumulation of negative entropy. It should be there-
fore possible to consider the frontier between life and dying processes by estimating 
negative entropy. This opens up new prospects in fi elds like critical care medicine.   
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3.1      Introduction 

 Energy is a property of matter which obeys the two principles of thermodynamics: 
energy conservation within a given system and the general trend toward a higher 
degree of disorder, i.e., the concept of entropy (diminution of the amount of energy 
available within a given system). Chemical reactions in biological and biomolecu-
lar systems are based on a succession of energy transmission provided by redox 
reactions involving the exchange of electrons between the oxidized and the reduced 
organic substrates. The major energy source of all cells in aerobic organisms is 
adenosine triphosphate (ATP). Oxidation reactions in nutrients allow ATP synthe-
sis by oxidative phosphorylation. The most common chemical reaction to produce 
energy in cells is the hydrolysis of ATP to ADP and inorganic phosphate. Before 
the formalization of the principles of thermodynamics, Antoine-Laurent de 
Lavoisier (1743–1794) has already anticipated the key principle of bioenergetics 
among living organisms: “Life is a slow combustion sustained by respiration. 
Animals are composed of fuel elements. The food replaces loss of substances aris-
ing from the combustion of matters present in the body.” Indeed, living systems are 
open systems drawing their energy from substrates like nutrients. This is why living 
organisms are fundamentally different from inert material: biochemical reactions 
lead to an increase in energy availability, i.e., negative entropy [ 26 ]. What has per-
haps best characterizes a living system is the negative entropy to allow a dynamic 
and unstable balance between this open system and its environment. See from this 
thermodynamic perspective, homeostasis (degree of organization of the organism) 
is only the consequence of the accumulation of negative entropy. It should be there-
fore possible to consider the frontier between life and dying processes by  estimating 
negative entropy. This opens up new prospects in fi elds like critical care medicine.  

3.2     Cellular and Molecular Aspects: Toward New Paradigms 

 The survival of living organisms depends on the interactions with their environ-
ment to which they must adapt. As an open system, living organisms must main-
tain three functions or functional complexes: Physical composition (homeostasis), 
form or size (heterostasis), and permanence or temporal evolution (teleostasis) [ 18 , 
 19 ,  21 ]. Homeostasis refers to the maintenance of the physicochemical character-
istics like ion concentration, temperature, or pH. It is therefore the functions of the 
metabolism. According to the duality of energy–matter, anabolism refers to the 
assimilation and transformation of nutrients in own structures, whereas catabolism 
is the degradation of such structures to produce the energy required for the physi-
ological functioning. The most important elements of metabolism are carbon, 
hydrogen, and oxygen, which represent the physical aspect of metabolism 
(Fig.  3.1 ). Indeed, these elements constitute carbohydrates and fats which are the 
major energy reserves (close to 100,000 kcal in healthy human). At the cell level, 
the metabolism ensuring homeostasis took place in the cytoplasm and is carried 
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out by redox reactions (Fig.  3.1 ). Pertinently, indirect calorimetry, the “gold stan-
dard” for the assessment of resting energy expenditure in critically ill patients, 
merely measures energy produced by metabolism (fi rst column in Fig.  3.1 ), but 
does not give direct information on the energy fl ows required to support the func-
tions of heterostasis and teleostasis. This point may explain why the balance 
between energy expenditure and energy intakes is very diffi cult to estimate; thereby 
the aim of reducing energy defi cit in critically ill patients cannot be achieved with 
the current methodology. All functions related to heterostasis (cross talk and envi-
ronment delimitation) are provided at the cell level by the membrane, especially its 
polarization. The element phosphorus from membrane phospholipids plays a cru-
cial role in the energy exchanges during polarization–depolarization processes. A 
typical example is the information transmission by nervous system. Teleostasis is 
the adaptation functions devoted to the evolution of living organisms, i.e., genetic 
and immunologic properties. At the cell level, this corresponds to the nuclear func-
tions (nucleic acids). At the organ level, this corresponds to the reticuloendothelial 
system (Fig.  3.1 ). According to Ilya Prigogine (1917–2003), the conditions of 

  Fig. 3.1    Systemic model of functional integration: the three main biological functions. The black 
rectangle in bold represents a dissipative structure, i.e., a system open to its environment and 
traversed by a fl ux of energy or matter, increasing information and negative entropy into the 
system. Living organisms are dissipative structures       
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evolution by self- organization of matter depend on the three fundamental proper-
ties of the model of “functional integration”: a complex structure, an environment 
providing energy, and an information integrating the system [ 21 ]. A dissipative 
system is a thermodynamically open system which is traversed by energy and mat-
ter fl ows. A portion of this energy is turned into information, i.e., it creates nega-
tive entropy [ 2 ,  26 ]. The dissipative systems self-organize in order to dissipate 
energy. From the thermodynamic perspective, determining the energy balance of 
critically ill patients would estimate the variation of a physical parameter corre-
sponding to a dissipative system.

3.3        Energy Needs in the Critically Ill 

 Despite limitations related to the determination of energy expenditure by the exclu-
sive estimation of energy from metabolism (see above), the current model used for 
establishing the global energy expenditure is the sum of the following components: 
Basal metabolism, thermic power of nutrients (digestion, absorption, and storage of 
carbohydrates, lipids, and proteins), thermoregulation, and physical activity [ 29 ]. 
Since the work of David Paton Cuthbertson (1900–1989) published in 1942, it is 
accepted that the metabolic response to stress in critically ill patients corresponds 
fi rstly to a hypometabolic “ebb” phase during the fi rst 24–48 h, followed by a hyper-
metabolic “fl ow” phase [ 5 ]. Nevertheless, it is likely that many patients were already 
in the “fl ow” phase by the time they were admitted to ICU, and the modern fl uid 
resuscitation would shorten the period of hypotension resulting in a short “ebb” 
phase [ 9 ,  30 ]. The magnitude and the duration of energy expenditure fl uctuations 
are highly variable and infl uenced by the underlying disease, body composition, 
medications, or therapeutic procedures (sedatives, analgesics, curare, catechol-
amines, cooling, physiotherapy, and nursing), dietary carbohydrate-to-lipid ratio, 
and genetic factors [ 1 ,  6 ,  15 ,  23 ,  28 ,  29 ,  32 ,  33 ]. Similarly, substantial adjustments 
occur during denutrition, leading to a reduction of energy expenditure. To that must 
be added the effect of mechanical ventilation on oxygen consumption [ 16 ]. All 
these factors make estimating resting energy expenditure very complex in the criti-
cally ill. Another critical point is the estimation of the energy cost of metabolic 
interconversion of substrates, such as gluconeogenesis, ketogenesis, lipogenesis, or 
lactate production (any situation where the respiratory quotient is outside the range 
0.7–1) [ 27 ]. For example, indirect calorimetry can only measure the total (or appar-
ent) but not the real oxidation rate of glucose ( Q  ox ):  Q  ox  (total) =  Q  ox  (real) +  Q  ox  
(lipogenesis) −  Q  ox  (gluconeogenesis). Interestingly, body cell mass, a component of 
the fat-free mass, is associated with oxygen consumption and resting energy expen-
diture [ 12 ,  13 ]. Body cell mass is altered by changes of nutritional status and the 
catabolic effects of disease. Therefore, development of clinical tools for evaluating 
body composition, especially body cell mass/weight ratio, could help demonstrate 
the relevance of the concept of energy balance by patients hospitalized in intensive 
care units (ICU) [ 8 ,  14 ,  25 ].  
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3.4     Energy Balance in the Critically Ill 

 Perturbations of the normal metabolic response to starvation with hyperglyce-
mia, high lactate level, hypertriglyceridemia, and high level of nonesterifi ed fatty 
acids due to insulin resistance characterize the hypermetabolic state of the criti-
cally injured patients [ 20 ,  22 ]. Energy defi cit results from a combination of 
hypermetabolism and reduced intake due to frequent interruptions in feedings 
because of gastrointestinal intolerance and diagnostic and therapeutic proce-
dures. In intubated and mechanically ventilated patients, the great variability of 
resting energy expenditure and nutrient delivery compared to prescription, partly 
due to frequent use of sedatives, analgesics, or vasoconstrictors, increases the 
risk of mismatch between energy requirements and intakes [ 9 ]. According to the 
current model used, energy balance corresponds to energy (calorie) really deliv-
ered minus resting energy expenditure. Total energy delivered must also take 
account of glucose infusions and propofol used for continuous sedation [ 29 ]. 
However, stored energy (adipose tissue, intramuscular triglycerides, and blood 
fatty acids or triglycerides) is ignored for the calculation of energy balance by 
using this method. From a thermodynamic point of view, it would be more appro-
priate to have a measurement tool integrating the overall energy dissipated by an 
individual patient.  

3.5     Energy Defi cit in the Critically Ill 

 Protein–energy malnutrition is commonly associated with impaired immune 
responses and affects the clinical course of some infections, such as pneumonia or 
bacteremia [ 3 ,  4 ,  24 ]. ICU patients are prone to develop early protein–energy defi -
cit. The latter is associated with a higher rate of nosocomial infections, longer ICU 
stays, and higher healthcare costs. Energy defi cit in ICU patients is mainly caused 
by reduced intake due to underprescribed calories and frequent feeding interrup-
tions because of gastrointestinal intolerance or diagnostic and/or therapeutic proce-
dures. Energy defi cit results in an early energy gap during the fi rst week of ICU stay, 
which is never overcome thereafter [ 31 ]. Cumulated energy defi cit buildup during 
the fi rst days of ICU stay appears to be an independent factor contributing to noso-
comial infections [ 7 ,  10 ]. In addition, a large negative energy balance was observed 
during prolonged acute mechanical ventilation in the most critically ill patients and 
might affect their ICU outcomes. However, randomized intervention studies limit-
ing energy defi cit by combining parenteral nutrition with insuffi cient enteral nutri-
tion have yielded confl icting results among ICU-acquired nosocomial infections 
[ 17 ]. Indeed, limiting early energy defi cit in ICU patients might be reserved for 
those that are in a situation of chronic critical illness, i.e., patients with prolonged 
acute mechanical ventilation and severe energy defi cits are likely to benefi t most 
from preventive measures [ 7 ,  10 ].  
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3.6     A Dissipative System: Body Cell Mass 

 A dissipative system is a physical (inert or living) structure open to its environment 
and traversed by a fl ux of energy or matter. During its passage through the system, a 
fraction of this energy is transformed into information, creating negative entropy. 
The most obvious example is food consumption by living organisms. The energy 
fl ux through a dissipative structure is an increasing function of its information con-
tent [ 2 ,  21 ]. Therefore, per unit of mass, the energy expanded by the human brain is 
5000 higher than the sun (Fig.  3.2 ). Body cell mass is the metabolically active com-
partment of fat-free mass that refl ects the body’s cellular components involved in 
oxygen consumption, carbon dioxide production, and resting metabolism. Body cell 
mass also interacts with energy stores (Fig.  3.3 ) and is altered by denutrition [ 11 ]. To 

  Fig. 3.2    Evolution of dissipative structures in the history from the universe (Adapted from [ 2 ,  21 ])       

 Fig. 3.3    Body cell mass ( BCM ) can be regarded as the reserve of negative entropy in living 
 organisms. Estimating body cell mass would make it possible a thermodynamic approach of the 
nutritional assistance in critically ill patients  
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put in a simplifi ed way, body cell mass corresponds to a dissipative system, i.e., a 
negative entropy reserve. Body cell mass could be a relevant tool for estimating 
nutritional status and prognosis in the critically ill patient, making it possible to 
override the uncertain estimate of energy balance by current models (Fig.  3.3 ).

               Confl ict of Interest   The author has not disclosed any potential confl icts of interest.  

   References 

    1.    Askanasi J, Rosenbaum SH, Hyman A, Silverberg PA, Milic-Emili J, Kinney JM (1980) 
Respiratory changes induced by the large glucose loads of total parenteral nutrition. JAMA 
243:1444–1447  

      2.    Chaisson EJ (2002) Cosmic evolution: the rise of complexity in nature. Harvard University 
Press, Cambridge  

    3.    Chandra RK (1997) Nutrition and the immune system: an introduction. Am J Clin Nutr 
66:S460–S466  

    4.    Cunningham-Rundles S, McNeeley DF, Moon A (2005) Mechanisms of nutrient modulation 
of the immune response. J Allergy Clin Immunol 56:S73–S76  

    5.    Cuthbertson D (1942) Post-shock metabolic response. Lancet 1:433–437  
    6.    Drolz A, Wewalka M, Horvatits T, Fuhrmann V, Schneeweiss B, Trauner M, Zauner C (2014) 

Gender-specifi c differences in energy metabolism during the initial phase of critical illness. 
Eur J Clin Nutr 68:707–711  

     7.    Ekpe K, Novara A, Mainardi JL, Fagon JY, Faisy C (2014) Methicillin-resistant Staphylococcus 
aureus bloodstream infections are associated with a higher energy defi cit than other ICU- 
acquired bacteremia. Intensive Care Med 40:1878–1887  

    8.    Faisy C, Rabbat A, Kouchakji B, Laaban JP (2000) Bioelectrical impedance analysis in esti-
mating nutritional status and outcome of patients with chronic obstructive pulmonary disease 
and acute respiratory failure. Intensive Care Med 26:518–525  

     9.    Faisy C, Lerolle N, Dachraoui F, Savard JF, Abboud I, Tadie JM, Fagon JY (2009) Impact of 
energy defi cit calculated by a predictive method on outcome in medical patients requiring 
prolonged acute mechanical ventilation. Br J Nutr 101:1079–1087  

     10.    Faisy C, Llerena C, Savalle M, Mainardi JL, Fagon JY (2011) Early ICU energy defi cit is a 
risk factor of ventilator-associated pneumonia by Staphylococcus aureus. Chest 140:
1254–1260  

    11.    Fiaccadori E, Morabito S, Cabassi A, Regolisti G (2014) Body cell mass evaluation in criti-
cally ill patients: killing two birds with one stone. Crit Care 18:139  

    12.    Frankenfi eld DC, Cooney RN, Smith JS, Rowe WA (1999) Bioelectrical impedance plethys-
mographic analysis of body composition in critically injured and healthy subjects. Am J Clin 
Nutr 69:426–431  

    13.    Gallagher D, Belmonte D, Deurenberg P, Wang Z, Krasnow N, Pi-Sunyer FX, Heymsfi eld SB 
(1998) Organ-tissue mass measurement allows modeling of REE and metabolically active 
tissue mass. Am J Physiol Endocrinol Metab 275:E249–E258  

    14.    Ismael S, Savalle M, Trivin C, Gillaizeau F, Dauzac C, Faisy C (2014) The consequences of 
sudden fl uid shifts on body composition in critically ill patients. Crit Care 18:R49  

    15.    Long CL, Schaffel N, Geiger JW, Schiller WR, Blakemore WS (1979) Metabolic response to 
injury and illness: estimation of energy and protein needs from indirect calorimetry and 
nitrogen balance. JPEN J Parenter Enteral Nutr 3:452–456  

    16.    Manthous CA, Hall JB, Kushner R, Schmidt GA, Russo G, Wood LD (1995) The effect of 
mechanical ventilation on oxygen consumption in critically ill patients. Am J Respir Crit Care 
Med 151:210–214  

3 Bioenergetics of the Stress Response



26

    17.    Pichard C, Oshima T, Berger MM (2015) Energy defi cit is clinically relevant for critically ill 
patients: yes. Intensive Care Med 41:335–338  

    18.    Pischinger A (2007) The extracellular matrix and ground regulation: basis for a holistic bio-
logical medicine hardcover. North Atlantic Book, Berkeley  

    19.    Popp FA (1987) Neue Horizonte in der Medizin. Karl F. Haug Verlag, Heidelberg  
    20.    Preiser JC, Ichai C, Orban JC, Groeneveld ABJ (2014) Metabolic response to the stress of criti-

cal illness. Br J Anaesth 113:945–954  
       21.    Prigogine I, Stenger I (1988) Entre le temps et l’éternité. Fayard, Paris  
    22.    Reid CL (2004) Nutritional requirements of surgical and critically-ill patients: do we really 

know what they need? Proc Nutr Soc 63:467–472  
    23.    Roza AM, Schizgal HM (1984) The Harris Benedict equation reevaluated: resting energy 

requirements and the body cell mass. Am J Clin Nutr 40:168–182  
    24.    Rubinson L, Diette GB, Song X, Brower RG, Krishnan JA (2004) Low caloric intake is associ-

ated with nosocomial bloodstream infections in patients in the medical intensive care unit. Crit 
Care Med 32:350–357  

    25.    Savalle M, Gillaizeau F, Puymirat E, Maruani G, Bellenfant F, Houillier P, Fagon JY, Faisy C 
(2012) Modeling body cell mass for a relevant nutritional assessment in critically ill patients. 
Am J Physiol Endocrinol Metab 303:E389–E396  

     26.    Schrödinger E (1944) What is life? The physical aspect of living cells. Cambridge University 
Press, Cambridge  

    27.    Schutz Y (1995) The basis of direct and indirect calorimetry and their potentials. Diabetes 
Metab Rev 11:383–408  

    28.    Swinamer DL, Phang PT, Jones RL, Grace M, King EG (1988) Effect of routine administration 
of analgesia on energy expenditure in critically ill patients. Chest 92:4–10  

      29.    Taylor SJ (2007) Energy and nitrogen requirements in disease states. Smith-Gordon and 
Company Limited, London  

    30.    Trager K, DeBacker D, Radermacher P (2003) Metabolic alterations in sepsis and vasoactive 
drug-related metabolic effects. Curr Opin Crit Care 9:271–278  

    31.    Villet S, Chiolero RL, Bollmann MD, Revelly JP, Cayeux RNM, Delarue J, Berger M (2005) 
Negative impact of hypocaloric feeding and energy balance on clinical outcome in ICU 
patients. Clin Nutr 24:502–509  

    32.    Weissman C, Kemper M, Damask MC, Askanasi J, Hyman A, Kinney JM (1984) Effect of 
routine intensive care interactions on metabolic rate. Chest 86:815–818  

    33.    Weissman C, Kemper M, Askanazi J, Hyman A, Kinney JM (1986) Resting metabolic rate of 
the critically ill patients: measured versus predicted. Anesthesiology 64:673–679    

C. Faisy



27© Springer International Publishing Switzerland 2016 
J.-C. Preiser (ed.), The Stress Response of Critical Illness: 
Metabolic and Hormonal Aspects, DOI 10.1007/978-3-319-27687-8_4

    Chapter 4   
 Mitochondrial Adaptation and Hibernation                     

       Jonathan     Grip    ,     Nicolas     Tardif    , and     Olav     Rooyackers    

    Abstract     Stress in the form of critical illness and organ failure is associated with 
damaged and dysfunctional mitochondria. However, actual function of mitochondria 
in sepsis and their role in the development of organ failure are not fully characterized, 
partly due to the heterogeneity of the disease, variation and diffi culties in methods 
for studying mitochondrial function, and the problem that available animal model 
does not seem to represent the human situation very well. On the other hand, it 
seems that the mitochondrial dysfunction is accompanied by decreased metabolic 
demands or oxygen consumption, and it has therefore been hypothesized that a 
mitochondrial downregulation and hypometabolism are adaptive responses in order 
for the organ to survive the stressful event, similar to hibernation seen in some 
animals. Even though this theory is interesting and there is support for decreased 
metabolism in critical illness, the response does not mimic the regulatory mechanism 
seen in “true” hibernation that, e.g., is accompanied with a drop in body temperature. 
We look forward to further studies that may lead to a stronger rationale for, or 
disproves, the theories of metabolic downregulation in critical illness-related organ 
failure.  

4.1       Introduction 

 Severe stress in the form of shock or sepsis often leads to critical illness that requires 
intensive care. Many patients with persisting stress will develop multiple organ 
failure. Without support of the failing vital organs in an ICU, patients will not 
survive. The development of multiple organ failure is the leading cause of death in 
these patients. The cellular mechanisms causing these organs to fail in not well 
known. Several theories including reduced oxygen delivery, impaired autophagy or 
decreased mitochondrial function have been proposed. About a decade ago, the 
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mitochondrial changes have been suggested as a state of hibernation in which the 
failing organs are reducing their mitochondrial function as a survival strategy [ 1 ]. In 
this chapter we will focus on the mitochondrial function in organs during severe 
stress and critical illness with organ failure and discuss the hypothesis that the 
reduced mitochondrial activity is a strategy for long-term survival, as with 
hibernation. We will describe normal mitochondrial function, how this can be 
assessed in studies, what goes wrong during stress and critical illness, and what the 
mitochondrial adaptations are during hibernation, and fi nally we will discuss the 
hibernation theory during organ failure.  

4.2     Mitochondria 

4.2.1     Mitochondrial Metabolism 

 Mitochondria are known as the power plant of the cell since they are involved in the 
majority of the energy conversion needed for cellular processes. Besides their role 
in energy production, mitochondria are also involved in calcium signaling, ROS 
balance, and apoptosis. Mitochondria are double-membrane organelles composed 
of the outer membrane and the inner membrane. The inner membrane is folded, 
creating the structure called cristae where the enzymes involved in oxidative respi-
ration are located. These two membranes delimitate two compartments: (1) the 
intermembrane compartment where the H +  gradient in the electron chain is created 
and (2) the matrix where the Krebs cycle enzymes and beta-oxidation take place and 
where the mitochondrial DNA (mtDNA) is located (Fig.  4.1 ).

   The main function of mitochondria is to degrade energy-rich substrates, thereby 
creating energy-rich ATP. The majority of ATP is synthesized by oxidizing sub-
strates via different pathways (glycolysis and beta-oxidation) and entering the 
Krebs cycle which will provide energy-rich intermediates for ATP production in 
the oxidative phosphorylation (Fig.  4.1 ). The different substrates for the energy 
production come from carbohydrates and fats, but also the carbon skeleton of the 
amino acids can be used for producing energy. The oxidative phosphorylation con-
tains fi ve complexes of the electron transfer chain, complex I (ubiquinone NADH 
dehydrogenase), complex II (succinate dehydrogenase), complex III (ubiquinol-
cytochrome c reductase), complex IV (cytochrome-c oxidase), and complex V 
(F1F0ATPsynthase). This transfer of electron between the complexes is coupled 
with transport of hydrogen ions (H + ) out of the matrix, creating a gradient of pro-
tons (H + ) between the matrix and the intermembrane space (Fig.  4.1 ). The last 
electron acceptor is a molecule of oxygen, which is reduced to a molecule of water 
by complex IV. The proton gradient, also called mitochondrial membrane potential 
(∆ψ m ), is the driving force for ATP production by complex V. Some electrons 
escape during their transport between the complexes leading to the production of 
reactive oxygen species (ROS). Complex I and III are the main sites for ROS 
formation.  
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4.2.2     Mitochondria Biogenesis 

 Mitochondria cannot be synthetized de novo in the cell. Mitochondrial biogenesis is 
the growth and division of preexisting mitochondria. Regarding their importance in 
the cell, mitochondria biogenesis is tightly regulated. Mitochondria possess their 
own DNA (mtDNA) and their own replication machinery, coded for by the 
mtDNA. Information contained in the mtDNA is essential for mitochondrial respira-
tion. Several copies are present in each single mitochondrion and encode for 14 
proteins involved in the respiratory complexes and Krebs cycle enzymes. Still, the 
vast majority of the mitochondrial proteins are encoded in the nucleus and imported 
to the mitochondria via a specifi c import system. One of the main regulators of mito-
chondrial biogenesis and respiration is the peroxisome proliferator- activated recep-
tor γ co-activator-1α (PGC-1α). PGC-1α governs the expression of nuclear-encoded 
mitochondrial proteins, like the nuclear respiratory factors (NRF1 and 2). These 
transcription factors NRF1 and NRF2 activate the mitochondrial transcription factor 
A (TFAM) that will initiate the transcription and the replication of the mtDNA.  
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  Fig. 4.1    Mitochondria oxidative respiration. Aerobic respiration corresponds to a transfer of 
energy from the substrates to the synthesis of ATP. The fi rst reactions are the degradation of the 
energetic substrates, glucose, and fatty acids, respectively, by glycolysis (cytosolic) and beta- 
oxidation (mitochondrial matrix). These pathways lead to the synthesis of acetyl-CoA which feeds 
the Krebs cycle. The Krebs cycle is a series of reactions that notably provide reduced electron 
donors, i.e., NADH and FADH 2  which are essential for the oxidative phosphorylation. These mol-
ecules will provide electron for the complex I and II, who will transfer these electrons to the com-
plexes III and IV. Unidirectional transport of the electrons between the complexes is achieved by 
the electron carrier’s ubiquinone (Q) and cytochrome c. This fl ow of electrons is coupled with the 
pumping of protons (H+) creating a gradient of H+ between the matrix and the intermembrane 
space. Finally, the complex IV will reduce oxygens to form molecules of water. In the fi nal step, 
the complex V (ATP synthase) uses the energy stored as the H+ gradient to synthetize ATP.  Ac-CoA  
acetyl coenzyme A,  FAD  fl avin adenine dinucleotide,  NAD  nicotinamide adenine dinucleotide       
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4.2.3     Mitochondrial Dynamics 

 Mitochondria are not only regulated at the biogenesis step, but their morphology is 
also tightly controlled. Mitochondria in the cells constitute a network rather than 
single oval organelles, and their morphology is a result of dynamic processes of 
fusion and fi ssion. These processes are not only controlling mitochondrial shapes 
but are also critical to maintain function [ 2 – 4 ] by the removal of damaged 
 mitochondria and maintaining a healthy population of mitochondria within the cells 
[ 4 ]. The other important process that is involved in mitochondrial degradation is 
autophagy, or rather the so-called mitophagy [ 5 ].  

4.2.4     Mitochondria and Apoptosis 

 Mitochondria are main actors in the regulation of cell life and death, especially in 
apoptosis (programmed cell death). Mitochondria’s primary function in the 
maintenance of the energetic status of the cell is a critical factor in the regulation 
and activation of the apoptotic processes. But mitochondria are also an important 
direct intermediate in the apoptosis pathway regulation. Apoptosis is governed by a 
fi ne-tuning between pro- and anti-apoptotic molecules from the BCL-2 family [ 6 ]. 
When this balance is in favor of an apoptotic fate, pro-apoptotic factors, mainly Bcl- 
2- associated x protein (BAX) and Bcl-2 antagonist killer 1 (BAK 1) proteins, will 
accumulate on the outer membrane of the mitochondria and lead to the 
permeabilization of the membrane. This process, also called mitochondrial outer 
membrane permeabilization, results in the release of cytochrome c into the cytosol. 
Once in the cytosolic compartment, cytochrome c will activate the caspases which 
will trigger cell death via apoptosis [ 7 – 9 ]. Mitochondria also mediate apoptosis via 
caspase-independent pathways, by the release of apoptosis-inducing factor (AIF) 
and endonuclease G (EndoG) proteins, which lead to the apoptotic degradation of 
DNA [ 10 ].   

4.3     Measuring Mitochondrial Function 

 Several methods exist to investigate mitochondrial function. The aim of this chapter 
is not to address all techniques for the investigation of mitochondrial function but 
rather to describe the methods that have been mainly used in the fi eld of critical 
illness. In the fi rst part, we will describe the markers used to assess mitochondria 
content and the in vitro measurement of the mitochondrial activity. In the second 
part, we will briefl y describe the potential approach that could be used in vivo in 
humans. 
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4.3.1     Mitochondrial Content 

 In research involving mitochondria, the quantifi cation of mitochondrial content has 
been widely used as an indicator for the oxidative capacity of a tissue. In addition, 
mitochondrial content is used as a normalization factor for many mitochondrial 
functional measurements (see Sect.  4.3.2 ). 

 The gold standard technique to assessed mitochondrial content is transmission 
electron microscopy (TEM) to measure mitochondrial volume or cristae area 
[ 11 ]. However, the costs and the requirement for highly specifi ed skills for this 
method have led to the development of surrogate markers for mitochondria con-
tent. Also the volume measurements could be compromising in some situations 
with mitochondrial damage leading to mitochondrial swelling. The most often 
used marker for mitochondrial content is the measurement of citrate synthase 
(CS) activity, a mitochondrial enzyme present in the Krebs cycle. However, also 
maximal activities of other mitochondrial enzymes (e.g., complex IV) have been 
used. The maximal activity of CS is assumed to be stable is most situations. 
However, some acute changes have been described with exercise and an endo-
toxin challenge [ 12 ,  13 ]. 

 Mitochondrial DNA (mtDNA) content, cardiolipin levels, or complex IV activity 
are commenly used markers. The reliability of these markers has recently been 
assessed in comparison with the TEM imaging [ 11 ]. Results showed that CS activ-
ity and cardiolipin are reliable markers for mitochondrial content. mtDNA content 
showed not to be a good marker. This latter observation could be explained by the 
fact that the number of mtDNA copy per mitochondria is variable.  

4.3.2      Mitochondrial Function Measurements 

4.3.2.1     In Vitro Approach 

   Mitochondrial Enzyme Activities or Expression 

 Spectrophotometric-based enzymes assays have been develop to measure the 
activity of each respiratory complex and other mitochondrial-located enzymes. The 
details for these measurements will be not described here, but one of the main 
advantages of these assessments is that they do not require large amounts of 
biological material, so they can be realized in tissue crude homogenates. A major 
disadvantage of this method is that maximal activities are measured, which 
represents more the total amount of the enzyme than actual in vivo activity. These 
enzymatic activities are often related to the mitochondrial content via the 
normalization by, for instance, CS activity. In addition Western blot analyses can be 
used to assess the total amount of the complexes and other mitochondrial enzymes.  
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   Mitochondrial Respiration Rates 

 The reduction of the oxygen by complex IV is the last step before the synthesis of 
the ATP by the mitochondria. By measuring the consumption of oxygen in 
mitochondria ex vivo, the respiration rate can be assessed, which gives an idea of 
mitochondria function. Respiration is measured during the addition of specifi c 
substrates and inhibitors giving rates for the different complexes or the whole 
process. State 1 respiration is the basal O 2  consumption in absence of any substrates. 
State 2 respiration is measured in the presence of substrates and specifi c inhibitors 
but in the absence of ADP, refl ecting the basal proton conductance. State 3 is 
obtained by the addition of ADP, giving the maximal respiration rate. State 4 is 
observed when all ADP has been completely consumed to form ATP. An increase in 
state 4 respiration is related to uncoupling of the respiration from ADP 
phosphorylation due to proton leak and most likely ROS formation. Detailed 
protocols for respiration measurements have been published [ 14 – 16 ]. 

 Mitochondrial 0 2  consumption can be assessed by different systems; amperometric 
measurement based on a Clark electrode has initially been the method of choice. 
Amperometric measurements are assessing respiration at supramaximal ADP 
levels, thereby measuring maximal respiration rates which most likely are different 
from what happens in vivo. Initially measurements were done using isolated 
mitochondria. Isolated mitochondria are the simplest model to study mitochondrial 
respiration. However, mitochondria are integrated in a network and also work as an 
organized network with other organelles like the endoplasmic reticulum. This level 
of regulation is lost when studying isolated mitochondria. Furthermore, the isolating 
procedures are based on differential centrifugation, which will lead to the selection 
of a subpopulation of mitochondria and most likely over representing intact and 
healthier mitochondria [ 17 ]. To circumvent this problem, permeabilized cell models 
have been developed. The permeabilization process is used to allow the substrates 
to pass the plasma membrane. In this model, even if the cytoplasmic components 
are lost, the network of the mitochondria and the other organelles is maintained. 
Another advantage of this model is that all the mitochondria are studied and not a 
subpopulation like with the isolated mitochondria [ 18 ]. 

 In the respiration measurements, temperature and agitation are critical factors. 
These should be kept constant to avoid any methodological bias, like a suboptimal 
enzyme activity or the presence of an oxygen gradient. The initially available 
equipment, like the Clark chamber, require a high amount of biological material and 
only allow short analyses time, due to the rapid decline in oxygen in the chamber. 
Therefore, high-resolution respirometry apparatus have been developed. With these 
new systems, a minimal amount of biological material is needed, and the time of 
analysis is longer, allowing for better assessment of mitochondrial respiration. 

 Recently fl uorometric modules have been added to the high-resolution 
respirometers to monitor ROS production. Mitochondria produce ROS in the form 
of superoxide anions. These are unstable and are almost immediately converted into 
hydrogen peroxide (H 2 O 2 ). H 2 O 2  is stable and can be detected by fl uorescent probes 
and measured in the respiration chamber of the high-resolution respirometers. The 
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advantage of this method is possibility to measure mitochondrial respiration and 
ROS production at the same time in the same mitochondria or cells [ 19 ]. 

 The development of specifi c oxygen-sensing fl uorescent probes (XF fl ux 
analyzer or Luxcel MitoXpress) introduced the possibility to measure respiration 
in vivo in intact cells. However, this method is mainly dedicated to cultured cells 
and has not yet been used to study mitochondrial respiration in critical illness 
experiments.  

   ATP Measurement 

 The main function of mitochondria is the production of energy via the synthesis of 
ATP. ATP concentrations or production can be measured to see the energetic state of 
the cells/tissue. 

 ATP concentrations in tissues samples can be measured by enzymatic or 
chromatographic methods. However, except for skeletal muscle, the ATP pool is 
very unstable, and if no care is taken for immediate freezing, unreliable concentrations 
can be obtained [ 20 ]. In addition, measurement of ATP levels can disguise whether 
this is the result of a reduction in the total pool of energy-rich phosphates or an 
actual change in energy charge. To be able to distinguish between these, ATP levels 
should ideally be measured in relation to ADP and AMP levels [ 21 ]. 

 ATP synthesis can be assessed by luminometry via a fi refl y luciferase enzymatic 
reaction. Photons released by the enzyme due to the degradation of ATP can be 
measured and calculated to assess ATP production rates [ 22 ]. This method allows 
the measurement of ATP production rate in fresh tissue ex vivo. As for the 
respirometry assessments, ATP production is measured by the addition of specifi c 
substrates and inhibitors in the presence of an excess of ADP. ATP produce via 
complex I (glutamate and malate) and complex II (succinate and rotenone) and from 
fatty acid via the beta-oxidation (palmitoylcarnitine and malate) can be measured at 
state 3.   

4.3.2.2     In Vivo Approach 

 Near-infrared spectroscopy (NIRS) can measure the tissue oxygenation levels 
in vivo by measuring the optical absorption of the oxy-heme and deoxy-heme 
groups. This method allows for the continuous measurement of oxygenation of a 
tissue. Oxygenation level is the result of a balance between the use (oxygen 
consumption) and the supply (oxygen delivery) of oxygen. By applying local 
ischemia, which blocks the oxygen supply, oxygen consumption can be calculated, 
refl ecting respiration [ 23 ]. 

 Phosphorous magnetic resonance spectroscopy (31P-MRS) is a noninvasive 
technique to estimate tissue ATP and phosphocreatine (PCr) levels. The maximal 
ATP synthesis rate is calculated from the PCr recovery rate following depletion by 
an intense bout of exercise. But this method is only valid for the exploration of 
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skeletal muscle. Coupling of the mitochondria can be measured by combining both 
the 31P-MRS and the NIRS to assess the P/O ratio representing the ATP produced 
per atom of oxygen reduced by the respiratory chain. 

 These methods are not easily applicable to a clinical setting especially for the 
measurement of ATP synthesis in critically ill patients and have therefore not been 
used in these situations.    

4.4     Mitochondrial Adaptations During Critical Illness 
and Stress 

 Critical illness is one of the most severe forms of stress on the human body, with 
huge surges of stress hormones and infl ammatory mediators being released into the 
circulation. Severe sepsis and septic shock remain the leading causes of morbidity, 
mortality, and costly ICU care, and as such a lot of resources have been put in to 
understanding its pathophysiology in the last decades. The septic condition is 
associated with metabolic disturbances, and mitochondrial dysfunction/depletion 
has been a subject for scientifi c interest as it has been hypothesized to play a major 
role in the organ dysfunction seen in severe forms of septic illness. 

4.4.1     Animal Models 

 Despite large efforts, causality between organ failure and mitochondrial dysfunction 
has been diffi cult to show, and data from animal experiments shows great inconsis-
tency. Most animal studies have been performed on rodents with insults ranging from 
3 h to a few days, but also porcine models with insults up to 14 days have been used. 
Other than different time spans, various organs have been analyzed using different 
methods. These differences in term of methodologies, experimental model, and kinet-
ics have resulted in great variation and discussion about the role of mitochondrial 
disturbance in sepsis. Animal studies are diffi cult to interpret because of the heteroge-
neity in the pathophysiology of the condition. Sepsis requires aggressive resuscitation, 
and whether or not the septic animals receive this will affect the outcome as well as 
the treatment given to the control animals. Two recent reviews conclude that the ten-
dency points towards an acute initial increase followed by a decrease in function and 
content of mitochondria. However, altogether the data from the animal experiments 
are diffi cult to translate to what actually happens in various organs of the severely 
septic patient during an ICU stay [ 24 ,  25 ]. In addition, the main question whether 
mitochondrial dysfunction is related to or causing organ failure can only be studied in 
models with ongoing organ failure that are kept alive in a dedicated animal ICU, as is 
the situation for critically ill patients with multiple organ failure. Very few long-term 
animal studies including ICU treatment are available.  
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4.4.2     Clinical Studies 

 The studies performed on actual critically ill patients are fewer in numbers and are 
also stained by methodological diffi culties, and the number of studies examining 
mitochondrial content and/or function from solid organs are even smaller. A 
summary of the human studies with the patients included, the methods used, and the 
main fi ndings can be found in Table  4.1 .

   In 2002 Brealey et al. [ 26 ] demonstrated a decrease in ATP concentration and 
complex I activity (as a ratio of CS activity) in leg skeletal muscle for non-survivors 
of septic shock as compared to survivors and controls undergoing elective surgery. 
In contrast, we, in general, observe that mitochondrial content (CS activity) is lower 
in the skeletal muscle (both serratus anterior and vastus lateralis) of ICU patients 
with sepsis-induced organ failure, but that the activities of the complexes expressed 
per CS are not affected [ 27 – 29 ]. However, our samples were taken at different days 
of ICU treatment, whereas Brealey’s patients were being studied during the fi rst 
24 h. When we combined the results from our studies, it becomes clear that 
mitochondrial content is lower in the skeletal muscle of critically ill patients with 
organ failure and that it decreases with prolonged ICU stay (Fig.  4.2 ). This decreased 
content is however not due to decreased synthesis rates of mitochondrial protein or 
an overall downregulation of signaling (mRNA expression of PGC-1α, NRF1, 
NRF2, and TFAM) for mitochondrial biogenesis [ 29 ]. On the other hand, it seems 
that an early activation of mitochondrial biogenesis signaling is associated with 
better outcome in critically ill patients [ 30 ]. In mixed ICU patients, markers for 
biogenesis in skeletal muscle showed no difference from surgical controls even 
though postmortem biopsies showed increased levels in liver tissue [ 31 ].

   Since sepsis is an acute condition that presents itself clinically in a heterogeneous 
manner, it is diffi cult to say what phase of the condition a sample represents. In an 
attempt to standardize timing and examine the immediate response in a model of 
sepsis, Fredriksson et al. gave healthy volunteers a standardized injection of 
endotoxin. After 2 h CS and complex I activity had increased signifi cantly, and a 
tendency toward an increase remained after 4 h, as compared to the muscle biopsies 
taken before the endotoxin challenge [ 12 ]. This would rather indicate an initial 
upregulation of mitochondrial activity in the very early phases of sepsis, which may 
be consistent with the observations on mitochondrial biogenesis in critically ill 
patients [ 30 ] and data from animal studies [ 32 ]. In a similar manner a 3-h continuous 
infusion of adrenaline increases mitochondrial ex vivo state 3 respiration by 30 % 
in the skeletal muscle [ 33 ]. The respiratory function is arguably a more complete 
measurement of mitochondrial function than enzyme activity, and even though not 
exactly a septic model, the stress response to adrenaline in some way mimics the 
hyperdynamic early phase of severe sepsis which is also characterized by a surge of 
catecholamines and pro-infl ammatory mediators. 

 Due to the invasiveness of biopsies, diffi culties of controlling time from onset, 
and individual treatment, several groups have incubated isolated mitochondria and 
various tissues with plasma or serum from septic patients as well as triggers of 
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infl ammatory responses to see if a factor can directly infl uence the mitochondrial 
function. Isolated human muscle mitochondria showed a slight but nonsignifi cant 
decrease in respirational function ex vivo after 30 min incubation with septic or 
control plasma [ 34 ], but other similar experiments show no difference in respira-
tional function (unpublished data). When endothelial cells are incubated with 
plasma for 4 h, respiration decreases more with septic than with control plasma 
[ 35 ]. 

 In contrast to mitochondria of solid organs, mitochondria of blood cells are more 
easily accessible and therefore better examined and followed through several stages 
in patients with severe sepsis and septic shock. Both actual oxygen consumption 
and CS activity of monocytes progressively increase during the fi rst week in septic 
patients [ 36 ], but monocytes from septic patients have a decreased maximal state 3 
respiration ex vivo when compared to monocytes from controls [ 37 ,  38 ]. Platelets, 
like monocytes, show a temporal increase of mitochondrial respiration [ 39 ], and 
respiration of both platelets and monocytes from healthy volunteers exhibits these 
changes when exposed to septic plasma [ 38 ,  40 ]. However during a stress insult, 
immune cells leave the circulation to the place of insult, and the population of cells 
left in the circulation might not represent the ones that have left. In addition, mito-
chondria-containing blood cells are very specialized and different in their mito-
chondrial adaptations [ 41 ], and their mitochondrial function in sepsis may not 
refl ect that of muscle or visceral organs [ 42 ].   
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  Fig. 4.2    A compilation of citrate synthase (CS) activity measurements in skeletal muscle of 
critically ill patients treated in the ICU and young and age-matched older healthy controls from 
different studies analyzed in the same laboratory around the same time and adapted from previous 
publications [ 27 – 29 ,  51 ]. CS activities for the critically ill patients are given as individual data in 
relation to the day of ICU stay, and results from patients that were measured twice are connected 
with a line. For comparison, mean and 2SD are given for young healthy volunteers (26 ± 3 year; 
 n  = 7) and to the ICU patient aged-matched health volunteers (65 ± 12 year;  n  = 20)       
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4.5     Mitochondrial Adaptations During Hibernation 

 Defi ning hibernation is not easy, and biologists have endless discussion about 
this. However most agree that it involves periods of depressed metabolic rate and 
lower body temperatures during several days in the winter season [ 43 ]. Shorter 
and often milder drops in metabolic rate and body temperature, also during the 
summer period, are called torpor. Metabolic rates drop to about 5–30 % of normal 
[ 44 ]. In larger mammals real hibernation with large drops in body temperature 
does not occur. For instance, “hibernating” bears decrease their metabolic rate 
with about 75 % but decrease body temperature only to about 30 °C [ 43 ]. 
Hibernation realizes survival in period with harsh climate and limited food access. 
In addition to hibernation, other adaptive strategies to survive more stress-related 
situations, like hypoxia, exist. This is often referred to as metabolic dormancy 
rather than hibernation [ 45 ]. 

 The drop in metabolic rate with hibernation is often preceding a reduction in 
body temperature, if present. This reduction in metabolic rate is regulated by 
inhibition of mitochondrial respiration [ 46 ]. In the animals that decrease their 
body temperature, the reduction in mitochondrial respiration, which produces 
the majority of the body heat, is a logic adjustment. The decreased production 
of ATP is accompanied by a decreased demand and usage of ATP (e.g., heat 
production and general transcription and translation), together leading to an 
adaptive hypometabolic state [ 47 ]. Strangely, not many studies have addressed 
mitochondrial function in hibernating animals. However, the ones that have, in 
general, show a decreased mitochondrial respiration. For example, in the hiber-
nation squirrel, mitochondrial respiration measured as a decreased state 3 
 respiration seems to be decreased in the liver, skeletal muscle, and heart mus-
cle but not in the brain [ 43 ]. It appears that the main inhibition takes place in 
complexes III, IV, and V since respiration using succinate as a substrate via 
complex II is affected to a lesser extent. Although some species show changes 
in the Krebs cycle enzymes, no clear picture on the effect of hibernation exists 
nowadays [ 46 ]. 

 Most striking is that the changes in mitochondrial respiration in most animals 
during the start of hibernating or torpor are very fast. During the recovery or arousal 
periods, the mitochondrial adaptations change back slower but still rather fast. This 
is also apparent when considering that many hibernating animals have frequent 
arousal periods with fast recovery of the body temperature and metabolic rates. 
How these fast changes are regulated is not clear, but the complexes of the electron 
chain reaction can theoretically be modifi ed by phosphorylation or acetylation. 
However, no studies seem to be available studying whether these posttranslational 
modifi cations are involved in the decreased mitochondria activity during hibernation 
[ 43 ]. Interestingly, a recent study shows that hibernating squirrels have increased 
expression of PGC-1α , NRF1, and NRF2 in skeletal muscle [ 48 ], indicating that the 
adaptations are on the respiration regulation and do not affect mitochondrial 
biogenesis and most likely mitochondrial content. 
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 Another change in mitochondria during hibernation is that in several animals, the 
main substrate for mitochondrial respiration changes from glucose to fatty acids. 
This results in a respiratory quotient (RQ) of close to 0.7 showing that mainly fatty 
acids are oxidized. Also direct measurements of glycolytic fl uxes show that less 
glucose is oxidized. This seems to be the result of changes in mRNA and protein 
levels of several key enzymes including an increase in pyruvate dehydrogenase 
kinase, directly inhibiting the glycolysis [ 49 ]. With this change in substrates, 
animals can keep metabolism going at a low rate using the body fat reserves.  

4.6     Mitochondrial Hibernation During Critical Illness? 

 As mentioned in the introduction, about a decade ago mitochondrial changes were 
suggested as a state of hibernation in which the failing organs are reducing their 
mitochondrial function as a survival strategy [ 1 ]. The studies described above shown 
decreased mitochondrial respiration during both hibernation and organ failure. Also 
the maintenance of, at least the signal for, mitochondrial biogenesis seems to be 
present in both situations. Another common characteristic is that in both situations, 
the recovery of mitochondrial function is relatively fast, or at least faster than can be 
explained by total new synthesis of mitochondria alone. However, there are also 
major differences. During hibernation, there are clear decreases in metabolic rates, 
which are not very common during critical illness, at least not to the levels seen 
during hibernation. The most striking difference in our view is the fact that patients 
with organ failure need pharmaceutical or technical support of the failing organs in 
an ICU to survive. This latter fact speaks against a protective strategy. 

 Still the hypothesis, or theory, of hibernation during organ failure is intriguing, 
but the scientifi c proof for this is weak and largely hypothetical. Maybe the term 
hibernation is too strong, and we should see this more as a stunning phenomenon as 
in cardiac failure, a reversible injury with a similar phenotype as hibernation but not 
protective [ 50 ], or metabolic dormancy [ 45 ], a strategy to survive metabolic stress 
by reducing energy production and demands without reducing body temperature. 

 Mitochondrial hibernation or dormancy will most likely happen in failing organs 
of some critically ill patients, but the remaining question is whether this is exposing 
itself as a consequence of mitochondrial damage or an adaptation where cells are 
intentionally reducing metabolic demands in order to survive. It might also be a 
strategy that only works in a few and goes over the top and becomes detrimental in 
other patients. At least, in the acute response to critical illness and stress, an increase 
in mitochondrial function seems to be favorable for patient’s outcome/survival. In 
the long-term adaptation, we do not know if dormancy/hibernation is a successful 
adaptation for the survival of patients. As usual, more research is needed before we 
can even come close to answer these questions. Future clinical studies should 
discriminate the critically ill survivors from the non-survivors in order to gain 
knowledge about the mitochondrial adaptation leading to the survival of these 
patients.     
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    Chapter 5   
 Anabolic Resistance                     

       Jean-Paul     Thissen     

    Abstract     Muscle atrophy is the hallmark of several catabolic conditions. Whatever 
the cause, the skeletal muscle loss is associated with comorbidities and poor 
 survival. The mass of the skeletal muscle is maintained normally by equilibrium 
between protein synthesis and breakdown. Rate of synthesis in particular is posi-
tively regulated by nutrition and exercise. Anabolic resistance can be defi ned as a 
situation where the skeletal muscle is unable to respond appropriately to these 
 anabolic stimuli by stimulating protein synthesis. Anabolic resistance contributes to 
muscle mass loss in elderly, during immobilization as well as in response to 
 infl ammation and cancer. The mechanisms responsible for this blunted response to 
anabolic stimuli are still under investigation. Several strategies may serve to 
 compensate for anabolic resistance. Optimization of protein intake, resistance 
 exercise, and anti-infl ammatory agents appear promising to override this anabolic 
resistance and mitigate its consequence, the skeletal muscle mass loss.  

5.1        Background 

 Muscle atrophy is the hallmark of several catabolic conditions. Whatever the cause, 
the skeletal muscle loss is associated with comorbidities and poor survival [ 1 ]. 

 Muscle proteins are in dynamic equilibrium between their respective rates of 
synthesis and breakdown. A net gain of muscle mass is only possible if muscle 
protein synthesis [MPS] exceeds muscle protein breakdown [MPB]. Rate of MPS is 
positively regulated by nutrient availability and physical activity and negatively 
regulated by disuse, aging, and muscle wasting-related diseases [ 2 ]. 
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 The mass of the skeletal muscle is maintained normally by ingestion of 
 protein- containing meals , which results in systemic hyperaminoacidemia. With 
feeding, MPS is stimulated, and, to a lesser extent, MPB is decreased, causing the 
protein balance to become positive. During the postprandial period, the balance 
of muscle protein becomes negative, due to decreased MPS and increased 
MPB. Therefore, postprandial stimulation of MPS is an important factor in 
 muscle mass maintenance [ 3 ]. 

 The stimulation of MPS by protein intake is  transient and dose dependent . 
Indeed, increase in MPS after feeding is of fi nite duration despite enduring substrate 
availability. MPS increases after an oral protein bolus with a peak at 2 h before 
returning to baseline levels, despite elevated plasma amino acid (AA) concentrations 
[ 4 ]. Thus, the muscle becomes refractory to persistent elevations of circulating AA 
concentrations (“muscle full” concept). The relationship between the dose of protein 
intake and its resulting stimulation of MPS is also well described. With increasing 
the dose of protein, MPS increases fast to reach a plateau at approximately 20 g of 
high-quality protein, with higher-protein intake stimulating AA oxidation rather 
than MPS. In contrast, MPB decreases slightly but continuously with increasing 
protein intake. Therefore, protein intake higher than known to stimulate MPS 
maximally might lead to a greater anabolic response via suppression of MPB [ 5 ,  6 ]. 

 While most AAs are contained in proteins, it appears only to be the essential or 
indispensable AAs (EAAs), which represent 40–50 % of the total AAs of a high- 
quality protein, that stimulate MPS. Of the EAAs, the branched chain AAs (BCAAs) 
are primarily responsible for stimulating MPS [ 7 ]. In this regard,  leucine  is important 
as it comprises about one-fi fth of EAAs needs, and apart from serving as a substrate, 
it directly activates the signaling pathway stimulating protein synthesis. Leucine on 
its own appears to stimulate MPS to nearly the same level as a mixture of AAs [ 8 ]. 

 Although  insulin  is of great importance in inhibiting MPB, it plays only a 
 permissive role in stimulating MPS [ 9 ]. Although the postprandial rise in circulat-
ing insulin might modulate the MPS response through its vasodilatory properties 
resulting in greater nutritive blood fl ow to muscle tissue, the basal levels of circulat-
ing insulin seem suffi cient for maximally stimulating MPS in humans [ 10 ]. Systemic 
administration of insulin alone causes hypoaminoacidemia by inhibiting protein 
degradation which may in turn inhibit MPS [ 11 ]. However, when hypoaminoacide-
mia is prevented by exogenous AAs replacement, insulin co-administration effec-
tively increases MPS, but this effect is due to the hyperaminoacidemia [ 12 ]. The 
primary effect of insulin on the skeletal muscle is therefore to decrease MPB with-
out a signifi cant effect on MPS [ 13 ]. 

 Besides protein intake,  resistance exercise  is a potent stimulator of MPS and 
appears to synergistically enhance the gain stimulated by feeding. Even though the 
rate of MPB increases following exercise, the corresponding increase in MPS is 
three- to fi vefold greater [ 14 ]. While the feeding-mediated increase in MPS lasts 
only few hours at most, the resistance exercise-induced MPS is sustained for about 
24–48 h. The synergistic effect of resistance exercise and protein ingestion on 
muscle protein anabolism is well established. Indeed, the effect of protein intake on 
muscle protein accretion can further be stimulated by prior exercise training [ 15 ], 
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thereby permitting muscle hypertrophy when practiced frequently over time. This 
effect appears to be mediated by an exercise-induced improvement in nutrient- 
stimulated vasodilatation and nutrient delivery to muscle rather than potentiation of 
insulin signaling [ 16 ]. Food combined to exercise elevates net muscle protein 
balance for many hours after exercise [ 17 ].  

5.2     Anabolic Resistance Concept 

 In many situations, MPS in response to feeding or exercise is blunted. This abnormal 
response of the skeletal muscle to previously well-established anabolic stimuli is 
known as anabolic resistance [ 18 ,  19 ]. In these situations, the MPS is refractory to 
EAA provision, irrespective of the availability of insulin. Therefore, anabolic 
resistance can be defi ned as a situation where the skeletal muscle is unable to 
respond appropriately to anabolic stimuli by stimulating protein synthesis and less 
importantly by inhibiting proteolysis. Indeed, MPB has a minor role in the protein 
anabolic response to EAAs [ 20 ]. The mechanisms responsible for this blunted 
response of MPS to anabolic stimuli are still under investigation. However, it is 
highly probable that alterations in protein digestion, AA absorption, hormonal 
response, microvascular blood fl ow, AA uptake into the muscle, and intramuscular 
signaling may play a role.  

5.3     Methodological Considerations 

 Although the skeletal muscle accounts for 40 % of the body weight and constitutes 
between 50 and 75 % of all proteins, it represents only 30 % of whole-body protein 
synthesis. Furthermore, muscle proteins turn over at a rate that is signifi cantly less 
[about 20-fold] than splanchnic or plasma proteins. Therefore, whole-body protein 
turnover does not refl ect changes which take place into the skeletal muscle [ 21 ]. 

 In terms of mechanisms underlying atrophy, the data on rodent and human 
muscles are diffi cult to compare for several reasons. Among many, it is worth noting 
that most of the rodent work has been carried out with young and not adult animals. 
Moreover, while muscle atrophy in humans mainly involves reduced MPS, increased 
MPB seems the predominant feature in rodents [ 22 ,  23 ]. 

 Studies focusing on acute changes in MPS cannot predict the net changes in 
muscle protein balance as opposite changes in MPB may damper the muscle 
anabolic effect expected based on changes in MPS, especially when long-term 
changes on the skeletal muscle mass are considered. 

 Finally, from a functional perspective, changes in muscle function are probably 
more important than changes in the skeletal muscle mass and should be the most 
clinically relevant end point to study. This point has not been investigated however 
in the context of anabolic resistance.  
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5.4     Clinical Situations of Anabolic Resistance 

5.4.1     Aging 

 Skeletal muscle mass begins to decline in the fourth or fi fth decade of life, at a rate 
of 0.5–1.5 %/year between 50 and 80 years old. The debilitating effects of muscle 
loss include declines in physical function and quality of life and increases in 
morbidity and mortality. Loss of muscle mass with aging is thus a major public 
health concern. The age-related muscle mass wasting is known as sarcopenia. The 
loss of muscle mass with aging is probably not due to chronic changes in MPS or 
MPB but to a blunted feeding-induced rise in MPS [ 24 ]. Indeed, muscles of the 
elderly are resistant to normally robust anabolic stimuli. This anabolic resistance 
may be a key factor in the development and progression of sarcopenia. Elderly are 
characterized by a resistance to the three main anabolic stimuli (exercise, AAs, and 
insulin). Indeed, aging reduces the anabolic response to resistance exercise [ 25 ,  26 ], 
despite equal circulating and muscle AA concentrations. Furthermore, the 
stimulation of the muscle anabolic signaling pathways and MPS by AA infusion is 
signifi cantly blunted in elderly [ 27 ,  28 ]. Finally, aging is associated with reduced 
inhibition of proteolysis in response to insulin [ 29 ]. This anabolic resistance may 
result from gradual decline in physical activity or to low-grade infl ammation 
(cf. infra).  

5.4.2     Immobilization 

 During disuse, the skeletal muscle loss occurs at a rate of 0.5 % of muscle mass per 
day, which translates in 150 g of muscle tissue lost per day [ 30 ]. Prolonged disuse 
(more than 10 days) leads to a decline in basal and postprandial rates of MPS 
 without apparent changes in muscle MPB, except maybe at the early stage (−5 days) 
[ 30 ,  31 ]. Protein ingestion or AA infusion, even at high rate, increased MPS less in 
the immobilized leg than in the control one [ 30 ,  32 ]. Therefore, this anabolic resis-
tance can account for the immobilization-induced muscle atrophy. Older adults are 
more susceptible than young persons to muscle loss after short-term bed rest [ 23 ].  

5.4.3     Infl ammation 

 The infl ammation associated with sepsis is often responsible for a state of anabolic 
resistance. In animal models, sepsis blunts the MPS response caused by leucine, 
exercise, and insulin, the three main anabolic stimuli [ 33 ,  34 ]. The inability of these 
anabolic stimuli to stimulate muscle protein synthesis during sepsis seems to be 
related to a defect in signaling to step in translation initiation [ 34 ,  35 ]. This 
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sepsis- induced anabolic resistance in the skeletal muscle results from the coopera-
tive interaction of both cytokines such as TNFα and glucocorticoids [ 36 ]. Anabolic 
resistance in aging may also be related to infl ammation, as suggested by the increase 
in muscle NFkB activity. Indeed, low-grade infl ammation as observed in old animals 
impairs the MPS response to feeding [ 37 ].  

5.4.4     Cancer 

 Cancer cachexia, a metabolic condition caused by tumor burden, is characterized by 
muscle atrophy and sometimes fat loss. It is observed in 85 % of cancer patients and 
is implicated in 25 % of deaths. Cancer patients display reduced postprandial MPS 
compatible with a state of anabolic resistance. Interestingly, tumor resection is able 
to restore the normal postprandial MPS response [ 38 ]. However, a state of anabolic 
resistance does not seem to be always observed in cancer patients. Several authors 
showed indeed that cancer patients and controls show comparable protein anabolism 
during feeding or AAs ingestion, at least at high dose [ 39 – 42 ]. These observations 
suggest that a window of anabolic potential exists early on in cachexia development 
[ 43 ]. However, in some of these studies, protein anabolism was assessed at the 
whole-body level and not at the skeletal muscle level.  

5.4.5     Obesity 

 The MPS in response to AAs appears to be negatively correlated to whole-body fat 
mass and insulin sensitivity [ 44 ]. This suggests that insulin resistance caused by 
lipid excess due to intracellular accumulation of lipid in muscle or to increased free 
fatty acid availability may lead to anabolic resistance. In animals, chronic lipid 
accumulation in muscles as observed in high-fat diet-induced obesity is associated 
with a concomitant reduction of MPS in response to feeding [ 45 ]. Muscle ectopic 
fat deposition may contribute to anabolic resistance through increase in muscle 
ceramides. Intramuscular accumulation of ceramides has been previously involved 
in the insulin resistance for glucose metabolism observed in obesity. Interestingly, 
ceramides are also able to reduce intracellular AAs availability and protein synthesis 
in muscle cells [ 46 ]. The MPS response to exercise is also blunted in obese animals 
compared to the lean ones [ 47 ]. In humans, lipid infusion to cause reduced whole- 
body glucose disposal impairs the MPS in response to AAs ingestion [ 48 ]. This 
anabolic resistance to AAs caused by lipid infusion is associated with repression of 
translation initiation. In obese subjects, the net protein anabolic response to insulin 
was also blunted compared to healthy subjects [ 49 ]. Therefore, excess lipid 
availability can induce insulin resistance of the skeletal muscle glucose metabolism 
but also anabolic resistance of AA metabolism. This is not unexpected as many 
conditions of anabolic resistance such as aging, disuse, and critical illness are 
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characterized by the inability of the skeletal glucose metabolism to respond 
adequately to insulin.  

5.4.6     Chronic Kidney Disease 

 In animal models, acute uremia causes a severe resistance to leucine-induced 
activation of the MPS [ 50 ]. Metabolic acidosis by itself impairs leucine-stimulated 
MPS [ 51 ]. Therefore, acidosis may account for the anabolic resistance and ultimately 
contribute to the muscle wasting which develops in uremia. In human subjects, 
besides blunting muscle glucose uptake in response to insulin, chronic renal failure 
and acidosis interfere with the normal suppression of MPB in response to insulin 
[ 52 ]. This state of insulin resistance is also observed in dialysis patients where it is 
associated with increased MPB [ 53 ].  

5.4.7     Other Conditions of Anabolic Resistance 

 Normobaric hypoxia blunts the increased MPS response to acute resistance exercise 
[ 54 ]. This may contribute to muscle atrophy and blunt the hypertrophic response to 
resistance exercise in hypoxic conditions. 

 Glucocorticoids cause the skeletal muscle atrophy by themselves but also by 
contributing to muscle atrophy observed in many catabolic conditions such as 
cancer, diabetes, and acute infl ammation [ 55 ]. Furthermore, glucocorticoids amplify 
the muscle atrophy caused by immobilization [ 56 ]. 

 Most patients who are critically ill combine several causes of anabolic 
 resistance. In addition to the procatabolic hormonal and cytokine milieu, age, 
immobilization, and hypoxia contribute to a blunted MPS response [ 18 ]. Poor 
delivery of hormones and nutrients caused by compromised microvascular blood 
fl ow may also play a role.   

5.5     Cellular Mechanisms 

 Protein synthesis in the skeletal muscle is regulated through a number of signaling 
pathways that control the mRNA translation. The protein kinase mTORC1 
[mechanistic target of rapamycin complex 1] plays a crucial role in this process by 
serving as a critical point of integration of most of the anabolic stimuli for the 
skeletal muscle [ 57 ]. Furthermore, blocking mTORC1 activity with the rapamycin 
drug blocks the contraction and the EAAs-mediated increase in MPS [ 58 ,  59 ]. 

 In response to anabolic stimuli, mTORC1 targets and activates downstream 
kinases such as S6kinase1 (S6K1) or binding proteins like eIF4E-binding protein1 
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(4E-BP1). The action of mTORC1 and its downstream mediators heightens the effi -
ciency of ribosomal biogenesis and ultimately translation. Indeed, phosphorylation 
of 4E-BP1 by mTORC1 prevents its association with eIF4E, allowing eIF4E to bind 
eIF4G to form the active mRNA cap-binding complex, eIF4F. Thus, mTORC1 stim-
ulates mRNA joining to the 43S preinitiation complex [ 60 ]. 

 Growth factors such as insulin and IGF-I activate mTORC1 by stimulating the 
PI3kinase-Akt/PKB pathway. AAs promote mTORC1 signaling independently of 
changes in growth factors or mechanic load. The mechanism of activation of 
mTORC1 by AAs, in particular leucine, involves several molecular actors, in par-
ticular a family of GTPases called Rags which act as AA sensors. The lysosomal 
membrane represents the site at which the AA- and growth factor-sensing machiner-
ies converge to stimulate mTORC1. Compared with the regulation of mTORC1 
signaling by growth factors and AAs, much less is known about the pathway through 
which resistance exercise stimulates mTORC1 activity. A specifi c form of PGC-1α, 
PGC-1α4, which results from alternative promoter usage and splicing of the primary 
transcript PGC-1α, is preferentially induced in mouse and human muscle during 
resistance exercise. This isoform specifi cally induces IGF-I and represses myostatin 
[ 61 ]. Therefore, PGC1α4 may be a major player in the muscle hypertrophy induced 
by exercise. However, how this factor stimulates MPS activity is still unknown [ 62 ]. 

 REDD1 has been recently identifi ed as an inhibitor of mTORC1. Therefore, 
REDD1 induction by immobilization [ 63 ], glucocorticoids [ 55 ], hypoxia, or sepsis 
[ 33 ] may limit MPS by inhibiting mTORC1 signaling and contribute to the anabolic 
resistance observed in these conditions [ 64 ]. AMP-activated kinase (AMPK) 
functions as a fuel sensor. This enzyme plays an important role in regulating the 
muscle response to negative energy balance. More specifi cally, it inhibits mTORC1 
signaling when cellular ATP levels are decreased and AMP levels increase in 
response to limited energy availability. Therefore, insuffi cient energy availability 
may limit MPS by inhibiting mTORC1 through activation of AMPK. 

 Many observations support the role of alterations in the mTOR pathway and its 
downstream effectors in the muscle resistance to anabolic stimuli. 

 In elderly, the phosphorylation of mTORC1 and its downstream targets, S6K1 
and 4E-BP1, is dampened in the skeletal muscle as compared with the young in 
response to AAs infusion and exercise [ 25 ,  28 ,  65 ,  66 ]. Interestingly, this decline in 
MPS in response to AAs occurs in association with a reduction of AA transporter 
content [ 67 ]. 

 Interestingly, immobilization which causes a decrease in the global rates of MPS 
has been associated with a decrease [ 68 ] as well an increase in mTOR [ 69 ] signaling. 
In the latter case, the mTOR activation might help to alleviate the immobilization- 
induced decrease in MPS and muscle mass, as blocking mTOR signaling with 
rapamycin exacerbates the decline in MPS and muscle mass [ 69 ]. Nevertheless, in 
human immobilization studies, decreases in mTOR have not been observed [ 10 ]. 

 The inability of the major anabolic stimuli to stimulate MPS during sepsis seems 
to be related to a defect in signaling to step in translation initiation, with the 
redistribution of eIF4E from the active eIF4E.eIF4G complex to the inactive 
eIF4E.4E-BP1 complex [ 34 ,  70 ], impairing the formation of eIF4F. 
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 Muscle ectopic fat deposition may contribute to anabolic resistance through 
increase in eIF2α activation [ 71 ]. The anabolic resistance to AAs caused by lipid infu-
sion is associated with repression of translation initiation at the level of 4E-BP1 [ 48 ]. 

 In animal models, acute uremia causes a severe resistance to leucine-induced 
activation of the MPS [ 51 ] and the mTOR anabolic signaling pathway [ 50 ]. 
Metabolic acidosis impairs leucine-stimulated MPS and activation of the signaling 
downstream of mTOR at the level of S6K1.  

5.6     Tissular Mechanisms 

5.6.1     Splanchnic Sequestration 

 About 95 % of the AAs are absorbed through the intestine and released into the 
portal vein or used by the gut, with only 50–60 % of the ingested dietary protein 
being released into the systemic circulation. An increase in hepatic/splanchnic 
uptake of AAs will reduce the amount of AAs available to stimulate the MPS and 
may blunt the MPS response to protein feeding [ 72 ,  73 ]. This mechanism may 
therefore contribute to anabolic resistance.  

5.6.2     Microvascular Blood Flow Alterations 

 Nutritive blood fl ow is a very important determinant of the anabolic response to 
food. Poor delivery of nutrients at the sites of microvascular perfusion may 
contribute to anabolic resistance. Changes in MPS induced by insulin are correlated 
with changes in AA delivery and blood fl ow. Alterations in microvascular blood 
fl ow associated with reduced AA delivery are observed in critically ill patients, after 
immobilization, and in elderly. This mechanism may therefore contribute to anabolic 
resistance. However, although resistance exercise enhances muscle microvascular 
blood fl ow in older individuals, it does not restore muscle anabolic response to 
nutrition [ 74 ].   

5.7     How to Override Anabolic Resistance? 

5.7.1     Optimization of Protein Intake 

 Several nutrition-based strategies may serve to compensate for anabolic resistance. 
Optimization of protein intake in particular can be applied to maximize the skeletal 
muscle protein anabolism. The MPS in response to protein intake may be improved 
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by controlling the amount of dietary protein, the nature of the protein, the content in 
specifi c AAs, the timing of administration, and the co-ingested macronutrients [ 3 ]. 

 In contrast to young adults, in whom postexercise rates of MPS are saturated 
with 20 g of protein, elderly subjects may need as much as 35–40 g to maximally 
stimulate MPS [ 75 – 79 ]. Therefore, the elderly may require more protein to acutely 
increase rates of MPS than the young. This fi ts with the hypothesis of an increased 
AA threshold that must be surpassed after protein ingestion to stimulate MPS above 
rest in elderly [ 24 ]. It remains to be determined whether more protein is required to 
maximize MPS in other situations of anabolic resistance such immobilization and 
infl ammation. 

 Besides the amount of protein, the nature of the protein ingested may also 
determine the degree of MPS. The MPS response to a specifi c protein depends on 
its digestibility and absorption as well as its AA composition. Both milk and beef 
ingestion augments the postexercise MPS response, with a stronger stimulation of 
MPS during the early postprandial stage after milk ingestion [ 80 ]. Dairy proteins 
seem to offer some advantage for muscle anabolism over other protein sources, in 
particular plant-based soy protein. The two major types of milk protein, casein and 
whey, markedly stimulate MPS. The more rapidly the protein is digested and 
absorbed, the greater the postprandial MPS is. Keeping with this, hydrolyzed casein 
is more potent than intact or micellar casein to stimulate MPS [ 81 ]. Whey, a fast 
digestible soluble protein, increases MPS even more than casein [ 82 ]. While casein 
is converted to a solid clot in the gastric acid environment, whey remains soluble in 
the stomach, allowing rapid digestion. Differences in anabolic properties of various 
protein sources are also attributable to differences in AA composition. The higher 
leucine content of whey protein versus casein may contribute to the greater anabolic 
properties of whey protein compared to casein. Indeed, there is a good correlation 
between the rise in circulating leucine concentrations and the postprandial MPS 
after whey and casein ingestion [ 83 ]. 

 Supplementation with BCAAs has been shown to attenuate the loss of muscle 
mass caused by disuse [ 84 – 86 ] or aging [ 87 ]. Supplementation of a suboptimal 
protein intake with leucine is as effective as a complete protein intake in stimulating 
postprandial MPS [ 88 ]. Leucine-enriched EAAs ingestion after resistance exercise 
seems to prolong the anabolic response of the skeletal muscle to AAs in older adults 
[ 88 ]. Leucine-rich AA mixtures or proteins appear more effi cient than leucine alone 
to improve muscle mass and performance. However, until now, there is no evidence 
that chronic free leucine supplementation promotes muscle mass or prevents protein 
loss during states of anabolic resistance [ 89 ,  90 ]. This may be due to desynchronization 
between leucine signal and the rise in all AAs, decline in other circulating BCAAs 
valine, and isoleucine or parallel stimulation of MPB [ 91 ]. 

 Finally, the timing of protein intake is an important parameter to consider for 
optimizing the anabolic response of AAs. The ingestion of protein in the hours just 
after exercise enhances the MPS. It even seems that this “anabolic window” lasts for 
at least 24 h following exercise. To reach a near-maximal postprandial MPS 
response, it is advised to provide 20–25 g dietary protein every 4–5 h and a further 
25–40 g protein prior to sleep [ 30 ,  92 ]. Repeated ingestion of 20 g of protein every 
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3 h during 12 h after a bout of resistance exercise is superior for stimulating MPS 
than two bolus of 40 g or eight pulses of 10 g [ 93 ]. Similarly, emerging evidence 
suggests that the elderly may need to distribute protein intake evenly throughout the 
day across three or more daily meals [ 24 ], as long as each meal provides enough 
protein to reach the anabolic threshold (at least 20 g). 

 It could be suggested that the stimulation of insulin secretion by CHO may enhance 
the MPS response to protein intake. However, ingestion of CHO with suffi cient 
amounts of protein does not further increase MPS following exercise [ 94 ]. Indeed, 
circulating insulin is more permissive than stimulatory on MPS response [ 10 ]. 

 In critically ill patients, there is a lack of data on protein requirements necessary 
to override the anabolic resistance [ 95 ].  

5.7.2     Resistance Exercise 

 Exercise in general appears to depress MPS, whereas MPB is probably increased, 
causing negative net muscle protein balance. However, the inhibition of MPS that 
occurs during muscle contraction is rapidly reversed during postexercise recovery. 
Therefore, positive net balance may be achieved after the exercise when AA 
availability is increased, thereby raising MPS markedly. Postexercise-increased AA 
availability is less crucial than insulin for inhibiting MPB. 

 Resistance exercise is an important countermeasure to disuse atrophy and to age- 
related declines in the skeletal muscle mass. What is less well understood is how the 
intensity and the volume of the resistance exercise stimulus are suffi cient to result 
in rises in MPS. Evidence suggests that minimal resistance exercise preserves MPS 
throughout bed rest [ 96 ]. In older adults, frequent high-intensity weight lifting or 
alternatively low-intensity high-volume weight lifting increases muscle mass. 

 The synergistic anabolic effect of resistance exercise in combination with EAAs 
ingestion has been well documented in particular in the elderly. It appears that 
protein ingestion at doses at least 20 g and perhaps as high as 30–40 g in close 
proximity to resistance exercise may be able to elicit an anabolic response in the 
elderly. Resistance training has been shown to sensitize the skeletal muscle to 
feeding for up to 24 h [ 15 ,  97 ]. Therefore, resistance exercise training combined 
with appropriately timed protein (likely leucine-rich) ingestion may represent a 
highly effective treatment strategy to counteract the sarcopenia. 

 Older adults are more susceptible than young persons to muscle loss after short- 
term bed rest. Interestingly, exercise rehabilitation has been shown to restore bed 
rest-induced defi cit in lean mass, strength, and nutrient-induced anabolism in older 
subjects [ 23 ]. 

 There are substantial evidence that resistance training increases muscle mass and 
strength in older adults [ 98 ] with improvement in function and performance of 
activities of daily living [ 99 ].  
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5.7.3     Anti-infl ammatory Agents 

 Infl ammation has been shown to blunt the anabolic effect of feeding on MPS [ 100 ]. 
Reduction of low-grade infl ammation with NSAID restores blunting of postprandial 
muscle anabolism in old rats and potentiates the exercise-induced increase in muscle 
mass and strength in humans [ 101 ,  102 ]. Similarly, omega or n-3 fatty acids which 
exert anti-infl ammatory action enhance the sensitivity of MPS to co-infusion of 
AAs and insulin in older adults [ 103 ]. This effect was associated with increased 
phosphorylation of mTORC1 and S6K1. These observations fi t with the hypothesis 
of an increased anabolic threshold caused by infl ammation and an attenuation of 
anabolic resistance by n-3 fatty acids. It is also possible that n-3 FA have some 
intrinsic muscle protein anabolic effect, as this stimulation of MPS occurs to the 
same extent in healthy young subjects where infl ammation is probably absent. 
However, it is not known whether the decrease in the anabolic threshold obtained 
with anti-infl ammatory agents is large enough to preserve muscle mass in the long 
term in humans.      
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    Chapter 6   
 Use of Lipids as Energy Substrates                     

       Philip     C.     Calder      and     Pierre     Singer   

    Abstract     Complex lipids and their fatty acid components have important biological 
activities and are involved in the regulation of many metabolic and physiological 
processes. Fatty acids are important energy sources and upon complete β-oxidation 
yield more energy per mole and per carbon atom than glucose. Fatty acid β-oxidation 
occurs mainly in the mitochondria, and there are specifi c mechanisms for 
transporting fatty acids from the cytosol to the mitochondrial matrix to enable their 
oxidation. Ensuring fatty acid availability for oxidation reduces the need for glucose 
provision. Fatty acids in foods and in formulas used for nutrition support are 
esterifi ed into triacylglycerols. There are specifi c mechanisms for releasing fatty 
acids from triacylglycerols provided orally and for taking these up into enterocytes. 
These involve coordinated physical, chemical and enzymatic activities operating 
from the mouth to the small intestine. In healthy people these processes are very 
effi cient, but they can be disrupted by injury, illness or disease, including critical 
illness, meaning that fatty acid availability can be decreased in these situations. The 
products of triacylglycerol digestion and absorption ultimately appear in the 
bloodstream as triacylglycerols in lipoproteins called chylomicrons. Fatty acids are 
removed from chylomicrons by the action of lipoprotein lipase, which is promoted 
by insulin, and can be stored in adipose tissue following their re-esterifi cation into 
triacylglycerols. In stress states or times of limited glucose availability, fatty acids 
are released from stored triacylglycerols and appear in the bloodstream as non- 
esterifi ed fatty acids. These are the substrates for β-oxidation and energy generation. 
Lipid emulsions used in intravenous nutrition support are metabolised similarly to 
chylomicrons, but they need to acquire proteins from native lipoproteins to enable 
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this to happen. ESPEN guidelines recommend intravenous lipid infusion in criti-
cally ill patients where enteral feeding is not possible. However, excess rates of lipid 
infusion can lead to hypertriacylglycerolemia and can disrupt organ function, and 
therefore the rate of lipid infusion needs to be controlled and limited. The critically 
ill patient displays alterations in lipid metabolism and lipid utilisation that result 
from insulin resistance, the stress response, infl ammation and nutrition support. 
Fatty acids are the preferred fuel in critical illness, and there is an increase in whole 
body fat oxidation. However, fatty acid availability may be in excess of needs, and 
fatty acids not oxidised may be incorporated into triacylglycerols in the liver result-
ing in hepatic steatosis and hypertriacylglycerolemia, which may be promoted by 
lipid infusion and by impaired triacylglycerol clearance. Whether these events hap-
pen or not is determined by the specifi c state of the individual critically ill patient. 
Because the fatty acid components of triacylglycerols are biologically active, the 
precise composition of lipid used in artifi cial nutrition support of critically ill 
patients may affect metabolic, physiological and clinical outcomes.  

6.1       Lipids and Fatty Acids 

 The terminology of lipids can be confusing. The terms ‘fat’ and ’lipid’ are often 
used interchangeably. This is not inappropriate, but the terms may be context 
dependent. Usually lipids are compounds that are insoluble in aqueous solution but 
soluble in organic solvent. Lipids may be simple or complex in structure, and they 
may be associated with one another or with non-lipid structures. Their insolubility 
in aqueous solution poses challenges for the transportation of lipids in the 
bloodstream. The most common complex lipids encountered in the diet, in the 
bloodstream and in cells and tissues are triacylglycerols (sometimes called 
triglycerides), phospholipids and cholesteryl esters [ 3 ]. These are each composed of 
fatty acids esterifi ed to a ’backbone’. In triacylglycerols and phospholipids, the 
backbone is glycerol, while in cholesteryl esters it is cholesterol. Quantitatively 
triacylglycerols make up the bulk of dietary fat, comprising at least 90 % of the fat 
in most diets. Triacylglycerols represent a mechanism for storage of fatty acids, for 
example, in adipose tissue, and for transporting fatty acids in the bloodstream. 
Phospholipids and similar complex lipids are important structural and functional 
components of all cell membranes, and they are also involved in lipid transport in 
the bloodstream, as are cholesteryl esters. Cholesterol itself is also a membrane 
component and is an important biosynthetic precursor, for example, of steroid 
hormones, bile acids and vitamin D. Some phospholipids and derivatives of 
phospholipids (e.g. lysophosphatidylcholine, platelet activating factor and 
ceramides), some derivatives of triacylglycerols (e.g. diacylglycerols) and some 
fatty acids and derivatives of fatty acids (e.g. prostaglandins and thromboxanes) are 
very important intracellular and extracellular signalling molecules involved in 
regulating many cellular responses and many physiological processes. A variety of 
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fatty acids may be present in triacylglycerols, phospholipids and their derivatives 
and in cholesteryl esters, and the fatty acid ‘makeup’ (called fatty acid composition) 
of these complex lipids infl uences their physical properties and may also infl uence 
their functions. In turn, the fatty acids that are released from complex lipids by 
hydrolytic enzymes called lipases have biological activities that are related to their 
structures [ 6 ]. There is quite a diversity of fatty acids (mainly as components of 
complex lipids) within foods, formulas used for nutrition support, the bloodstream, 
adipose tissue stores and cell membranes [ 7 ]. These fatty acids may differ according 
to hydrocarbon chain length, number of double bonds in the hydrocarbon chain 
(if any), the position of the bond(s) and the confi guration around the double bond 
( cis  or  trans ). The most abundant fatty acids in the human diet and in the human 
body have straight hydrocarbon chains of an even number of carbon atoms, although 
odd- chain fatty acids do exist. Fatty acid hydrocarbon chain lengths vary from 2 to 
30, and based upon chain length, fatty acids are classifi ed as short chain (2–6 carbon 
atoms), medium chain (8–12 carbon atoms) and long chain (14 or more carbon 
atoms); sometimes, fatty acids of 20 or more carbon atoms are referred to as very 
long chain. Fatty acids are also classifi ed according to the degree of unsaturation 
(i.e. the number of double bonds in the hydrocarbon chain). Fatty acids containing 
double bonds in the hydrocarbon chain are called unsaturated fatty acids; a fatty 
acid containing two or more double bonds is called a polyunsaturated fatty acid or 
PUFA. Saturated fatty acids do not contain double bonds in the hydrocarbon chain. 
Fatty acids have systematic names that are based upon their structural characteristics; 
many also have widely used common names, and there is also a commonly used 
systematic nomenclature that describes the key structural characteristics of the fatty 
acid. Most commonly occurring unsaturated fatty acids contain  cis  rather than  trans  
double bonds, although the latter do occur in fatty acids ruminant fats (e.g. cow’s milk), 
in plant lipids and in some seed oils, and they may also be introduced by exposure 
of  cis  unsaturated fatty acids to high temperatures such as when oils are used for 
deep fat frying. 

 As well as coming from the diet, many fatty acids can be synthesised de novo 
from non-fat sources like glucose and amino acids [ 3 ,  7 ,  15 ]. Exceptions to this are 
linoleic and alpha-linolenic acids, which cannot be synthesised in animals due to 
lack of the relevant desaturase enzymes. Because these two fatty acids have specifi c 
metabolic and functional roles, they must be consumed in the diet and so are 
consequently known as essential fatty acids.  

6.2     The Handling of Dietary Lipids 

 As indicated above, the bulk of dietary fat (and dietary fatty acids) is in the form of 
triacylglycerols. For those fatty acids to be assimilated into the body, the triacylglyc-
erols need to by hydrolysed in the gut lumen. Although the process of digestion 
(hydrolysis) mainly occurs in the upper small intestine, earlier events occurring in 
the mouth (chewing, mixing with saliva) and stomach (acidifi cation, churning) are 
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important. Once in the small intestine, ‘oil’ droplets composed of triacylglycerols 
are emulsifi ed by bile salts released from the gall bladder via the bile duct, and this 
enables the enzyme pancreatic lipase to hydrolyse fatty acids from the fi rst and third 
carbons of the glycerol backbone of the triacylglycerol releasing the two free fatty 
acids and a 2-monocylglycerol. Those products are taken up into the enterocytes. 
From here, medium-chain fatty acids pass directly into the hepatic portal vein and 
are transported directly to the liver for metabolism. In contrast, long-chain fatty 
acids are re-esterifi ed into triacylglycerols within the enterocytes. It is evident that 
effective digestion and absorption of dietary fat require the coordinated action of the 
mouth, stomach, liver, gall bladder and bile duct, pancreas and enterocytes. Normally 
these processes are very effi cient, and studies with stable isotopes have demon-
strated that healthy adult subjects are able to digest and absorb at least 95 % of 
dietary fat [ 20 ,  21 ,  23 ]. However, dysfunction or absence of any of the key compo-
nents involved in lipid digestion or absorption through injury or illness will result in 
impaired digestion and absorption of fat [ 24 ]. 

 The triacylglycerols formed within enterocytes are packaged into large struc-
tures called chylomicrons with the hydrophobic triacylglycerols in the core coated 
by a monolayer of amphipathic phospholipids. Chylomicrons are a type of lipopro-
tein. Certain proteins, called apoproteins, are embedded in the coat of the chylomi-
cron, and these have a role in targeting the chylomicron for metabolism once it 
enters the bloodstream. The chylomicron fi rst enters the lymphatic system making 
its way into the bloodstream at the thoracic duct’s connection with the left subcla-
vian vein. Once in the bloodstream, chylomicrons receive apoproteins from other 
lipoproteins, for example, apoprotein-C2 from high-density lipoprotein. This 
enhances the ability of the chylomicron to act as a substrate for lipoprotein lipase. 
In the fed state, the activity of this enzyme is enhanced in adipose tissue by the 
action of insulin. Lipoprotein lipase hydrolyses fatty acids from chylomicron triac-
ylglycerols. The main fate of these fatty acids is uptake into adipocytes and re-
esterifi cation into triacylglycerols for storage. The triacylglycerol-depleted 
chylomicron remnant is ultimately cleared by the liver. Therefore in the period after 
fat is consumed in the diet, there is an increase in chylomicron and triacylglycerol 
concentrations in the bloodstream as uptake from the gut exceeds removal from the 
bloodstream. However, after several hours, the concentrations of chylomicrons and 
triacylglycerols decline as the chylomicrons and chylomicron remnants are cleared. 
The clearance will be impaired in insulin-resistant states because the activity of 
lipoprotein lipase may be lower.  

6.3     The Handling of Intravenous Lipids 

 In some individuals, the gut may be damaged through injury or surgery, or one or 
more of the organs required for digestion of dietary triacylglycerols or absorption 
of the products of this digestion may be absent, damaged or functioning poorly 
due to injury, illness or disease. In this case, triacylglycerols provided orally or 
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directly into the gastrointestinal tract will not be effi ciently assimilated, and steat-
orrhoea will ensue. In order to avoid this and to provide fatty acids to the individ-
ual, intravenous infusion of lipids can be used. A number of emulsifi ed lipids are 
available commercially for this purpose. These lipids are based upon naturally 
occurring oils, with the component fatty acids being esterifi ed into triacylglycerols 
forming the core of the lipid emulsion which is surrounded by a phospholipid 
monolayer. In this regard, the lipid emulsion resembles a chylomicron. However, 
the emulsion, as infused, does not contain proteins. Instead, the emulsion particles 
acquire proteins from lipoproteins within the circulation, ultimately forming struc-
tures that are similar to chylomicrons and which are metabolised in a similar way. 
The rate of infusion of a lipid emulsion must be carefully controlled in order not 
to exceed the ability of the recipient to clear the lipid, which will infl uenced by the 
individuals physiology and pathology. Clearly one indicator of impaired ability to 
clear an infused lipid emulsion will be an elevation of blood triacylglycerol con-
centrations above what might be expected. Interestingly the fatty acid composition 
of an infused lipid emulsion, which is determined by the oils used to produce the 
emulsion, affects the metabolism and rate of clearance of the emulsion. This has 
been studied in both experiential animals and humans. Hultin et al. [ 19 ] demon-
strated in rats that a lipid emulsion containing medium-chain fatty acids in addi-
tion to long-chain fatty acids was cleared more quickly than one that just contained 
long-chain fatty acids. Simoens et al. [ 27 ] demonstrated this same phenomenon in 
dogs, while Richelle et al. [ 26 ] reported more rapid clearance of a physical mixture 
of oils rich in medium-chain and long-chain fatty acids compared with an oil rich 
in long-chain fatty acids alone in humans. Later Simoens et al. [ 28 ] reported faster 
clearance of an emulsion blended from soybean oil, medium-chain triglycerides 
and fi sh oil (in a ratio of 5:4:1) compared to one blended from soybean oil and 
medium-chain triglycerides. Such differences in clearance rate are important in 
terms of preventing hypertriacylglycerolaemia, but they also represent altered 
abilities of emulsions of different composition to deliver bioactive fatty acids to 
target tissues.  

6.4     Fatty Acid Release from Stored Triacylglycerols 

 Fatty acids are important metabolic and bioactive components of triacylglycerols 
[ 6 ]. As indicated above, lipases are enzymes that hydrolyse fatty acids from 
acylglycerols, and the roles of pancreatic lipase in hydrolysing fatty acids from 
dietary triacylglycerols and of lipoprotein lipase in hydrolysing fatty acids from 
circulating triacylglcerols were described. The main site of fatty acid storage is 
adipose tissue where they are esterifi ed into triacylglycerols that form large droplets 
within the adipocytes. Lipase enzymes are required to release these fatty acids in 
order that they can be utilised. Hormone-sensitive lipase acts on the surface of the 
triacylglycerol droplet stored in the adipocyte to release the stored fatty acids. These 
can then be delivered to the circulation as ‘free’ fatty acids (or more correctly as 
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non-esterifi ed fatty acids which are non-covalently bound to albumin) from where 
they are made available to tissues. As its name suggests, hormone-sensitive lipase is 
regulated by various hormones, including adrenaline, noradrenaline, glucagon and 
insulin. Insulin acts to inhibit its activity, while adrenaline and glucagon increase its 
activity. Therefore, through its concerted actions on the activities of lipoprotein 
lipase and hormone-sensitive lipase, insulin acts to make fatty acids from circulating 
lipoproteins available for storage in adipose tissue and to retain those fatty acids 
held there in stored triacylglycerols. In insulin-resistant states, circulating 
triacylglycerols will be less well cleared by lipoprotein lipase meaning that their 
concentration in the bloodstream may become elevated, while fatty acids will be 
less well retained in triacylglycerols in adipose tissue meaning that the blood 
concentration of non-esterifi ed fatty acids will also become elevated [ 15 ]. In contrast 
to what is seen with insulin, an increase in adrenaline or noradrenaline concentration, 
as seen in many stress situations, enhances the activity of hormone-sensitive lipase, 
thus promoting release of non-esterifi ed fatty acids from adipose tissue. Thus, 
physiological stress in an insulin-resistant individual creates a scenario that results 
in signifi cant disturbances in lipid homeostasis. Several infl ammatory cytokines 
interfere with insulin signalling and create an insulin-resistant state [ 13 ,  18 ,  32 ]. 
Hence, local infl ammation in adipose tissue can lead to effl ux of non-esterifi ed fatty 
acids which can lead to metabolic abnormalities in other tissues [ 13 ,  25 ].  

6.5     Fatty Acids as Energy Sources 

 Fatty acids represent important energy sources and provide an alternative to glucose 
as a fuel [ 7 ,  15 ]. β-Oxidation is the major metabolic pathway by which energy is 
released from fatty acids. The rate of fatty acid β-oxidation is partly controlled by 
the intracellular concentration of ‘free’ (i.e. unesterifi ed) fatty acids, which in turn 
is determined by their concentration in the blood, so that a rise in the concentration 
of circulating non-esterifi ed fatty acids increases fatty acid oxidation in the tissues 
that can use them (most aerobic tissues but not the brain). Non-esterifi ed fatty acids 
become important energy sources during times of metabolic stress and when carbo-
hydrate supply is limiting. Prior to β-oxidation, the fatty acid substrate is converted 
to its coenzyme A (CoA) thioester derivative in a reaction catalysed by a cytosolic 
acyl-CoA synthase, of which there are several with different substrate specifi cities 
according to fatty acid chain length: 

 Fatty acid + ATP + CoA → Acyl-CoA + AMP + PPi 

 Fatty acid β-oxidation occurs in the mitochondrial matrix, and therefore, the 
fatty acid substrate (fatty acyl-CoA) needs to be transported across the outer and 
inner mitochondrial membranes that are not permeable to fatty acids or fatty acyl-
CoAs with a hydrocarbon chain longer than 12 carbons. Shorter-chain fatty acids 
can cross both the outer and the inner mitochondrial membranes. However, medium- 
and long-chain acyl-CoAs require a special transport mechanism to cross the 
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 mitochondrial membranes. Translocation of these is a carnitine-dependent  process 
involving the coordinate action of isoforms of carnitine palmitoyltransferase (CPT) 
on the mitochondrial outer and inner membranes. CPT1 forms the fatty acylcarni-
tine at the outer mitochondrial membrane, and this is then transported to the intra-
membrane space via porin (Fig.  6.1 ). The fatty acylcarnitine is transported through 
the inner mitochondrial membrane via acylcarnitine translocases in exchange for 
free carnitine. Once across the inner mitochondrial membrane, the fatty acyl-CoA 
is reformed by CPT2. CPT1 is the rate-limiting step for mitochondrial β-oxidation. 
It is inhibited by malonyl-CoA, and thus, conditions that promote malonyl-CoA 
synthesis (e.g. the fed state since the enzyme that forms malonyl- CoA acetyl-CoA 
carboxylase is promoted by insulin) suppress fatty acid β-oxidation. Conversely, 
conditions that promote a decline in malonyl-CoA  concentrations (e.g. fasting, star-
vation, exercise and insulin resistance) will act to promote fatty acid β-oxidation.

   Fatty acid β-oxidation itself involves the progressive removal of two-carbon 
units, as acetyl-CoA, from the carboxyl end of the fatty acyl-CoA substrate in a 
series of four reactions that act sequentially and repeatedly (Fig.  6.2 ). Each round of 
the cycle generates FADH 2  and NADH in addition to acetyl-CoA and an acyl chain 
that is two carbons shorter than the original. The latter re-enters the cycle. Thus, 
complete β-oxidation of palmitoyl-CoA will generate eight acetyl-CoA, seven 
FADH 2  and seven NADH molecules:

    Palmitoyl-CoA+ 7CoA+7FAD+7NAD + +7H 2 O→8 Acetyl-CoA+7FADH 2 +
7NADH+7H +  
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  Fig. 6.1    The carnitine palmitoyltransferase (CPT) system for transport of fatty acyl-CoA across 
the mitochondrial membranes into the matrix prior to β-oxidation (Reproduced from Calder [ 7 ] 
with permission from Elsevier from Encylopedia of Food and Health (Caballero B, Finglas P, and 
Toldrá F (eds.))       
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 The acetyl-CoA produced by β-oxidation is normally oxidised in the citric acid 
(Krebs) cycle, while the FADH 2  and NADH pass their electrons to the mitochon-
drial electron transport chain. Hence, fatty acid β-oxidation generates a large amount 
of ATP per mole of fatty acid and per mole of fatty acid carbon oxidised: 

 Palmitoyl-CoA + 23O 2  + 131Pi + 131ADP → CoA + 131ATP + 16CO 2  + 146H 2 O 

 Because the activation of palmitate to palmitoyl-CoA consumes two ATP equiva-
lents, the net gain per molecule of palmitic acid oxidised is 129 ATP. This is equiva-
lent to approximately 37 kJ or 9 kcal of energy per gram of fatty acid oxidised, over 
twice the energy yield for carbohydrate or amino acid oxidation. 

 Entry of acetyl-CoA into the citric acid (Krebs) cycle releases CoA, and this is 
needed to maintain β-oxidation. This entry of acetyl-CoA requires a supply of 
oxaloacetate for it to condense to, so producing citrate (the ‘fi rst’ reaction of the 
cycle catalysed by citrate synthase). The supply of oxaloacetate comes from 
pyruvate via the enzyme pyruvate carboxylase. Pyruvate carboxylase is activated by 
acetyl-CoA, which indicates a lack of oxaloacetate. In turn, the pyruvate is produced 
by glycolysis. Thus, some glucose metabolism is required to support continued fatty 
acid β-oxidation. The conversion of pyruvate to oxaloacetate is a type of anaplerotic 
reaction, and, because of this requirement for some glucose metabolism to support 
fatty acid β-oxidation, it is said that ‘fats burn in the fl ame of carbohydrates’. 

 A second β-oxidation system occurs in peroxisomes. Fatty acid transport into 
peroxisomes involves the CPT system, with similar enzymes to mitochondrial 
CPT2 and regulation via malonyl-CoA. Compared with mitochondrial oxidation, 
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  Fig. 6.2    The pathway of 
β-oxidation of fatty 
acyl-CoA. Each cycle of 
four reactions produces 
acetyl-CoA and an 
acyl-CoA shortened by two 
carbons that then re-enters 
the cycle (Reproduced 
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peroxisomal β-oxidation has a much broader substrate specifi city and is especially 
active towards very long-chain fatty acids and also towards many fatty acids with 
less common structural features and fatty acid derivatives and more complex lipids. 
Acyl-CoA oxidase is an important enzyme involved in catalysing the fi rst step of 
peroxisomal β-oxidation.  

6.6     The Situation in the Critically Ill Patient 

6.6.1     Altered Lipid Uptake and Metabolism in Critical Illness 

 Lipid absorption from the gastrointestinal tract is impeded in the critically ill patient: 
a recent study showed a 50 % reduction in absorption of long-chain fatty acids in 
mechanically ventilated critically ill patients compared with healthy controls [ 1 ]. It 
is not clear which component or components of triacylglycerol digestion and 
absorption are impaired in critical illness, but defi cits in bile secretion, pancreatic 
function and enterocyte absorptive capacity are all possible. 

 The critically ill patient displays alterations in lipid metabolism and lipid utilisa-
tion that result from insulin resistance, the stress response, infl ammation and nutri-
tion support (Fig.  6.3 ). Overall, there is a stimulation of catabolic pathways 
and of energy expenditure [ 17 ,  30 ]. There is hydrolysis of stored triacylglycerols 
and increased appearance of non-esterifi ed fatty acids in the bloodstream. This 
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  Fig. 6.3    Summary of the changes in fatty acid metabolism in critical illness. Under the infl uence 
of stress hormones, infl ammation and insulin resistance, adipose tissue hydrolyses stored 
triacylglycerols (TGs) releasing non-esterifi ed fatty acids (NEFAs) into the circulation. Higher 
plasma NEFA concentrations promote fatty acid β-oxidation by the liver and peripheral tissues. 
NEFA supply to the liver can exceed the requirements of β-oxidation, so that the non-oxidised fatty 
acids are incorporated into TGs, some of which may be stored in the liver and some released into 
the circulation as very low-density lipoproteins. Clearance of circulating TGs by adipose tissue 
and by peripheral tissues may be impaired so that plasma TG concentrations become elevated       
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would normally promote fatty acid β-oxidation, but a state of hyperglycaemia may 
also exist, which can be exacerbated by insulin resistance and by high-carbohydrate 
administration as part of nutrition support; a high availability of glucose inhibits 
fatty acid β-oxidation [ 15 ]. Furthermore, translocation of fatty acyl-CoA into the 
mitochondrial matrix requires carnitine (see earlier), and carnitine defi ciency is 
prevalent in critically ill patients [ 2 ], suggesting a limit on capacity to oxidise fatty 
acids. Despite these factors, fat is the preferred fuel, and there is an increase in 
whole body fat oxidation [ 30 ]. Despite this, fatty acid availability may be in excess 
of needs, and fatty acids not oxidised may be incorporated into triacylglycerols in 
the liver. Indeed hepatic triacylglycerol production is increased in critical illness, 
and this can lead to hepatic steatosis. Even so, hepatic output of triacylglycerols into 
the bloodstream as components of very low-density lipoproteins is also increased in 
critical illness. In some situations (e.g. in trauma or after surgery), it appears that 
clearance of circulating triacylglycerols is not impaired so that plasma triacylglyc-
erol concentrations are not excessively elevated. However, in some conditions, like 
sepsis, infl ammation-induced insulin resistance means clearance of circulating tria-
cylglycerols is impaired, and hypertriacylglycerolaemia results. Thus, in some 
patients a situation of hyperglycaemia, hypertriacylglycerolaemia and high non- 
esterifi ed fatty acid concentrations may be created. It is important to keep in mind 
that lipoproteins including very low-density lipoproteins can bind endotoxin and 
target it for degradation in liver parenchymal cells. Thus, a rise in very low-density 
lipoprotein concentration may be, in part, a protective mechanism. Plasma choles-
terol concentration is decreased in stress conditions with concentrations of both 
low-density lipoproteins and high-density lipoproteins being decreased [ 11 ]. This 
decrease occurs despite increased hepatic cholesterol production. The decreased 
high-density lipoprotein concentration appears to be the result of increased catabo-
lism, while the decreased low-density lipoprotein concentration may be due to 
increased sequestration and retention in sub-endothelial spaces of the vasculature. 
Septic intensive care unit patients with low concentrations of high- density lipopro-
tein or low-density lipoprotein had a higher risk of mortality than those with higher 
concentrations of these lipoproteins [ 12 ,  22 ]. The composition of lipoproteins is 
also changed in stress conditions, and this might change their metabolism and 
properties.

6.6.2        Lipid Metabolism in the Critically Ill Patient Receiving 
Intravenous Nutrition Support 

 ESPEN guidelines recommend administering intravenous lipid emulsions on a daily 
basis in critically ill patients both to prevent essential fatty acid defi ciency and to 
provide an energy source to allow a lower carbohydrate load, decreasing insulin 
requirements [ 29 ]. Although infusion of lipid emulsions can result in 
hypertriacylglycerolaemia, this is not always seen in the critically ill. For example, 
Druml et al. [ 14 ] reported that patients with sepsis and those with sepsis and liver 
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failure had a lower plasma triacylglycerol response than seen in healthy controls 
when infused with a lipid emulsion at identical rates. Furthermore, the 
pharmacokinetics of triacylglycerol elimination were similar between the three 
groups, and lipid oxidation was increased by the same amount in all three groups 
[ 14 ]. Tappy et al. [ 31 ] compared isoenergetic glucose-based (70 % glucose, 15 % 
lipid, 15 % amino acids) or lipid-based (15 % glucose, 70 % lipid, 15 % amino 
acids) parenteral nutrition on respiratory gas exchange in critically ill patients. They 
found that CO 2  exchange was lower with lipid-rich than glucose-rich nutrition 
support, which suggests pulmonary advantage of the former. These authors also 
confi rmed a switch away from glucose oxidation towards lipid (i.e. fatty acid) 
oxidation when lipid is the predominant substrate being infused. In accord with this, 
Caresta et al. [ 10 ] showed a reduction in respiratory quotient, indicating increased 
fatty acid oxidation, when lipid was infused into infants and children with systemic 
infl ammatory response syndrome and sepsis. Taken together, these studies suggest 
that intravenous lipid emulsions can be metabolised effi ciently in critically ill 
patients, that there may be metabolic advantages from lipid (less need for glucose 
and so less risk for hyperglycaemia) and that there may be pulmonary advantages 
from lipid (less CO 2  production). However, the key to these advantages is the lipid 
infusion rate. A too high rate will overload the ability to handle the infused 
triacylglycerols resulting in fat accumulation in many sites with a resulting 
impairment of leukocyte, platelet, pulmonary and hepatic function and to further 
metabolic and clinical disturbances. Thus, lipid infusion and metabolism need tight 
control to allow for safe and effi cient administration in critically ill patients [ 16 ]. 

 Because the fatty acid components of infused triacylglycerols are biologically 
active [ 6 ], the precise composition of a lipid emulsion may affect metabolic, 
physiological and clinical outcomes. This is discussed in detail elsewhere [ 4 ,  5 ,  9 ]. 
There is some evidence that the fatty acid composition of infused lipid can affect 
infection rate, liver function, ventilation requirement and length of hospital stay, but 
without effect on mortality [ 4 ,  5 ,  8 ,  9 ].   

6.7     Summary and Conclusions 

 Complex lipids and their fatty acid components have important biological activities 
and are involved in the regulation of many metabolic and physiological processes 
[ 3 ,  6 ,  7 ,  15 ]. Fatty acids are important energy sources and upon complete β-oxidation 
yield more energy per mole and per carbon atom than glucose. Fatty acid β-oxidation 
occurs mainly in the mitochondria, and there are specifi c mechanisms for 
transporting fatty acids from the cytosol to the mitochondrial matrix to enable their 
oxidation. Ensuring fatty acid availability for oxidation reduces the need for glucose 
provision. Thus, providing fatty acids is a key strategy to reduce the need for glucose 
and insulin in patients receiving artifi cial nutrition support, particularly intravenous. 
Fatty acids in foods and in formulas used for nutrition support are esterifi ed into 
triacylglycerols. There are specifi c mechanisms for releasing fatty acids from 
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triacylglycerols provided orally and for taking these up into enterocytes. These 
involve coordinated physical, chemical and enzymatic activities operating from the 
mouth to the small intestine. In healthy people these processes are very effi cient, but 
they can be disrupted by injury, illness or disease meaning that fatty acid availability 
can be decreased in these situations. For example, lipid absorption from the 
gastrointestinal tract is impeded in the critically ill patient. 

 The products of triacylglycerol digestion and absorption ultimately appear in the 
bloodstream as triacylglycerol components of lipoproteins called chylomicrons. 
Fatty acids are removed from chylomicrons by the action of lipoprotein lipase, 
which is promoted by insulin, and can be stored in adipose tissue following their 
re-esterifi cation into triacylglycerols. In stress states or times of limited glucose 
availability, fatty acids are released from stored triacylglycerols and appear in the 
bloodstream as non-esterifi ed fatty acids. These are the substrates for oxidation and 
energy generation. Lipid emulsions used in intravenous nutrition support are metab-
olised similarly to chylomicrons, but they need to acquire apoproteins from native 
lipoproteins to enable this to happen. ESPEN guidelines recommend intravenous 
lipid infusion in critically ill patients where enteral feeding is not possible. However, 
excess rates of lipid infusion can lead to hypertriacylglycerolaemia and can disrupt 
organ function, and therefore the rate of lipid infusion needs to be controlled and 
limited. The critically ill patient displays alterations in lipid metabolism and lipid 
utilisation that result from insulin resistance, the stress response, infl ammation and 
nutrition support (Fig.  6.3 ). Fatty acids are the preferred fuel in critical illness, and 
there is an increase in whole body fat oxidation. However, fatty acid availability may 
be in excess of needs, and fatty acids not oxidised may be incorporated into triacyl-
glycerols in the liver resulting in hepatic steatosis and hypertriacylglycerolaemia, 
which may be promoted by lipid infusion and by impaired triacylglycerol clearance. 
In some situations (e.g. in trauma or after surgery), it appears that clearance of cir-
culating triacylglycerols is not impaired so that plasma triacylglycerol concentra-
tions are not excessively elevated. However, in some conditions, like sepsis, 
infl ammation-induced insulin resistance means clearance of circulating triacylglyc-
erols can be impaired and hypertriacylglycerolaemia can occur. In such situations, 
control of the rate of lipid infusion is important to avert adverse consequences while 
still gaining the metabolic and functional advantages of lipid [ 16 ]. Finally, because 
the fatty acid components of triacylglycerols are biologically active [ 6 ], the precise 
composition of lipid used in artifi cial nutrition support of critically ill patients may 
affect metabolic, physiological and clinical outcomes [ 4 ,  5 ,  8 ,  9 ].     
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    Chapter 7   
 The Stress Response of Critical Illness: 
Metabolic and Hormonal Aspects                     

       Luc     Tappy     

    Abstract     Stress responses are essentially elicited by conditions threatening ani-
mal’s survival, and elicit coordinated adaptation with the immediate goal of prevent 
death. Although it was initially proposed that all stressors elicited stereotyped 
neuro-endocrine responses, it is now well recognized that there are important varia-
tions in the pattern of responses according to specifi c stressors. Hypovolemia or low 
blood pressure essentially activates sympathetic nervous centres, resulting in arte-
riolar constriction and increased systemic vascular resistance. Hypoglycemia  and 
mental stress in addition activate the release of liver glycogen stores through activa-
tion of both the sympathetic nervous system and the hypothalamo-pituitary axis. 

 Critically ill patients are typically submitted to various stressors simultaneously. 
The relative importance of cardiogenic shock, hemodynamic alterations due to sep-
sis, and catabolic responses varies according to their initial condition and their 
responses to treatment. They often present initially with prominent hemodynamic 
disorders and activation of the sympaho-adrenal system. This phase is usually tran-
sient in survivorsis followed  by increased energy expenditure (associated or not 
with fever) and a high turnover of energy substrate. The stress responses to critical 
illness have strong impact on blood glucose homeostasis, and invariably lead to 
increased blood glucose concentrations. Increased blood glucose in the consequence 
of a marked stimulation of endogenous glucose production, mainly secondary to 
enhanced hepatic gluconeogenesis, and to decreased glucose transport in insulin-
dependent tissues such as skeletal muscle and adipose tissue.   
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7.1      Introduction: What Is Stress? 

 Stress is one of the most frequently used words nowadays, but its actual meaning is 
not well defi ned. In everyday life, people often talk of stress to refer to conditions as 
various as having to deal with an adverse environment at work, having to face a 
work overload, being anxious before playing a sport game, or giving a public per-
formance, etc. In physiology and medicine, its use is somewhat more focused to 
refer to conditions representing a threat to the organism or disturbing the composition 
of the internal milieu. However, there is neither a universal defi nition of stress nor 
an agreement among scientist regarding its physiological functions. 

 Much of the present research was initiated in the 1950s when Selye reported that 
mice showed the same set of acute reactions, composed of adrenal hypertrophy, 
acute gastrointestinal ulcers, and thymus atrophy, when exposed to experimental 
injuries as varied as bleeding, infection, trauma, surgery, burns, etc. [ 1 ]. This led to 
the concept that pathological conditions threatening the individual’s survival were 
associated with unspecifi c, stereotyped answers, referred to as stress responses. In 
this context, stress can be defi ned as being the set of involuntary, refl ex physiological 
responses to “the fact of being ill.” It was subsequently recognized that these 
answers were mediated by both the autonomic nervous system and the endocrine 
system and aimed primarily at maintaining hemodynamics and cells’ energy 
production. The concept of stereotyped stress answers is now recognized to be an 
oversimplifi cation, and one may recognize several patterns of stress responses 
which vary according to the initial stimulus or stressor. These various patterns most 
likely appeared progressively during evolution, involve different brain structures, 
and have different functional purposes [ 28 ]. 

 Stress responses are essentially elicited by conditions threatening the animal’s 
survival and elicit coordinated adaptation with the immediate goal of preventing 
death [ 28 ]. As their simplest expression, such survival responses will be activated 
when substrate supply to tissues becomes insuffi cient to ensure energy produc-
tion. In humans and other warm-blooded animals, this can acutely occur when 
access to oxygen is impaired (breathing oxygen-devoid air, acute respiratory fail-
ure), when arterial circulation to organs is impaired (massive hemorrhage, car-
diac failure, arterial collapse), or when oxygen transport in the blood is defi cient 
(severe anemia, hemolysis). This may also occur when blood energy substrate 
levels become abnormally low, as during hypoglycemia. Given the absolute need 
of oxygen delivery to the brain and to vital organs, animals have evolved with 
effi cient structures allowing to detect a low arterial pressure (baroreceptors 
located in the arterial system) and arterial hypoxia and its accompanying hyper-
capnia (carotid and aortic bodies, central respiratory chemoreceptors). In case of 
an injury resulting in acute hemorrhage, low cardiac output, and tissue hypoxia, 
activation of these sensors elicits immediate response to ensure that a suffi cient 
amount of oxygen is delivered to the brain (Fig.  7.1 ).

   Of importance, cells need a constant supply of ATP in order to achieve their 
specialized function. Their energy turnover will increase in proportion to their 

L. Tappy



77

 activity (i.e., mechanical work in skeletal muscle, metabolic processes in the liver, 
synthesis and secretion of cytokines and antibodies in immune cells, etc.) and will 
vary according to physiological conditions. Increased ATP will be signaled by 
physiological local mechanisms such as changes in intracellular physicochemical 
properties during muscle contraction and to interorgan information conveyed by 
the nervous and endocrine systems. Stimulation of ATP use in response to a physi-
ological stimulation (e.g., voluntary muscle contraction) will result in increased 
intracellular ADP, which will secondarily stimulate energy substrate catabolism 
and oxidative phosphorylation [ 2 ]. The energy metabolism of any organ therefore 
depends primarily of its physiological workload. It however depends also on ade-
quate energy substrate and oxygen availability and hence on adequate levels of 
energy substrate and oxygen in blood and on adequate local blood fl ow [ 3 ]. These 
are generally not limiting in resting conditions but may become so during exercise 
in pathological conditions such as myocardial infarction or hemorrhagic shock.  

7.2     Main Stressors and Patterns of Stress Responses 

 Although it was initially proposed that all stressors elicited a set of stereotyped 
neuroendocrine response, it is now well recognized that there are important 
variations in the pattern of responses according to specifi c stressors [ 4 ,  5 ]. In a very 
schematic and simplifi ed way, one may identify some of the specifi c responses elic-
ited by a few “basic” stressors: 
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  Fig. 7.1    Overview of stress responses and adaptive 
hemodynamic changes to low blood volume and low cardiac 
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7.2.1     Low Cardiac Blood Flow 

 A low oxygen and nutrient delivery represents a threat for any organ or tissue of the 
organism. When a low cardiac output and systemic arterial fl ow causes generalized 
lack of oxygen and substrates, it represents an acute threat for survival and elicits 
accordingly immediate corrective responses. Whatever the initial cause for low car-
diac output (heart failure, severe hemorrhage, or massive venodilation decreasing 
venous blood return to the heart), it invariably results in a decreased arterial blood 
pressure. 

 The response to acute hemorrhage can be assessed clinically by applying a lower 
body negative pressure, thus decreasing venous blood return to the heart. The stress 
responses to lower body negative pressure rest essentially on the detection of low 
blood pressure by arterial baroreceptors and elicit a refl ex activation of alpha- 
adrenergic sympathetic nerves targeted to arterioles of most organs and tissues 
except the brain and the heart [ 6 ]. It thus limits the drop of blood pressure by 
decreasing blood fl ow to nonessential organs. There is little activation of the adrenal 
medulla and hypothalamo-pituitary axis in this setting, and the effects are primarily 
on hemodynamics, i.e., increased diastolic blood pressure. 

 Metabolic effects are also observed as a consequence of compromised hemody-
namics in critically ill patients; they are mainly secondary to low blood fl ow to 
organs and tissue and can include a decreased whole-body energy expenditure and 
muscle insulin resistance [ 7 ].  

7.2.2     Low-Energy Substrate Availability 

 The healthy human organism has suffi cient endogenous energy stores to meet its 
global energy requirements even when not fed over several days. Most of it is stored 
as fat in subcutaneous adipose tissue, while glycogen stores are limited to a few 
100 g, mainly in the liver and skeletal muscle. Since the brain, unless other organs, 
essentially relies on glucose oxidation for energy production, the human organism 
has developed tight regulatory mechanisms to ensure a constant blood glucose sup-
ply. Given the absolute requirements of brain for glucose, there is no surprise that an 
abnormal drop in blood glucose elicits immediate stress responses (Fig.  7.2 ). These 
are initiated by activation of nervous (hypothalamic) cells which have glucose-sens-
ing properties due to the presence of GLUT2 transporter and of glucokinase, both 
characterized by a high Km for glucose. Activation of these cells by low blood glu-
cose stimulates the adrenal medulla to release epinephrine and increases the secre-
tion of cortisol. Hypoglycemia also stimulates the release of glucagon and growth 
hormone. The effects of increased blood levels of these hormones result in the release 
of blood glucose from the liver [ 8 ,  9 ]. Simultaneously, the increase in fatty acids 
released from adipose tissue [ 10 ] and direct diabetogenic effects of adrenaline and 
growth hormones [ 11 ] decrease insulin sensitivity, thus sparing glucose to restore 
normoglycemia and fuel the brain. Beside these compensatory metabolic effects, 
activation of the sympathetic nervous system also increases heart rate and blood 
pressure, while epinephrine exerts inotropic effects to increase cardiac output.
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7.2.3        Starvation 

 Failure to feed oneself, if long-lasting, represents an important threat to the organ-
ism. In spite of suffi cient energy stores to survive and meet daily energy require-
ments for several weeks, the organism has limited stores of liver glycogen which 
can be released as blood glucose. In the initial hours of fasting, a low insulin secre-
tion and a release of glucagon, cortisol, epinephrine, and growth hormones stimu-
late hepatic glycogenolysis and gluconeogenesis. Hepatic glycogen stores are 
however exhausted in less than 24 h fasting, and the organism thereafter has to rely 
entirely on gluconeogenesis from amino acids to produce glucose. Knowing the 
brain consumes about 125 g glucose daily, this would correspond to the breakdown 
of about 250 g protein daily and would rapidly exhaust protein stores if no further 
adaptations occurred. Specifi c adaptations to starvation (Fig.  7.3 ) include stimula-
tion of adipose lipolysis and of hepatic ketogenesis by glucagon, cortisol, growth 
hormone, and epinephrine [ 12 ]. The increased blood ketone bodies’ concentration 
in turn stimulates the expression of monocarboxylate transporters on neuron mem-
branes and increases ketone bodies’ utilization by neurons, thus sparing glucose 
utilization endogenous protein breakdown [ 13 ]. In addition adaptations aimed at 
reducing energy needs are initiated by an inhibition of leptin secretion by adipo-
cytes. The ensuing low blood leptin levels stimulate the expression of the orexigenic 
neuropeptide Y (NPY) in the hypothalamus, which produces the feeling of hunger 
and triggers food-seeking behavior but also decreases sympathetic nervous system 
activity and increases cortisol secretion. Low leptin concentrations also inhibit thy-
roid hormone secretion and the hypophyso-gonadal axis. Decreased sympathetic 
activity, low thyroid hormone, and prevention of energy requiring pregnancies all 
aim at reducing energy requirements to face potentially long-lasting starvation [ 14 ].

Adrenal medulla
and SNS

β-adrenoceptors

Hypoglycemia
= low energy substrate

Hypothalamic glucose-sensing cells

Hypothalamo-
pituitary axis

Glycogenolysis
gluconeogenesis

lipolysis

Glucocorticoids

Mobilize endogenous energy stores
maintain blood energy substrate content

  Fig. 7.2    Overview of metabolic 
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7.2.4        Escaping Predators 

 In wild animals, most injuries occur as a consequence of being attacked by a preda-
tor (and being fortunate enough to be only wounded instead of being killed and 
eaten). Injury may result in hemorrhagic shock and impaired functional abilities, 
including impaired ability to feed oneself. They will eventually be effective to sup-
port life on a short-term basis, but long-term survival will depend on successful 
healing processes, reparation of initial injuries, and resuming food intake. The best 
chances to survive a predator would be to avoid being eaten or hurt, however. This 
is best done by outrunning the predator. In case it is not possible, the only remaining 
option is to oppose it by strength and defeat it. In this setting, survival will eventu-
ally depend on the muscle function and hence on both oxygen and substrate supply 
to muscle. Interestingly, stress responses have developed to support this “fi ght or 
fl ight” reaction (Fig.  7.4 ) [ 15 ]. These stress responses anticipate any actual injury 
and depend on advanced cognitive functions, which are mainly carried out by the 
mesolimbic system. They can be elicited in animals and humans by various proce-
dures usually referred to as mental stress: immobilization for animals, complex 
mental mathematics or speaking in front of an audience for humans, etc. [ 16 – 18 ].

   Mental stress (Fig.  7.4 ) involves the simultaneous activation of the hypothalamo- 
pituitary- adrenal axis, the adrenal medulla, and the sympathetic nervous system. 
One major effect is to boost the cardiovascular system in order to maintain brain 
blood fl ow but at the same time increase muscle blood fl ow. Chronotropic and ino-
tropic effects of epinephrine are responsible for an increased cardiac output. In addi-
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tion, activation of beta-adrenergic sympathetic nerve fi bers targeted to skeletal 
muscle produce muscle vasodilation, decrease peripheral insulin resistance, and thus 
increase muscle blood fl ow. These vasodilatory sympathetic nerve fi bers have differ-
ent properties than those activated by hemorrhage or low blood pressure, which 
caused peripheral vasoconstriction and increased systemic vascular resistances [ 16 –
 18 ]. The other major effect of mental stress is to stimulate the mobilization of energy 
stores. Epinephrine and cortisol stimulate hepatic glycogenolysis, gluconeogenesis, 
and hepatic glucose production, thus increasing blood glucose levels [ 19 ]. 
Epinephrine also activates adipose tissue lipolysis and increases blood NEFA con-
centrations. Together, the hemodynamic and metabolic effects of mental stress 
increase the delivery of both energy substrate and oxygen to skeletal muscle [ 16 ].  

7.2.5     Infection and Infl ammation as Stressors 

 Circulatory shock and hypoxia are clearly acute, life-threatening conditions which 
elicit strong, immediate counter-regulatory responses. They are not the sole condi-
tions which threaten homeostasis and may be seen as stressors, however, and numer-
ous conditions (hydro-electrolytic disorders, endocrine dysfunctions, tumors, and 
many others) will also elicit various regulatory responses. Of special interest for 
critical care patients, bacterial and viral infections are common conditions which 
may represent a major threat to homeostasis. Infection also invariably results in the 
lysis of host cells and in areas of necrosis in infected organs, which will require 
healing and repair at a later stage [ 20 ]. In a similar way, traumatic injury can cause 
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the necrosis of tissues which require healing. In response to these specifi c needs, 
activation of immune cells by microbial antigens or endotoxin triggers the chain 
release of cytokines (TNF-alpha, IL-1, IL-2, IL-6), which orchestrate the 
differentiation, proliferation, and coordinate actions of lymphocytes and 
macrophages [ 20 ,  21 ]. Cytokines also orchestrate the metabolic adaptations needed 
for eradication of microbial agents and for tissue repair. Schematically, TNF-alpha 
is one of the earlier cytokines produced during severe infection or injury. It is 
responsible for anorexia and fever on one hand, for chain activation of other 
cytokines, and for initiation of immune responses and repair (Fig.  7.5 ). In contrast 
with starvation, anorexia is not associated with energy-sparing adaptations, since 
metabolic rate increases in response to fever and since immune cells and repair 
mechanisms require energy and amino acids. This may be explained by the fact that 
infl ammation-associated anorexia is not associated with activation of NPY in the 
hypothalamus. Instead, TNF-alpha directly induces anorexia while simultaneously 
activating the hypothalamo-pituitary axis by triggering the release of the 
hypothalamic corticotropin-releasing hormone (CRH) [ 22 ].

   Metabolic effects of infl ammation paradoxically include both anorexia and an 
increased energy expenditure. Metabolic effects of TNF-alpha and IL-1, together with 
the other cytokines and infl ammatory mediators, contribute to face this challenge by 
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impairing insulin-mediated glucose utilization in skeletal muscle, thus sparing blood 
glucose for the central nervous system and immune cells. The latter are characterized 
by an important glycolytic metabolism, at the origin of an increased glucose-lactate 
cycling. Simultaneously, the activation of the  hypothalamo- pituitary- adrenal axis and 
of the sympathoadrenal system also is responsible for increased lipolysis and prote-
olysis (the latter occurring mainly in skeletal muscle) [ 22 – 24 ].   

7.3     Stress Responses in Critically Ill Patients 

 For what regards stress responses and metabolic adaptations, critically ill patients as 
encountered in our present intensive care units represent a special population of sub-
jects who have been or are submitted to many stressors simultaneously. In many 
regards, they do not fi t in a physiological categorization, however, since responses to 
severe injury merely represent the best way to temporarily deal with severe threats. 
In this setting, anorexia prevents digestive organs’ energy and oxygen consumption, 
and cytokines and stress hormones operate a massive mobilization of endogenous 
energy stores to provide energy to the brain for its survival and to immune cells for 
repair mechanisms. In that, it represents a paradoxical condition of starvation associ-
ated with increased energy and protein needs, which cannot be normally sustained in 
the long term, as the lean body mass is rapidly eroded. The spontaneous evolution of 
such patients would be either a rapid recovery resulting in recovery or death. The 
presence of critically ill patients in intensive care units for sometimes several weeks 
is clearly the consequence of medical and nursing progresses but faces us with a 
condition which may be called “pathological starvation,” i.e., continuous endogenous 
protein breakdown together with a resistance to normal energy-sparing mechanisms 
and to anabolic factors. This leads to loss of lean body mass, enteral or parenteral 
nutrition at times ineffi cient, increased stay in ICU, and delayed recovery. 

 Critically ill patients are usually exposed to all of the abovementioned basic stress-
ors at some time during their course. The relative importance of cardiogenic shock, 
hemodynamic alterations due to sepsis, and catabolic responses varies according to 
their initial condition and their responses to treatment. Typically patients with severe 
initial injuries (polytrauma patients, burn patients) and patients after cardiac surgery 
initially have prominent hemodynamic disorders. In such patients, blood fl ow is the 
main limiting factor and activation of the sympathoadrenal system is prominent. 
Energy expenditure is usually not increased and may even be low in some patients. 
This phase, often referred to as the “ebb phase” [ 25 ], is usually transient in survivors. 
In contrast, patients without prominent hemodynamic failure are characterized by 
increased energy expenditure (associated or not with fever) and a high turnover of 
energy substrate. This condition often follows the “ebb phase” after resuscitation of 
hemodynamically compromised patients and is often referred to as the “fl ow phase” 
[ 25 ]. It is characterized by insulin resistance as a consequence of endogenous cortisol 
and epinephrine and of endogenous and sometimes of exogenous drugs [ 25 ,  26 ]. 

 The stress responses to critical illness have strong impact on blood glucose 
homeostasis and invariably lead to increased blood glucose concentrations. 
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Increased blood glucose is the consequence of a marked stimulation of endogenous 
glucose production, mainly secondary to enhanced hepatic gluconeogenesis, and to 
decreased glucose transport in insulin-dependent tissues such skeletal muscle and 
adipose tissue. These metabolic changes are secondary to both stress hormone 
release and to infl ammatory mediators and to hemodynamic factors, as depicted in 
Fig.  7.6 . In critical illnesses, infl ammation can be severe and stimulation of stress 
hormone release can be massive, resulting at times to markedly elevated blood glu-
cose concentrations [ 27 ]. This corresponds to a change from normal glucose homeo-
stasis, which may be presented as “pathological” (i.e., stress-induced diabetes) but 
may also be seen as a “normal” deviation from normal homeostatic set points: in 
this perspective, an increase in blood glucose occurs as part of an “allostatic 
response” to allow benefi cial effects of high blood glucose in this particular setting 
[ 28 ]. Hyperglycemia in critically ill patients may therefore exert simultaneous ben-
efi cial and deleterious effects, as depicted in Fig.  7.7 . On one hand, it ensures that 
blood glucose remain available to the brain; this is a high priority in critical illness 
since metabolic responses to infl ammation prevent the normal metabolic adapta-
tions to fasting. In addition, hyperglycemia together with insulin resistance stimu-
lates non-insulin-dependent glucose transport in infl ammatory cells, which mainly 
rely on glycolytic metabolism. This effect is instrumental in providing a constant 
energy supply to support immune responses and repair mechanism. On the other 
hand, metabolic adaptations to critical illness may have adverse effects since high 
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blood glucose can induce oxidative damages, while insulin resistance and high lev-
els of stress hormones may lead to a state of “resistance to the anabolic effects of 
nutrition” [ 29 ].

7.4         Conclusion 

 Humans have developed various patterns of stress responses, each of them suited to 
adapt to specifi c life-threatening situations. Stress responses certainly have many 
benefi cial effects which improve the immediate outcome of patients with severe 
acute illnesses, at least until they gain medical attention. However, once patients 
have been admitted to the intensive care units and receive hemodynamic and 
nutritional support, continuing stress responses may also have signifi cant adverse 
effects. Stress invariably results in a coordinated release of endogenous energy 
stores. This enhances the odds of survival in acutely injured subjects unable to feed 
themselves but results in some degree of “resistance” to enteral or parenteral 
nutrition. One of the foremost consequences of stress responses is the development 
of hyperglycemia, which may in the long term have adverse effects on patients’ 
outcome, presumably due to oxidative damages induced by hyperglycemia. The 
control of hyperglycemia has thus become one of the major metabolic issues in 
critically ill patients and has been reported to dramatically improve patients’ 
outcome [ 30 ]. However, it has also been observed that attempts to achieve a tight, 
“physiological” blood glucose control were associated with an increased risk of 
hyperglycemia and adverse outcomes [ 31 ]. It remains yet to be determined which 
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would be an “optimal” blood glucose level in critically ill patients and how such a 
blood glucose level can practically be attained.     
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    Chapter 8   
 Stress Hyperglycemia                     

       Jean-Charles     Preiser      ,     Aurélie     Thooft     , and     Rafael     Machado     Tironi    

    Abstract     The understanding and management of stress hyperglycemia has dra-
matically changed since 2001. In addition to the development of insulin resistance, 
stress hyperglycemia is characterised by a poorly inhibitable endogenous produc-
tion of glucose leading to a severe hyperglycemia. The toxicity of hyperglycemia 
have been supported by numerous association studies, which reported strong cor-
relations between the magnitude of hyperglycemia and poor outcome. However, 
tight glycemic control by intensive insulin therapy has not been improved outcomes 
in most interventional studies and is currently not recommended.   

  Before 2001, the hyperglycemia found in most critically ill patients was considered 
as a component of the stress response [ 1 ]. Current understanding was completely 
changed by the publication of the fi rst Leuven study article in 2001 [ 2 ]. This inves-
tigation compared an intensive insulin regimen targeting a blood glucose level 
within the 80–110 mg/dL range with a “conventional” management cohort in which 
blood glucose was treated only when above 200 mg/dL. Van den Berghe and col-
leagues found a 4 % decrease in the absolute mortality of critically ill patients ran-
domized to intensive insulin therapy. These unexpectedly impressive results 
triggered a huge wave of enthusiasm. Recommendations to implement tight glucose 
control in intensive care units (ICUs) were rapidly issued by several healthcare 
agencies (the Joint Commission on Accreditation of Healthcare Organization, the 
Institute for Healthcare Improvement, and the Volunteer Hospital Organization). 
Simultaneously, several different teams tried to reproduce the results and to examine 
the underlying mechanisms of the fi ndings of the Leuven team. Overall, the results 
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of the Leuven study have not been reproduced [ 3 – 11 ]. Nonetheless, these follow-up 
studies have given rise to several controversies, shed light on the pathophysiology of 
stress hyperglycemia, and raised important but as yet unanswered questions for the 
physicians taking care of critically ill patients, including the optimal value of blood 
glucose, the risks associated with hypoglycemia, and the categories of patient might 
benefi t from tight glucose control by intensive insulin therapy. 

8.1     Pathophysiology 

 It has long been recognized that critically ill patients tend to be hyperglycemic [ 1 ]. For 
many years, this was attributed to stress and was believed to be a part of the adaptive 
host response to critical illness and designed to provide high amounts of glucose to 
white blood cells and other obligatory glucose users. Because the blood supply to 
injured tissue often has been interrupted or diminished, delivery is primarily through 
mass action across the intracellular matrix. Thus, hyperglycemia was believed to be a 
biomarker of the severity of illness. The Leuven studies [ 2 ,  3 ] started with the hypoth-
esis that hyperglycemia was not just a biomarker. Rather, these investigators postu-
lated that elevations in serum glucose contributed to the pathophysiology of critical 
illness. This proposal spawned the current fi eld of investigation. 

 The physiology behind “stress hyperglycemia” is very different from type II diabe-
tes (Table  8.1 ). In type II diabetes, the cause of hyperglycemia is a combination of 
insulin resistance and defective secretion of insulin by pancreatic β-cells. During stress 

   Table 8.1    Main differences between type II diabetes and stress hyperglycemia   

 Diabetes  Stress hyperglycemia 

 Etiology  Combination of lifestyle and 
genetic factors 

 Secondary to trauma, surgery or acute illness 

 Glycosylated 
hemoglobin 

 Elevated if poorly controlled  Normal 

 Pathogenetic 
mechanisms 

 Insulin resistance 
 Defective secretion of insulin 
(by pancreatic â-cells) 

 Interaction of regulatory hormones, cytokines 
 Production of glucose by the liver 
 Insulin resistance (IMGU tissues) 

 Causes of 
hypoglycemic 
episodes 

 Oral medications 
 Insulin 

 Insulin therapy 
 Interruption of carbohydrates infusion 
 Severe sepsis, liver failure, adrenal 
insuffi ciency 

 Complications  Micro- and macroangiopathy 
(renal, cardiac, ocular, 
cerebral, and neurological) 

 Rather:  complications  related to 1° condition 
causing dysglycemia 

 Evolution  Chronic 
 Not curable 

 Can disappear after resolution of acute illness 
 Higher risk to develop type 2 diabetes 

 Treatment  Lifestyle 
 Oral medications 
 Insulin (added to oral 
medication when insuffi cient) 

 Treatment of underlying cause 
 Insulin therapy 
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hyperglycemia, complex interactions between counter-regulatory hormones and cyto-
kines lead to an excessive and non-inhibitable production of glucose associated with 
insulin resistance of the tissues where glucose uptake is insulin dependent (IMGU), 
perhaps as an adaptive response needed to promote survival during the acute phase 
[ 10 ,  11 ]. Indeed, this highly complex interplay is largely variable over time [ 1 ,  13 ].

   The stress-related increase in hepatic output of glucose results from glycogenoly-
sis and gluconeogenesis. Glycogenolysis is primarily triggered by catecholamines 
and perpetuated under the infl uence of epinephrine and cortisol. Gluconeogenesis is 
triggered to a larger extent by glucagon than by epinephrine and cortisol. Among the 
numerous infl ammatory mediators released in the acutely ill, tumor necrosis factor-α 
(TNF-α) might promote gluconeogenesis by stimulating glucagon production. The 
increase in peripheral resistance is characterized by the inability of skeletal muscles 
and adipocytes to take up glucose, related to an alteration of insulin signaling and 
with a downregulation of type 4 glucose transporters (GLUT-4). 

 An increased glucose reabsorption or a decreased renal glucose clearance has 
also been reported and likely contribute to hyperglycemia in acute conditions [ 15 ]. 
In the postoperative patient, the surgical stress itself is an important trigger, via the 
induction of insulin resistance under the infl uence of cytokines and counter- 
regulatory hormones. The degree of insulin resistance has been related to the mag-
nitude and the duration of the surgical stress. The avoidance of hypothermia, 
excessive blood losses, prolonged preoperative fasting period, and prolonged immo-
bilization synergize to reduce perioperative insulin resistance.  

8.2     Toxicity 

 In experimental conditions, concentrations of glucose higher than 300 mg/dL are 
clearly deleterious. New insights into the cellular mechanisms of glucose toxicity 
suggest a link among glucose, cytopathic hypoxia, and the production of reactive 
oxygen and nitrogen species [ 10 ,  13 ,  14 ]. However, the optimal blood glucose target 
is undefi ned yet and could differ according to the underlying condition, including 
the preexistence and the control of diabetes. Likewise, the ultimate proof that hyper-
glycemia is an independent risk factor for poor outcome in critically ill patients is 
lacking. Importantly, insulin exerts effects other than the promotion of glucose 
metabolism and utilization. These include vasodilatory, anti-infl ammatory, and anti-
apoptotic activities that can be viewed as a homeostatic control mechanism limiting 
some of the processes that occur in infl ammation and other potentially injurious 
responses. The non-glycemic effects of insulin might also explain some of the ben-
efi cial effects of intensive insulin therapy. 

 In stress conditions, an overall massive glucose overload happens in organs 
where glucose uptake is not regulated by insulin, usually quoted as NIMGU ( non - 
 insulin -  mediated glucose uptake ) tissues under the infl uence of pro-infl ammatory 
mediators, counter-regulatory hormones, and hypoxia [ 10 ]. Hence, a wide range of 
tissues, including hepatocytes, endothelial cells, neurons, nephrons, and immune 
cells, may be susceptible to enhanced glucose toxicity as a result of acute illness. 
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Several deleterious effects have been associated with these high glucose concentra-
tions in cells [ 1 ,  12 ]. Damages to mitochondrial proteins occur, and the formation of 
reactive oxygen species (ROS) is increased as a consequence of the shift from 
 glycolysis toward accessory metabolic pathways (pentose phosphate, hexosamines, 
polyols) [ 13 ]. Other effects of excess glucose concentrations include the exacerba-
tion of infl ammatory pathways, decreased complement activity, modifi cations in the 
innate immune system, impairment in endothelial and hepatic mitochondrial func-
tions, abolishment of the ischemic preconditioning, and protein glycosylation. 
Acute complications attributed to stress hyperglycemia include renal failure, 
increased susceptibility to infections and polyneuropathy, and impaired microcircu-
lation [ 1 ].  

8.3     Clinical Associations Between Hyperglycemia and Poor 
Outcome 

 Quite consistently, retrospective studies performed on large cohorts of different cat-
egories of critically ill patients reported poorer outcome of patients who experi-
enced dysglycemic events. However, the strength of the relationship between 
markers of dysglycemia and outcome is variable according to the diabetic status. 
Overall, admission hyperglycemia was found as an independent marker of mortality 
and morbidity [ 16 – 20 ]. 

 After cardiac surgery, the occurrence of hyperglycemia 180 mg/dl was consis-
tently and independently associated with a signifi cant increase in both deep sternal 
wound infections and mortality [ 20 – 22 ]. 

 Comparing the relationship between dysglycemia and outcome in diabetic and 
nondiabetic critically ill patients yielded interesting and consistent differences. 
Several studies consistently reported a fl atter relationship or J-shaped curve between 
BG and mortality in diabetic than in nondiabetic patients [ 23 – 28 ].  

8.4     Conclusions 

 A consistent and clear association between hyperglycemia and poor outcome is 
present in critically ill patients. These fi ndings support the current recommendation 
of liberal glucose control by insulin, namely, in view of the risks associated with 
tighter therapeutic strategies [ 29 – 31 ]. The use of consistent indices of the three 
domains of dysglycemia (hyperglycemia, hypoglycemia, and high glycemic vari-
ability) is required to delineate the optimal BG target in different categories of 
patients, the logistical requirements for a safe and reliable glucose control, and to 
assess technical advances that could improve the quality and safety of glucose 
 control [ 32 ].     
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    Chapter 9   
 Protein Metabolism                     

       Åke     Norberg     ,     Felix     Liebau     , and     Jan     Wernerman     

    Abstract     Protein metabolism is a core part of metabolism in particular in critical 
illness. Overall the critically ill subject has an elevated protein turnover to meet 
the demand associated with critical illness. Regulating mechanisms are incom-
pletely understood, which make recommendations on nutrition support or other 
therapeutic efforts diffi cult. The alterations of protein metabolism in critical ill-
ness are not uniform between individual tissues, which make global nutrition pro-
tocols diffi cult to evaluate. Recent advances in isotopic techniques to assess 
protein turnovers in the whole body as well as in individual tissues or even pro-
teins together with advances in imaging will give opportunities to better under-
stand the mechanisms and consequently give more evidence-based recommendation 
over optimal care.   

9.1      Background 

 Critical illness is associated with loss of lean body mass. In particular sarcopenia is 
a characteristic feature of long-standing critical illness [ 1 – 3 ]. This is often obvious 
at bedside, but in addition it has been extensively documented in terms of negative 
nitrogen balance and loss of muscle tissue [ 4 – 6 ]. The loss of both muscle proteins 
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and of muscle mass is in rough terms proportional to the severity of critical illness 
[ 2 ]. When it comes to nutrition support, the major target of this intervention may be 
defi ned as to minimize the loss of lean body mass. 

 A loss of body proteins corresponds to an imbalance between synthesis and deg-
radation of proteins. On the whole body level, this is refl ected by a negative whole 
body nitrogen balance. This balance, however, is extremely unevenly distributed 
between organs and tissues and even between singular proteins in a given tissue. 
This means that protein metabolism in the critically ill may be discussed on a whole 
body level, on an organ level, or on the level of individual proteins. 

 Besides the loss of lean body mass, the most characteristic feature of protein 
metabolism in the critically ill is the elevated whole body protein turnover as 
illustrated in Fig.  9.1  [ 7 ]. As compared to healthy individuals, both de novo synthesis 
rate and degradation rate are doubled. The net protein balance is, as illustrated, not 
different from zero in the fed state of critical illness, but as pointed out above this is 
very different between tissues. For contractile proteins in skeletal muscle, there is 
clearly a negative balance [ 8 ].
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  Fig. 9.1    Whole body protein turnover in healthy individuals in the postabsorptive state and in the 
IV-fed state, together with IV-fed critically ill patients. All kinetic measurements made by isotopic 
labeled phenylalanine.  Open bars  represent protein synthesis,  hatched bars  protein degradation, 
 fi lled bars  protein balance, and fi nally  cross-hatched bars  protein oxidation. For the healthy 
subjects, statistical comparisons of paired measurements were made as indicated, where ** 
represents  P  < 0.001 and ***  P  < 0.0001. Between healthy subjects and patients, no formal 
comparisons were made, but the higher levels of both synthesis rate and degradation rate are 
obvious. In addition the protein balance for the patients is not different from zero (Combined data 
from [ 7 ,  13 ] with permission)       
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9.2        Techniques of Assessment 

9.2.1     Nitrogen Balance 

 The classic technique to evaluate protein metabolism is by whole body nitrogen 
balance. In healthy subjects this may be done by monitoring intake and collecting 
and analyzing excretions. In addition there is a small insensible nitrogen loss. In a 
weight stable subject adapted to a standardized nutrition intake (in terms of caloric 
and protein intake), the nitrogen balance technique allows for comparisons between 
different isocaloric or isonitrogenous products. Comparisons between nutrition 
products differing in protein and caloric content is much more complicated and 
must be accompanied by suffi cient time periods for adaptation to the different intake 
levels [ 9 ]. Furthermore, studying malnourished or catabolic subjects add concerns 
over comparability between groups of subjects.  

9.2.2     Imaging 

 Recent developments of imaging techniques have made ultrasound and radiology 
techniques more useful in estimating muscle mass and lean body mass [ 10 ]. Single- 
slice CT scans on the level L3 for estimation of muscle mass are reported to give 
good prediction of outcomes in critical illness [ 11 ]. Simultaneously temporal 
patterns of thigh muscle thickness estimated by transcutaneous ultrasound give 
information over development of sarcopenia and have illustrated the severity of 
disease as a determinant of degree of sarcopenia [ 2 ,  3 ]. Possible limitations lie in 
reproducibility of measurements and sensitivity when different treatments are 
compared in the critically ill. Neutron activation analysis is often regarded as the 
gold standard to follow changes in lean body mass in critical illness. A number of 
studies from New Zeeland have been instrumental in expanding our knowledge of 
the temporal development of depletion associated with critical illness, including the 
effects of feeding and overfeeding [ 4 ,  6 ]. The obvious limitation of the technique is 
its sparse availability and logistic challenge in applying the technique for body mass 
diagnostics only in critically ill subjects.  

9.2.3     Isotopic Tracer Techniques 

 The use of isotopic studies to assess and monitor protein turnover opens up oppor-
tunities to study protein de novo synthesis and protein degradation simultaneously. 
Applications may be on the whole body level as well as on the tissue level or for 
individual proteins [ 12 ]. Just as for nitrogen balance studies, the presence of meta-
bolic as well as isotopic steady states is a necessary prerequisite for reliable results. 
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In contrast to nitrogen balance, the time patterns of steady states may be much 
shorter and therefore more practical. Whole body measurements, as illustrated in 
Fig.  9.1 , may be performed when steady state periods of just 3–4 h exist. Results of 
comparisons between such short periods may be diffi cult to interpret, which calls 
for caution. Then it is advisable to predefi ne criteria for comparability between 
time-points of interest. In addition to quantifi cation of synthesis rate and degrada-
tion rate, measurement of whole body turnover rate also enables determination of 
amino acid oxidation [ 7 ]. As proteins may not be stored in the human body in the 
way adipose tissue may store a surplus of energy intake, a possibility to measure the 
amount of protein oxidized will refl ect the fraction of protein intake that is not uti-
lized in protein turnover, but has to be eliminated as an increase in oxidation, which 
may be interpreted as a metabolic burden of overnutrition. Figure  9.2  illustrates how 
an increase of protein intake from 0.53 g/kg/24 h to 1.06 g/kg/24 h increase whole 
body net protein balance in head trauma patients without increasing protein oxida-
tion [ 13 ].

   The demand for a metabolic steady state also includes a steady state of nutrition 
intake. When parenteral nutrition is given, this can usually be controlled, but as the 
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  Fig. 9.2    Whole body protein turnover in IV-fed critically ill patients ( n  = 17) with traumatic brain 
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majority of critically ill patients are fed enterally, both a steady state of enteral 
intake and a steady state of fi rst pass elimination through the splanchnic organs have 
to be documented. At measurements of whole body turnover, sampling is done in 
the central compartment (plasma), which necessitates documentation of the con-
stancy of this fi rst pass elimination during the measurement period. This may be 
done by adding an isotopic tracer to the enteral feeding given and assess its appear-
ance in plasma [ 14 ].   

9.3     Tissues and Individual Proteins 

 The overview of techniques above refl ects the whole body situation, but it is in prin-
ciple also applicable to individual tissues or proteins. Balance techniques may be 
used for individual organs or tissues. For example, urinary excretion of 3-methyl- 
histidine has been widely used to study degradation of contractile proteins [ 15 ]. If 
quantifi ed, this may be interpreted as the degradation rate of skeletal muscle pro-
teins. The background is the irreversible (in man) posttranslational modifi cation of 
histidine in contractile proteins. Furthermore, the arteriovenous balance of 3-methyl-
histidine may also be analyzed across muscle tissue [ 16 ]. A limb, most often the leg, 
is then postulated to represent muscle tissue. The use of 3-methyl- histidine is, how-
ever, associated with a number of underlying assumptions, and also the fact that 
only degradation is refl ected is another limitation. 

 Arteriovenous balances also including measurements of blood fl ow may be used 
to study balances of a wide variety of substances across organs or tissues. In the area 
of protein metabolism, amino acid balances are frequently applied [ 17 ]. Besides 
skeletal muscle, the liver, kidney, brain, and lungs are examples of tissues where this 
approach has been used. A necessary prerequisite is that the tissue studied is sup-
plied and drained by accessible blood vessels, and if concentration differences are 
small, a high precision in concentration determinations is necessary. The obvious 
limitation in plain balances is that it is not possible to discriminate between what is 
attributable to synthesis and degradation, respectively. 

 A further development of arteriovenous balance techniques is to also include 
isotopic labels [ 18 ]. This carries the possibility to quantitatively asses both synthesis 
and degradation at the same time. With a constant infusion of an isotopically labeled 
amino acid, the rate of appearance from a given tissue will correspond to the 
degradation rate, while the rate of disappearance will correspond to the synthesis 
rate. A critical assumption is the isotopic enrichment of the labeled amino acid in 
the immediate precursor pool for incorporation of amino acids into protein. A 
snapshot of the intracellular pool may be obtained by adding tissue biopsies. If 
biopsies are included, a 3-pool model is established, otherwise a 2-pool model [ 8 ]. 

 Isotopically labeled amino acids are also widely used to assess de novo protein 
synthesis, when the incorporation rate of the labeled amino acid into proteins is 
measured. This may be applied to mixed tissue proteins or fraction of proteins or 
individual proteins [ 19 ,  20 ]. If proteins are in a solid organ, tissue biopsies are 
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required. If it is circulating proteins or proteins in circulating cells, blood sampling 
will be suffi cient [ 21 ,  22 ]. Just as for the calculation of synthesis rate from the rate 
of disappearance requires an estimate of the isotopic enrichment in the precursor 
pool for protein synthesis, correct estimation of the precursor pool in these calculated 
synthesis rates is critical. In particular when metabolic steady states are not obvious, 
which, for example, may be the case after feeding, erroneous precursor enrichment 
estimates may introduce considerable uncertainty.  

9.4     Protein Synthesis Rates 

 The elevation in whole body protein synthesis rate seen in the critically ill, as illus-
trated in Fig.  9.1 , is mainly attributable to high synthesis rates in the liver and in 
immune cells [ 21 ,  22 ]. Also for export proteins such as albumin, often referred to as 
a negative acute phase reactant due to its low plasma  concentration, there is an 
increase in synthesis rate [ 23 ]. In parallel to the increase in synthesis rate of proteins 
in the liver and in immune cells, remaining tissues are found to have synthesis rates 
not different from what is seen in healthy subjects. This is particularly true for skel-
etal muscle, which related to the large size of the tissue make up a substantial por-
tion of whole body protein synthesis [ 8 ]. Also when muscle proteins are subgrouped 
into contractile and mitochondrial proteins, for all groups a similar level of synthe-
sis rates is seen both for the critically ill and for healthy subjects [ 24 ]. As critically 
ill patients are a very heterogeneous group of individuals, there is a large interindi-
vidual scatter, but in principle there are no tissues so far studied that expose a 
decrease in protein synthesis rate in critical illness.  

9.5     Protein Degradation Rates 

 Breakdown of proteins is less well studied, related to the methodological diffi culties 
described above. The whole body increase in degradation rate is to a large extent 
attributable to the elevated rate of protein degradation in skeletal muscle [ 25 ]. This 
is also in accord with the negative protein balance seen in muscle and the pronounced 
sarcopenia. Just as for synthesis rates, the degradation rates are similar in between 
different subgroups of proteins in muscle. From small case series of critically ill 
subjects, muscle protein degradation rate may be threefold higher than normal [ 8 ]. 
This may not cover the entire doubling of whole body degradation rate reported, but 
at least a major portion thereof. Very little information over degradation rates on the 
tissue level is available from other organs, and therefore it is hard to know whether 
or not degradation rates in the rest of the body also increase or stay unaltered. 
Indirectly the balance equation of, for example, albumin with a low, but constant 
over time, plasma albumin concentration combined with an elevated synthesis rate 
indicates an increase also in degradation rate. However, this has so far not been 
objectively measured. 
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 A challenging question is the role of autophagy in critical illness. In protein degra-
dation there are three principally different tracks for degradation: (i) cytoplasmic free 
enzymes, (ii) the proteasome system, and (iii) the lysosomal system. The latter system 
is also named autophagy. All systems are stimulated in the critically ill, but in particu-
lar the lysosomal system [ 8 ,  26 ]. Efforts to decrease or to attenuate the development 
of sarcopenia by preventing degradation may result in a decrease of lysosomal activity 
or in other words a decrease in autophagia. Simultaneously it is hypothesized that 
autophagia is a necessary mechanism to overcome critical illness and to recover [ 27 ]. 
If so, to attenuate autophagia may not at all be a good thing. Further studies in this 
fi eld will be necessary to fully comprehend these mechanisms.  

9.6     Interfering with Protein Metabolism 

 The close connection between lean body mass and outcomes has fostered hypothe-
sis that actions to attenuate the loss of lean body mass may be a good strategy to 
improve outcomes. There are at least four strategies to try to obtain this: (i) source 
control, (ii) nutrition, (iii) pharmacology, and (iv) mobilization. 

9.6.1     Source Control 

 This is clearly the least controversial part. Source control may be to stop bleeding, 
to control infections, to stabilize fractures, to control pain, etc. This is also the main 
strategy in any critically ill patient. Although it is not evidence based that the clinical 
improvement associated with source control also is accompanied by an increased 
lean body mass, there is at least a temporal coincidence.  

9.6.2     Nutrition 

 In malnourished but otherwise healthy subjects, adequate nutrition is necessary (but 
not suffi cient) to increase lean body mass. In non-malnourished and healthy adults, an 
increase in lean body mass can only be achieved by simultaneous physical activity and 
adequate nutrition in combination. This is, however, not a constant fi nding. Subjects 
respond very differently in terms of lean body mass to an increase in physical activity. 
Also the type of physical activity may be of importance. In critically ill subjects, the 
response to feeding in terms of alterations in lean body mass is not suffi ciently 
explored. Although all critically ill subjects are catabolic in the sense that they develop 
sarcopenia, differences in nutrition status may be crucial for the response to feeding. 
In this context the temporal aspect is very important. The response to nutrition may 
differ in the early and late phases of critical illness. The autophagy hypothesis alluded 
to above may be an example of such a temporal factor. 
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 The relation between lean body mass and outcomes does not immediately imply 
that preservation or attenuation of lean body mass will affect outcomes. So far it is 
reasonably well evidenced that caloric substitution will give a lower whole body 
protein loss as compared to no caloric substitution, but it is not evidenced that it will 
affect outcomes. If the caloric substitution turns into an over-substitution, this is 
associated with harm. The possible association with protein metabolism is not clear, 
but an attenuation of autophagy may be a suggestion. Lately the provision of protein 
nutrition has attained a large interest. The recommendation of a protein intake of 
0.8 g/kg/24 h (together with a normocaloric energy intake) given for healthy subjects 
has been hypothesized to be far too low for the critically ill [ 28 ,  29 ]. The evidence 
for this hypothesis, however, is not very strong. No prospective randomized studies 
with outcome parameters but merely observational case series exist [ 9 ]. Nevertheless, 
recommendations from nutritional societies suggest a higher intake as compared to 
the WHO recommendations for the healthy [ 30 ,  31 ], 1.2–1.5 g/kg/24 h, together 
with a normocaloric intake is recommended by both ESPEN and ASPEN [ 32 – 34 ]. 

 The use of isotopic labeling to assess whole body protein turnover offers the pos-
sibility to assess the short-term effect of an increased protein intake on protein bal-
ance and on protein oxidation. Figure  9.3  depicts data from such short-term studies 
in the early phase of critical illness, illustrating a clear relationship between protein 
intake and protein balance [ 14 ]. This must, however, be interpreted with caution. It 
is a short-term observation, very few observations above an intake of 1.8 g/kg/24 h 
are included, and studied subjects are all in the early phase of critical illness. Beyond 
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  Fig. 9.3    Observations ( n  = 112) of whole body protein balance in relation to protein intake for 
critically ill patients ( n  = 39) given variable amounts of energy and protein (amino acids). Whole 
body protein balance was assessed by measurements of isotopic labeled phenylalanine. The 
statistical correlation seen is suggestive of a positive whole protein balance on the protein intake 
level suggested by the ESPEN guidelines (Combined data from [ 7 ,  13 ,  14 ] with permission)       
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that the relations between a positive protein balance, lean body mass, and outcome 
all remain to be established.

9.6.3        Pharmacology 

 On the side of the rather confusing hypotheses around pharmaco-nutrition, there 
have been efforts to interfere with protein metabolism by pharmacological agents. 
The well-known example of growth hormone supplementation illustrated that 
although a stimulating effect on skeletal muscle combined with protein synthesis 
rate could be demonstrated in critically ill patients [ 35 ], a prospective randomized 
blinded trial showed an increase in mortality in the growth hormone-treated group 
of patients [ 36 ]. This experience clearly illustrates the necessity to understand the 
underlying mechanisms before starting large-scale trials. In addition there are small 
studies exploring high insulin doses [ 37 ], testosterone [ 38 ], anabolic steroids [ 39 ], 
as well as beta-blockers [ 40 ]. The experience of multi-supplemented formulas under 
the heading of pharmaco-nutrition has so far not contributed to a better outcome and 
should preferably be better investigated before being recommended.  

9.6.4     Mobilization 

 There has been a discussion over the relative contributions to sarcopenia from critical 
illness itself (general infl ammation) and the immobilization that also accompanies 
critical illness. Studies of immobilized healthy subjects indicate an initial delay in the 
development of sarcopenia [ 41 ]. Long-term immobilization on the other hand is asso-
ciated with considerable loss of muscle mass [ 42 ]. In critically ill patients, efforts to 
prevent muscle wasting by activity have attained a lot of interest [ 43 ]. Presented stud-
ies are most often case series, and the absence of blinding is common. In addition 
selection of patients by extensive exclusion criteria is also common. In the context of 
protein metabolism, there are no reports over physical mobilization or training and 
protein turnover, although this is an area where reports of benefi cial effects from mus-
cle contractions during critical illness are emerging [ 44 ].   

9.7     Conclusions 

 Protein metabolism is a core part of metabolism in particular in critical illness. 
Overall the critically ill subject has an elevated protein turnover to meet the demand 
associated with critical illness. Regulating mechanisms are incompletely understood, 
which make recommendations on nutrition support or other therapeutic efforts 
diffi cult. The alterations of protein metabolism in critical illness are not uniform 
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between individual tissues, which make global nutrition protocols diffi cult to 
evaluate. Recent advances in isotopic techniques to assess protein turnovers in the 
whole body as well as in individual tissues or even proteins together with advances 
in imaging will give opportunities to better understand the mechanisms and 
consequently give more evidence-based recommendation over optimal care.     
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    Chapter 10   
 Micronutrients                     

       Mette     M.     Berger    

    Abstract     The status of 11 trace elements and 13 vitamins, collectively named 
micronutrients, is challenged in several critical care conditions. Infl ammation and 
oxidative stress cause redistribution of micronutrients to organs involved in synthe-
sis and immunity resulting in signifi cant drops of plasma concentrations even in 
absence of real defi cits. Nevertheless these changes alter the organism’s capacity to 
respond to circulating stressors, and participate in worsening organ function in 
patients dependent on intensive care. Only one vitamin defi ciency may be critical 
during the fi rst 48 hours: Thiamine. Other alterations will result in later conse-
quences in conditions characterized by the combination of a strong infl ammation 
and of losses of biological fl uids. The properties, risks and potential for intervention 
of the essential micronutrients are discussed, mainly regarding their immune, anti-
oxidant and wound healing properties. The place in metabolism of carnitine and 
choline, actually missing in parenteral nutrition, is addressed.   

  Micronutrient is the collective name for trace elements and vitamins: both catego-
ries of substances are required for substrate metabolism, antioxidant and immune 
defences. They have no proper energetic value. Micronutrients are present in minute 
amounts and small changes will result in important changes in their distribution in 
the body [ 1 ]. Tables  10.1  and  10.2  summarise some aspects of their physiology and 
usual requirements: this knowledge only partially addresses the issues encountered 
during acute and chronic critical illness.

    Oxidative stress and infl ammatory response belong to the standardised body’s 
answer to infection of any origin and severity or of any acute injury. Production of 
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reactive oxygen species (ROS) is a normal phenomenon that is amplifi ed as soon as 
infl ammation is activated. But the ROS production may overwhelm the endogenous 
antioxidant defences and reinforce infl ammation. Pro-infl ammatory mediators 
(such as TNF-a, IL-1, IL-6, bradykinins, leukotrienes, prostaglandins) are released 
in amounts proportional to the severity of the condition [ 2 ]. They may contribute to 
the development of multisystem organ dysfunction and even failure, when uncon-
trolled by the anti-infl ammatory defence mechanisms and mediators (e.g., IL-4, 
IL-10, etc). After the initial hyper-infl ammatory state, cytokine levels generally 
return to normal, a passage of hypo-infl ammatory  status being possible [ 3 ]. 

 Micronutrients are very sensitive to circulating cytokines and other biomarkers 
of infl ammation, which divert them from the circulating compartment to specifi c 
tissues and organs, reducing the blood concentrations. Insuffi ciency of the 
endogenous defences may result from defi ciency or suboptimal status prior to 
disease or to this redistribution. This is particularly the case with the micronutrients 
involved in antioxidant defences such as selenium, zinc, ascorbic acid and 
α-tocopherol. Indeed Se and Zn concentrations below reference ranges during criti-

    Table 10.1    Essential trace element in adults   

 Trace elements  Body stores  Location in the body  DRI 
 Parenteral nutrition 
recommendations 

 Cu – copper  100 mg  Liver, enzymes  0.9 mg  0.3–0.5 mg (5–8 umol) 
 1.3 mg (20 umol) in major 
burns and GI losses 

 Se – selenium  6–20 mg  Liver, kidney > 
muscle, bone, blood 

 55 mcg  30–70 mcg (0.4–0.84 umol) 

 Zn – zinc  1.4–2.3 g  Bone > genitalia, 
skin, liver, kidney, 
muscle, pancreas 

 11 mg  2.5–5 mg (38–76 umol) 
plus 2.5–4 mg (38–
62 umol) in catabolic states 
but not >30 mg in ICU 

 Fe – iron  3 g (female) 
– 4 g (male) 

 Liver, spleen > Hb, 
myoglobin, 
cytochromes 

 8 mg  0 to 1.0–1.2 mg 
(18–20 umol) 

 Mn – 
manganese 

 12–16 mg  Mitochondria (liver, 
bone, kidney, 
pancreas, small 
intestine) 

 2.3 mg  0–55 mcg (1 mmol max) 

 Mo – 
molybdenum 

 9–16 mg  Mitochondria (same 
as Mn) 

 45 mcg  100–200 mcg 
(1.0–2.1 umol) 

 Cr – chromium  4–6 mg  Spleen, heart, kidney  35 mcg  10–15 mcg (0.2–0.3 umol) 
 20 mg (0.4 umol) in ICU 

 F – fl uoride  <1 mg  Bone, teeth  4 mg  0.95 mg (50 umol) 
 I – iodide  20–50 mg  60 % thyroid > 

muscle, ovaries, 
blood 

 15 mcg  70 mcg (0.6 umol) 

 Co – cobalt  <1 mg  Blood  None  None 
 V – vanadium  20–25 mg  Throughout, stored 

in fat tissue 
 None  None 

  Adapted from [ 62 ,  63 ] 
  DRI  dietary reference intake  
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cal illness are associated with increased oxidative stress and elevated infl ammatory 
biomarkers, particularly in patients with sepsis [ 4 ]. Several trace elements and 
 vitamins will exhibit blood concentrations below reference ranges even in the 
absence of a true defi ciency state: Fe, Se, Zn and vitamin concentrations are heavily 
altered. Suboptimal Se and Zn status in turn worsens oxidative stress [ 5 ]. This was 
recently confi rmed in 114 critically ill patients: elevated CRP and low Se, Zn and 
albumin values were a constant fi nding [ 4 ], as it was in 800 non-critically ill patients 
referred for nutritional assessment.  

 In the intensive care unit (ICU), micronutrient prescription is generally confi ned 
to parenteral nutrition (PN). The below text will describe conditions in which this 
concept is insuffi cient to address the patient’s requirements. 

    Table 10.2    Essential vitamins   

 Vitamins [ 13 ]  Units 

 EN 
recommended 
min-max 

 PN 
recommended 
dose  Absorption site  Main location 

 A – retinol  ug  700–3600  1000  Duodenum, 
upper jejunum 

 Various target 
organs 

 D – cholecalciferol  ug  10–50  5  Small intestine  Lymph, kidneys, 
adrenals, bones, 
intestines 

 E – alpha- 
tocopherol 

 mg  10–60  10  Small intestine  Lymph, all 
tissues 

 K – phylloquinone  ug  70–400  150  Small intestine, 
colon 

 Lymph 

 B1 – thiamine  mg  1.2–10  3  Small intestine  Heart, brain, 
kidney, liver, 
skeletal muscle 

 B2 – ribofl avin  mg  1.6–10  3.6  Small intestine  All tissues, little 
storage 

 B3 – niacin (PP)  mg  18–60  40  Throughout 
gastrointestinal 
tract 

 All tissues, 
particularly liver 

 B5 – pantothenic 
acid 

 mg  4–7  Throughout 
gastrointestinal 
tract 

 All tissues 

 B6 – pyridoxine   mg   1.6–10  4  Throughout 
gastrointestinal 
tract 

 Brain liver 
kidneys 

 B8 – biotin (H)  mg  15–150  60  Throughout 
gastrointestinal 
tract 

 Liver, brain 

 B9 – folic acid  μg  200–1000  400  Small intestine  Liver tissues 
 B12 – cobalamin   mg   1.4–14  50  Ileum  Liver, heart, 

kidney, spleen, 
brain 

 C – ascorbic acid  mg  45–440  100  Intestine  Plasma, body 
cells 

  Adapted from [ 62 ,  63 ]  
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10.1     Which Micronutrients Matter in Critically Ill Patients? 

 In patients staying less than 4 days in the ICU and in absence of pre-existing defi -
ciency, there is little time for micronutrient problems to develop or become source of 
concern, with one major exception: acute thiamine defi ciency in the context of the 
refeeding syndrome which develops in a few hours upon re-administration of carbo-
hydrates in patients who have not been fed for a few days [ 6 ] (see below Sect.  10.10.5 ). 

 But several acute conditions requiring ICU treatment are characterised by major 
micronutrient alterations, which have been identifi ed as contributors to the worsening 
of their condition: they are generally characterised by the combination of a strong 
infl ammation and of losses of biological fl uids such as major burns and multiple 
trauma, patients on continuous renal replacement therapy, acute pancreatitis, and 
any patients with drains and high-output intestinal fi stulae. 

 More and more patients survive the initial acute phase of disease: they are 
particularly fragile and exposed to cumulated progressive complications including 
alterations of micronutrient status. Patients enter a state called chronic critical 
illness: it is a recent phenomenon which has changed the ICU world and increases 
in incidence [ 2 ]. 

10.1.1     Trace Elements 

 The essential trace elements were defi ned in the 1960s [ 1 ] as inorganic substances, 
mainly metals and metalloids, constituting <0.01 % of body mass, that are present 
in constant concentrations <50 μg/g tissue or fl uid. Their absence causes reproduc-
ible biochemical, structural and functional defi ciencies, while these alterations can 
be prevented/corrected by the intake of the single element. Among the 11 essential 
trace elements listed in Table  10.1 , copper, iron, selenium and zinc are of special 
interest during critical illness and will be discussed hereafter. 

10.1.1.1     Copper 

 This element was rarely considered a problem in the ICU, being confi ned to neuro-
logical pathologies such as insuffi cient (Menkes disease) or excess copper (Wilson’s 
disease) [ 7 ]. Recent changes in the ICU population have emphasised the importance 
of this element. But Cu defi ciency remains a differential diagnosis which is rarely 
mentioned. Its potent redox activity makes copper a key modulator of cell signal 
transduction pathways. Copper defi ciency can result in impaired energy production, 
abnormal glucose and cholesterol metabolism, increased oxidative damage, delayed 
wound healing (altered due to insuffi cient elastin and collagen synthesis), structure 
and function of circulating blood and immune cells, abnormal neuropeptide synthesis 
and processing, aberrant cardiac electrophysiology, impaired myocardial contractility 
and persistent effects on the neurobehavioral and the immune system [ 8 ]. 

 Severe copper defi ciencies appear several months after bariatric surgery, particu-
larly in patients having undergone malabsorptive procedures: this is a growing 
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patient population resulting from the obesity epidemic. As copper is absorbed in the 
stomach and duodenum, defi ciencies develop progressively [ 9 ]. In presence of car-
diac and infectious complications, copper and ceruloplasmin concentrations should 
be determined, and copper prescribed by the intravenous route to be effi cient as the 
gut is unable to absorb it. 

 Continuous renal replacement therapy is frequently required in chronic critical 
illness. The effl uent losses contain several micronutrients, including copper [ 10 ]: 
the losses generally exceed one daily dose for standard PN. In patients undergoing 
prolonged renal replacement, blood copper should be monitored along with sele-
nium to prevent development of extreme hypocupremia [ 11 ]. 

 Major burns in patients have long been known to develop severe copper defi cien-
cies caused by large losses from their burn wound exudates [ 12 ]. Death by cardiac 
arrest has been associated with extreme copper defi ciency [ 13 ]. Early repletion of 
this element contributes to the restoration of immunity and of wound healing after 
major burns [ 14 ].  

10.1.1.2     Iron 

 This element plays a central role in oxygen transport, being the core of haemoglo-
bin, but also in electron transfer, nitrogen fi xation or DNA synthesis and all essen-
tial reactions for living organisms. Iron defi ciency is the main cause of anaemia 
worldwide, as well as a cause of fatigue and decreased effort capacity [ 15 ]. Anaemia 
is very frequent in the ICU, affecting nearly 70 % of patients. But systematic data 
on iron status in critically ill patients are few as the status is diffi cult to determine, 
the main indicators being affected by the omnipresent infl ammatory response. A 
Belgian prospective study including 95 patients showed that the iron status mea-
sured by a combination of blood count, iron, ferritin, transferrin and transferrin 
receptor concentrations and transferrin saturation was rapidly altered in the majority 
of patients and remained so for many days [ 16 ]. True iron defi ciency should be 
suspected as it is frequent in the general population [ 17 ], and therefore many patients 
start with iron defi ciency or even anaemia. Critical illness worsens the status; 
 hemorrhagic conditions and blood sampling contribute to depletion. It should also 
be considered when ferritin is in the lower range of normal, as this protein increases 
with infl ammation. The clinical availability of the best marker of iron status in 
 critical illness, hepcidin [ 15 ], is still to come.  

10.1.1.3     Selenium 

 Selenium is essential for maintenance of overall health, especially for the thy-
roid, immunity and homeostasis. It is also important for reproduction [ 18 ]. It has 
a very important role in virology. Among the micronutrients with an antioxidant 
function, selenium is the one which has attracted most attention, followed by 
zinc. Indeed it constitutes the core of the glutathione peroxidase family of 
enzymes, which constitute the most important antioxidant defence system in the 
organism [ 19 ]. 
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 Critical illness and particularly those involving septic pathologies are character-
ised by infl ammation and oxidative stress. Selenium concentrations are generally 
low, and the decrease of blood concentrations compared to reference ranges refl ects 
the severity of disease [ 20 ]. 

 A recent study combining in vitro and in vivo investigations confi rmed that 
plasma concentrations of interleukin-6, other biomarkers of infl ammation and 
markers of oxidative damage to proteins and lipids were elevated, particularly in 
patients with sepsis, and were inversely related to plasma selenium and zinc concen-
trations [ 5 ].  

10.1.1.4     Zinc 

 Zinc is the structural and regulatory element in more than 300 enzymes, essential in 
all metabolic pathways, for genomic stability, DNA function and reparation, cell 
proliferation and apoptosis. It is also essential for the function of numerous hor-
mones such as growth hormone, gustine, thyroid hormones, thymuline and insulin. 
It plays key roles in antioxidant and immune defences. The multiple functions of 
zinc require a dedicated review [ 21 ,  22 ]. 

 In critical care research has focused on the antioxidant and immune functions 
mainly in sepsis, as well as on tissue repair.  

10.1.1.5     Vanadium 

 This element is a new comer on the list, although no clear clinical defi ciency state 
has yet been identifi ed. The essential role of vanadium as an inorganic enzyme 
cofactor in maintaining haemostasis has long been known [ 23 ], although the mecha-
nisms of action of vanadium salts remain poorly understood. Vanadium complexes 
are cofactors for several enzymes and also exhibit insulin-mimetic properties, mak-
ing vanadium of interest to diabetes specialists [ 24 ]. The best accepted model of 
vanadium compounds’ mechanism of action is to consider that they behave as phos-
phate analogues: vanadium would activate the protein tyrosine phosphorylation 
(PTP) of solubilised insulin receptor and autophosphorylation of this receptor in a 
mechanism analogous to insulin. Vanadium compounds increase glucose uptake 
and transport from the intracellular compartment to the cell surface through the 
insulin-dependent glucose transporter GLUT4 in the mechanism regulated by phos-
phoinositide 3-kinase and protein kinase B [ 25 ]. 

 The average diet provides 10–160 μg of vanadium per day, mainly from mush-
rooms, seafood, black pepper, parsley, fennel seeds, grains and spinach. After enter-
ing the bloodstream, vanadium compounds are converted into vanadyl cations, 
which form complexes with transferrin and ferritin and, less frequently, with albu-
min, haemoglobin or low molecular components of plasma (citrate, lactate and 
phosphate) [ 23 ]. There are still no recommendations regarding this TE in artifi cial 
nutrition, as the toxicity limits are not yet well defi ned: hence actual multi- 
micronutrient preparations do not contain any vanadium. 
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10.1.2       Vitamins 

 They are by contrast with trace elements, organic substances that are required in 
minute amounts, which cannot be synthesised by the body in suffi cient quantities to 
match the requirements to prevent defi ciencies. While all those listed in Table  10.2  
are essential, some seem to be of special interest during critical illness and are dis-
cussed below. 

10.1.2.1     Vitamin B 

 Among the vitamin B family, thiamine is on the frontline in critically ill patients. This 
vitamin exists under various forms, the most important being thiamine pyrophosphate 
(TPP), which is the coenzyme for mitochondrial oxidative decarboxylation. It is hence 
essential for the metabolism of carbohydrates and branched amino acids. Thiamine 
infl uences reactions that protect against oxidative tissue damage by maintaining 
reduced NADP+, and thiamine defi ciency decreases GPx activity [ 26 ]. 

 Different studies have shown a high incidence of thiamine defi ciency, varying 
between 28 and 71 % on admission to the emergency department or ICU [ 27 ]. It is 
particularly frequent in populations at risk of alcohol abuse. Further, depletion after 
admission has also been shown to occur within a few days [ 6 ]. Thiamine insuffi ciency 
should be kept in mind in different clinical scenarios such as severe sepsis, major burns, 
unexplained heart failure or lactic acidosis and neurological disorder in patients with a 
history of alcoholism, starvation, chronic malnutrition, long-term parenteral feeding, 
hyperemesis gravidarum or bariatric surgery [ 6 ]: it should also be suspected in patients 
who have been in hospital for a few days and submitted to investigations, which fre-
quently result in acute starving suffi cient to prompt a refeeding syndrome. 
 But the association of thiamine status with outcome is complex. While depletion of 
thiamine during the refeeding syndrome is rapidly lethal and may precipitate lactic 
acidosis and Wernicke–Korsakoff encephalopathy, a Brazilian study including 108 
patients in septic shock showed that thiamine defi ciency on admission despite being 
present in 71 % of patients was not associated with oxidative stress or mortality [ 28 ].  

10.1.2.2     Vitamin C 

 Ascorbic acid is a water-soluble antioxidant vitamin circulating in plasma. It is taken 
up by the intestine via the sodium-dependent vitamin C transporter. Vitamin C scav-
enges reactive oxygen species such as superoxide and peroxynitrite in plasma and 
cells (preventing damage to proteins, lipids and DNA): it prevents occludin dephos-
phorylation and loosening of the tight junctions [ 29 ]. Ascorbate improves microcircu-
latory fl ow impairment by inhibiting tumour necrosis factor-induced intracellular 
adhesion molecule expression, which triggers leukocyte stickiness and slugging [ 30 ]. 
 Severe vitamin C defi ciency, or scurvy, is a clinical syndrome with lethargy, perifol-
licular petechiae, erythema, gingivitis, bleeding, impaired wound healing and 
depressed immunity, conditions rarely observed in ICU. But very low plasma 
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concentrations have repeatedly been measured during critical illness and considered 
to refl ect acute defi ciency [ 31 ]. The low plasma concentrations are associated with 
infl ammation, severity of organ failure and mortality [ 32 ]. It is of high potential 
interest in critically ill patients with a strong infl ammatory response.  

10.1.2.3     Vitamin D 

 This vitamin has recently become a major centre of interest. It was long confi ned to 
bone disease and to the maintenance adequate calcium levels for bone mineralisa-
tion and optimal skeletal muscle function [ 33 ]. It has been shown in the last decade 
to have pleiotropic effects, including on the immune system. In critically ill patients, 
the multiple effects of vitamin D including its role in immune function are of great 
interest, as defi ciency defi ned by low to very low blood concentrations seems to be 
rather common [ 34 ]. On the basis of optimal bone health, vitamin D defi ciency is 
defi ned as a serum 25(OH)D below 20 ng/ml (50 nmol/l), vitamin D insuffi ciency 
as a 25(OH)D of 20–30 ng/ml (50–75 nmol/l) and a normal vitamin D status as 
25(OH)D above 30 ng/ml (75 nmol/l) [ 35 ]. These values have been directly applied 
to critically ill patients despite the fact that many factors differing from the general 
population may alter the blood concentrations such as fl uid resuscitation and infl am-
matory state. 

 Two recent papers suggest that vitamin D defi ciency is associated with adverse 
health outcomes including increased risk of cardiovascular disease, morbidity and 
mortality both in the general population and in critical illness [ 35 ,  36 ]. In a Brazilian 
study including 135 patients, the vitamin D level was an independent predictor of 
mortality [ 36 ]. Today it is not clear though whether vitamin D defi ciency is a sur-
rogate marker for increased morbidity or a therapeutic target. 

10.1.2.4      Carnitine 

 It was isolated initially from a meat extract some 100 years ago. It was long not 
considered to be essential in mammals, having been discovered as an insect growth 
factor. It was later shown about 50 years ago to have important roles in metabolism 
as facilitator of β-oxidation and of transport of carboxylic acids (acyl group) across 
membranes, including that of coenzyme A [ 37 ]. It thereby performs a critical role in 
cellular energy metabolism. Carnitine is not required for transport of medium chain 
fatty acids, while facilitating their β-oxidation in skeletal muscles. It works as a key 
regulator of lipid metabolism in long chain fatty acid esterifi cation and transport 
through the mitochondrial membrane [ 38 ]. It becomes conditionally essential in 
some clinical situations encountered in critical care. 

 Recent research has highlighted the importance of mitochondrial dysfunction in 
the metabolic and neuroendocrine changes observed in patients presenting with 
chronic critical illness [ 11 ]. Defi ciency may develop as there is nearly no carnitine 
content in commercially available feeds nor in supplements. This small moiety may 
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be lost in large amount through the effl uents of patients on continuous renal replace-
ment therapy causing acute and chronic defi ciency states manifested as a generalised 
mitochondrial dysfunction and multiorgan failure including the liver, with clinical 
consequences such as muscle weakness, rhabdomyolysis, cardiomyopathy, arrhyth-
mia or sudden death [ 11 ]. Upon diagnosis of defi ciency based on blood samples, 
repletion may be carried out by the enteral or intravenous routes in the doses of 1–2 g/
day. Normal requirements are 2–5 mg/kg/day. Carnitine is absorbed in the small intes-
tine by a few transporters which vary according to the dose being supplemented. 

 Parenteral nutrition solutions do yet not contain carnitine. Nevertheless based on 
actual knowledge, at least in neonatology, carnitine should be routinely added to 
parenteral nutrition formulations [ 39 ].  

10.1.2.5     Choline 

 Choline is not a vitamin as it is synthesised endogenously from methionine or 
absorbed from the portal circulation [ 40 ], but it is recognised as essential since the 
1990s. It is ubiquitous in the diet. Nevertheless defi ciency has been described in a 
series of animals, who develop cirrhosis. In humans it has been investigated in asso-
ciation with intestinal failure-associated liver disease and chronic cholestasis in the 
entity called parenteral nutrition-associated liver disease (PNALD). Its defi ciency 
activates cellular apoptosis and is involved in lipid transport and transmembrane 
signalling [ 40 ]. 

 In patients on parenteral nutrition, plasma-free choline has been found to be 
below normal in the majority of patients, with a signifi cant inverse relationship 
between this concentration and ALT and AST levels. In 2012 the ASPEN published 
recommendations for changes in the composition of parenteral nutrition solutions: 
the working group conclude that choline should also be routinely added to adult and 
paediatric PN formulations. However, such commercially available parenteral prod-
uct is still to be developed [ 39 ].    

10.2     Which Micronutrients Should Be Considered Eligible 
for Intervention? 

 A major issue to consider when organising a micronutrient prescription is the fact 
that they do not intervene in metabolism independently from others, as single stand-
alone entities. They should be administered in combination. In case of PN, which as 
available from industry by defi nition contains macronutrients but no micronutrients, 
the additional daily administration of trace elements and vitamins is required as 
stated in the ESPEN guidelines [ 41 ]. The products available in Europe are designed 
for home total PN, or for stable patients only, and most of these products are ade-
quate but do not address the specifi c requirements and high metabolic needs of criti-
cally ill patients. 
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 Some micronutrients have an easily identifi able therapeutic objective and indica-
tion, such as the plasma GPX3 activity in case of selenium defi ciency, but a well 
defi ned therapeutic objective is generally unavailable in clinical settings. In patients 
presenting acute biological fl uid losses, whatever their cause, replacement of the 
losses is warranted: it should nevertheless be kept in mind that one micronutrient 
loss rarely occurs alone. Trace elements are more affected than vitamins according 
to published literature. Several studies have confi rmed the clinical benefi ce of the 
multi-micronutrient concept in pathologies characterised by biological fl uid losses 
such as major trauma [ 42 ,  43 ] and major burns [ 14 ,  44 ]: signifi cant reductions of 
infectious complications, of length of stay and of mortality have been observed. 

10.2.1     Selenium 

 Several randomised trials have tested moderate to very high-dose selenium supple-
ments aiming at attenuation of oxidative stress and infl ammatory response. As many 
of the trials include small cohorts, meta-analysis has been conducted including vari-
ous numbers of randomised controlled trials. Doses of selenium have been variable 
between 300 mcg and 4000 mcg/day, and selenium has frequently been used in com-
bination with other antioxidant micronutrients. In patients with sepsis, selenium sup-
plementation at doses higher than daily requirement may reduce mortality [ 45 ]. Trials 
delivering >500 mcg/day of selenium showed a trend towards a lower mortality 
whereas trials using doses lower than 500 mcg had no effect on mortality [ 46 ].  

10.2.2     Zinc 

 High-output intestinal fi stulae are a unique condition in which zinc is lost 
preferentially to any other micronutrient: 20–30 mg of zinc by the intravenous route 
may be required per day to compensate the losses [ 47 ]. 

 Major burns is another condition requiring such high doses of zinc by the 
intravenous route, for 2–4 weeks, but the needs are not focused on zinc only but on 
a combination of trace elements, particularly copper and selenium, in association 
with thiamine and ascorbic acid.  

10.2.3     Copper 

 As stated above, isolated copper defi ciency is rare, but found in pathologies at risk. 
It is a component of multitrace element solutions, but in quantities insuffi cient to 
compensate for an acute defi ciency. Copper sulphate is the usually available form, 
prepared by the hospital pharmacies. Our Lausanne university pharmacy prepares 
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copper gluconate. Doses required for treatment of severe defi ciency states vary 
between 2 and 6 mg/day administered as continuous intravenous infusion. Daily 
monitoring of liver tests AST and ALT is mandatory. In our own experience, no side 
effects are observed up to 8 mg/day in major burns [ 11 ].  

10.2.4     Iron 

 It was long believed that iron supplementation would increase the risk of infections 
[ 48 ], and was therefore withhold in ICU patients, but this threat has not been 
confi rmed, while the complications of iron defi ciency and anaemia are obvious. A 
randomised placebo-controlled study in 200 anaemic cardiac surgery patients tested 
the enteral administration of ferrous sulphate 325 mg three times daily versus 
placebo and showed that the intervention was of limited effi ciency, except for a 
reduced number of transfusions ( p  = 0.03), but at least did not increase infectious 
complications [ 49 ]. Indeed in critically ill patients, the enteral route is uncertain. 
The most recent intravenous iron formulations, available since the 1990s, seem to 
replenish iron stores safely and effectively [ 17 ]: in case of defi ciency with low 
 ferritine levels, only intravenous administraiton is effi cient.  

10.2.5      Thiamine: Vitamin B 

 The European Society for Clinical Nutrition and Metabolism (ESPEN) guide-
lines for parenteral nutrition in intensive care, published in 2009 [ 41 ], recom-
mend empirical thiamine supplementation (100–300 mg/day) during the fi rst 
3 days in the ICU for all patients at risk of thiamine defi ciency. Thiamine sup-
plementation should be prescribed liberally in ICU patients [ 6 ], without any 
blood determination being required prior to empirical administration: such a 
sampling should though be done in case of searching for a specifi c diagnosis 
such as cardiac beriberi.  

10.2.6     Vitamin C 

 The doses required to achieve normalisation of blood concentrations during critical 
illness are much higher than the daily 100 mg recommended for healthy subjects. 
Up to 3 g daily for 2–6 days are needed to restore normal plasma concentrations in 
ICU patients [ 31 ]. 

 Clinical trials in sepsis, trauma and major burns testing high-dose vitamin C 
have shown clinical benefi ts. Phase I studies in sepsis seem to confi rm safety of 
very high doses (200 mg/kg/24 h) delivered for a short period of time [ 50 ] and 
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potentially a clinical benefi t refl ected by faster and signifi cant reductions of the 
sequential organ failure assessment (SOFA) scores in patients receiving high-dose 
treatment in a double-blind placebo-controlled setting. In major burns megadose 
vitamin supplements (66 mg/kg/h) delivered intravenously during the fi rst 24 h 
reduce fl uid requirements during resuscitation, resulting in lesser weight gain and 
improved blood oxygenation [ 51 ]. It is still too early to introduce this strategy in 
clinical practice: further large-scale studies are required to confi rm the safety of 
such high doses.  

10.2.7     Vitamin D 

 A large randomised Austrian trial including 475 critically ill patients with vitamin 
D defi ciency [ 52 ] showed that the administration of high-dose vitamin D3 
(540,000 IU) compared with placebo did not reduce hospital length of stay, 
 hospital mortality or 6-month mortality. Nevertheless in the severe vitamin D defi -
ciency subgroup, lower hospital mortality was observed: this fi nding should be 
considered hypothesis generating until further studies confi rm these fi ndings. 
Recently a study (VITD) including 25 ICU patients with vitamin D defi ciency an 
oral ultra- high dose (540,000 IU corresponding to 13.5 mg) corrected the defi -
cient blood concentrations within 2 days without any side effect (no hypercalcae-
mia or hypercalciuria) [ 53 ]. 

 In major burns, vitamin D defi ciency develops over time [ 54 ]. Focus has been 
in paediatric patients. The mechanism causing this defi ciency is mainly limited 
exposure to sun after burn injury and decreased skin synthesis [ 55 ], which con-
tribute to osteoporosis observed after burns. It was recently shown in a Belgian 
cohort of 24 adult patients on standard vitamin D intakes (400–600 ui/day) that 
22/24 were vitamin D defi cient or insuffi cient very early after injury and 
remained below references [ 56 ]. In another cohort of 29 burn patients, an oral 
dose of 100,000 IU D3 succeeded in increasing circulating levels by a median 
of 33 % [ 57 ]. 

 Vitamin D has been investigated in paediatrics as defi ciency threatens child 
growth. A meta-analysis of paediatric trials shows that rapid normalisation of 
vitamin D levels is best achieved by using loading therapy that considers disease 
status, baseline 25(OH)D and age (or weight). Nevertheless this meta-analysis 
concludes that loading doses of 300 000 IU should be avoided until trials are 
conducted that better evaluate risk and benefi t [ 58 ]. 

 Based on actual data, low vitamin D levels at ICU admission may serve as an 
indicator for vitamin D replacement. Available parenteral multivitamin preparations 
contain about 200 IU of vitamin D2 or D3, in addition to other fat-soluble vitamins: 
no intravenous vitamin D mono-preparation is available [ 52 ]. Oral preparations 
exist with doses up to 800 UI: considering the variable intestinal absorption existing 
in critical care patients, this route is the only actually available.   
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10.3     How Should Micronutrients Be Prescribed 
and Delivered? 

 The mode of administration during PN is highly variable depending on each 
institution’s practice in the absence of strong guidelines. While TE are stable, but 
risk to cause separation of the lipid emulsions, vitamins are not: many studies have 
shown that the various vitamins but particularly vitamins A, E and C are very rap-
idly degraded, being extremely sensitive to light. This latter reason is probably the 
best argument in favour of an administration separate from the PN solution deliv-
ered separately over 6–12 h in light-protected bags as for vitamins [ 59 ]. 

 Another argument is associated with the limited retention in the case of rapid 
administration: a very complete balance study was conducted in 1977 [ 60 ] with the 
intravenous micronutrient solutions available in the 1970s (Addam®, precursor of 
Addamel and Lipovit® solutions). It showed that some micronutrients were retained 
such as Fe, while others appeared not to be. Other elements retained were Ag, Co, Cr, 
Cu, Sb, Sc and W, while Br and Rb were lost by the patients. Negative balances were 
also found for As, Au, Cd, Cs, Mo, Se and Zn. Serum concentrations of thirteen TE 
(Ag, Br, Co, Cs, Cu, Fe, Hg, Mo, Rb, Sc, Se, W and Zn) were found to decrease dur-
ing the period of total PN. The doses available in these preparations were not much 
different from those on the market in the twentieth century. Therefore these results 
remain pertinent and call for monitoring of trace elements. 

 Many preparations available on the market were developed more than 30 years 
ago. In 2012 the American Society for Parenteral and Enteral Nutrition (ASPEN) 
called for a revision of their composition in a very well-documented position paper 
[ 39 ]. Single trace element solutions are not easily available on the market: iron 
solutions have been developed, as well as selenium preparations. The situation 
seems a little better with vitamins which have been upgraded in the recent decade. 
Nevertheless the actual commercial vitamin solutions are also due for revision [ 61 ]. 
In patients on long-term PN and chronic critically ill patients, monitoring of blood 
levels is therefore required for both TE and vitamins. 

 Whatever the dose considered, the micronutrients should not be delivered as bolus 
in clinical settings. Micronutrients should be infused over as long a period as possible 
[ 59 ]. However, the problem is the potential interactions in the bag. Trace elements are 
entirely stable, but some of the water-soluble vitamins are not. Especially ascorbic acid 
is extremely labile and interacts with copper, resulting in ascorbic acid destruction.  

10.4     Conclusion 

 In critically ill patients with infl ammatory conditions, recent research shows that 
micronutrient prescription is not confi ned to parenteral nutrition. The solutions 
available in clinical practice are probably insuffi cient to cover the basal requirements 
in the vast majority of critically ill patients: therefore in conditions at risk as 
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described in the above text including patients on long-term artifi cial nutrition, blood 
sampling remains the only tool available to detect defi ciencies and should be 
considered in patients requiring critical care for more than a week as well as in those 
with important losses of biological fl uids.     
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    Chapter 11   
 Thyroidal Changes During Critical Illness                     

       Lies     Langouche      and     Greet     Van den Berghe     

    Abstract     Patients suffering from a variety of critical illnesses present with uniform 
alterations within the thyroid axis with low plasma triiodothyronine (T3), but 
increased plasma reverse T3 (rT3). As these changes occur in the presence of low-
normal thyroid stimulating hormone (TSH), this constellation is also referred to as 
Nonthyroidal Illness Syndrome (NTI). Both central and peripheral components of 
the thyroidal axis play a role in the development of NTI. Furthermore, nutritional 
intake can affect the extent and composition of NTI. The severity of NTI is associ-
ated with a poor prognosis, but it is still unclear whether this indicates a causal 
relationship, or in contrast, an adaptation to more severe illness.   

11.1      The Thyroid Axis During Health 

 Thyroid hormones (TH) are essential for differentiation and growth, from fetal 
development throughout adult live [ 1 ]. They are important regulators of 
thermoregulation and energy metabolism and are involved in lipid and glucose 
metabolism [ 2 ]. The circulating concentrations of TH are tightly regulated by a 
classical hypothalamic-pituitary-thyroid feedback system. The hypothalamus 
releases thyrotropin-releasing hormone (TRH), which stimulates the anterior 
pituitary to synthesize and release thyroid-stimulating hormone (TSH). TSH 
sequentially stimulates the thyroid gland to produce and release thyroxine (T4) [ 3 ]. 
The thyroid gland mainly generates T4, but the biological activity of TH is 
predominantly regulated by triiodothyronine (T3) [ 1 ]. Both T4 and T3 have inhibi-
tory feedback control on both TRH and TSH secretion [ 4 ,  5 ]. 
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 TH are transported in the blood by thyroxine-binding globulin (TBG), trans-
thyretin, and albumin [ 6 ]. TBG is the dominant binding protein with the highest 
binding affi nity for T4, around 50-fold higher than that of transthyretin and 7000- 
fold higher than that of albumin. Several transporters mediate the uptake of TH 
across the plasma membrane. The organic anion-transporting polypeptide-1C1, the 
monocarboxylate transporter (MCT) 8 and MCT10, and the L-type amino acid 
transporter (LAT) 1 and LAT2, and more recently LAT3 and LAT4 have been 
identifi ed as relatively specifi c TH transporters [ 7 ,  8 ] (Fig.  11.1 ). The intracellular 
action of TH is further regulated by several subtypes of iodothyronine deiodinases. 
These enzymes are responsible for the deiodination of T4 to the active T3 or to the 
biologically inactive reverse T3 (rT3) [ 9 ,  10 ]. T3 mainly exerts its actions through 
interaction with its specifi c nuclear receptors TRα and TRβ to regulate gene tran-
scription but can also induce nongenomic effects [ 11 ].

11.2        Alterations in the Thyroid Axis in Acute and Prolonged 
Critical Illness 

 Patients suffering from a variety of critical illnesses present with uniform alterations 
within the thyroid axis (Fig.  11.2 ). During acute and severe physical stress, caused by 
illness, surgery, or trauma, T3 plasma concentrations decline rapidly, whereas circu-
lating rT3 concentrations increase. The concentration of T4 is only shortly elevated 
and subsequently returns to the normal physiological range, although in more severely 
ill patients, T4 concentration can also decrease [ 12 ]. In contrast with primary hypo-
thyroidism, low plasma T3 concentration perseveres in the presence of normal 
TSH. This constellation, with low plasma T3 but normal TSH in the context of illness, 
has been described as “euthyroid sick syndrome,” “low T3 syndrome,” or “nonthyroi-
dal illness (NTI).” The reduction in circulating T3 during the fi rst hours after ICU 
admission refl ects the severity of illness and correlates with outcome [ 13 ,  14 ].
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   The TSH profi le is already affected in this acute phase of critical illness; while 
single-sample TSH levels are normal, the typical nocturnal TSH surge is no longer 
present [ 15 ]. When patients do not immediately recover and require prolonged 
intensive care, the pulsatile TSH release becomes substantially suppressed in 
addition to the absent nocturnal TSH surge [ 16 ]. Circulating T4 declines, with as a 
result much less elevated rT3, and circulating T3 can decrease even further. In this 
later phase of illness, reduced TSH, lowered T4 and T3, and elevated rT3 levels are 
associated with worse outcome [ 17 ].  

11.3     Underlying Pathology of the Low T3 Syndrome 

11.3.1     Binding Proteins and Peripheral Metabolism of Thyroid 
Hormones 

 In normal conditions, total plasma TH concentration is kept proportional to the con-
centration of TH-binding proteins, in order to maintain free hormone levels in 
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  Fig. 11.2    Changes in the thyroid axis during acute and chronic critical illness. The upper panel 
displays reduced TRH gene expression in the hypothalamus of prolonged critically ill rabbits 
(Adapted from [ 28 ]). The middle panel illustrates schematically the observed adaptations in circu-
lating TSH and TH of acute and prolonged critically ill patients. The bottom panel summarizes the 
fi ndings in deiodinase tissue activity of acute and prolonged critically ill patients       
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equilibrium [ 18 ]. In part, this is also observed during acute critical illnesses with 
reduced levels and reduced binding capacity of the TH-binding proteins TBG and 
albumin, whereby free TH levels are often increased [ 19 ]. However, TBG returns to 
normal reference values in prolonged critically ill patients [ 20 ]. 

 The acute lowering of (total) T3 with the parallel increase in rT3 is predominantly 
due to an altered peripheral conversion of T4. Acute critical illness or infl ammation 
reduces the activity of hepatic D1, the enzyme that converts T4 to T3 [ 21 ,  22 ]. At 
the same time, D3 activity is increased, the enzyme mediating the conversion of T4 
to inactive rT3, as observed in muscle and liver tissue biopsies of critically ill 
patients [ 21 ,  23 ,  24 ]. 

 In the prolonged phase of critical illness, peripheral tissues try to adapt to the sus-
tained low availability of TH in the circulation. In both liver and muscle biopsies of 
prolonged critically ill patients, the TH transporter MCT8 expression was increased 
[ 25 ]. Also in a rabbit model of prolonged critical illness, MCT8 and MCT10 were 
upregulated in liver and kidney [ 25 ]. Also activity of type 2 deiodinase (D2), the 
second activating deiodinase, was increased in muscle tissue biopsies of prolonged 
ICU patients [ 26 ]. In animal studies, an increase in alveolar and in hypothalamic D2 
expression was observed [ 22 ,  27 – 29 ]. Also at the level of the TH receptor, an upregu-
lated TRα1/TRα2 appeared to be present in liver tissue biopsies of prolonged criti-
cally ill patients [ 30 ]. Although these changes could theoretically increase local tissue 
availability of TH, tissue or circulating T3 levels remained low [ 25 ,  26 ,  28 ].  

11.3.2     The Impact of the Nutritional Status of the Patient 

 Loss of appetite and poor oral/enteral nutritional intake are very common in critical 
illness [ 31 ]. Of interest, the thyroidal alterations during the fi rst days of critical 
illness are comparable to those observed for otherwise healthy subjects in the fasting 
state [ 32 – 34 ]. The contribution of restricted nutrition during human critical illnesses 
to the NTI has been documented in a few small clinical studies that indeed indicated 
that decreased caloric intake during critical illness is associated with more 
pronounced NTI changes [ 35 – 37 ]. More recently, the large randomized controlled 
EPaNIC trial compared two nutritional regimens in adult ICU patients [ 38 ]. This 
study demonstrated that tolerating a nutritional defi cit during the fi rst week of 
critical illness as compared with the early administration of supplemental parenteral 
nutrition resulted in fewer complications and accelerated recovery [ 38 ]. Furthermore, 
a subanalysis of this EPaNIC trial demonstrated that while not feeding early reduced 
complications and accelerated recovery of patients with NTI, it aggravated the 
decrease in circulating levels of TSH, total T4 and T3, and the T3 to rT3 ratio. The 
opposite was observed with early feeding that appeared to “improve” the NTI [ 39 ]. 
Similar fi ndings were reported from an animal study which compared the effect of 
fasting versus feeding over 7 days of critical illness [ 40 ]. This study furthermore 
demonstrated that while early feeding diminished the lowering of T3, it also 
normalized peripheral D1 and D3 activity [ 40 ]. 
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 The instant drop in circulating T3 during nutrient restriction in otherwise healthy 
subjects has been explained as an attempt of the human body to avert protein 
breakdown by reducing energy expenditure [ 34 ]. Also in critically ill patients, 
tolerating a fasting response induced a more signifi cant inactivation of T4 with 
lower T3 and higher rT3, which explained part of the outcome benefi t of not feeding 
early [ 39 ]. Also targeting fasting blood glucose levels with insulin therapy in 
critically ill children, which mimics the blood glucose levels of a fasting response, 
resulted in improved outcome while further accentuating the NTI [ 41 ]. Together 
these fi ndings indicate that at least a part of the immediate decrease in circulating 
T3 is induced by the reduced nutritional intake in critically ill patients rather than by 
the underlying illness and that this might be an adaptive response.  

11.3.3     Central Regulation 

 The observation that despite the low circulating T3 and low-normal T4 single- sample 
TSH levels are low normal in the prolonged phase of critical illness, suggests a cen-
trally suppressed thyroid axis [ 16 ]. This is further corroborated by the observed 
reduced hypothalamic TRH gene expression in brain sections of patients dying after 
chronic critical illness and in prolonged critically ill rabbits [ 28 ,  42 ]. In contrast, in the 
pituitaries of these prolonged critically ill rabbits, TSH gene and protein expression 
remained normal [ 43 ]. The substantial increase in TSH secretion and in peripheral TH 
concentrations, which is observed after TRH administration in prolonged critically ill 
patients and animals, supports this interpretation [ 44 ,  45 ]. Also the observation that the 
onset of recovery is preceded by a rise in TSH suggests that a suppressed hypothalamic 
stimulation of the pituitary plays a role in the prolonged phase of critical illness [ 46 ]. 

 This central suppression of TRH could be the consequence of a changed set point 
for TH-induced feedback inhibition, due to a local upregulation of TH concentration. 
As stated above, in animal studies, an increase in hypothalamic D2 expression was 
observed after LPS injection [ 22 ,  29 ]. Also a rabbit study of prolonged critical 
illness demonstrated increased D2 levels as well as TH transporters in the 
hypothalamus [ 28 ]. However, as local hypothalamic T4 and T3 content were low 
normal in these rabbits, these fi ndings could also suggest a compensatory response 
to a relative hypothyroid hypothalamic state rather than an altered set point. This 
attempt to compensate for sustained low thyroid levels also suggests that the 
hypothalamic suppression of the thyroid axis could be a deleterious consequence of 
prolonged or more severe critical illness. This was also suggested by the EPaNIC 
subanalysis, where the further lowering of T4 in nutrient-restricted patients was 
associated with worse outcome [ 39 ]. Also consistent with this interpretation is the 
observation that especially the more severely ill patients present a decline in 
circulating T4 levels, whereas all other critically ill patients reveal low T3 and high 
rT3 levels already from admission to the ICU [ 17 ]. Furthermore, ICU patients who 
received an infusion of TRH combined with a GH secretagogue displayed 
normalized TH levels coinciding with lowered markers of hypercatabolism [ 44 ].  
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11.3.4     Contributing Factors 

 Cytokines can mimic the acute changes of the thyroid axis and are assumed be 
involved in the pathogenesis of NTI [ 47 ,  48 ]. Especially TNF was clearly associated 
with the alterations in TH metabolism in human clinical samples [ 49 ,  50 ]. However, 
administration of cytokine antagonists did not restore normal thyroid function after 
endotoxemic challenge [ 51 ,  52 ]. 

 Administered as well as endogenous dopamine or corticosteroids could also play 
a role as these can trigger or aggravate hypothyroidism in critical illness [ 53 ,  54 ]. 
The low selenium concentrations observed already from admission to the ICU is 
another potential interfering factor [ 55 ]. Indeed, deiodinases require selenium for 
their catalytic activity and defects in the synthesis of selenoproteins or nutritional 
selenium defi ciency can lead to reduced deiodinase activity [ 2 ]. Furthermore, sele-
nium supplementation in trauma patients was associated with modest changes in 
thyroid hormones, with an earlier normalization of T4, T3, and reverse T3 [ 56 ]. In 
patients with acute myocardial infarction, the administration of N-acetyl-cysteine, 
an antioxidant that can stimulate activity of the deiodinases by restoring intracellu-
lar cysteine and/or glutathione levels, prevented the T3 increase and lowered rT3 
compared to placebo-treated patients [ 57 ].   

11.4     TH Actions During Critical Illness 

 During the acute phase of critical illness, the peripheral alteration in deiodinase 
activity causes a reduction in circulating levels of the biologically active T3. As 
explained above, this acute part of the thyroidal response appears to be, at least 
in part, adaptive. Besides the overall downregulation of metabolism in the organ-
ism in order to save energy, also a direct effect of increased D3 could be benefi -
cial, such as in granulocytes, where it could optimize bacterial killing capacity 
[ 58 ,  59 ]. 

 In patients who require prolonged intensive care, the origin and impact of the 
thyroidal changes appear to differ. Several clinical symptoms observed during pro-
longed critical illness, such as muscle and skin atrophy and hair loss and also hypo-
thermia, impaired consciousness, and hampered myocardial function, resemble 
those observed in hypothyroidism. Furthermore, during the prolonged phase of 
critical illness, peripheral tissues seem to adapt to the sustained low circulating TH 
levels with tissue-specifi c changes in TH transporters, deiodinases, and receptors. 
For example, endotoxin increased D2 expression in macrophages, which was shown 
to be essential for cytokine production and phagocytosis [ 60 ]. Also alveolar D2 
upregulation during sepsis appeared to be adaptive during acute lung injury and 
sepsis [ 27 ].  
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11.5     Substitution Treatment? 

 Whether or not critically ill patients would benefi t from TH treatment is yet unclear. 
The biphasic nature of the origin and consequences of low T3 during critical illness 
indicates that certainly in the early phase of critical illness, such benefi t can be 
questioned. As the reduced nutritional intake that goes along with the acute response 
to illness is to a large extent responsible for the observed thyroidal alterations, these 
responses are likely selected by evolution and do not warrant interference. On the 
other hand, prolonged critically ill patients, who are fully fed, still suffer from 
sustained low T3 and T4 and display signs or symptoms of hypothyroidism and 
might benefi t from a treatment that aims at normalizing thyroid hormones. 

 Unfortunately, only very limited clinical studies testing this hypothesis are 
available, often underpowered, with a high variability in patient selection (age, 
disease type, and timing) or treatment choice. Administration of T4 failed to 
demonstrate a clinical benefi t, although this could be partly because of a compromised 
conversion of T4 to T3 [ 61 ]. Treatment with T3 substitution doses to children after 
cardiopulmonary bypass surgery was associated with improved postoperative 
cardiac function; however, the children received dopamine which induces iatrogenic 
hypothyroidism [ 62 ]. One also has to bear in mind that circulating TH levels do not 
necessarily refl ect normalized tissue levels [ 24 ]. A continuous infusion of TRH 
combined with a growth hormone secretagogue not only normalized TH to 
physiological levels, but markers of hypercatabolism were also lowered [ 44 ]. 
Suffi ciently powered randomized controlled trials in a well-selected patient 
population are required to test a potential benefi cial effect on outcome.  

11.6     Primary Thyroid Disorders in ICU Patients 

 Patients, who suffer from long-term primary hypothyroidism, depend physiologically 
on exogenous thyroid replacement, usually administered as oral levothyroxine. 
However, at admission to the ICU, the primary focus of care is the acute medical 
problem of the patient and not the prescription and continuation of chronic therapy. 
A retrospective chart review study in a tertiary referral university hospital 
demonstrated that thyroid replacement therapy was discontinued in up to 40 % of 
the patients for at least 7 days during their ICU stay. This was either due to lack of 
prescription or because the patient was intolerant to oral feeding and no parenteral 
preparation was prescribed [ 63 ]. Inadequate replacement or omission of therapy 
will lead to hypothyroidism in these patients, which can lead to adverse outcome 
including loss of consciousness and bradycardia [ 63 ]. 

 The high prevalence of NTI and the extent of the thyroid axis changes in ICU 
patients can make it diffi cult to distinguish NTI from untreated primary 
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hypothyroidism. For the diagnosis of untreated primary hypothyroidism in ICU 
patients, the most useful parameter is elevated plasma TSH in the presence of low 
TH. In patients clinically suspected to have severe hypothyroidism and with 
demonstrated low plasma TH, a normal plasma TSH virtually excludes primary 
hypothyroidism. However, one should bear in mind that in hypothyroid patients, 
high serum TSH concentration may decrease during critical illness especially if the 
patient receives dopamine or high doses of glucocorticoids [ 53 ,  54 ]. On the other 
hand, although high plasma TSH in combination with low plasma T4 is indicative 
of hypothyroidism, this constellation can also be found in patients recovering from 
NTI [ 46 ]. A more clear distinction between primary hypothyroidism and NTI would 
be presence of a high plasma T3/T4 ratio in combination with low plasma rT3, as 
these changes are opposite to those of NTI, but these measurements only have 
limited diagnostic accuracy. 

 A very dangerous complication of untreated hypothyroidism is the development 
of myxedema coma. A secondary insult such as hypothermia, vascular accidents, or 
infection may trigger this life-threatening condition [ 64 ]. Diagnosis is based on 
elevated plasma TSH with low or undetectable T4 and T3 and the presence of 
clinical features such as changes in mental status (lethargy, stupor, delirium, or 
coma) and hypothermia. Again, the presence of NTI may reduce the degree of TSH 
elevation. Myxedema coma is potentially fatal (mortality up to 50 %), thus 
immediate treatment is required and depends on the recognition of the clinical 
features. Treatment should aim at TH replacement therapy, combined with 
ventilatory and hemodynamic support. In addition, stress dose glucocorticoids are 
advised as concomitant autoimmune primary adrenal insuffi ciency may be present, 
especially in patients with hypoglycemia [ 65 ]. 

 Patients suffering from thyrotoxicosis, or hyperthyroidism, may present with 
high free T4 in combination with low serum TSH. The combination of suppressed 
TSH, high FT4, and normal T3 may point to the combination of thyrotoxicosis and 
NTI. Clinical features (thyroid enlargement, proptosis) and the presence of thyroid 
antibodies (anti-TPO, TBII) can give further confi rmation. 

 Decompensated hyperthyroidism (or thyroid storm) is characterized by the 
acute onset of enhanced symptoms of hyperthyroidism. It is important to recognize 
that this condition is a clinical diagnosis; laboratory measurements cannot distin-
guish severe thyrotoxicosis from thyroid storm. The classic clinical features 
include fever, supraventricular tachycardia, gastrointestinal symptoms, and confu-
sion, delirium, or sometimes coma [ 64 ]. Of note, altered mentation was the only 
clinical feature which was signifi cantly different between patients with thyroid 
storm and patients with compensated thyrotoxicosis [ 66 ]. Precipitating factors 
include surgery, parturition, infection, iodinated contrast materials, stroke, diabetic 
ketoacidosis, and withdrawal or discontinuation of antithyroid medications. 
Treatment includes ICU monitoring and aims at restoring thyroid gland function 
while diminishing TH effects on peripheral tissues using a combination of beta-
blockers, glucocorticoids, antithyroid drugs, and eventually high dose of iodide 
compounds [ 67 ].  
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11.7     Conclusion 

 Critically ill patients display low plasma T3 with increased plasma rT3, in the 
presence of low or normal TSH and low or normal T4. This constellation is referred 
to as nonthyroidal illness or NTI. Although the severity of illness strongly correlates 
with the severity of the changes in thyroidal hormone concentrations, the causality 
of this association is not fully elucidated. In the acute phase of illness, NTI is 
predominantly induced by the reduced nutritional intake and seems to be a benefi cial 
adaptation in times of high metabolic demand. On the other hand, in prolonged 
critically ill patients also a central hypothalamic suppression seems to occur which 
appears to be related to worse outcome. 

 Suffi ciently powered randomized controlled trials in a well-selected patient 
population, targeting especially prolonged critically ill patients, are required to test 
a potential benefi cial effect on outcome. Treatment with hypothalamic-releasing 
factors might be the optimal choice to normalize circulating T4 and T3 levels in 
these patients.     
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    Chapter 12   
 Stress Response: Adrenal Function                     

       Paul     E.     Marik     

    Abstract     Exposure of the host to diverse noxious stimuli results in a stereotypic and 
coordinated stress response which serves to restore homeostasis and enhance survival. 
The stress response is mediated primarily by the hypothalamic-pituitary-adrenal (HPA) 
axis with the release of ACTH and cortisol and the sympatho-adrenal system with the 
release of catecholamines. Classically the stress response is short lived with cortisol 
and catecholamine levels returning to baseline once the stress has dissipated. Critically 
ill and injured patients, however, have a prolonged stress response which may last for 
weeks, with the chronic stress response differing both qualitatively and quantitatively 
from the acute stress response. Furthermore, critical illness is frequently associated 
with multiple derangements of the HPA axis including decreased production of ACTH 
and cortisol, decreased expression and dysfunction of the glucocorticoid receptor as 
well as decreased cortisol metabolism. This chapter provides an overview of the com-
plex and dynamic changes of the HPA axis in the critically ill patient.    

  Exposure of the host to diverse noxious stimuli results in a stereotypic and coordi-
nated response, referred to by Hans Selye as the “ general adaption syndrome ” (or 
stress response) which serves to restore homeostasis and enhance survival [ 1 ]. The 
stress response is mediated primarily by the hypothalamic-pituitary-adrenal (HPA) 
axis as well as the sympathoadrenal system (SAS). Activation of the HPA axis results 
in increased secretion from the paraventricular nucleus of the hypothalamus of corti-
cotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) (see Fig.  12.1 ) 
[ 2 ]. CRH plays a major role in orchestrating and coordinating the stress response. 
CRH stimulates the production of ACTH by the anterior pituitary, causing the zona 
fasciculata of the adrenal cortex to produce more glucocorticoids (cortisol in humans) 
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[ 3 ]. ACTH stimulates steroidogenesis by binding to the melanocortin-2 receptor on 
adrenocortical cells. ACTH upregulates expression of this receptor and mediates 
cholesterol release from lipid droplets. In addition, ACTH activates the expression of 
genes encoding cholesterol uptake and synthesis as well as key enzymes responsible 
for cortisol synthesis [ 4 ]. In healthy individuals, the release of ACTH and cortisol 
occurs predominantly in discreet pulses superimposed upon nonpulsatile release, 
with a characteristic diurnal pattern with low levels during sleep and maximal levels 
around waking. Activation of the SAS results in the secretion of epinephrine and 
norepinephrine from the adrenal medulla and sympathetic nerves and to an increased 
production of infl ammatory cytokines such as interleukin-6 (IL-6) [ 2 ]. In general, 
there is a graded response to the degree of stress. Cortisol and catecholamine levels 
correlate with the intensity of the stressor, the type of surgery, the severity of injury, 
and the APACHE score [ 3 ]. With acute severe stress, adrenal cortisol output increases 
approximately tenfold (~300 mg hydrocortisone/day) [ 3 ]. In patients with shock, 
plasma concentrations of epinephrine increase 50-fold, and norepinephrine levels 
increase tenfold [ 5 ]. The adrenal medulla is the major source of these released cate-
cholamines [ 5 ]. An intact HPA axis is required to protect the host against diverse 
stressors (fi ght and fl ight response) and to ensure survival. Adrenalectomized ani-
mals succumb rapidly to hemorrhagic and septic shock with steroid replacement 
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being protective against these challenges [ 6 ,  7 ]. Likewise adrenalectomy increases 
the lethality of lipopolysaccharide, tumor necrosis factor-α (TNF-α), and interleukin-
1(IL-1) [ 8 ]. In critically ill patients, suppression of cortisol synthesis (with etomidate 
used for sedation) dramatically increases mortality [ 9 ].

   The stress response acts via multiple genomic and nongenomic mechanisms to 
enhance cardiovascular reserve and provide a ready source of fuel (glucose and lac-
tate) for the brain, and heart, allowing the organism to take appropriate action (fl ight 
or fi ght) while preventing excessive activation of the immune system [ 2 ,  10 ,  11 ]. The 
increase in serum cortisol during stress protects the organism against developing 
post-traumatic stress disorder (PTSD) [ 12 ]. The fi ght and fl ight response is essential 
for survival and is present in the most primitive of species. Furthermore, within spe-
cies the degree of activation of the HPA axis has evolved to match the degree of stress 
to which the organism is exposed (see Fig.  12.2 ) [ 13 ]. In humans, a number of factors 
modulate the degree of activation of the stress response including (i) alcohol and 
medications, (ii) genetic factors including glucocorticoid receptor (GR) and CRH 
receptor polymorphisms, (iii) sex hormone levels, (iv) previous exposure to stress, 
(v) maternal stress and fetal programming, (vi) obesity, and (vii) educational level.

12.1       Cortisol Physiology 

 Cortisol (hydrocortisone) is the major endogenous glucocorticoid secreted by the 
adrenal cortex. Over 90 % of circulating cortisol is bound to corticosteroid-binding 
globulin (CBG) with less than 10 % in the free, biologically active form. CBG is the 
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predominant binding protein with albumin binding a lesser amount. During acute ill-
ness, including trauma and sepsis, CBG levels fall by as much as 50 %, resulting in a 
signifi cant increase in the percentage of free cortisol. The adrenal gland does not store 
cortisol; increased secretion arises due to increased synthesis under the control of 
ACTH. Cholesterol is the principal precursor for steroid biosynthesis in steroidogenic 
tissue. In a series of sequential enzymatic steps, cholesterol is converted to pregneno-
lone and then to the end products of adrenal biosynthesis, namely, aldosterone, dehy-
droepiandrostenedione, and cortisol. At rest and during stress, about 80 % of 
circulating cortisol is derived from plasma cholesterol, the remaining 20 % being 
synthesized in situ from acetate and other precursors. High-density lipoprotein (HDL) 
is the preferred cholesterol source of steroidogenic substrate in the adrenal gland [ 14 ]. 
In healthy individuals, the circulating half-life of cortisol varies from 70 to 120 min, 
with a biological half-life of about 6–8 h. The principle route of cortisol clearance 
occurs in the liver (through A-ring reductases) and the kidney where 11β-hydroxysteroid 
dehydrogenase type 2 (11β-HSD2) converts cortisol to cortisone. 

 The activities of glucocorticoids are mediated by both the glucocorticoid (GR) 
and mineralocorticoid receptor (MR). The GR and MR share both functional and 
structural homology [ 15 ]. Both aldosterone and glucocorticoid hormones bind to 
both the GR and MR. At low basal levels, cortisol binds to the high-affi nity, low- 
capacity mineralocorticoid receptor (MR). However, with increased cortisol secre-
tion, the MR are saturated, and cortisol then binds to the low-affi nity, high- capacity 
GR. In addition, the 11β-hydroxysteroid dehydrogenase (11β-HSD) enzymes play 
an important role in preventing glucocorticoid access to cells that express the MR 
[ 16 ,  17 ]. This enzyme has two isoforms, a NAD+-dependent form (11β-HSD-2) and 
a NADP+-dependent form (11β-HSD-1). 11β-HSD-2 is found in tissues with high 
levels of MR activity such as the kidney, sweat and salivary glands, placenta, and 
colon. 11β-HSD-2 converts cortisol to cortisone, its inactive reduced metabolite 
which is unable to bind to the GR and MR. 11β-HSD-1, which is found in glucocor-
ticoid target tissues, catalyzes the conversion of cortisone to the active glucocorti-
coid cortisol. Pro-infl ammatory cytokines modulate the activity of the 11β-HSD 
enzymes, with interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF- α) increas-
ing the activity of 11β-HSD-1 while decreasing that of 11β-HSD-2 [ 18 ,  19 ]. 

 Cortisol diffuses rapidly across cell membranes binding to the GR. Two isoforms 
of the GR have been isolated, namely, GR-α and GR-β. The GR-β isoform fails to 
bind cortisol and activate gene expression and thus functions as a negative inhibitor 
of GR-α [ 20 ]. Seven isoforms of GR-α have been reported; these isoforms may be 
selectively expressed by different tissues with each isoform eliciting a distinct 
response [ 21 ,  22 ]. Through the association and disassociation of chaperone mole-
cules, the glucocorticoid-GR-α complex moves into the nucleus where it binds as a 
homodimer to DNA sequences called glucocorticoid-responsive elements (GREs) 
located in the promoter regions of target genes which then activate or repress tran-
scription of the associated genes. In addition, the cortisol-GR complex may affect 
cellular function indirectly by binding to and modulating the transcriptional activity 
of other nuclear transcription factors such as nuclear factor-κB (NF-κB) and activa-
tor protein-1 (AP-1). Overall, glucocorticoids affect the transcription of thousands 
of genes in every cell of the body. It has been estimated that glucocorticoids affect 
20 % of the genome of mononuclear blood cells [ 23 ]. Cortisol has several important 
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physiologic actions on metabolism, cardiovascular function, and the immune sys-
tem. Cortisol increases the synthesis of catecholamines and catecholamine recep-
tors which is partially responsible for its positive inotropic effects. In addition, 
cortisol has potent anti-infl ammatory actions including the reduction in number and 
function of various immune cells, such as T and B lymphocytes, monocytes, 
 neutrophils, and eosinophils at sites of infl ammation. Cortisol is the most important 
inhibitor of the transcription of pro-infl ammatory mediators (inhibits NF-kB and 
AP-1 by multiple mechanisms) [ 3 ].  

12.2     The Stress Response in Critical Illness 

 Classically the stress response is short lived (lasting less than 60 min, e.g., physical 
fi ght, being chased by a predator, parachuting) allowing the host to successfully deal 
with the acute threat, following which the stress response rapidly dissipates with 
cortisol and catecholamine levels returning to baseline. Critically ill and injured 
patients, however, have a prolonged stress response which may last for weeks, with 
the chronic stress response differing both qualitatively and quantitatively from the 
acute stress response. In addition, it is likely that the type of acute illness, for exam-
ple, sepsis, non-septic critical illness, trauma, or burns, will have a moderating 
effect on the stress response. While a number of studies have characterized the 
stress response and the HPA axis early in the course of the disease (i.e., on ICU 
admission), very few studies have investigated the temporal trends of CRH, ACTH, 
and cortisol over time. These studies have demonstrated that the pattern of the HPA 
activation during critical illness differs quite considerably from the acute stress 
response [ 24 ]. Most strikingly there appears to be a dissociation between the serum 
cortisol and ACTH levels, known as the “cortisol-ACTH dissociation” [ 25 ]. In addi-
tion, there is a marked hourly variability in plasma cortisol levels with loss of the 
circadian rhythm [ 26 ]. Annane and colleagues performed a cosyntropin stimulation 
and metyrapone test within 24 h of ICU admission in critically ill patients with 
sepsis, critically ill patients without sepsis, and healthy volunteers [ 27 ]. In this study 
the mean basal cortisol was 17.8 ug/dl, 27.8 ug/dl, and 12.6 ug/dl, respectively, 
while the simultaneous ACTH levels were 8 pg/ml, 6 pg/ml, and 33 pg/ml respec-
tively. This study demonstrates that while the basal cortisol was elevated in the 
majority of critically ill patients, the ACTH levels were subnormal. In addition, it 
should be noted that the basal cortisol levels were lower in the critically ill septic as 
compared to non-septic patients. Only a few studies have evaluated the course of 
serum cortisol and ACTH levels over time. Vermes et al measured the cortisol and 
ACTH levels daily for 8 days in 30 critically ill patients and 15 matched hospital-
ized controls [ 28 ]. The plasma cortisol levels were elevated in the critically ill 
patients and remained high during the whole observation period. In contrast, plasma 
ACTH levels decreased between days 3 and 5, reaching signifi cantly lower levels on 
day 5 compared to those in the control group. Vassiliadi et al measured cortisol, 
ACTH, and stimulated cortisol levels every 3–4 days until day 30, recovery, or death 
in 51 critically ill patients with sepsis [ 29 ]. In this study basal cortisol was elevated 
(all above 10 ug/dl) and remained elevated throughout the duration of the study. The 
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ACTH levels, however, were low on presentation and normalized after day 10. In 
the most comprehensive study to date, Boonen et al evaluated the time course of the 
HPA axis and cortisol metabolism over 7 days in 158 ICU patients [ 24 ]. Similar to 
the study of Vassiliadi et al, plasma cortisol levels were elevated on presentation (all 
above 10 ug/dl) and remained elevated over the 7 days of the study; however, ACTH 
levels were reduced on presentation (lower than controls) and tended to increase 
over the next 6 days. Furthermore, although the ACTH levels were subnormal, cor-
tisol production was increased by 83 % while plasma clearance was reduced by 
53 %. Patients with a cortisol response to corticotrophin less than 21 ug/dl had 
substantially reduced plasma clearance of cortisol than patients with a normal 
response to corticotrophin. The calculated plasma clearance after the administration 
of 100 mg of hydrocortisone was 60 % lower in patients than in controls. These 
authors noted that the levels of 11β-HSD2 and A-ring reductases were markedly 
reduced in patients as compared to controls. These studies suggest that pituitary-
independent mechanisms, most notably impaired cortisol clearance contribute to 
the increased cortisol levels found in critically ill patients. It is further postulated 
that the increased cortisol levels via negative feedback inhibit ACTH release 
accounting for the low ACTH levels [ 24 ,  30 ,  31 ]. Increased cortisol levels do not 
appear to be due to increased adrenocortical sensitivity to ACTH [ 25 ]. Boonen et al 
demonstrated that pulsatile ACTH secretion was 31 % lower in ICU patients than 
controls, largely due to decreased ACTH burst mass [ 25 ]. In experimental sepsis 
models, levels of ACTH expression are rapidly suppressed, possibly due to nitric 
oxide or due to decreased orexin signaling [ 32 – 34 ]. It is has been suggested that 
increased levels of pro-infl ammatory cytokines, particularly interleukin-6 (IL-6), 
may act synergistically with ACTH to increase cortisol synthesis [ 24 ,  29 ]. 

 As ACTH levels are subnormal during critical illness and as ACTH plays an 
important role in steroidogenesis and has tropic effects on the adrenal cortex, it has 
been postulated that the low ACTH levels would lead to atrophy of the adrenal 
gland and decreased ACTH responsiveness. Boonen and colleagues harvested the 
adrenal glands from long-stay ICU patients, short-stay ICU patients, and controls 
within 24 h of their death [ 35 ]. These authors demonstrated 78 % less cholesterol 
ester and at least 58 % less mRNA expression of ACTH-regulated steroidogenic 
enzymes in the long-stay ICU patients as compared to the controls and short-stay 
patients. This fi nding may contribute to the “relative adrenal insuffi ciency” noted in 
chronic ICU patients.  

12.3     Alternative Explanations for Altered HPA Function 
During Critical Illness 

 The fi nding that critically ill patients have reduced cortisol metabolism resulting in 
increased cortisol levels with low concomitant low ACTH levels has recently gained 
much attention [ 24 ,  30 ,  31 ]. However, it is likely that other derangements of the HPA 
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axis as well as abnormal glucocorticoid signaling may occur in the critically ill. It is 
therefore probable that a variety of phenotypic patterns exist and that these patterns 
may change over time. Festti et al evaluated the HPA axis in 34 patients within the 
fi rst 24 h of the onset of septic shock [ 36 ]. In this study 32 % of patients had adrenal 
insuffi ciency (Δ cortisol <9 mg/dl) with the baseline ACTH being signifi cantly 
higher in the nonresponders compared to the responders (55.5 pg/mL vs. 18.3 pg/
mL,  p  = 0.01). The high ACTH in the nonresponders may be a consequence of abnor-
malities in steroidogenesis. While the baseline cortisol levels were increased in the 
studies by Boonen et al and Vassiliadi et al, other studies have demonstrated low 
cortisol levels (<10 ug/dl) in approximately 20 % of patients [ 27 ,  37 ]. In the study by 
Annane et al. 18 % of the septic patients had a basal cortisol <10 ug/dl [ 27 ]. Kwon 
et al. evaluated the HPA axis in 82 critically ill patients [ 37 ]. In this study 16 (20 %) 
patients had a basal cortisol < 10 ug/dl, while an additional 20 (24 %) patients had a 
delta cortisol of <9 ug/dl after a cosyntropin stimulation test. The ACTH profi le of 
the patients with a low cortisol has not been compared to those with an elevated cor-
tisol, and the mechanism leading to a low cortisol in these patients has not been well 
studied. In addition to these studies, a strong body of evidence suggest that substrate 
defi ciency (HDL) may lead to inadequate cortisol synthesis during acute illness. 

 High-density lipoprotein (HDL) is an important lipoprotein present in human 
plasma and plays a major role in reverse cholesterol transport [ 38 ]. The major 
apoprotein present in HDL is apolipoprotein A1 (Apo-A1), which provides struc-
tural stability to the spherical molecule. Free cholesterol is esterifi ed by lecithin-
cholesterol acyltransferase (LCAT) which then combines with the disk- shaped 
pre-HDL complex forming a spherical structure, HDL 3  (see Fig.  12.3 ) [ 39 ]. HDL 3  
molecules continue to engulf additional lipid molecules and apoproteins, thereby 
forming mature HDL 2 . HDL 2  is removed from the circulation by the liver where it 
binds to the scavenger receptor class B type I (or the human homolog Cla- 1) and 
Apo-A1 receptors. HDL has been shown to be substantially reduced in patients 
with many acute illnesses, including sepsis and burns, following myocardial 
infarction and in patients undergoing surgical interventions [ 40 ,  41 ]. 
 Pro- infl ammatory cytokines, particularly IL-6, appear to decrease the synthesis of 

Liver

SR-B1SR-B1

LDL
CETP

LCAT

mature HDL
(large, α-HDL)

nascent HDL
(small, preβ-HDL)

Adrenal

  Fig. 12.3    HDL 
metabolism.  LCAT  
lecithin-cholesterol 
acyltransferase,  CETP  
cholesterol ester transfer 
protein,  SR - B1  scavenger 
receptor class B type I 
(Cla-1 in humans)       

 

12 Stress Response: Adrenal Function



144

Apo-1 [ 42 ,  43 ]. In addition, during the acute phase response, Apo-A1 is replaced 
by serum amyloid A (SAA) in the HDL particle [ 38 ]. Ly et al demonstrated that 
plasma LCAT activity and hepatic LCAT mRNA levels are decreased by lipopoly-
saccharide and TNF-α treatment [ 44 ]. Similarly, Ettinger et al demonstrated that 
TNF-α, IL-1, and IL-6 decreased synthesis of LCAT in cultured Hep G2 cells 
[ 45 ]. It is likely that LCAT levels are reduced in critically ill and injured patients 
leading to reduced HDL 2  levels.

   Low HDL levels have been demonstrated to have important prognostic impli-
cations. Mesotton et al demonstrated that ICU patients with a HDL level less than 
15 mg/dl had a substantially higher mortality than patients with a HDL level 
above this value [ 46 ]. In a series of 2989 surgical patients Delgado-Rodriquez and 
colleagues demonstrated that a HDL level <37 mg/dl was highly predictive of 
nosocomial infection, length of stay, and hospital death [ 47 ]. Barlage et al. 
reported that Apo-AI levels were an independent predictor of 30-day mortality in 
patients with sepsis [ 48 ]. HDL is believed to modulate the infl ammatory process 
by a number of mechanisms including binding and neutralization of bacterial tox-
ins, inhibition of adhesion molecule expression, and stimulation of endothelial 
nitric oxide synthase (eNOS) production [ 38 ]. However, HDL may have a major 
role in modulating the infl ammatory response in its role as the major precursor of 
cortisol. 

 Experimental studies suggest that HDL is the preferred cholesterol source of 
steroidogenic substrate in the adrenal gland [ 14 ]. Mouse SR-B1 (scavenger recep-
tor, class B, type 1) and its human homolog (Cla-1) have been identifi ed as the 
high- affi nity HDL receptor mediating selective cholesterol uptake [ 49 – 53 ]. These 
receptors are expressed at high levels in the parenchymal cells of the liver and the 
steroidogenic cells of the adrenal glands, ovary, and testis [ 52 ]. Cai et al. demon-
strated that SR-BI knockout mice had marked glucocorticoid insuffi ciency and 
higher mortality in LPS shock compared with control mice [ 53 ]. In this study 
SR-BI-null mice showed a lack of inducible glucocorticoid synthesis in response 
to LPS, bacterial infection, stress, or ACTH. Decreased production of cortisol 
during acute illness may therefore occur due to substrate defi ciency (HDL). Polito 
et al demonstrated diffuse lipid depletion in the zona fasciculata of the adrenal 
glands in patients who died of septic shock as well as in experimental endotox-
emia and sepsis models [ 54 ]. Van der Voort and colleagues demonstrated that in 
critically ill patients, low HDL levels were associated with an attenuated response 
to cosyntropin [ 55 ]. It is noteworthy that in this study, the mean HDL level was 
27 mg/dl in cosyntropin responders as compared to 12.7 mg/dl in the nonre-
sponders. Furthermore, a low HDL was the strongest predictor of nonresponsive-
ness following a cosyntropin test. Low HDL is common in patients with liver 
disease and may predispose these patients to adrenal insuffi ciency. We have previ-
ously reported that adrenal insuffi ciency is common in patients with liver disease, 
with a low HDL being the only variable tested that was predictive of adrenal 
insuffi ciency [ 56 ]. Similarly, in a cohort of 164 critically ill patients with liver 
disease, Atogo-Asse et al reported that 52 % had adrenal insuffi ciency (Δ cortisol 
<9 mg/dl) with the increment in the cortisol following a cosyntropin test being 
inversely related to the HDL level [ 57 ].  
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12.4     Tissue Glucocorticoid Resistance 

 Tissue corticosteroid resistance is a well-known manifestation of chronic infl amma-
tory diseases such as chronic obstructive pulmonary disease (COPD), severe asthma, 
systemic lupus erythematosus (SLE), ulcerative colitis, and rheumatoid arthritis. 
Defective GR nuclear translocation and altered histone acetylation have been 
described in corticosteroid-resistant asthmatics [ 58 ,  59 ]. Increased expression of the 
beta-isoform of the GR has been reported in patients with glucocorticoid-insensitive 
asthma and patients with idiopathic pulmonary fi brosis [ 60 ,  61 ]. It is likely that 
patients with acute infl ammatory diseases such as sepsis, acute lung injury (ALI), 
pancreatitis, traumatic injuries, and burns may develop tissue resistance to gluco-
corticoids during the course of their disease. In a mouse fi broblast cell line model, 
Pariante and colleagues demonstrated that IL-1 reduced GR translocation and func-
tion [ 62 ]. In cell culture as well as in ex vivo human lymphocytes, Webster et al 
demonstrated that TNF-α disproportionately increased the levels of the GR-β over 
the GR-α isoform and that this was associated with the development of glucocorti-
coid resistance [ 63 ]. Guerrero et al demonstrated increased expression of the GR-β 
isoform in mononuclear cells from septic patients [ 64 ]. In a murine  Staphylococcus 
aureus  sepsis model, Bergquist et al demonstrated markedly decreased GR expres-
sion and decreased nuclear translocation of the GR complex into the nucleus [ 65 ]. 
In this study it is noteworthy that GR expression decreased with time which paral-
leled the time-dependent decreased effi cacy of glucocorticoids in preventing weight 
loss in the animals. Similarly, in an LPS model, these authors demonstrated 
decreased GR nuclear translocation compared to control animals [ 66 ]. In this study, 
glucocorticoid treatment improved survival only when started early (2 h) after LPS 
administration. Van den Akker et al demonstrated that neutrophils from pediatric 
patients with sepsis had decreased expression of GR mRNA, with the GR levels 
being inversely related to the level of IL-6 [ 67 ]. Similarly, Indyk et al demonstrated 
lower total and cytoplasmic GR levels in critically ill children [ 68 ]. In an ex vivo 
model, Meduri and colleagues compared the cytoplasmic to nuclear density of the 
GR complex in patients with ARDS who were improvers with those of non-improv-
ers [ 69 ]. These authors demonstrated a markedly reduced nuclear density of the GR 
complex in non-improvers, while the cytoplasmic density was similar between 
improvers and non-improvers. This experiment provides further evidence that the 
nuclear GC-GR activity may be impaired in critically ill patients despite adequate 
cytoplasmic (serum) levels of cortisol.  

12.5     Critical Illness-Related Corticosteroid Insuffi ciency 
(CIRCI) 

 Critical illness is associated with multiple derangements of the HPA axis including 
decreased production of CRH, ACTH, and cortisol, decreased expression and dys-
function of the GR as well as decreased cortisol metabolism. These abnormalities 
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may coexist and change dynamically over time. As there is currently no test or 
measure of cellular glucocorticoid activity, the net result of these interacting factors 
may be almost impossible to determine at the bedside. Standard methods of assess-
ing adrenal activity based on measuring plasma cortisol concentration have been 
shown to suffer numerous problems, including lack of reproducibility, large interas-
say variation, lack of agreement on diagnostic criteria, excessive variation, and poor 
correlation with outcome [ 26 ,  70 – 73 ]. As a result, it has proven diffi cult to reliably 
identify patients who have suppressed adrenal activity and who may benefi t from 
administration of exogenous corticosteroids. 

 A few patients may develop “absolute adrenal insuffi ciency” due to acute 
destruction of the adrenal gland (i.e., due to hemorrhage); however, these patients 
are uncommon. The concept of “relative adrenal insuffi ciency (RAI)” has been pro-
posed to resolve this conundrum; however, the pathophysiology and diagnosis of 
this condition remain elusive [ 73 ,  74 ]. One approach to resolving the question of 
whether too little glucocorticoid signal ultimately “gets through” is to examine tar-
get genes and cellular pathways whose function is primarily regulated by glucocor-
ticoids. Ultimately activation of primary GR target genes will allow quantifi cation 
of glucocorticoid activity at the tissue and cellular level [ 75 ]. However, this approach 
is currently not widely available. In critically ill patients, particularly those with 
sepsis, the inhibitory effects of glucocorticoids on NF-κβ signaling pathways may 
be used as a surrogate marker of activation of GR target genes. Through their inhibi-
tory effects on NF-κβ signaling pathways, glucocorticoids are the most potent anti-
infl ammatory hormones in the body and thereby serve to suppress the production 
and activity of pro-infl ammatory cytokines during exposure to stress. Inadequate 
glucocorticoid-mediated feedback inhibition of the immune response will result in 
excess circulating levels of pro-infl ammatory mediators. This has led to the concept 
of “critical illness-related corticosteroid insuffi ciency (CIRCI)” [ 3 ,  76 ]. CIRCI is 
defi ned as inadequate cellular corticosteroid activity for the severity of the patients’ 
illness; i.e., CIRCI may be due to inadequate levels of circulating cortisol, systemic 
or local abnormities in cortisol metabolism, corticosteroid tissue resistance, or a 
combination of these factors. CIRCI manifests with insuffi cient corticosteroid-
mediated downregulation of infl ammatory transcription factors. Inadequate gluco-
corticoid-mediated feedback inhibition of the immune response will result in excess 
levels of pro-infl ammatory mediators. Patients with severe sepsis, septic shock, and 
acute lung injury as well as those with severe traumatic injuries and burns have 
immune dysregulation with an exaggerated pro-infl ammatory response. These 
patients by defi nition have CIRCI. 

 The paradigm proposed by Roger Bone suggested that patients with an exag-
gerated pro-infl ammatory response (systemic infl ammatory response syndrome) 
transition after a period of time into a state of immuno-paresis which he termed 
the compensatory anti-infl ammatory response syndrome (CARS) [ 77 ]. However, 
examination of previous studies provides evidence that both pro- infl ammatory 
and an opposing anti-infl ammatory response occur concomitantly in sepsis and 
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following traumatic injuries [ 78 ,  79 ]. Osuchowski et al were fi rst to report that 
production of anti- and pro-infl ammatory cytokines occurs simultaneously in a 
polymicrobial sepsis model [ 80 ]. Xiao et al. demonstrated that following severe 
trauma, burn injuries, and administration of endotoxin in humans, the early leuko-
cyte genomic response is characterized by simultaneously increased expression of 
genes involved in the systemic infl ammatory, innate immune, and compensatory 
anti- infl ammatory responses [ 81 ]. Furthermore, patients with a complicated clini-
cal course had an increased magnitude and duration of these genomic changes. 
Almansa et al. compared the gene expression profi les of surgical patients with 
sepsis as compared to surgical patients without sepsis [ 82 ]. These authors demon-
strated the simultaneous coexistence of increased innate and depressed adaptive 
immunity. Tang and colleagues performed a systematic review examining gene 
profi les in sepsis [ 83 ]. These authors concluded that “the arbitrary distinction of 
separating sepsis into pro-infl ammatory and anti-infl ammatory phases is not sup-
ported by gene-expression data.” It is likely that the excessive pro-infl ammatory 
response characteristic of CIRCI may potentiate the simultaneous anti-infl amma-
tory response. It is therefore proposed that early treatment with exogenous corti-
costeroids which would dampen the excessive pro-infl ammatory response in 
patients with sepsis, trauma, and burns may “paradoxically” limit the simultane-
ous anti- infl ammatory response thereby restoring homeostases without a pro-
longed pro- or anti-infl ammatory response. This postulate is supported by the 
landmark study of Keh and colleagues who in a randomized crossover study eval-
uated the clinical and immunological response of “low”-dose corticosteroids in 
patients with septic shock [ 84 ]. In this study hydrocortisone simultaneously 
decreased circulating levels of both pro- and anti-infl ammatory cytokines while at 
the same time preserving competence of adaptive immunity. Importantly, in vitro 
granulocyte function (respiratory burst and phagocytosis) remained intact, indi-
cating that low-dose hydrocortisone did not suppress innate defense mechanisms. 
Furthermore, interleukin-12 (IL-12), a central regulatory cytokine directing Th1 
development and monocyte activation, increased during hydrocortisone treat-
ment. The results of the study by Keh and colleagues are supported by the 
HYPOLYTE study where 150 patients with severe trauma were randomly assigned 
to a continuous intravenous infusion of either hydrocortisone (200 mg/d for 
5 days) or placebo [ 85 ]. By intention to treat analysis, 35.6 % of hydrocortisone 
patients developed hospital-acquired pneumonia (the primary endpoint) as com-
pared to 51.3 % of placebo patients (hazard ratio, 0.51; 95 % confi dence interval 
0.30–0.83;  P  = .007). Macrophage dysfunction plays an important role in mediat-
ing the immunosuppression which characterizes critical illness [ 86 ]. It should be 
noted that glucocorticoids cause a phenotypic switch of macrophages (M1 to M2) 
with the differentiation of a specifi c anti-infl ammatory phenotype which is 
actively involved in resolution of infl ammation [ 87 ]. M2 cells show effi cient 
phagocytic activity and high expression of scavenger receptors and have different 
chemokine expression profi les compared with M1 macrophages [ 88 ,  89 ].  
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12.6     Conclusions 

 The alterations of the HPA axis and GR function following critical illness are com-
plex, dynamic, and diffi cult to quantitate at the bedside. Nevertheless, critical ill-
ness-related corticosteroid insuffi ciency (CIRCI) is exceedingly common, and 
treatment with “low-dose” glucocorticoids appears to downregulate both the pro- 
and anti-infl ammatory response while preserving Th1 lymphocyte responsiveness 
and thereby restoring homeostasis and likely improving patient outcomes.     
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    Chapter 13   
 Enterohormones and the Response 
to Critical Illness                     

       Mark     P.     Plummer      ,     Annika     Reintam     Blaser     , and     Adam     M.     Deane       

  Abstract     The secretion of a number of enterohormones is disordered in the criti-
cally ill which may mediate abnormalities in motility and glycaemia. However, 
these mediators can also potentially serve a protective role, dampening infl amma-
tion and modulating the enteral immune response. There are over 30 recognised 
enterohormones, and therapeutic manipulation of specifi c enterohormones or their 
receptors is a burgeoning area of critical care research with promising preclinical 
data and an increasing number of small clinical trials. Further characterisation of the 
effect of critical illness on the endocrine gut and how it can be manipulated to 
improve outcomes in critical illness warrants evaluation.   

13.1      Introduction 

 The enteroendocrine cells constitute less than 1 % of the total epithelial cell popula-
tion of the gastrointestinal tract yet together form the largest endocrine system in the 
body [ 1 ]. These cells are responsible for the production of over 30 peptides which in 
health modulate gastrointestinal motility, secretory, absorptive and immune functions 
and mucosal growth and repair [ 2 ]. The physiological stress of critical illness and the 
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treatments administered are associated with substantially disordered gastrointestinal 
and metabolic functions [ 3 ], many of which have been shown to be associated with 
adverse outcomes [ 4 ]. While it is not a clinical practice to measure plasma enterohor-
mone levels, which may contribute to the current paucity of data, it is increasingly 
evident that a number of enterohormones mediate, or have the potential to mediate, 
many of the functional gastrointestinal and metabolic abnormalities that occur during 
critical illness. This chapter will review the enterohormones most likely to be of clini-
cal signifi cance: ghrelin, motilin, cholecystokinin (CCK), glucagon-like peptide 1 
(GLP-1), glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide 
2 (GLP-2) and polypeptide YY (PYY). A summary for each hormone is provided with 
a focus on location of the secretory cell and receptor for hormone function, stimulus 
for secretion, and if there are suffi cient data, the effect of critical illness on plasma 
concentrations and action is outlined (Table  13.1 ). In addition, studies relating to 
enterohormone receptor pharmacological agonism or antagonism and therapeutic 
potential in critical  illness are presented where relevant.

   Table 13.1    Function of enterohormones and impact of critical illness   

 Enterohormone  Site of secretion  Dominant effects  Effect of critical illness 

 Ghrelin  Parietal cells  ↑ Growth hormone  ↑ Total concentration 
 ? ↓ Active 
concentration 

 Gastric fundus  ↑ Appetite 
 ↑ Gastric emptying 
 Energy homeostasis 

 Motilin  M cells  ↑ Fasting intestinal motility  Unknown 
 Proximal 
duodenum 

 ↑ Gastric emptying 
 (supraphysiological) 

 CCK  I cells  ↑ Gallbladder contraction  ↑ Concentration 
 Duodenum and 
jejunum 

 ↓ Gastric emptying 
 ↑ Pancreatic enzyme secretion 
 ↓ Appetite 

 GLP-1  L cells  ↑ Insulin (glucose dependent)  ↑ Concentration 
 Distal ileum and 
colon 

 ↓ Glucagon (glucose dependent) 
 ↓ Gastric emptying 
 ↓ Appetite 

 GIP  K cells  ↑ Insulin (glucose dependent)  No effect 
 Duodenum and 
jejunum 

 ↑ Glucagon (glucose dependent) 

 GLP-2  L cells  ↑ Intestinal mucosal growth  Unknown 
 Distal ileum and 
colon 

 ↑ Intestinal absorptive capacity 
 ↓ Intestinal permeability 
 ↑ Intestinal mucosal blood fl ow 

 Peptide YY  L cells  ↓ Gastric emptying  ↑ Concentration 
 Distal ileum, colon 
and rectum 

 ↓ Gallbladder contraction 
 ↓ Gastric acid secretion 
 ↓ Pancreatic exocrine secretion 
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13.2        Ghrelin 

13.2.1     Ghrelin in Health 

 Ghrelin is primarily secreted during fasting from parietal cells of the gastric fun-
dus in the inactive (nonacylated) form [ 5 ]. Its secretion is suppressed in the post-
prandial phase as a result of the interaction of nutrient with the small intestine [ 5 ]. 
Ghrelin is a prohormone and requires posttranslational acylation for the majority 
of its biological activity [ 6 ]. Acylated ghrelin is the endogenous ligand for the 
growth hormone secretagogue receptor (GHS-R1a) on the anterior pituitary, and 
therefore it is a natural secretagogue for growth hormone [ 7 ]. The GHS-R1a is 
expressed widely beyond the anterior pituitary including on pancreatic islets, B 
and T lymphocytes, neutrophils, myocardium, thyroid tissue and at multiple sites 
throughout the central nervous system, which explains the diverse physiological 
actions of this hormone [ 8 ]. As well as regulating growth hormone secretion, 
ghrelin plays important roles in stimulating appetite and modulating glucose 
homeostasis, decreasing insulin secretion and increasing insulin sensitivity [ 8 ]. It 
also modulates stress, anxiety and sleep, protects against muscle atrophy, modu-
lates taste sensation and has vasodilatory effects [ 8 ]. Studies using exogenous 
ghrelin at supraphysiological concentrations indicate that ghrelin accelerates gas-
tric emptying in humans and in animal models of sepsis-induced gastroparesis [ 9 , 
 10 ]. In ambulant patients with diabetic gastroparesis, a ghrelin agonist has been 
shown to stimulate gastrokinesis [ 11 ].  

13.2.2     Ghrelin in Critical Illness 

 In the largest study to date of endogenous ghrelin concentrations in critical illness, 
Koch et al. analysed plasma ghrelin in 170 critically ill patients and 60 healthy persons 
as a control group [ 12 ]. While they demonstrated that total ghrelin concentrations are 
increased during critical illness, they did not differentiate between the active (acylated) 
and inactive form [ 12 ]. This is important as the majority of circulating ghrelin is in the 
inactive form and is renally cleared, unlike the active form which undergoes organ-
independent enzyme metabolism with a short half-life of 10 min [ 13 ]. Inactive ghrelin 
accumulates in renal failure [ 11 ], and Koch et al. demonstrated an inverse association 
between renal function and ghrelin concentration in non-septic critically ill patients 
[ 12 ]. In the only study to date to measure both active and inactive ghrelin in critical 
illness, Crona and MacLaren demonstrated that compared to patients tolerating enteral 
nutrition, patients with feed intolerance had higher concentrations of total ghrelin but 
lower concentrations of active ghrelin [ 6 ]. These data suggest that while total ghrelin 
concentrations may be elevated during critical illness, active ghrelin levels may be 
decreased and contribute to slow gastric emptying. Studies into the effect of exogenous 
ghrelin, or its agonists, to manage feed intolerance in this population are warranted. 
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 As well as infl uencing gut motility, there is mechanistic plausibility that ghrelin 
may be protective in sepsis; in multiple animal models, exogenous ghrelin has been 
found to downregulate proinfl ammatory cytokines [ 14 ], protect against endotoxae-
mia-induced acute kidney injury [ 15 ], ameliorate gut mucosal barrier function [ 16 ], 
attenuate sepsis-induced acute lung injury [ 17 ] and improve tissue perfusion [ 18 ]. 
Exogenous ghrelin has not been evaluated as a therapy in the critically ill but has 
been shown to reduce cachexia, increase appetite and improve exercise tolerance in 
patients with cancer, heart failure, end-stage renal disease and chronic obstructive 
pulmonary disease [ 19 ]. This is likely due to both anabolic growth hormone depen-
dent and independent effects, for example, improved appetite [ 4 ]. 

 While growth hormone is suppressed in critical illness, trials with suprapharma-
cological doses of growth hormone have reported adverse outcomes [ 20 ]. Despite 
this adverse effect of growth hormone administration, careful evaluation of ghrelin 
therapy in the critically ill appears warranted to establish the effects on gastric emp-
tying, appetite and anabolism.   

13.3     Motilin 

13.3.1     Motilin in Health 

 Motilin is synthesised by M cells in the proximal duodenum and regulates the 
fasting pattern of motility of the gut by binding to the motilin-specifi c G-protein- 
coupled receptor [ 21 ]. Motilin is predominantly secreted in the interdigestive state, 
and the peak plasma motilin concentration coincides with the onset of the antegrade 
contractions during the fasting phase III-migrating motor complex [ 22 ]. 
Pharmacological concentrations of exogenously administered motilin accelerate 
gastric emptying in healthy individuals and in patients with gastroparesis [ 23 ]. The 
macrolide antibiotic erythromycin is a motilin receptor agonist and potently 
stimulates gastric emptying which has led to its additional use as a gastric prokinetic 
agent for the treatment of gastroparesis of multiple aetiologies [ 24 ].  

13.3.2     Motilin in Critical Illness 

 Erythromycin potently stimulates gastric emptying in critically ill patients with 
feed intolerance and large gastric residual volumes [ 25 – 27 ]. Tachyphylaxis to 
stimulation of the motilin receptor develops quickly with erythromycin, and the 
effects are diminished in 60 % of critically ill patients within 1 week of regular 
administration [ 25 ]. While a more effective gastrokinetic drug than metoclo-
pramide, observational data indicate that erythromycin is administered less fre-
quently [ 28 ], perhaps because of concerns regarding adverse effects, such as the 
potential to exacerbate bacterial resistance, interaction with other medications 
metabolised by the cytochrome P450 3A4 system and prolongation of the QT 
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interval [ 29 ]. For these reasons there is increasing effort to identify a selective 
motilin receptor agonist without macrolide antibiotic properties for clinical use. 
There are preliminary data from a small phase 2 study that a non-macrolide selec-
tive motilin receptor agonist accelerates gastric emptying in the critically ill com-
pared to placebo, and larger randomised controlled trials are keenly awaited [ 30 ].   

13.4     Cholecystokinin 

13.4.1     Cholecystokinin in Health 

 Cholecystokinin (CCK) is a peptide hormone secreted by I cells in the mucosa 
of the duodenum and jejunum in response to dietary fat, protein and, to a lesser 
extent, carbohydrates [ 31 ]. It binds to its specifi c G-protein-coupled receptor on 
the gastric, gallbladder and small intestinal mucosa, vagal afferents and cen-
trally in the hypothalamus and hindbrain where it acts as a neuropeptide [ 32 ]. 
Endogenous CCK is the principal regulator of gallbladder contraction and has 
been shown to slow gastric emptying, relax the sphincter of Oddi and stimulate 
pancreatic enzyme secretion [ 33 ,  34 ]. Interaction of CCK with central satiation 
receptors in the hypothalamus reduces hunger and energy intake [ 35 ].  

13.4.2     Cholecystokinin in Critical Illness 

 Our group has previously demonstrated elevated fasting and nutrient-stimulated 
plasma CCK levels in critical illness compared to healthy subjects [ 36 ]. Furthermore, 
fasting plasma CCK concentrations were higher in critically ill patients with delayed 
gastric emptying compared to those with normal emptying, suggesting a role for 
CCK in the pathogenesis of delayed gastric emptying [ 37 ]. However, our experi-
ence from studies performed in healthy participants with normal rates of gastric 
emptying is that the magnitude of acceleration that occurs when antagonising 
endogenous hormones is much less than during administration of pharmacological 
concentrations [ 38 ,  39 ]. Given that gastric emptying is slow in many patients and 
can be due to many causes, our opinion is that CCK antagonists would have only a 
modest effect on gastric emptying and feed intolerance in the critically ill. 

 There are preclinical data to suggest that endogenous cholecystokinin medi-
ates the benefi cial immune and antiinfl ammatory effects attributable to enteral 
nutrition in critical illness [ 40 ,  41 ]. In a rat model of haemorrhagic shock, CCK 
released in response to an enteral lipid load activates immunomodulatory recep-
tors via vagal pathways, dampening the systemic infl ammatory response and 
attenuating gastric epithelial permeability and bacterial translocation [ 40 ,  41 ]. 
Further studies are required to characterise the effect of critical illness on plasma 
CCK, the associations between plasma CCK and gastric emptying and the poten-
tial immunomodulatory role of CCK.   
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13.5     Glucagon-Like Peptide 1 (GLP-1) 

13.5.1     GLP-1 in Health and Diabetes 

 GLP-1 is an incretin hormone stored in enteric L cells located predominantly in the 
distal small intestine and colon and is secreted in response to luminal fat, 
carbohydrate, protein and bile acids [ 42 ,  43 ]. Incretins are gut hormones that 
potentiate insulin secretion after a meal in a glucose-dependent manner [ 44 ]. 
Together with glucose-dependent insulinotropic polypeptide (GIP), GLP-1 accounts 
for the two to threefold greater insulinotropic response to an oral glucose load 
compared to the equivalent intravenous glucose load (Fig.  13.1 ) [ 46 ]. The primary 
physiological role of endogenous GLP-1 is to lower blood glucose [ 47 ] via direct 
effects on pancreatic islet cell G-protein-coupled receptors to propagate secondary 
messenger signals that stimulate insulin and suppress glucagon release and indirect 
effects on the gut to slow gastric emptying and small intestinal motility [ 38 ,  47 ,  48 ]. 
The insulinotropic and glucagonostatic effect on the pancreatic α and β cells are 
strictly glucose dependent such that below a blood glucose of ~6 mmol/L, even 
pharmacological doses of GLP-1 (and its agonists) have little or no impact on blood 
glucose [ 49 ]. In contrast, the ability of exogenously administered GLP-1 to slow 
gastric emptying persists during hypoglycaemia [ 39 ]. GLP-1 receptors are expressed 

  Fig. 13.1    The incretin effect (Adapted from Nauck et al. [ 45 ]). There is a substantially greater 
release of insulin in response to oral glucose as compared to an isoglycaemic intravenous infusion 
of glucose. The difference between the plasma insulin, as demonstrated by the  arrow , is the incretin 
effect and is mediated by the enterohormones glucagon-like peptide 1(GLP-1) and glucose- 
dependent insulinotropic polypeptide (GIP)       
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widely beyond the pancreas and gut including in the lung, kidney, skin, heart and 
brain [ 50 ]. A detailed review of the extrapancreatic effects of endogenous GLP-1 is 
beyond the scope of this chapter; however, GLP-1 is thought to play a role in regu-
lating appetite, learning and memory, preventing cardiac cell apoptosis, increasing 
bone formation and decreasing dermal cytokine expression [ 51 ].

   The glucose-dependent insulinotropic effect of GLP-1 is preserved in patients 
with type 2 diabetes [ 52 ], making the GLP-1 receptor an attractive therapeutic target 
in this group [ 53 ]. Native GLP-1 is rapidly metabolised by dipeptidyl peptidase-4 
(DPP-4) predominantly on capillary endothelia, imparting the enterohormone with 
a short half-life of 1–2 min [ 54 ,  55 ] which makes therapeutic delivery of native 
GLP-1 impractical. This has led to the development of subcutaneously administered 
GLP-1 receptor agonists that are resistant to DPP-4 degradation such as exenatide 
and lixisenatide, as well as oral DPP-4 inhibitors such as sitagliptin, linagliptin and 
vildagliptin that have now been incorporated into standard algorithms for the 
management of type 2 diabetes [ 56 ].  

13.5.2     GLP-1 in Critical Illness 

 In the critically ill, endogenous GLP-1 concentrations are increased [ 57 – 59 ] when 
compared to nutrient-stimulated physiological levels in healthy persons [ 60 ]. There 
appear to be associations between plasma concentration and biomarkers of 
infl ammation, illness severity [ 58 ] and feed intolerance [ 59 ]. Murine studies have 
demonstrated inducible GLP-1 secretion by a range of infl ammatory stimuli 
including endotoxin, IL-1 and IL-6 [ 58 ,  61 ]. Interestingly, when systemic 
infl ammation is induced in healthy volunteers by a TNF-α infusion, there is no 
demonstrable change in the incretin effect [ 62 ].  

13.5.3     Therapeutic Potential of GLP-1-Based Therapy 
in the Critically Ill 

 The rapid, organ-independent metabolism of a therapy that causes controlled, glu-
cose-dependent glucagon suppression and insulin release makes GLP-1 a promising 
agent for the management of stress hyperglycaemia [ 43 ,  63 ]. To date, the use of 
GLP-1 in the critically ill is limited to small studies to establish proof of principle, 
albeit with promising results [ 64 ]. With pharmacological concentrations of intrave-
nous GLP-1, marked glucose lowering has been observed in patients with type 2 
diabetes postcardiac surgery [ 65 ,  66 ]. In a heterogeneous cohort of mechanically 
ventilated patients, exogenous GLP-1 has been observed to reduce the glycaemic 
response to small intestinal nutrient delivery in patients with type 2 diabetes [ 67 ] 
and to intragastric and intestinal nutrient delivery in patients without pre-existing 
diabetes [ 68 ,  69 ]. In a small ( n  = 18) randomised, double-blind, placebo- controlled 
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crossover study in critically ill surgical patients, GLP-1 in combination with inten-
sive insulin therapy was also shown to reduce glycaemic variability when compared 
to intensive insulin therapy alone [ 70 ]. 

 Administration of the commercially available GLP-1 agonist exenatide is also 
being explored. In an open-label, nonrandomised pilot study, Abuannadi and col-
leagues administered intravenous exenatide to 40 patients following major cardiac 
surgery [ 71 ]. Intravenous exenatide was associated with signifi cantly reduced glycae-
mic variability compared to conventional intravenous insulin therapy and achieved 
equipotent blood glucose lowering with no episodes of severe hypoglycaemia [ 71 ]. 
Exenatide has also been administered subcutaneously in an open-label study in paedi-
atric burn patients where it was shown to reduce exogenous insulin requirements [ 72 ]. 

 While GLP-1 and its agonists have an inherently low risk of hypoglycaemia, 
there is a dose-dependent relationship between GLP-1 and the slowing of gastric 
emptying, and this has raised concerns that pharmacologically induced slower 
emptying may predispose to aspiration in mechanically ventilated critically ill 
patients [ 63 ]. Somewhat reassuringly, in a population of nondiabetic critically ill 
patients, our group has demonstrated that acute infusion of GLP-1 at pharmacological 
concentration slows gastric emptying when gastromotor function is normal at base-
line but has no effect when gastric emptying is already delayed [ 68 ]. 

 There have been no human studies into the therapeutic potential of DPP-4 
inhibitors in the critically ill which may be due to their oral route of administration 
and resultant variable pharmacokinetics. 

 Whether GLP-1, its agonists or the DPP-4 inhibitors could be used as stand- 
alone therapy or in combination with insulin for the management of stress 
hyperglycaemia warrants further investigation.   

13.6     Glucose-Dependent Insulinotropic Polypeptide (GIP) 

13.6.1     GIP in Health and Type 2 Diabetes 

 Glucose-dependent insulinotropic polypeptide, previously known as gastric 
inhibitory polypeptide, is secreted from duodenal and jejunal K cells in response to 
luminal fat and carbohydrate [ 44 ]. GIP exerts its incretin effect through distinct 
G-protein-coupled receptors that are highly expressed in islet β-cells, and like GLP- 
1, the insulinotropic action of GIP is strictly glucose dependent [ 44 ]. GIP also has 
glucose-dependent effects on the α-cell, dose dependently stimulating glucagon 
secretion during hypo- and euglycaemia with no effect during hyperglycaemia [ 73 ]. 
GIP has no direct enterogastrone effect on either gastric acid secretion or gastric 
emptying but may slightly accelerate gastric emptying via indirect mechanisms 
through lowering systemic glycaemia [ 32 ]. GIP receptors are expressed widely and 
have been identifi ed in the fat, bone, brain and cardiac tissue with in vitro and 
murine studies, suggesting potential roles for GIP in triglyceride metabolism, bone 
formation and neuroprotection [ 44 ]. GIP is also metabolised by DPP-4 with a resul-
tantly short half-life of ~4 min [ 74 ]. 
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 Unlike GLP-1, the insulinotropic effect of GIP is profoundly reduced in patients 
with type 2 diabetes and long-standing chronic hyperglycaemia [ 45 ]. This is likely 
due, at least in part, to the direct toxic effects of chronic hyperglycaemia downregulat-
ing GIP receptor expression on the β-cell [ 75 ], an effect which may be reversible with 
Hϕjberg et al. reporting that the insulinotropic property of GIP increased severalfold 
following 4 weeks of near-normal glycaemia in patients with type 2 diabetes [ 76 ].  

13.6.2     GIP in Critical Illness 

 It does not appear that critical illness alters fasting or nutrient-stimulated GIP levels 
[ 57 ,  77 ]. There is a persuasive rationale for a potential therapeutic role for exogenous 
GIP in the management of stress hyperglycaemia, specifi cally its inherent safety 
profi le; it stimulates glucagon release during hypoglycaemia and insulin release 
during hyperglycaemia and does not slow gastric emptying [ 78 ,  79 ]. 

 In the only studies in the critically ill to date, our group has investigated GIP both 
as a solo agent and in combination with GLP-1 for the management of stress 
hyperglycaemia [ 78 ,  80 ]. Consistent with the lack of effect in patients with type 2 
diabetes, we have shown that GIP has a negligible effect on glycaemia, gastric 
emptying, glucose absorption, insulin or glucagon secretion during critical illness 
[ 80 ] and provides no additional glucose lowering or insulinotropic effect when 
administered in conjunction with GLP-1 [ 78 ]. Together, these data suggest that 
future studies should focus on GLP-1 or its agonists, rather than GIP for the 
management of stress hyperglycaemia.   

13.7     Glucagon-Like Peptide-2 

13.7.1     GLP-2 in Health 

 GLP-2 is co-secreted with GLP-1 in response to luminal nutrient from L cells that 
are located primarily in the distal ileum and colon [ 81 ]. GLP-2 is a pleiotropic hor-
mone infl uencing multiple facets of intestinal physiology, the foremost of which is 
stimulation of intestinal mucosal growth in the small and, to a lesser extent, the 
large bowel [ 82 ]. GLP-2 acts through G-protein-coupled receptors primarily located 
in the small intestine [ 82 ]. While the receptor has been demonstrated on gastrointes-
tinal endocrine cells, enteric neurons and myofi broblasts, its absence on both crypt 
epithelial cells and enterocytes suggests an indirect mechanism of its primary intes-
tinotrophic action [ 81 ]. Like GLP-1 and GIP, GLP-2 is rapidly inactivated by the 
ubiquitous enzyme DPP-4, conferring a short half-life of ~7 min [ 83 ]. 

 The majority of the gastrointestinal effects of GLP-2 have been elucidated 
 following exogenous administration of GLP-2 or degradation-resistant GLP-2 
 analogues such as teduglutide. The intestinotrophic effects of GLP-2 are mediated 
via an increase in intestinal crypt cell proliferation, a reduction in villous cell 
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 apoptosis and improved mesenteric blood fl ow, collectively increasing mucosal 
mass and surface area with an accompanied increase in intestinal digestive and 
absorptive capacity [ 81 ,  83 ]. GLP-2 administration also decreases gastric acid 
secretion and is glucagonotropic, but unlike GLP-1 has no effect on insulin secre-
tion, gastric emptying or postprandial glycaemia [ 4 ].  

13.7.2     Therapeutic Role of GLP-2 in Gastrointestinal Disease 

 Exogenously administered GLP-2 and GLP-2 analogues signifi cantly improve mor-
bidity and increase gastrointestinal absorptive capacity in a diverse range of preclini-
cal intestinal injury models, including small bowel resection [ 84 ], enteritis [ 85 ], 
necrotizing pancreatitis [ 86 ] and ischaemic-reperfusion injury [ 87 ]. Furthermore, 
GLP-2 enhances epithelial barrier capacity, decreasing transcellular and paracellular 
permeability and reducing bacterial translocation [ 81 ,  86 ,  88 ]. These promising pre-
clinical results encouraged human trials of the GLP-2 analogue, teduglutide, which 
has since gained FDA approval for the management of short bowel syndrome after 
demonstrating increased gastrointestinal absorptive capacity and a reduction in faecal 
weight, energy expenditure and total parenteral nutrition (TPN) requirement [ 89 ].  

13.7.3     Therapeutic Potential of GLP-2 in Critical Illness Implicate 

 Critically ill patients fasted for >4 days, demonstrating signifi cant duodenal muco-
sal atrophy and increased gut permeability [ 90 ], and bacterial translocation has been 
implicated to play a role in the development of sepsis and multi-organ failure [ 91 ]. 
The physiological concentrations and potential effects of pharmacological concen-
trations of GLP-2 are yet to be studied in the critically ill. It is plausible that during 
critical illness the administration of GLP-2 may attenuate mucosal atrophy, improve 
nutrient absorption and reduce secondary infections.   

13.8     Peptide YY 

13.8.1     Peptide YY in Health 

 Peptide YY (PYY) also known as peptide tyrosine-tyrosine is secreted by L cells 
located throughout the gastrointestinal tract but with the highest density in the colon 
[ 92 ]. PYY is released in response to enteral nutrient with fat being the most potent 
stimulus [ 93 ]. As PYY levels increase within 15 min of meal ingestion, an indirect 
mechanism mediated via CCK-dependent pathways has been proposed to initiate 
the initial secretory response which is later maintained via direct enteral stimulation 
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of the lower gastrointestinal tract [ 93 ]. PYY exerts predominantly inhibitory 
functions in health, slowing gastric and gallbladder emptying and inhibiting gastric 
acid and pancreatic exocrine secretion [ 32 ]. PYY receptors are also located centrally, 
and exogenous PYY has been shown to be anorectic, inhibiting appetite and energy 
intake in overweight humans [ 94 ].  

13.8.2     PYY in Critical Illness 

 Fasting and nutrient-stimulated PYY concentrations are elevated two to threefold in 
critical illness which progressively normalise as critical illness resolves [ 95 ]. The 
PYY response is substantially greater in those critically ill patients with feed 
intolerance, suggesting a role for PYY in critical illness-induced delayed gastric 
emptying [ 96 ]. This highlights a potential role for PYY receptor antagonists in the 
management of feed intolerance in the critically ill; however, at present there are no 
PYY antagonists available for clinical use.   

13.9     Conclusion 

 The secretion of a number of enterohormones is disordered in the critically ill which 
may mediate abnormalities in motility and glycaemia while also potentially serving 
a protective role, dampening infl ammation and modulating the enteral immune 
response. There are over 30 recognised enterohormones, and therapeutic 
manipulation of specifi c enterohormones or their receptors is a burgeoning area of 
critical care research with promising preclinical data and an increasing number of 
small clinical trials. Further characterisation of the effect of critical illness on the 
endocrine gut and how it can be manipulated to improve outcomes in critical illness 
warrants evaluation.     
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    Chapter 14   
 Adipokines in Critical Illness                     

       Katherine     Robinson      ,     John     Prins      , and     Bala     Venkatesh     

14.1          Adipose Tissue: Defi nition 

 Adipose tissue in human can be divided into two main categories, being white 
adipose tissue and brown adipose tissue. White adipose tissue (WAT) is located in 
the subcutis (subcutaneous) and in intra-abdominal locations in association with the 
viscera (visceral). WAT functions as a storage facility, sequestering energy in the 
form of triglyceride, which is found in the cytoplasmic, unilocular lipid droplet 
within mature adipocytes. Accumulation or mobilisation of these fat stores occurs 
in the face of varying energy requirements. 

 Brown adipose tissue (BAT) is responsible for ‘non-shivering’ thermogenesis, 
which is the production of heat from glucose and fat. In human infants, the interscapu-
lar, neck, axillae, mediastinal, para-aortic and perirenal regions are depots for BAT [ 1 ]. 
In adult humans, brown adipocytes are found in the cervical- supraclavicular region in 
the ventral neck and may also extend inferiorly along the thoracic and abdominal para-
spinal region [ 2 ]. Sympathetic nerve stimulation of these adipocytes results in uncou-
pled oxidative phosphorylation within their abundant mitochondria to generate heat. In 
contrast to WAT, the triglyceride in these cells is stored in numerous small cytoplasmic 
droplets, enabling rapid mobilisation of fuel for heat production [ 3 ].  
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14.2     White Adipose Tissue 

 Adipose tissue has functions more complex and far reaching than its role in fat 
storage. In addition to mature adipocytes, WAT contains stromal vascular cells. This 
stromal component consists of adipocyte precursors (preadipocytes), fi broblasts, 
endothelial cells and immune cells, including macrophages and lymphocytes. Both 
the adipocyte and stromal fractions of WAT have secretory functions. 

 Healthy adipose tissue, when unchallenged by excess nutrition and a positive 
energy balance, contains macrophages which are of M2 morphology, or ‘alternately 
activated’. These secrete interleukin-10 (IL-10), which is an insulin-sensitising 
cytokine. 

 The difference between subcutaneous and visceral deposits may extend beyond 
anatomical location. It is the visceral adiposity which correlates more strongly with 
obesity-associated disease [ 4 ]. Reduction of subcutaneous fat mass via liposuction 
does not improve the metabolic profi le of patients; however, bariatric surgery that 
includes visceral fat reduction does produce improvements in glucose metabolism [ 4 ]. 

 Thus, in addition to storage, the secretory function of WAT enables it to have 
signifi cant impact on metabolism, circadian body clocks, energy homeostasis and 
infl ammation. As the fat mass expands, the infl ammatory consequences become 
signifi cant. 

 The observation of the infl ammatory changes that occur in the presence of 
excessive fat stores has helped defi ne adipose tissue as a key regulator of immunity 
and infl ammation and an endocrine organ in its own right.  

14.3     Adipose Tissue: Chronic Infl ammation 

 Adipose tissue is the connection between metabolism, energy regulation and 
infl ammation. The visceral compartment of white adipose tissue is believed to be 
most related to alterations of metabolic health. Visceral adipose tissue contains 
signifi cant numbers of resident leucocytes, including T and B lymphocytes, 
regulatory T cells (Tregs), natural killer T cells, eosinophils, mast cells and 
macrophages. Whether it be during times of starvation and illness, when mobilisation 
of fat stores is required to meet increased intrinsic energy needs or when chronic 
overfeeding resulting excessive fat storage, signalling between the resident 
leucocytes and adipocytes is a vital component of the metabolic and infl ammatory 
processes which occur within adipose tissue [ 5 ]. 

 Expansion of adipose tissue in the obese state results in WAT infl ammation. This 
infl ammation that develops in the growing fat stores is likely to be multifactorial in 
aetiology. Contributing factors are postulated to be lipotoxicity, endoplasmic 
reticulum stress, local tissue hypoxia and Toll-like receptor activation [ 5 ]. The 
‘stressed’ and now insulin-resistant adipocytes secrete proinfl ammatory mediators 
such as TNF-α, monocyte chemoattractant protein (MCP) and fatty acids. These 
proinfl ammatory substances result in the activation of resident leucocytes, increased 
local infl ammation and an increased macrophage population with an infl ux of ‘classically’ 
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activated or ‘M1’ macrophages into adipose tissue and transformation of resident 
M2 macrophages to the M1 phenotype. M1 macrophages produce proinfl ammatory 
cytokines TNF-α and IL-6. This then feeds back upon local adipocytes and a cycle 
of adipose tissue dysfunction and infl ammation is established (see Fig.  14.1 ).

   As these hypertrophic, dysfunctional adipocytes produce a local milieu of insulin 
resistance, impaired lipid handling and infl ammation, the consequence becomes 
systemic metabolic dysregulation, manifest as systemic insulin resistance, type 2 
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adipose tissue
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Expanded adipose
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Adipose hypertrophy (and
hyperplasia)

• Adipocytes
• Adipose tissue macrophages
  (M2 phenotype)
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• Stromal vascular cells
• Fibroblast
• Extracellular matrix

Systemic consequences

Diabetes
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Impaired vascular function
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  Fig. 14.1    The consequences of an expanding fat mass. As the result of a prolonged positive 
energy balance, there is an expansion of fat mass, with both adipocyte hypertrophy and hyperplasia. 
It is the increase in cell volume seen in adipocyte hypertrophy that is most strongly associated with 
adipocyte dysfunction. This hypertrophy places adipocytes under ‘stress’ and subsequent activation 
of signalling pathways, which results in the transformation and accumulation of infl ammatory 
cells in adipose tissue and the subsequent release of proinfl ammatory cytokines and adipokines 
with local insulin resistance. Development of the ‘metabolic syndrome’ – a systemic manifestation 
of adipose tissue dysfunction – ensues, characterised by obesity, insulin resistance, dyslipidaemia 
and hypertension       
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diabetes, dyslipidaemia and cardiovascular disease. Secondary organ damage 
occurs in the liver, pancreas, skeletal muscle and brain [ 4 ]. A ‘spillover’ effect likely 
contributes to a low-grade systemic infl ammatory state, with elevated circulating 
infl ammatory markers in the obesity [ 6 ]. 

 In addition to resident leucocyte cytokine adipocyte production and secretion of 
proinfl ammatory cytokines (e.g. TNF-α, IL-6, MCP-1), adipocytes secrete a multitude 
of bioactive molecules, known as ‘adipokines’. Over 600 have been described. Many 
adipokines have net proinfl ammatory effects by promoting and/or maintaining infl am-
mation. These include leptin, resistin, retinol-binding protein 4 (RBP4), lipocalin 2, 
angiopoietin-like protein 2 (ANGPTL2), visfatin, CC-chemokine ligand 2 (CCL2) and 
CXC-chemokine ligand 5 (CXCL5) [ 7 ]. A smaller family of ‘anti-infl ammatory’ adi-
pokines includes adiponectin and secreted frizzled-related protein 5 (sFRP5) [ 7 ]. 

 The role of adipokines in the chronic infl ammation of obesity and its associated 
metabolic perturbations have led to increased interest and awareness of adipokines 
as potential signalling molecules in the acute infl ammatory response.  

14.4     Adipose Tissue in Critical Illness 

 Sepsis induces a state of tissue catabolism, during which fat is the preferred source 
of energy. Experimental endotoxaemia in humans is associated with increased lipol-
ysis within WAT [ 8 ]. 

 It has long been recognised that lipolysis liberates free fatty acids (FFAs) to act as 
a circulating energy source, but it is now clear that FFAs have direct signalling effects 
via a range of receptors in multiple tissues. Furthermore, WAT releases a multitude of 
adipokines that, during catabolism, directly infl uence multiple organ systems. 

 The metabolic syndrome and critical illness share several key physiological per-
turbations, being insulin resistance, dysregulation of the hypothalamic-pituitary and 
gonadal axes and infl ammation as evidenced by increased circulating proinfl amma-
tory cytokines [ 9 ]. How this includes adipokine dysregulation is the subject of 
ongoing research. 

 There is a huge amount of literature reporting on the multitude of adipokines and 
acute infl ammation. Adipokines described here are those whose potential role in 
sepsis is most clearly defi ned at this point.  

14.5     The Adipokines 

14.5.1     Leptin 

 Leptin is a peptide hormone synthesized and secreted mostly by adipocytes of 
WAT. Circulating leptin is positively associated with body fat mass and can be 
considered a refl ection of adipose tissue mass. 
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 Encoded in humans by the obese (ob) gene on chromosome 7, leptin is an 
adipokine belonging to the type I cytokine family, which includes growth hormone 
and prolactin [ 10 ]. 

 Low leptin levels signal starvation. Leptin acts via central and peripheral mecha-
nisms to regulate food intake, appetite, glucose metabolism and energy expenditure. 
It acts upon the leptin receptor within the hypothalamus to regulate appetite and body 
weight. During fasting, insulin and then leptin levels decline, which stimulate appe-
tite and feeding. In the fed state, insulin and leptin levels increase, promoting 
decreased appetite and food intake and increased energy expenditure [ 10 ]. 

 In addition to the central nervous system, leptin receptors are widely expressed 
in peripheral locations, including the pancreas, liver, adipose tissue and various 
immune cell types (neutrophils, monocytes, macrophages, lymphocytes, mast cells, 
dendritic cells and NK cells) [ 11 ]. Leptin levels act as a signal to the brain regarding 
the status of available energy for various biological pathways, including those of the 
reproductive and immune systems. 

 Alterations in circulating leptin levels contribute to the immune dysfunction that 
is a feature of both obesity and malnutrition. Interest in a role for leptin in 
infl ammation was in part due to the observation that it may interact with CRP [ 12 ]. 

 Leptin acts to promote, maintain and regulate the immune response. Leptin 
regulates both innate and adaptive immunities. It induces cytokine secretion by 
infl ammatory cells, stimulates macrophage activation and phagocytosis, acts as a 
chemoattractant and inhibits immune cell apoptosis. Its anti-apoptotic actions on T 
lymphocytes maintain the thymic parenchyma and it regulates T-cell function [ 13 ]. 

 Leptin induces the expression of acute phase proteins such as lipocalin-2, tissue 
plasminogen activator (tPA) and fi brinogen β [ 14 ]. 

 Acute infl ammatory states are associated with elevated leptin levels. Leptin 
stimulates the release of proinfl ammatory cytokines such as TNF-α and IL-6, which 
in turn stimulate the release of leptin from adipocytes, thus establishing a 
proinfl ammatory cycle. 

 Animal studies suggest that leptin controls body temperature and duration and 
extent of the immune response in sepsis [ 15 ]. Interestingly, it may be that the elevated 
levels of leptin seen in the class 1 obese state (BMI 30–34.9) improve the cellular 
immune response and contribute to improved outcomes [ 15 ]. Exogenous leptin treat-
ment has been reported to attenuate the development of acute lung injury in mice [ 16 ]. 

 How this translates into the clinical setting of human sepsis remains unclear, so 
too, is the usefulness of serum leptin concentration as a marker of infl ammation or 
disease severity in sepsis. 

 Alterations in circulating leptin concentrations in critical illness have not been 
conclusively defi ned. Increased leptin levels have been reported in sepsis and may 
correlate with proinfl ammatory markers and illness severity and be useful in distin-
guishing between systemic infl ammatory response syndrome (SIRS) and sepsis [ 17 , 
 18 ]. Serum leptin levels have been reported to be as effective as a diagnostic marker 
for sepsis as traditional biomarkers such as CRP, procalcitonin and body tempera-
ture [ 17 ]. However, not all studies of septic patients have shown signifi cant altera-
tions in serum leptin concentrations [ 19 ].  
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14.5.2     Visfatin/NAMPT/PBEF 

 Visfatin (the term used in this review) also known as nicotinamide 
phosphoribosyltransferase (NAMPT) or pre-B-cell colony-enhancing factor (PBEF) 
is a protein ubiquitously expressed in almost all human tissues. It is, however, highly 
expressed by adipocytes of visceral WAT. 

 The major function of intracellular NAMPT is as a biosynthetic enzyme in the 
pathway responsible for the generation of nicotinamide adenine dinucleotide (NAD). 
NAMPT generates nicotinamide mononucleotide (NMN) from nicotinamide. NMN 
is then converted to NAD [ 20 ]. 

 NAD is a critical coenzyme which is utilised in cellular redox reactions and as an 
enzyme substrate. 

 By the regulation of the cellular pool of NAD, NAMPT is able to infl uence 
NAD-dependent enzymes, many of which are involved in mediation of the 
infl ammatory response, cellular metabolism and circadian rhythms [ 21 ]. 

 NAMPT was termed ‘visfatin’ following the observation that it was secreted by vis-
ceral fat [ 22 ]. Initially believed to be an insulin-mimicking adipokine, further research 
suggests that visfatin’s role in insulin-signalling pathways is far more complex [ 20 ]. 

 It is not yet clear if NAMPT has predominantly proinfl ammatory or anti- 
infl ammatory actions. The expression of NAMPT in adipocytes is upregulated by 
exposure to proinfl ammatory cytokines, and NAMPT exposure stimulates the produc-
tion of proinfl ammatory cytokines in adipocytes, suggesting a positive feedback loop. 
It is secreted from neutrophils and macrophages in response to infl ammatory stimuli 
and may act to prolong neutrophil survival by inhibition of apoptosis [ 23 ]. 

 There is much interest in the potential role of PBEF in the development of acute 
lung injury and ventilator-induced lung injury. Increased PBEF expression in infl am-
matory lung injury is associated with mechanical stretch, proinfl ammatory cytokine 
production and infl ammatory cell recruitment in the lung [ 24 ]. Its proinfl ammatory 
actions are mediated in part by activation of pathways involving Toll-like receptors 
(TLRs) and NF-κB [ 25 ], which are involved in innate immune responses. 

 Increased levels of PBEF in bronchoalveolar fl uid, serum and lung tissues from 
animal and human, acute lung injury (ALI) models [ 26 ] suggest it may be used as a 
biomarker for acute lung injury. In sepsis, elevated levels of circulating visfatin 
(PBEF) are associated with scores of illness severity [ 27 ,  28 ] and mortality in 
ventilated patients [ 28 ]. Visfatin levels have been shown to be increased in patients 
admitted to hospital with community-acquired pneumonia, with levels correlating 
with mortality and scores of illness severity [ 29 ].  

14.5.3     Lipocalin 2 

 Lipocalin 2 (LPN2, neutrophil gelatinase-associated lipocalin, siderocalin, utero-
calin, p25, 24p3) is an adipokine produced and secreted by both adipocytes and 
macrophages. It is a 198 amino acid, secreted glycoprotein. Originally isolated from 
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neutrophil granules, LPN2 is a member of the lipocalin family of carrier/transporter 
proteins. These are small, soluble proteins which are characterised by a unique 
structure known as the ‘lipocalin fold’. This is a cup-shaped fold in the protein to 
which a ligand binds. Amino acid variations within the fold impart ligand specifi c-
ity. Lipocalins associate with and act as carriers for various lipophilic or hydropho-
bic substances such as steroids, bilins and retinoids [ 30 ]. 

 Lipocalin 2 is also expressed by a number of sources of adult human tissue includ-
ing the kidney, liver, trachea, lungs, small intestine, breast and salivary glands [ 31 ]. 

 Lipocalin 2 has bacteriostatic functions, mediated through its ability to bind to 
bacterial siderophores and transport them into mammalian cells. Siderophores are 
iron-chelating compounds secreted by iron-utilising bacteria into the extracellular 
environment with the purpose of iron scavenging. Siderophores have a greater 
affi nity for iron than our endogenous chelators (transferrin, ferritin and lactoferrin). 
Lipocalin 2 is able to bind to siderophores in both their iron-free and iron-laden 
states and, via the lipocalin 2 receptor, transport the siderophore into mammalian 
cells. By depriving the bacteria of iron, they are unable to proliferate [ 31 ]. 

 In addition to its bacteriostatic functions, LPN2 may act as a chemoattractant for 
neutrophils, have antioxidant properties and play a key role in the splenic immune 
response [ 31 ]. 

 Increased circulating and urinary LPN2 is a feature of acute and chronic renal 
impairment. 

 The precise mechanism underlying this elevation is unknown, but LPN2 is 
produced along several segments of the nephron in response to stressors such as 
ischaemia and toxins. Also, as glomerular fi ltration fails, less LPN2 may be fi ltered 
from the blood to the urine. Alternatively, fi ltered LPN2 may not be reabsorbed by 
damaged tubules, contributing to elevated urinary levels [ 31 ]. Regardless of the 
mechanism, an elevation in circulating LPN2 is considered a reliable indicator of 
acute kidney injury and precedes any derangement of plasma creatinine levels [ 32 ]. 

 Given the prevalence of acute kidney injury in sepsis, the quantifi cation of LPN2 
levels as an indication of impending or developing renal dysfunction may prove to 
be a useful tool. 

 There may also be a role for lipocalin 2 as an acute phase protein and biomarker 
for acute infl ammation. However, the wide range of potential tissue sources of 
LPN2 makes the interpretation of an elevated level in the presence of more than one 
pathological process challenging. 

 Mouse studies show that exposure to TNF-α, IL-1β and IL-6 induces LCN2 
production in adipocytes, as does prolonged exposure to noradrenaline under fasting 
conditions [ 33 ]. LCN2 attenuates the proinfl ammatory effects of TNF-α on 
adipocytes by reducing TNF-α-induced IL-6 and MCP-1 production by adipocytes 
and is able to reverse the TNF-α-induced suppression of adiponectin and leptin 
production by adipocytes [ 34 ]. 

 Human studies of critical illness show circulating LCN2 levels are signifi cantly 
elevated during acute peritonitis [ 35 ] and severe acute pancreatitis [ 36 ]. 

 LCN2 gene expression as measured in whole blood increases in patients with 
sepsis-related acute respiratory distress syndrome (ARDS) and correlates with 
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LCN2 plasma levels [ 37 ]. Sepsis is associated with higher urinary LCN2 levels [ 38 ] 
and strongly correlates with elevated plasma LCN2 levels, independent of renal 
dysfunction [ 39 ]. It may also be a useful biomarker to distinguish between bacterial 
sepsis and SIRS [ 39 ]. 

 An elevated LCN2 level may confer prognostic signifi cance as an independent 
predictor of mortality and multiorgan dysfunction in severe sepsis [ 40 ].  

14.5.4     Adiponectin 

 Adiponectin, a hormone with structural homology to complement C1q, is secreted 
almost exclusively from adipocytes. Adiponectin is an insulin-sensitising, 
proinfl ammatory and cardioprotective hormone and reduced circulating levels are a 
marker of metabolic syndrome [ 41 ]. Lower levels of adiponectin are observed in 
obesity and diabetes [ 42 ]. The circulating adiponectin fraction comprises several 
isoforms – high molecular weight (HMW), medium molecular weight (MMW) and 
low molecular weight (LMW). The HMW fraction is reported to confer the 
metabolic benefi ts of adiponectin [ 43 ]. The circulating levels of adiponectin vary 
signifi cantly over a day in both health [ 44 ] and in a critical illness [ 45 ], and a daily 
temporal rhythm may exist [ 46 ] . 

 The biological effects of adiponectin are mediated via its association with 
receptors on a wide variety of target cells. 

 The two main transmembrane cell receptors for adiponectin are AdipoR1 and 
AdipoR2. These two receptors are ubiquitous in their distribution. AdipoR1 is most 
abundantly expressed in the skeletal muscle and AdipoR2 in the liver [ 47 ,  48 ]. 
However, these receptors are also present in pancreatic beta cells [ 49 ], infl ammatory 
cells [ 50 ], cardiac tissues [ 51 ] and white adipose tissue [ 52 ]. Both receptors are 
expressed widely throughout the central nervous system by neurons within the cortex, 
hypothalamus, pituitary gland, brainstem and hippocampus [ 53 ]. Studies of sections 
of the human brain show adiponectin localised within the anterior pituitary gland, 
with AdipoR1 and R2 receptor localisation in the pars distalis. In addition, strong 
staining for AdipoR1 was identifi ed in neurons of the lateral hypothalamic area and 
the nucleus basalis of Meynert, which are important central regulators of feeding and 
energy expenditure [ 54 ]. This central expression of adiponectin receptors is of par-
ticular interest when considering the role of adiponectin and infl ammation. 

 T-cadherin is also a possible third receptor, or binding protein, for adiponectin. 
The association between adiponectin and T-cadherin is reported to confer the 
cardioprotective effects of the hormone [ 55 ]. 

 The immune regulatory functions of adiponectin involve multiple pathways [ 41 ]. 
 Adiponectin and TNF-α share an opposing physiological relationship, 

characterised by a cycle of ‘negative feedback’ [ 41 ]. There is an inverse relationship 
between the expression and secretion of adiponectin and proinfl ammatory TNF-α 
by adipocytes and stromal macrophages within adipose tissue, with a negative asso-
ciation between circulating adiponectin and TNF-α levels. 
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 Adiponectin has anti-infl ammatory actions mediated partly via its interaction 
with NF-κB-signalling pathways. Adiponectin inhibits the activity of 
NF-kB. Treatment with adiponectin of lipopolysaccharidase (LPS)-treated 
adipocytes downregulates the activated NF-kB pathway and reduces IL-6 release 
[ 56 ]. Adiponectin treatment of macrophages was found to decrease LPS-stimulated 
TNF-a production [ 57 ]. However, short-term exposure of macrophages to globular 
adiponectin activated NF-KB, producing in a rapid increase in TNF-a, which 
resulted in IL-10 release, with the eventual result being the ‘desensitisation’ of 
macrophages to LPS exposure [ 57 ]. Therefore, the attenuation of the infl ammatory 
response by adiponectin may involve complex interplay between short-term and 
longer term effects. 

 Adiponectin has direct actions on infl ammatory cells. As mentioned above, 
adiponectin is able to infl uence signalling pathways of macrophages, with the net 
effect being downregulation of their infl ammatory response. Adiponectin receptors 
are present on monocytes, T and B lymphocytes and on NK cells [ 58 ] and may 
effect neutrophil migration [ 59 ]. 

 Actions of adiponectin within the central nervous system may contribute to its 
modulation of infl ammatory pathways. 

 The central regulation and response to systemic infl ammation occurs via neuronal 
and humoral pathways. The neural pathway involves communication between 
visceral sensory afferent fi bres of the vagus nerve, the solitary tract nucleus (STN) 
of the medulla and the hypothalamus. The humoral pathway involves the 
circumventricular organs (CVOs). The eight circumventricular organs act as 
communication points between the blood, CSF and brain. These structures lack a 
blood-brain barrier, rather, demonstrating distinct histological features, with 
fenestrated capillaries, looser glial cell apposition and larger perivascular spaces 
[ 60 ]. Sensory circumventricular organs – the subfornical organ (SFO), organum 
vasculosum of the lamina terminalis (OVLT) and the area postrema (AP) – are vital 
structures in the regulation of metabolic, endocrine and autonomic functions. They 
have connections with the hypothalamus, autonomic regulatory systems and the 
dorsal vagal complex. The interaction of circulating infl ammatory mediators with 
Toll-like receptors on macrophage-like cells within the CVOs results in the activation 
of endothelial cells and microglial cells within the CVOs, which subsequently 
produce proinfl ammatory cytokines, including TNF-α and prostaglandin E 2  (PGE 2 ). 
Stress activation of the hypothalamic-pituitary axis (HPA) involves infl ammatory 
mediator activation of CVOs, the rostral ventrolateral medulla (RVLM) and the 
STN, with subsequent release of corticotropin-releasing hormone (CRH) from 
paraventricular neurons of the hypothalamus [ 60 ]. 

 Adiponectin receptors are expressed in circumventricular organs (CVOs) within 
the brain. Neurons of both the area postrema (AP) and the subfornical organ (SFO) 
of rats are responsive to adiponectin [ 61 ,  62 ]. Food deprivation alters the neural 
response of the SFO to adiponectin [ 62 ] and exposure of the AP to adiponectin 
results in cardiovascular changes [ 61 ]. 

 Animal models have shown upregulation of AdipoR2 in the hypothalamus 
following LPS-induced sepsis [ 63 ]. 
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 Both AdipoR1 and AdipoR2 are expressed in the cells of the STN of rats and 
adiponectin affects the electrical activity of neurons within the STN [ 64 ]. 
Introduction of adiponectin into the STN has been observed to reduce systemic 
blood pressure [ 64 ]. 

 The role of adiponectin in the acute infl ammatory process of sepsis has not been 
clearly defi ned. 

 The observations that adiponectin antagonised the infl ammatory effects of 
TNF-α negatively correlated with plasma TNF-α levels and showed structural 
homology to complement factor C1q, leading researchers to further investigate the 
relationship between adiponectin and lipopolysaccharidase (LPS). Adiponectin was 
found to directly bind LPS and suppress limulus amoebocyte lysate (LAL) in vitro 
[ 65 ]. In rats with induced polymicrobial sepsis, plasma adiponectin levels have been 
shown to negatively correlate with plasma endotoxin and TNF-α levels [ 65 ]. 

 Studies in human subjects are inconclusive. Lower levels of adiponectin have 
been found in critically ill patients [ 66 – 68 ]. Additionally, Venkatesh et al. described 
a strong association between plasma cortisol and adiponectin, an inverse correlation 
between plasma CRP and adiponectin, as well as a linear response between sickness 
severity and plasma adiponectin [ 67 ]. A study of patients following aneurysmal 
subarachnoid haemorrhage showed lower levels of adiponectin on days 3 and 7 of 
their admission when compared to controls. Also, those who developed delayed 
cerebral ischaemia (DCI) due to vasospasm as evidenced by a clinical deterioration 
or a new cerebral infarct on imaging had signifi cantly lower adiponectin levels 
during their admission when compared to those who did not develop DCI [ 69 ]. 

 No signifi cant changes in circulating adiponectin levels have been observed in 
studies of induced endotoxaemia in human subjects [ 70 ,  71 ]. 

 In addition, higher levels of adiponectin in critical illness have been associated 
with increased risk of mortality [ 72 ,  73 ].  

14.5.5     Resistin 

 Resistin is a protein fi rst identifi ed in the circulation of mice in 2001 and associated 
with insulin resistance in this species. Similarly to adiponectin, resistin circulates in 
a number of higher-order multimers which may confer different levels of biological 
activity. However, mouse resistin differs from the human form in two very signifi cant 
ways. Firstly, there is signifi cant disparity between the genomic organisation and 
composition of the different species. Secondly, the primary site of production in the 
mouse is the adipocyte. In humans, the circulating resistin fraction is primarily 
derived from peripheral blood mononuclear cells, macrophages and the bone 
marrow [ 74 ]. Differences in structure and function between the species add addi-
tional complexity to the understanding of the biological role of resistin. 

 In humans, resistin likely targets a wide range of tissues, including human 
myeloid cells, monocytes, epithelial cells and endothelial cells, and may include 
hypothalamic regulation of infl ammation. Resistin’s mechanism of action involves 
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the modulation of proinfl ammatory-signalling pathways (including NF-kB and 
MAPK), which then mediate the expression of proinfl ammatory genes of IL-6, 
TNF-alpha and MCP-1. 

 Elevated levels of resistin have been observed in patients with non-septic critical 
illness [ 75 ], sepsis and septic shock [ 76 ], with correlation between resistin levels 
and proinfl ammatory cytokines [ 75 ,  76 ]. However, it remains unclear whether there 
exists a relationship between resistin levels and disease severity and/or prognosis 
(Table  14.1 ).

14.6         Summary 

 The therapeutic manipulation of circulating biomarkers, including adipokines, for 
clinical benefi t in sepsis remains the ultimate end goal. The functional role and the 
prognostic signifi cance of adipokine fl uctuations in critical illness remain largely 
undefi ned. Also, peculiarities and complexities of the molecular structures and 
circulating forms create additional challenges. For example, there are no current 

   Table 14.1    Adipokines in critical illness   

 Adipokine  Function 

 Leptin  Proinfl ammatory 
 Increased in acute infl ammation and sepsis 
 Regulates immunity 
 Controls body temperature in infl ammatory states 
 Stimulates proinfl ammatory cytokine release 
 Induces expression acute phase proteins 
 Direct actions on infl ammatory cells 

 Visfatin 
 (NAMPT, PBEF) 

 Regulation of infl ammation 
 Maintains and supports infl ammatory response 
 Anti-apoptotic actions on neutrophils 
 Proinfl ammatory 
 Potential role in development of acute lung injury 

 Lipocalin 2 
 (LPN2, neutrophil 
gelatinase-associated 
lipocalin, siderocalin, 
uterocalin, p25, 24p3) 

 Bacteriostatic functions 
 Chemoattractant for neutrophils 
 Antioxidant properties 
 Role in splenic immunity 
 Elevated in acute and chronic renal impairment 
 Elevated in sepsis 
 Attenuates the proinfl ammatory effects of TNF-α on adipocytes 

 Adiponectin  Anti-infl ammatory actions 
 Negative relationship with TNF-α 
 Downregulation of NF-κB pathways 
 Direct actions on infl ammatory cells. 
 Actions on central pathways of the infl ammatory response 

 Resistin  Modulation of proinfl ammatory-signalling pathways 
 Elevated in critical illness 
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strategies for the therapeutic administration of adiponectin, with its complex 
structure and very high circulating concentrations making supplementation 
impractical. 

 Leptin is the single adipokine approved for therapeutic administration in a 
clinical setting. This adipokine is administered for therapeutic purposes in rare 
patients with leptin defi ciency associated with lipodystrophy. In the context of 
critical illness, the administration of leptin may augment immune cell function and 
optimise central responses to systemic infl ammation and infection. There may be a 
potential, practical use for leptin in the intensive care setting. 

 As our understanding of adipokines increases, the modulation of these diverse 
signalling proteins to improve patient outcomes in critical illness may become 
possible.     
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    Chapter 15   
 Severe Undernutrition                     

       Pierre     Singer       and     Jonathan     Cohen    

    Abstract     Undernutrition in critically ill patients appears to be common, being encoun-
tered both at the time of admission and developing during the ICU stay. While many 
defi nition criteria for this state are available, loss of muscle mass and strength seem to 
be the most relevant signs. During the ICU stay, the main reason for undernutrition is 
underfeeding, a frequent occurrence in ICU practice, together with bed rest. Negative 
energy and nitrogen balance may result in an increase in morbidity and a prolonged 
rehabilitation period. While nutritional support is essential for these patients, it is 
important not to induce the refeeding syndrome. Enteral feeding is the preferred route 
for providing nutritional support but is not always achievable, usually the result of 
prolonged feeding interruptions. The calorie target should be reached progressively 
using the gastrointestinal route or the parenteral route if necessary. Indirect calorimetry 
remains the best guide for appropriately prescribing nutritional support. Protein admin-
istration should follow current guidelines. Careful monitoring of electrolytes (mainly 
phosphorus, magnesium, and potassium) is mandatory. Nutritional support is of 
extreme importance not only to provide enough nutrients in a defi ciency condition but 
also to prevent prolonged rehabilitation periods for survivors.  
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15.1       Introduction 

 Malnutrition among hospitalized patients has been recognized as a major health 
problem, reaching 30–54 % of all patients [ 1 ]. The recent ESPEN defi nition of 
malnutrition focused on weight loss and a decrease in lean body mass assessed by 
measurement of the free fat mass index [ 2 ]. However, of more concern than the 
body mass index, which might be normal in malnutrition, is the loss of lean body 
mass. The defi nition describes various categories of undernutrition, including star-
vation-related underweight, cachexia/disease-related malnutrition, frailty, and sar-
copenia [ 2 ]. In addition, obesity sarcopenia may also be described as malnutrition, 
and the larger the loss of weight and the decrease in muscle mass, the more severe 
the undernutrition. In the intensive care unit (ICU), most patients are recognized 
during screening as suffering from or at risk of malnutrition, according to the 
screening tool Nutrition Risk Score 2002 (NRS 2002) [ 3 ]. In addition, the concept 
of frailty in the intensive care has been suggested [ 4 ]. Whereas frailty has been 
strongly correlated with age and disability status as well as the burden of comorbid 
disease [ 5 ], among critically ill patients, decrease in muscle mass, strength and 
endurance, as well as mobility makes these patients very analogous to the typically 
frail, geriatric patient. The purpose of this chapter is to defi ne undernutrition and 
its nutritional profi le, evaluate its prevalence in the ICU setting, and suggest a 
nutritional plan, which also takes into account the problem of refeeding, in this 
very high-risk population.  

15.2     Defi nitions 

 Most of the tools described below have been validated in the intensive care setting 
(Table  15.1 ). The  Subjective Global Assessment  (SGA) is a well-known tool that 
includes patient history and physical examination [ 6 ]. In an attempt to validate 
SGA, others have shown a correlation with percentage of weight loss, BMI, ICU 
stay, and APACHE II score [ 7 ]. Sheean et al. compared SGA to the mini-nutri-
tional assessment ( MNA ), NRS 2002, as well as MNA short form (MNA-SF) [ 8 ]. 
SGA and MNA-SF had the highest specifi city, while NRS 2002 had the highest 
sensitivity. According to  the new ESPEN defi nition , patients suffering from 

   Table 15.1    Diagnosis of undernutrition based on nutritional parameters   

 SGA  MNA-SF  ESPEN diagnosis  Sarcopenia  Frailty 

 Weight loss <10 %  +  +  + 
 Muscle loss  +  +  + 
 Edema  + 
 Calf circumference  +  + 
 BMI <18.5  +  + 
 Muscle function  +  +  + 
 Clinical frailty score  + 
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malnutrition include those with a BMI <18.5 kg/m 2  or suffering from an uninten-
tional weight loss >10 % irrespective of time or >5 % over the last 3 months 
combined with either a BMI <20 if <70 years of age or <22 if >70 years of age or 
an FFMI <15 and 17 kg/m 2  in women and men, respectively [ 2 ]. Validation of this 
score in the ICU is pending. An additional score, the  Clinical Frailty Score  [ 9 ], 
ranging from 1 (very fi t) to 7 (very frail), has been validated in the ICU and is 
useful mainly in elderly patients [ 10 ].  Sarcopenia  has been defi ned as a decrease 
in muscle loss and/or function and is frequent in undernourished patients admitted 
to the ICU [ 11 ]. Muscle mass may also be assessed by various tools such as  hand-
grip dynamometer  [ 12 ] if the patient is conscious, being an especially good prog-
nostic factor in conscious ARDS patients [ 13 ] . Bioelectrical impedance  can be 
used to assess body composition and mainly lean body mass in a stabile patient 
not suffering from fl uid compartment shifts [ 14 ]. However, its use is limited. 
Finally, recently  CT scan  has been used in the ICU to assess lean body mass and 
may be a promising tool for patients undergoing abdominal CT [ 15 ]. 

 Length of stay and immobility increase catabolism in critically ill patients 
[ 16 ]. In addition, patients are frequently underfed. Thus the nutrition day survey 
in the ICU revealed that >40 % of patients had not received nutrition on the fi rst 
hospital day and >20 % remained without nutrition on day 2 [ 17 ]. Enteral feeding 
was prescribed to only 10 % of the patients on the fi rst day but this number 
increased to more than 40 % after 5 days. Parenteral nutrition was prescribed to 
around 10 % of the patients and supplemental parenteral nutrition was ordered 
after 3–5 days in only 15 % of the population studied. Total energy intake appeared 
to be randomly assigned and ranged from no intake up to 4000 kcals/day. 
Interestingly, the longer the patients stayed in the ICU, the more calories they 
received. The mean caloric intake was 1409 kcal/day and many patients failed to 
reach their caloric target, mainly as assessed by predictive required energy 
equations.  

15.3     Prevalence 

 Exclusively chronic starvation-related malnutrition is extremely rare. Most patients 
with undernutrition have an acute disease associated with a small or a large subset 
of comorbidities. According to Bector et al., the prevalence of malnutrition on the 
intensive care assessed by SGA was 35 % [ 6 ]. Mortality was increased in the mod-
erate (45.5 %) and severely malnourished (55.6 %) groups when compared to the 
well-nourished (10.8 %) group ( p  = 0.04). Another study found a prevalence rate of 
40 % in 161 trauma patients according to SGA, and length of stay was found to be 
related to SGA [ 18 ]. Albumin and prealbumin levels are not useful for the diagnosis 
of undernutrition. Nutrition day data [ 17 ] from 9137 patients revealed that the mean 
BMI was 26.6 ± 6.4 kg/m 2 . Heyland et al., in a study of the prevalence of iatrogenic 
underfeeding in nutritionally at-risk critically ill patients, found that enteral feeding 
was commenced 39 h in mean after admission and 74 % failed to meet the target of 
at least 80 % of the energy requirements [ 19 ].
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15.4        Nutritional Profi le 

 Patients suffering from severely malnutrition are characterized by signifi cant 
decrease in weight before admission, loss of lean body mass as well as fat mass, and 
impaired immune function. These alterations in body composition and function are 
often associated with numerous comorbidities such as renal failure, history of 
cancer, past surgical history, as well as pulmonary, liver, and cardiac diseases which 
may further complicate the metabolic profi le. Elderly patients are the most 
vulnerable but the defi nition of frailty is not limited to admission demographics. 
This nutritional profi le may also be acquired during the ICU stay as a consequence 
of immobilization, inadequate nutritional supplementation, and the use of 
neuromuscular blockade and steroids [ 20 ]. 

 Stress combined with undernutrition is associated with a negative energy balance 
and loss of lean body mass. This condition leads to worsening of clinical outcomes, 
increased complications such as infections and new organ failures, as well as 
prolonged mechanical ventilation and ICU stay. Positive nitrogen balance, adequacy 
of caloric administration, upper extremity strength assessed by handgrip 
dynamometer, and self-reported assessment may be good prognostic factors for this 
category of patient. On the other hand, albumin and prealbumin are not very useful 
in the nutritional assessment, since they are the refl ect of capillary leakage. 

 Indirect calorimetry is extremely useful in the evaluation of energy requirements 
of these complex patients who may also be at risk for overfeeding. De Waele et al. 
[ 21 ] screened 266 ICU patients and found that 86.5 % were at risk of malnutrition. 
Indirect calorimetry which was assessed in 118 revealed that the measured energy 
expenditure was 1649 ± 544 kcal/day, which poorly correlated with predictive equa-
tions. In 210 malnourished hospitalized patients aged ≥75 years suffering from 
weight loss of >4 kg in the preceding month, measured resting energy expenditure 
(REE) was found to be as low as 1473 ± 311 kcal/day, with a fat-free mass of 
47.6 ± 8 kg. The study also found that predictive equations were found to have only 
40 % accuracy compared to REE [ 22 ]. Since predictive equations have such a poor 
accuracy, there is a risk of both over- and underfeeding which may increase 
complication rates [ 23 ]. Patients with both high-calorie intake and defi cient in 
protein were found less likely to be discharged in 213 surgical ICU patients, 
confi rming that inadequate macronutrient delivery is associated with worse clinical 
outcomes after critical illness [ 24 ].  

15.5     Nutritional Needs and Therapy: Risk of Refeeding 

 After repeated stress and inadequate oral intake, the undernourished patient requires 
nutritional support which should be provided as early as possible via the digestive 
tract. The absence of enteral stimulation may negatively affect the gut microbiota, 
the enteric nervous system, as well as the gut epithelium and gut-associated 
lymphoid tissue [ 25 ]. These systems often interact with each other although the 
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mechanisms involved are still not fully understood. Early enteral feeding has been 
demonstrated to decrease infectious complications and may also improve survival 
[ 26 ]. However, early feeding may result in the refeeding syndrome, which is 
important to avoid [ 27 ]. When nutritional therapy is started, intracellular demands 
for phosphate and potassium are increased due to enhanced glycolysis and Na/K-
ATPase pump stimulation. In practice, phosphate and potassium delivery should 
increase from 15–30 to 30–60 mmol PO 4 /day and from 80–120 to 120–200 mmol 
KCL/day. In many cases, intolerance to enteral feeding is encountered which may 
be manifested by large gastric residual volumes, intestinal ileus, diarrhea, and 
abdominal pain [ 28 ]. Because of the large energy defi cit existing in many patients, 
some guidelines recommend starting parenteral nutrition early in order to reach 
nutritional targets as soon as possible [ 29 ], while others advise commencing on 
days 7–10 [ 26 ]. An approach (see Fig.  15.1 ) to determine when to start parenteral 
nutrition has recently been proposed [ 30 ]. In malnourished patients, targeting 
calorie needs according to indirect calorimetry is preferred if available. If necessary, 
supplemental or total parenteral nutrition should be prescribed at an early stage if 
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Start EN: gradually increase infusion rate
(target 25 kcal/kg per day) and optimise
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  Fig. 15.1    Diagram proposed to optimize nutritional support in malnourished patients. From 
Weimann and Singer [ 30 ]. Proposed framework for starting parenteral nutrition in severely ill 
patients.  REE  resting energy expenditure,  EN  enteral nutrition,  PN  parenteral nutrition       
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the target is not met by enteral nutrition. Recent studies on early parenteral nutrition 
have given disparate messages. The EPaNIC study [ 31 ] suggested that supplemental 
parenteral nutrition (SPN) might increase morbidity (infection rate and length of 
ventilation) in a large population of ICU patients. However, most were cardiothoracic 
surgical patients and the study excluded undernourished patients. The SPN study 
[ 32 ] did not exclude patients with severe malnutrition, but the mean BMI of the 
included population was 26 kg/m 2 . All patients had an energy defi cit at inclusion to 
the study. This study demonstrated that where the calorie target was not reached by 
enteral nutrition alone SPN was benefi cial in terms of reduction of infection. A 
further study [ 33 ] in a similar patient population received SPN without any 
signifi cant side effects.

   Protein and muscle depletion endanger critically ill patients, and the highest 
priority should therefore be given to protein administration even if the patient is at 
a stage of progressive refeeding requiring a lower amount of calories. The 
recommended dose of protein is 1.2–1.5 g/kg/day [ 29 ]. 

 Undernourished patients undergoing cardiothoracic surgery are more prone to 
delirium in the postoperative period [ 34 ]. In a multivariate logistic regression 
analysis, NRS 2002 defi ned risk of malnutrition as an independent preoperative and 
intraoperative risk factor for the development of postoperative delirium (OR 6.316, 
95 % CI 1.384–28.819). In a further study, low preoperative fat-free body mass was 
found in 8.3 % of 325 adult patients undergoing cardiac surgery and was 
independently associated with the occurrence of infections (18.5 % vs. 4.7 %, OR 
6.9, 95 % CI 1.8–27.7,  p  = 0.01) as well as a tendency for a prolonged ICU stay [ 35 ]. 

 Refeeding hypophosphatemia is well described in malnourished patients [ 27 ]. 
Thus patients with a high NRS score before commencing nutrition support are more 
at risk of refeeding hypophosphatemia [ 27 ]. In particular, patients receiving a 
continuous parenteral nutrition regimen providing >70 % of the required calorie 
requirements containing <12 mmol phosphate are at an increased risk of 
hypophosphatemia [ 36 ]. In addition, we found [ 37 ] that severe hypophosphatemia 
was present in 34.3 % of 566 consecutive patients after major cardiac surgery and 
was associated with prolonged ventilation, increased requirements for cardioactive 
drugs, and a prolonged hospital stay. 

 Protein wasting and loss of body weight are associated with immobility and 
acute illness [ 16 ]. Early mobilization should therefore be encouraged. Maintenance 
of correct posture and passive mobilization of the legs are important. Muscle 
strength and endurance performance can be improved using cycle ergometry [ 38 ]. 
In addition, a mobilization algorithm comprising waking of the patient, positioning 
on the bed, sitting on the edge of the bed, transfer to the chair, the use of orthostatic 
and walking techniques, and fi nally the implementation of assisted exercises and 
exercises with resistance and use of the ergometer bicycle on the bed has been 
described [ 39 ]. An elegant demonstration of the importance of muscle mass was 
shown in a study including a population of 338 mainly cachexic liver transplantation 
candidates who underwent pre-transplant computed tomography to identify muscle 
and fat mass [ 40 ]. Muscle mass but not fat mass predicted ICU and hospital length 
of stay, as well as length of ventilation. Muscle mass also predicted survival and 
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disposition to home versus another facility, demonstrating the fundamental 
importance of this component. 

 Patients suffering from acute kidney injury represent another patient population 
where protein-energy wasting is common and is a major negative prognostic factor. 
Insulin resistance and the release of pro-infl ammatory mediators lead to lean body 
mass wasting and fat mass depletion. In this condition too, targeted calorie intake 
together with a protein intake of 1.7–2.0 g/kg BW/day in the case of severe 
catabolism or continuous renal replacement therapy is recommended [ 41 ]. Aging 
has a positive infl uence on nitrogen accretion in renal failure showing that with each 
increase in nitrogen intake, there was an increase in nitrogen balance [ 42 ]. 

 The paradigm of correcting nutritional defi cit using enteral or mainly parenteral 
nutrition has been recently challenged by Puthacheary et al. who reported that 
increased protein delivery during the fi rst week in the ICU was associated with more 
pronounced muscle wasting [ 43 ]. Early parenteral nutrition increased the incidence 
of weakness and decreased recovery potential [ 44 ]. However, the 600 patients 
included in the study were from a study which excluded malnourished patients [ 31 ].  

15.6     Conclusions 

 Undernutrition in critically ill patients appears to be common, being encountered 
both at the time of admission and mainly developing during the ICU stay. Weight 
loss related to muscle defi ciency and decrease in strength are associated with 
increased morbidity. Numerous tools are available to assess muscle loss and may 
also be used to assess the response to nutritional therapy. Indirect calorimetry 
should ideally be used to plan appropriate energy administration. Adequate protein 
intake is an important goal and should reach 1.2–1.5 g/kg/day. Promising research 
is being performed to explore the use of physiotherapy together with a high-protein 
regimen to counteract the anabolic resistance often encountered in the undernour-
ished bedridden patient.     
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    Chapter 16   
 The Stress Response after Traumatic Brain 
Injury: Metabolic and Hormonal Aspects                     

       Hervé     Quintard    ,     Carole     Ichai    , and     Jean-Francois     Payen    

    Abstract     The pathophysiology of TBI can be considered as a dual insult composed 
of primary and secondary injuries. Growing experimental and clinical evidence sug-
gests that disturbances of cerebral energy metabolism are a key factor in the patho-
genesis of secondary cerebral damages. In addition, hormonal dysfunction after 
TBI, such as adrenal insuffi ciency, vasopressin, growth hormone, or thyrothropin 
defi ciency, can be associated with poor prognosis. A better understanding of energy 
metabolism and hormonal  disturbances after TBI  is necessary to improve the care 
management at the early phase of TBI.   

  Traumatic brain injury (TBI) is a common cause of death and disability especially 
for young adults with various neurological consequences ranging from simple phys-
ical disabilities to long-term cognitive, behavioural, psychological, and social 
defects [ 1 ]. The pathophysiology of TBI is considered as a dual insult composed of 
primary and secondary processes. Primary injury corresponds to anatomic tissue 
damage at the time of insult. This produces vulnerable cells that are further 
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compromised by secondary brain injury. Secondary brain damage occurs at the cel-
lular level and results from a complex biochemical cascade, including excitotoxic-
ity, oxidative stress, infl ammation, apoptosis, and mitochondrial dysfunction. 
Secondary brain damage is a major factor involved in the patient outcome following 
primary brain insult. Several systemic factors have been found to worsen secondary 
brain damage [ 2 ]. Growing experimental and clinical evidence suggests that distur-
bances of cerebral energy metabolism are a key factor in pathogenesis of this sec-
ondary cerebral damage [ 3 ,  4 ]. In this chapter, we discuss the consequences of TBI 
on metabolic and hormonal homeostasis. 

16.1     Metabolic Disturbances After TBI 

16.1.1     Exploration of Brain Metabolism in the ICU 

 Cerebral microdialysis (CMD) has largely contributed to a better understanding of 
the pathophysiology of acute brain dysfunction at the bedside [ 3 ]. CMD consists in 
the placement of an intra-parenchymal probe with a semipermeable dialysis 
membrane. A cerebrospinal fl uid-like solution, infused through this catheter, allows 
hourly sampling of patients’ brain extracellular fl uid [ 4 ]. CMD provides monitoring 
of dynamic changes of main brain energy substrate (glucose, lactate, and pyruvate). 
High lactate/pyruvate ratio (LPR) values would refl ect either a mitochondrial 
dysfunction or an imbalance between oxygen supply and its tissue utilisation. A 
LPR >40 and an extracellular glucose <0.7–1 mmol/L are usually considered as 
thresholds for abnormality in the clinical setting [ 5 ].  

16.1.2     Metabolism of Normal Brain 

 Although brain represents 2 % of the body weight, the cerebral metabolic rate of 
glucose (CMR  glucose ) accounts for 20 % of the amount of glucose utilised by the 
body. Brain glucose oxidation is about 4–5 μmol/kg/min. The regulation of glucose 
metabolism is essential for brain homeostasis in the absence of glycogen storage in 
the brain. The interaction among neurons, astrocytes, and endothelial cells at the 
interface blood-brain barrier (BBB) is essential for coupling energy supply with 
change in neural activity. Neurons and astrocytes are surrounded by interstitial fl uid, 
which contains glucose and lactate, at a concentration of 1 mM. The glucose pool is 
replenished by blood-derived glucose, whereas lactate is interchanged between 
astrocytes and glial cells, and cleared by the blood at a low rate [ 6 ]. The large blood- 
brain concentration gradient drives the facilitative transport of glucose across the 
endothelial membranes via several glucose transporters, in particular glucose 
transporter 1 (GLUT1). This transporter is localised in astrocyte, while GLUT3 
receptors, which have higher affi nity and transport capacity for glucose, are localised 
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in neurons. The expression of GLUT is regulated by circulating glucose concentra-
tion and is upregulated during hypoglycaemia. In resting conditions, blood glucose 
is raised and metabolised by neurons through the classical glycolytic pathway. 
During activation, glucose is metabolised by astrocytes, to produce lactate and glu-
tamine. Lactate enters into neurons through the monocarboxylic acid transporter 
(MCT) to be metabolised by the tricarboxylic acid (TCA) cycle. Glutamine enters 
into neurons to produce glutamate that is released massively in the synaptic neuro-
nal cleft. Astrocytes reuptake glutamate via a mechanism coupled with sodium 
reabsorption. ATP produced by glial glycolysis allows the activation of Na/K/
ATPase pump to extrude the Na infl ux coupled to glutamate uptake. This response 
is illustrative of cell cooperation to metabolic situation. The lactate production is a 
preferential oxidative fuel when neurons are activated. This interaction between the 
two types of cells is called “astrocyte to neuron lactate shuttle (ANLS)” [ 7 ] 
(Fig.  16.1 ). In resting awake brain, brain glucose is mostly oxidised into CO 2  and 
water, leading to an oxygen/glucose ratio around 5.5–5.8.

16.1.3        Metabolism of Injured Brain 

 Several studies have found an increased aerobic glycolysis in the acute phase of brain 
injury, leading to brain lactate accumulation. This hyperglycolysis is refl ected by an 
elevated tissue lactate to glucose ratio using CMD [ 9 ]. Because there was no evidence 
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of concomitant reduction in CBF, cerebral hyperglycolysis and concomitant decreased 
extracellular glucose (<0.2 mmol/l) are considered as refl ect of an excessive metabolic 
demand (brain energy crisis). This increase in the utilisation of brain glucose may be 
due to seizures and/or episodes of cortical spreading depression (CSD) and/or to the 
maintenance of ionic pumps and neurochemical cascades in the injured tissue. In 
addition, a linear correlation between peripheral glucose and brain glucose was found 
in TBI patients [ 10 ]. This underlines the importance of an appropriate glucose supply 
from blood to the injured brain. TBI patients usually have hyperglycaemia secondary 
to insulin resistance and to a stress response. This “stress-induced” hyperglycaemia 
can exacerbate ischaemic damages and worsen the neurological outcome. On the 
other hand, severe and repetitive hypoglycaemic episodes were found independent 
risk factors for mortality and morbidity after TBI [ 11 ,  12 ]. Low but also high dialysate 
glucose levels have been associated with poor outcome and high mortality [ 5 ]. A strict 
glucose control was associated with elevated glutamate and lactate/pyruvate ratio and 
reduced extracellular glucose, together with increased oxygen extraction fraction 
[ 13 ]. Taken together, these fi ndings suggest that glucose depletion may occur in the 
injured brain tissue through an excessive metabolic demand, even during non-isch-
aemic conditions. Therefore, a permissive hyperglycaemia between 6 and 9 mM is 
recommended to avoid the aggravation of cerebral damages [ 13 ,  14 ]. 

 The brain can use substrates as supplemental fuel other than glucose, e.g., ketone 
bodies and lactate [ 15 ]. Evidence of lactate as an alternative fuel was fi rstly demon-
strated in vitro by limiting neuronal cell death from glucose deprivation induced by 
ischaemia-reperfusion model [ 16 ,  17 ]. Further studies showed that lactate was pref-
erentially used of lactate by the human brain after TBI [ 18 ]. The contribution of 
lactate to cerebral energy metabolism was increased from 10 to 15 % up to 60 % 
[ 19 ]. Additionally, intracellular lactate inhibits glucose consumption in resting 
astrocytes in order to redistribute glucose to active areas [ 20 ]. Sparing glucose is 
important to maintain neurotransmission and oxidative stress response in the injured 
brain. In this context, exogenous lactate supplementation has been studied after 
trauma. A lactate transfer from blood to brain with a subsequent conversion to pyru-
vate with spared glucose was described in TBI patients [ 21 ]. In a cortical impact 
model, lactate solution was associated with elevated cerebral blood fl ow and reduced 
cortical contusion volume [ 22 ]. Besides these metabolic effects, hypertonic sodium 
lactate administration in severe TBI patients was more effective to lower intracra-
nial hypertension than mannitol [ 23 ]. A preventive treatment with hypertonic 
sodium lactate solution was effective in reducing the number of ICP episodes [ 24 ]. 
Therefore, lactate solution appears as a promising option to treat energetic crisis 
after TBI by sparing glucose and/or by improving cerebral haemodynamics.   

16.2     Hormonal Disturbances After TBI 

 The hypothalamic-pituitary-adrenal axis (HPA) is altered by numerous causes, 
particularly after TBI. The primary lesion as well as secondary systemic insults 
such as arterial hypotension, severe hypoxia, and high intracranial pressure can 
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induce pituitary dysfunction. The pituitary gland is particularly vulnerable to the 
blood fl ow conditions because the anterior lobe is tightly dependent on small ves-
sels from the Willis circle. Somatotropic and gonadotropic cells that are located in 
the lateral part of the anterior pituitary gland are even more exposed to reduce 
cerebral blood fl ow. Other mechanisms involved in hypopituitarism include side 
effects of sedative drugs used in brain-injured patients and autoimmune mecha-
nisms triggered by TBI [ 25 ]. The fi rst report of hypopituitarism post trauma was 
published in 1918. The prevalence of hypopituitarism in the chronic phase after 
TBI is 30 % of patients [ 26 ]. While the literature about chronic posttraumatic 
hypopituitarism is abundant, there is still limited data regarding the severity, inci-
dence, and risk factors associated with hypopituitarism in the acute phase after 
TBI. In those studies, the prevalence of posttraumatic hypopituitarism ranged from 
9 to 53 % of patients, including secondary adrenal insuffi ciency (AI), hypothyroid-
ism, and/or hypogonadism [ 27 ,  28 ]. In many cases, hormonal disturbances have a 
spontaneous resolution within 6 months after TBI. Indeed, hypopituitarism during 
a long-term follow-up after TBI was diagnosed in 5.4 % of patients [ 29 ]. However, 
acute AI, central hypothyroidism, SIADH, and diabetes insipidus may cause poor 
neurological outcomes including death, hypo-/hypernatraemia, hypotension, and 
increased vasoactive drug requirements [ 30 ]. 

16.2.1     Adrenal Insuffi ciency 

 Among clinical conditions of AI, brain trauma is responsible for secondary (central) 
AI, i.e., suppression of the synthesis of corticotrophin-releasing hormone (CRH) or 
adrenocorticotrophic hormone (ACTH) [ 31 ]. According to the defi nition used, the 
prevalence of AI has a broad range from 10 % to more than 75 % of severe TBI 
patients [ 32 ,  33 ]. There is thus a need to defi ne appropriately AI after TBI. 

 Absolute AI is considered where serum cortisol is less than 15 μg/dL, and 
relative AI is defi ned where serum cortisol cannot exceed 9 μg/dL from baseline 
using the ACTH test [ 34 ] In one study exploring AI in the initial phase of TBI, 
authors considered AI where baseline serum cortisol was less than 15 μg/dL 
from 2 blood samples or less than 5 μg/dL from 1 blood sample [ 28 ]. Because a 
normal value of serum cortisol cannot rule out AI for all critically ill patients 
[ 35 ], it was proposed to perform a dynamic test, i.e., the ACTH test (250 μg), to 
explore the capacity of adrenal glands to produce cortisol. However, due to the 
nature of AI after TBI, and the absence of confounding factors, a random serum 
cortisol is usually enough to detect AI. Random serum cortisol less than 10 μg/
dL is currently recommended to diagnose AI in critically ill patients [ 36 ]. Of 
note was the delayed diagnosis of AI often mistaken for symptoms of head injury. 
In the presence of unexplained hyponatraemia and /or large requirements for 
vasopressors after severe TBI, a dosage of serum cortisol should be considered. 
It has been suggested that severity of TBI, young age, arterial hypotension, bar-
biturates, and/or the use of vasopressors could predispose to AI post trauma [ 28 , 
 37 ,  38 ]. Another factor of AI could be the use of etomidate to facilitate tracheal 
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intubation in these patients [ 28 ]. However, this drug-induced disturbance lasts no 
more than 48 h after the drug administration [ 39 ]. 

 The normalisation of serum cortisol level might be a marker of good outcome 
[ 40 ]. In that context, a replacement therapy with low-dose hydrocortisone (200 mg/
day) should be initiated in the presence of acute AI. However this proposal has not 
to be confounded with the abandon of large doses of corticosteroids at the early 
phase of TBI [ 41 ]. In the large Corticosteroid Randomisation after Signifi cant Head 
Injury (CRASH) trial, a 48-h infusion of methylprednisolone within 8 h of TBI 
resulted in higher mortality rate compared with placebo group [ 42 ].  

16.2.2     Vasopressin Dysfunction 

 The antidiuretic hormone (ADH, or arginine vasopressin) is secreted by the posterior 
pituitary gland to promote free water reabsorption in the kidney to concentrate 
urine. ADH acts on vasopressin receptors with three subtypes V1a, V1b, and V2. 
The water reabsorption depends on the stimulation of V2 receptors that enhances 
the expression of specifi c water channel proteins (aquaporins) on the luminal surface 
of the collecting duct [ 43 ]. The secretion of ADH is triggered by the increase in 
extracellular fl uid tonicity that activates osmoreceptors in the hypothalamus. ADH 
can be secreted, to a lesser extent, during hypovolaemia via the activation of 
baroreceptors located in the right atrium and carotid sinus. 

 A failure of homeostatic release of ADH leads to the development of central 
diabetes insipidus (DI). DI manifests with loss of large volumes of dilute urine in 
the presence of normal or high plasma osmolality. The criteria to defi ne DI combine 
urine volume >300 mL/h, urine osmolality <300 mosm/kg, and hypernatraemia 
>145 mmol/L. The urine specifi c gravity is less than 1005 (or 1008 if associated 
glycosuria). DI is usually transient, secondary to hypoperfusion of the posterior 
pituitary and/or infl ammatory oedema. However DI can persist 1 year after TBI in 
12 % of patients [ 35 ]. The prevalence of DI after severe TBI is around 3 % and is 
strongly associated with basal skull fracture. Risk factors for DI include low 
Glasgow coma scale, brain oedema, and severe injury [ 35 ]. The development of DI 
after TBI is associated with higher mortality [ 44 ]. The treatment of DI is based on 
fl uid replacement guided by a constant clinical monitoring and a correction rate of 
hypernatraemia of less than 10 mmol/day. In the case of high ICP, the correction 
rate should be lowered to exceed no more than 5 mmol/day in order to prevent 
secondary brain oedema. In conscious patients with DI, intravenous (0.4 μg) or 
intranasal (100 μg) desmopressin (DDAVP) can be administered and repeated every 
12 h. Unconscious patients are treated with fl uid replacement with 2.5 % dextrose 
or water and concomitant DDAVP administration. 

 Another disturbance in the ADH secretion corresponds to the inappropriate secre-
tion of ADH (SIADH). The diagnosis criteria of SIADH combine plasma osmolality 
<275 mOsm/kg, hyponatraemia <135 mmol/L and urinary osmolality >100 mOsm/
kg, urine sodium >40 mmol/l, euvolemia, and absence of glucocorticoid or thyroid 
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hormone defi ciency. In the presence of hyponatraemia, the differential diagnosis 
with other conditions may be diffi cult: secondary AI is classically associated with 
glucose control disturbances, while the “cerebral salt wasting syndrome” (CSWS) is 
associated with hypovolaemia and increased serum urea. The presence of SIADH is 
associated with an increase in length of stay in the ICU. The natural history of 
SIADH spontaneously resolves after the initial insult. The key issue to manage hypo-
natraemia in this setting is an accurate diagnosis of the underlying cause. If SIADH 
is diagnosed, treatment is essentially based in a fl uid restriction strategy. Although 
the use of selective of vasopressin-2 receptor antagonist (vaptan) could be attractive 
[ 45 ], this treatment has not been recommended in recent guidelines [ 46 ].  

16.2.3     Growth Hormone Defi ciency 

 Growth hormone (GH) defi ciency is frequently observed after TBI with an incidence 
of 2–66 % [ 47 ]. Basal serum GH concentrations were increased in TBI patients. 
Excessive GH response to a stimulation test with GH-releasing hormone (GHRH) 
was found in patients with poor outcome. Patients with severe and permanent GH 
defi ciency should be treated with hormonal substitution because GH acts on limbic 
structures with consequences on memory and behaviour. Some studies found 
benefi ts of supplementation by GH on motor or cognitive functions at the post-acute 
phase of trauma [ 48 ].  

16.2.4     Thyrotropin Defi ciency 

 The incidence of hypothyroidism after TBI varies between 0 and 19 %. A low 
serum-free T4 concentration (<8 pmol/L) associated with normal or low serum 
TSH level (<0.1 μUI/mL) is a criterion to diagnose thyrotropin defi ciency. No 
dynamic test is required. Replacement therapy with thyroxine is mandatory, but 
this treatment requires to rule out CRH defi ciency because cortisol clearance is 
increased by thyroxine. However, there is no evidence that replacement therapy at 
the acute phase of TBI may improve the outcome. The decrease of thyroid hor-
monal values was less pronounced during early enteral nutrition compared to 
delayed enteral nutrition [ 49 ].  

16.2.5     Gonadotrophin Defi ciency 

 The incidence of gonadal defi ciency ranges from 0 to 29 % of TBI patients. A 
hypothalamic origin has been proposed. The defi cit is associated with menstrual 
irregularities and/or reduced libido. Results between serum testosterone level and 
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prognosis are confl icting. The level of prolactin is also associated with prognosis 
with a positive correlation [ 35 ]. A complete restoration of hormone levels was 
observed in 85 % of patients at 1-year post-TBI, but persistent defi ciency should 
benefi t for replacement therapy for prevention of osteoporosis and cardiovascular 
disease. 

 Traumatic brain injury induces various metabolic and hormonal stress responses 
that could be associated with poor outcome. A better understanding of these 
dysfunctions could help us in the management of brain-injured patients during the 
early phase of trauma.      
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    Chapter 17   
 Sepsis and Multiple Organ Failure                     

       Jean-Charles     Preiser       and     Vincent     Fraipont    

    Abstract     Signs of sepsis are systematically present in each critically ill patient 
after a few days of stay in an intensive care unit.  The associated metabolic response 
includes a rise in expended energy a few after its onset and changes in the use of 
energy substrates. General recommendations include the preference of the oral or 
enteral route and a limitation of the caloric intake during the early phase. Nutritional 
interventions have been assessed to modulate the infl ammatory response underlying 
the metabolic changes, including the addition of supplemental omega-3 fatty acids, 
glutamine and antioxidants. The benefi cial effects of these interventions started dur-
ing the course of critical illness have not been convincingly confi rmed. Hence, no 
specifi c diet or nutritional formula is currently recommended.   

  Among the situations requiring prolonged care in an intensive care unit, sepsis and 
subsequent organ failures are the commonest. Their clinical burden is huge, as most 
clinicians are daily facing patients with “sepsis,” described as the body’s over-
whelming and life-threatening response to infection, which can lead to tissue dam-
age, organ failure, and death. The magnitude of the response and the organs and 
systems involved have been further characterised and embedded into “severe sep-
sis,” “septic shock” or “multiple organ failures.” From a metabolic viewpoint, sepsis 
is viewed as “a failure of homeostasis,” i.e., “an inability for the organism or cell to 
maintain internal equilibrium by adjusting its physiological processes under fl uctu-
ating environmental conditions in response to infection or injury.” 
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 In this chapter, we will review the typical metabolic patterns occurring during 
sepsis, the nutritional interventions targeting infl ammatory pathways involved in the 
pathogenesis of sepsis, and the current recommendations for nutrition during sepsis. 

17.1     Metabolic Changes During Sepsis 

17.1.1     Energy Expenditure 

 Very typically, the energy expended after the onset of sepsis increases progressively 
over time, as depicted in Chap.   2     (Fig.   2.2    ). Several teams [ 1 ,  2 ] reported stepwise 
increases of metabolic rate from the lowest value during septic shock, progressively 
increasing during severe sepsis and recovery. The magnitude of the infl ammatory 
response and the common need for sedative agents during the acute early phase 
contribute to the lower metabolic rate. More recently, mitochondrial dysfunction 
and cell hibernation have also been suggested as a contributing factor (see Chap.   4    ). 

 Facing the demand for energy substrates, insulin resistance has developed and 
appears as an adaptive mechanism preserved over evolution to provide suffi cient 
amounts of glucose to the immune and infl ammatory cells needed to neutralise the 
invading microorganisms [ 3 ,  4 ].  

17.1.2     Use of Substrates 

 During sepsis, the energy metabolism is characterised by the mobilisation of endoge-
nous substrates as a result of increased glucose production from glycogenolysis and 
gluconeogenesis, lipolysis and proteins, under the infl uence of hormonal and infl am-
matory mediators, including tumour necrosis factor (TNF, interleukin 1 (IL1) and 
interleukin 6 (IL6)) (Table  17.1 ) [ 5 ,  6 ]. These changes result in the release of fatty acids 
from adipose tissues and of amino acids from skeletal muscles in order to provide sub-
strates for gluconeogenesis and synthesis of the acute-phase proteins. Stress hypergly-
caemia is a refl ection of the increased turnover of the energy substrates [ 7 – 9 ].

   Table 17.1    Main metabolic changes during sepsis   

 Metabolism  Energy  Carbohydrates  Lipids  Proteins 

 Changes  Increased 
expenditure 
(late phase) 

 Increased glucose production 
from glycogenolysis and 
gluconeogenesis 
(glycogénolyse puis 
néoglucogenèse), increased 
lactate production, 
hyperglycaemia, and insulin 
resistance 

 Increased 
lipolysis and 
lipid oxidation 

 Increased muscle 
and splanchnic 
protein 
breakdown, 
synthesis of 
infl ammatory 
proteins 

 Likely 
mechanisms 

 Fever, 
epinephrine, 
cytokines 

 Cortisol, glucagon, 
epinephrine, cytokines 

 Cortisol, 
epinephrine, 
growth hormone 

 Cortisol, cytokines 
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17.1.2.1       Lipid Metabolism 

 During sepsis, the metabolism of lipids is characterised by an increased production of 
fatty acids from peripheral tissues and by an increased oxidation. However, the circu-
lating levels of free fatty acids are usually unchanged, suggesting an increased uptake 
in peripheral tissues and/or a decreased activity of the lipoprotein lipase [ 5 ,  10 ,  11 ].  

17.1.2.2     Protein Metabolism 

 Overall, the rate of protein breakdown is increased during sepsis, proportionally to 
the magnitude and severity of sepsis; the rate of protein synthesis is also increased 
to a lesser extent. The protein turnover is in fact massively enhanced [ 6 ,  12 ]. 
However the optimal provision of proteins during sepsis is unknown; the current 
recommendations will be discussed at the end of this chapter. Likewise, qualitative 
changes by additions of specifi c amino acids will be reviewed in the next section.    

17.2     Nutritional Interventions Targeting Infl ammatory 
Pathways Involved in the Pathogenesis of Sepsis 

 The major steps in the fi eld of sepsis and infl ammation allowed the identifi cation of 
pro- and anti-infl ammatory states occurring after the onset of sepsis. Very impor-
tantly, and in contrast with the former concept (top panel of Fig.  17.1 ), the current 
understanding implies the simultaneous start of the pro- and of the anti- infl ammatory 
status (bottom panel of Fig.  17.1 , which also includes the distinction between innate 
and adaptive immune responses). This concept is very important, when the 

SIRS

CARS

Pro-
inflammatory

Anti-
inflammatory

Time

SIRS
Innate immune response

CARS
Adaptive immune response

Pro-
inflammatory

Anti-
inflammatory

Time

  Fig. 17.1    Schematic representation of the concepts of systemic infl ammatory response syndrome 
( SIRS ) and compensatory anti-infl ammatory response syndrome ( CARS ) previously understood as 
sequential ( top panel ) and now considered as simultaneous ( bottom panel )       
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“hyperinfl amed” patient is also more susceptible to new infections. Hence any inter-
vention designed to dampen the pro-infl ammatory component of sepsis can increase 
the risk of superinfection. Conversely, immune-enhancing interventions will carry 
the inherent risk of enhancing the septic response.

   In the fi eld of nutrition, several companies marketed “immune-enhancing” or 
“immunomodulating” formulas, whose composition was based on preclinical 
fi ndings demonstrating the effects of some nutrients on infl ammatory pathways. 
These “immunonutritive” formulas contained several particular nutrients, implying 
diffi culties in the interpretation of clinical data. Therefore “immunonutrition” is 
now replaced by “pharmaconutrition,” a new wording used to describe solutions 
containing single nutrients. This chapter will summarise the data related to the 
commonest nutrients used to modulate the immune response: omega-3 fatty acids, 
glutamine, and antioxidants (selenium and vitamins), including the results of the 
large-scale recent trials summarised in Table  17.2 .

17.2.1       Omega-3 Fatty Acids 

 The production of pro-infl ammatory lipid mediators as well as the immunosuppres-
sive effects of lipid emulsions is mostly related to ω-6 polyunsaturated fatty acids. 
Therefore, the proportion of ω-3 fatty acids has been increased. Indeed, experimen-
tal data confi rm in different settings that the exposure to ω-3 fatty acids results in a 
decreased production of thromboxane (TX) A2, prostaglandin (PG) E2, and leukot-
riene (LT) B4 derived from arachidonic acid, while TXA3, PGE3, and LTB5 derived 
from eicosapentaenoic (EPA) and docosahexaenoic (DHA) acid are increased. 
These changes reduce the magnitude of the infl ammatory response, including the 
cytokine response [ 5 ,  13 – 16 ]. Hence, the optimal use of ω-3 fatty acids would be 
before or at the time of onset of sepsis to prevent a hyperinfl ammation. This condi-
tion is rarely met in clinical practice, when septic patients are usually referred after 
the development of the clinical picture. Hence, the clinical benefi t of parenteral and 
enteral solutions enriched with ω-3 fatty acids has not been convincingly confi rmed 
in the critically ill septic patient [ 17 – 23 ]. These fi ndings can also be partly related 
to the design of some studies and to the heterogeneity of the patients’ populations 
and of methodologies used. 

 In contrast, during the perioperative period of oncologic surgery, several compli-
cations including infections and hospital lengths of stay have been consistently 
avoided or improved in patients receiving ω-3 fatty acids enriched with nutritional 
solutions, especially when supplements were started before surgery [ 24 ].  

17.2.2     Glutamine 

 As glutamine is a key substrate for cells with a high turnover, such as lymphocytes, 
macrophages, and enterocytes, this amino acid could exert benefi cial effects during 
sepsis, by improving immune function and by limiting the risk of bacterial 
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Glutamine Sélénium AOX W3 Entéral W3 IV
Scandinavian

Study (40) 

n = 413 ICU mortality (PP)

SIGNET (30)

n=502
ICU 

infections 
(>5d Se)

REDOXS (31)

n=1223

MetaPlus (32)

n=301
Grau (41) Pneumonia – UTI.

n = 117 Insulin doses

Valenta (42)

n=150

INTERSEPT (22) Severe sepsis

n=115 ICU and hosp LOS

Grau (43)

n=132 ICU LOS

Stapleton (44)

n=90

OMEGA (45)

n=272

Kagan (OMT) (46)

n=120

ICU Lipids (20) Delta SOFA

n=159 CRP

Hall (47) Nosocomial
infections

n=60

6-month mortality (medical patients)

Bacteremia, PRBC

Ventilator-free days 
(VFD) 

ICU LOS – OF - 
diarrhoea

28-d mortality
Hospital and 6-month 

mortality

       Summary of the main results of the different studies on pharmaconutritional interventions in criti-
cally ill patients 
 Boxes are coloured in white for signifi cant positive effect on an outcome variable, in grey when the 
result is neutral (no difference) or in black when a negative effect was retorted for the outcome 
variable. For each study, the main outcome variable is displayed on the fi rst line and secondary 
variable on the second line. 
  ICU  intensive care unit,  PP  per protocol,  UTI  urinary tract infection,  LOS  length of stay,  OF  num-
ber of organ failures,  PRBC  number of packed red blood cells,  SOFA  sepsis-related organ failure 
assessment,  CRP  C-reactive protein  

   Table 17.2    Summary of the recent studies on pharmaconutrition [ 41 – 47 ]  
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translocation. Moreover, the plasma levels of glutamine are usually low in the 
critically ill, as a result of the exhaustion of the endogenous stores. Several animal 
experiments confi rmed these benefi cial effects [ 25 ]. However, an increase of the 
infl ammatory response could be deleterious during sepsis [ 26 ]. Several clinical 
trials assessed the effects of intravenous glutamine (0.2–0.4 g/kg/day) in patients 
receiving exclusive parenteral nutrition and confi rmed decreases in the rate of 
infection and even in mortality [ 27 – 29 ]. However, recent and larger studies 
challenged these encouraging results (Fig.  17.1 ) [ 30 – 32 ]. In particular, the REDOXS 
[ 31 ] and MetaPlus [ 32 ] trials reported an increased mortality in patients randomised 
to glutamine. Hence, despite the early promises, the use of glutamine is now dis-
couraged in patients with organ failures.  

17.2.3     Antioxidant Strategies 

 As for ω-3 fatty acids and for glutamine, the rationale for using antioxidant nutri-
ents during sepsis is strong. The oxidative stress (an imbalance between reactive 
oxygen species and antioxidant defence mechanisms) is believed to play a criti-
cal role in the development of organ failures [ 33 ]. Several strategies have been 
evaluated (selenium, a key factor of the glutathione peroxidase enzyme), and 
antioxidant vitamins (vitamins A, C, and E) have been used and successfully 
improved the antioxidant capacity assessed ex vivo [ 34 ], but did not improve the 
outcome of septic patients (Table  17.2 ). The important heterogeneity of the anti-
oxidant cocktails and of clinical situations represents additional diffi culties when 
interpreting the available data [ 35 ]. The use of biomarkers of oxidative stress 
could help to identify patients in whom an antioxidant approach is likely to be 
benefi cial [ 34 ].   

17.3     Recommendations for Clinical Practice 

 All the aspects of the management of patients with sepsis have been discussed among 
a board of experts, who issued a set of recommendations [ 36 ]. In terms of nutrition, 
the following recommendations have been issued (available on   http://www.surviv-
ingsepsis.org/Guidelines/Documents/Other%20supportive%20therapy.pdf    ):

    1.    Administer oral or enteral (if necessary) feedings, as tolerated, rather than either 
complete fasting or provision of only intravenous glucose within the fi rst 48 h 
after a diagnosis of severe sepsis/septic shock (grade 2C).   

   2.    Avoid mandatory full caloric feeding in the fi rst week but rather suggest low- 
dose feeding (e.g., up to 500 cal per day), advancing only as tolerated (grade 2B).   

   3.    Use intravenous glucose and enteral nutrition rather than total parenteral nutri-
tion (TPN) alone or parenteral nutrition in conjunction with enteral feeding in 
the fi rst 7 days after a diagnosis of severe sepsis/septic shock (grade 2B).   
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   4.    Use nutrition with no specifi c immunomodulating supplementation rather than 
nutrition providing specifi c immunomodulating supplementation in patients 
with severe sepsis (grade 2C).    

  However, the level of evidence supporting these recommendations is low [ 37 ]. 
Other guidelines (  www.criticalcarenutrition     and 38) suggest the provision of 
nonprotein energy substrates as carbohydrates (60–70 %) and lipids (30–40 %) with 
a maximum set at 7 g/kg.d and 1.5 g/kg.d for carbohydrates and lipids, respectively 
(maximal oxidisable levels). 

 The recommended protein intakes range between 1.2 and 1.5 g/kg.d, supported 
by a very low evidence level [ 37 – 39 ]. The various pharmaconutrients are usually 
not recommended during sepsis, with the notable exception of glutamine, which 
should be considered during exclusive parenteral nutrition [ 36 ,  38 ].     
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    Chapter 18   
 The Stress Response of Critical Illness: 
Metabolic and Hormonal Aspects, Hormonal 
Regulation, Particular Clinical Situations 
“Morbid Obesity”                     

       Moise     Coeffi er     and     Fabienne     Tamion    

    Abstract     Obesity is a widespread condition associated with a variety of mechani-
cal, metabolic, and physiologic changes that affect outcomes and delivery of care in 
ICU. In particular, the metabolic response to critical illness of obese patients is 
characterized by changes in the metabolism of carbohydrates and fat, and in the 
utilization of proteins. The endocrine functions of adipose tissue might be involved 
role in the adaptive changes to critical illness.   

18.1      Introduction 

 Obesity is a worldwide public health issue with extensive medical, social, and 
 economic consequences. Obesity, which is defi ned by the presence of excess adi-
posity, negatively impacts health and increases an individual’s risk for developing a 
variety of medical conditions, including cardiovascular disease, certain cancers, and 
diabetes mellitus. The incidence of adult obesity in the United States has doubled in 
the past 30 years [ 1 ]. Obesity in adults is defi ned by the World Health Organization 
(WHO) and the National Institutes of Health (NIH) using the BMI. The 
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recommended classifi cations based on BMI are as follows: underweight (BMI 
<18.49 kg/m2), normal weight (BMI 18.5–24.9 kg/m2), overweight (BMI 25.0–
29.9 kg/m2), obesity class I (BMI 30.0–34.9 kg/m2), obesity class II (BMI 35.0–
39.9 kg/m2), and obesity class III (BMI >40.0 kg/m2) [ 2 ]. This epidemic has reached 
the ICUs, such that 33 % of ICU patients are obese and 7 % are morbidly obese. 
Obesity presents the intensive care unit (ICU) team with a unique set of challenges. 
Sarcopenic obesity (SO) refers to the copresence of sarcopenia and obesity, and the 
prevalence of SO ranges from 0 to 41 % in older populations. Not only does the 
greater frequency of comorbid diseases in this population lead to increased com-
plexity of care, but the physical aspect of severe obesity makes routine elements of 
nursing care and diagnostic/therapeutic interventions extremely demanding. Obesity 
is a proinfl ammatory state, and probably this state becomes overwhelmed or exag-
gerated during critical illness.  

18.2     Neuroendocrine Pathophysiology in Obesity 

 The pathophysiology of obesity is complex, in large part, because of the 
heterogeneous nature of the pathology. If clinicians focus only on the concept of 
energy balance, they will not appreciate the interface between the central nervous 
system and metabolically active organs that is involved in this important law of 
thermodynamics. In addition, obesity-induced infl ammation and its metabolic 
consequences (e.g., liver disease, type 2 diabetes mellitus, dyslipidemia) further 
complicate the understanding of obesity, its treatment, and its consequences 
specially in critical illness. The central nervous system (CNS) receives information 
from several regulatory loops that help control energy balance [ 3 ]. The brain gets 
additional information about metabolic need from the more metabolically active 
tissues, such as adipose, liver, stomach, intestine, muscle, and bone. Furthermore, 
the CNS gets information about current energy availability in the environment 
through sensory organs and through the stomach, small intestine, pancreas, and 
liver. Central controls of body weight and appetite that infl uence food intake and 
energy expenditure involve satiation/satiety signals and “adiposity” hormones. 
Satiation/satiety signals induced by agents such as leptin, POMC, cholecystokinin 
(CCK), and glucagon-like peptide-1 (GLP-1) result in feelings of fullness, which 
contribute to cessation of food intake (satiation) and/or suppression of appetite after 
meal intake (satiety). “Adiposity” hormones (e.g., insulin, leptin) are secreted, not 
in response to a meal but as a result of the amount of adipose tissue present in the 
host organism. Both satiety/ satiation signals and adiposity hormones represent a 
complex messaging system between the CNS and the periphery that infl uence 
energy homeostasis and intake. In addition to the aforementioned mechanisms, 
many of these molecules (e.g., leptin) are also important to the maladaptive obesity- 
induced infl ammation and its resultant complications. As macronutrients are 
consumed, a number of these satiety/satiation signals result in a message delivered 
to the CNS. The classic satiation signal, CCK, is secreted from I cells in the blood 
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in response to fat and protein as they pass into the duodenum. Systemic CCK then 
infl uences a number of gastrointestinal mechanisms such as motility, gastric acid 
secretion, pancreatic enzyme secretion, and contraction of the gallbladder [ 4 ]. 
Satiation signaling is produced by CCK through a paracrine mechanism via vagal 
sensory nerves [ 5 ]. In opposition to CCK, ghrelin is a potent orexigen that stimulates 
food intake [ 6 ]. In response to fasting, specifi c endocrine cells in the stomach and 
duodenum release ghrelin. Ghrelin appears to have several actions, one of which is 
a direct action on receptors in the hypothalamus to stimulate appetite and increase 
food intake [ 7 ]. Another major effect of ghrelin is stimulating the release of growth 
hormone [ 8 ]. The peripheral actions of GLP-1 are numerous and include an 
increased release of insulin, inhibition of glucagon secretion, reduction of 
gastrointestinal (GI) motility and secretions, and stimulation of an anorexic effect 
[ 9 ]. Central actions of GLP-1 include reducing food intake via caloric homeostatic 
circuits in the hypothalamus and eliciting symptoms of stress/malaise in the 
amygdale [ 10 ]. The satiation actions of GLP-1 stemming from the variety of 
aforementioned mechanisms have been seen in both animal models and human 
studies [ 11 ]. These actions are further demonstrated with long-acting GLP-1 
pharmacotherapy for diabetes mellitus, which results in not only improvement in 
glucose control but also meaningful weight loss [ 12 ]. Several other satiation/satiety 
signaling molecules, such as glicentin, GLP-2, glucagon, oxyntomodulin, peptide 
YY, apolipoprotein A-IV, and enterostatin, have been described and have recently 
been reviewed [ 3 ]. These hormones then act centrally (e.g., hypothalamus) to 
infl uence energy homeostasis, resulting in decreased food intake and weight loss. 
The neuroendocrine pathophysiology is incompletely understood, which serves to 
further complicate patient management for the >60 recognized conditions associated 
with obesity.  

18.3     Obesity and the ICU Conundrum 

 Despite the aforementioned challenges of obesity in the ICU, as well as having an 
increased all-cause and cause-specifi c mortality, obesity has been associated with 
improved ICU outcomes in numerous studies (including 3 meta-analyses) [ 13 – 15 ]. 
One meta-analysis included 14 studies with 62,045 total and 15,437 obese patients 
[ 14 ]. Obesity was not associated with an increased risk of ICU mortality (relative 
risk [RR], 1.00; 95 % confi dence interval [CI], 0.86–1.16;  P  = 0.97). However, ICU 
length of stay was 1.08 days longer for obese (95 % CI, 0.27–1.88;  P  = 0.009) 
compared to nonobese individuals. Duration of ventilation was signifi cantly longer 
in obese individuals by 1.48 days (95 % CI, 0.07–2.89;  P  = 0.04) compared to 
nonobese individuals. In a subgroup analysis, improved survival was observed for 
class I and class II obesity patients compared with nonobese patients (RR, 0.86; 
95 % CI, 0.81–0.91;  P  <0.001), suggesting a protective effect from the obesity [ 14 ]. 
A second meta-analysis evaluated 12 studies and found that overweight, obesity 
class I, and obesity class II patients had lower rates of mortality compared to patients 
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with normal weight [ 15 ]. The pooled average for ICU length of stay (LOS) was 
signifi cantly increased for underweight, overweight, and obesity class III patients 
when compared to normal-weight individuals. When multiple organ dysfunction 
(MOD) was evaluated in six trauma/surgery studies, four reports found increased 
MOD in obese individuals compared to patients of normal weight. A third meta- 
analysis evaluated 22 studies, and the pooled analysis found no signifi cant differ-
ence in ICU mortality between obese and normal individuals [ 13 ]. Hospital 
mortality was lower in obese individuals (RR, 0.76; 95 % CI, 0.59–0.92) com-
pared to normal- weight individuals. Unlike the previous analyses, there was no 
difference in ICU LOS or duration of mechanical ventilation between obese and 
nonobese individuals. There has been no clear explanation for this “ICU conun-
drum.” The reasons given in the meta-analyses to explain the association are not 
well supported by the available evidence. One such explanation provided sug-
gested that obese individuals have a survival benefi t because increased nutritional 
reserves help the patient respond to infl ammation and metabolic stress. This 
notion of nutritional reserves is based on the assumption that excess adipose tis-
sue is readily available for utilization in critical illness. Another explanation given 
for the decreased hospital mortality in obesity suggested that an increased release 
of anti-infl ammatory adipokines, IL-10, and leptin would favorably modulate the 
infl ammatory process. This explanation appears to be erroneous, as leptin has 
strong proinfl ammatory effects that activate macrophages and induce hepatic 
tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-12, and monocyte chemoat-
tractant protein-1 (MCP-1) production [ 16 ]. So, no good explanation for these 
fi ndings is correct. 

18.3.1     The Obesity Paradox in the ICU 

 Three meta-analyses combining in total 25 different studies on BMI and outcome of 
the critically ill patient were recently published [ 13 – 15 ]. Although largely heteroge-
neous and working with different obesity defi nitions, the studies included in the 
meta-analyses altogether are highly suggestive of a lower mortality risk in over-
weight (BMI 25–29.9 kg/m2) and obese (BMI 30–39.9 kg/m2) patients, whereas 
underweight (BMI <18.5 kg/m2) patients appear to suffer from increased risk of mor-
tality. Morbidly obese patients however do suffer from longer duration of mechanical 
ventilation and longer ICU length of stay [ 17 ]. In more detail, the association between 
BMI and mortality in critically ill patients appears to follow a J-shaped curve. It is 
possible that overweight and obese individuals have a lower mortality rate during 
critical illness, only because they have a larger amount of nutritional reserves [ 18 ]. 
This might protect the obese patient from the severe hypercatabolism present in criti-
cal illness, which generally evokes a profound decrease of lean body mass. On the 
other hand, the excessive adipose tissue in overweight and obese patients may play a 
metabolic role through enhanced triglycerides and glucose storage, which could be 
protective during critical illness [ 19 ]. Cytokines produced in the adipose tissue might 
be of importance as obese individuals often suffer from chronic adipose tissue 
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infl ammation with higher circulating TNF-α levels. So, the initial blood leukocyte 
infl ammatory response to blunt trauma did not differ signifi cantly between patients 
from different BMI categories [ 20 ]. It is possible that the impact of severe injury or 
illness on acute infl ammation overwhelms the metabolic disturbances and subclini-
cal infl ammation associated with obesity. 

 Obese individuals generally have higher circulating levels of lipoproteins and 
lipids than lean individuals. This could theoretically be benefi cial during critical 
illness because during acute illness, hypocholesterolemia has been associated with 
severity of illness, morbidity, and mortality [ 21 ]. Future studies on the relation 
between obesity and mortality in critically ill patients are needed to clarify the 
mechanisms “the obesity paradox.”  

18.3.2     Metabolic Response to Critical Illness and Obesity 

 Regardless of the inciting cause of injury or illness, there is a common hypermetabolic, 
infl ammatory response to stress, directed at promoting acute survival, which affects 
macronutrient (protein, lipid, and carbohydrate) utilization throughout the body. 
Obesity is a proinfl ammatory state and probably this process becomes overwhelmed 
or exaggerated during critical illness. 

18.3.2.1     Carbohydrate Metabolism and Hyperglycemia 

 Stress-induced hyperglycemia is a frequent complication of critical illness and the end 
product of increased counterregulatory hormone production (glucagon, glucocorti-
coids, and catecholamines) and infl ammatory cytokine release leading to accelerated 
hepatic gluconeogenesis, lipolysis, and peripheral insulin resistance [ 22 ]. Further, cir-
culating levels of proinfl ammatory cytokines, including IL-6 and tumor necrosis fac-
tor, rise dramatically following tissue injury from sepsis or trauma [ 23 ]. Lipolytic rate 
is increased and the ability of insulin to suppress fatty acid release from adipose tissue 
is impaired, promoting elevated plasma free fatty acid (FFA) concentration, which is 
strongly associated with rapid development of insulin resistance [ 24 ]. Hepatic gluco-
neogenesis is increased and clearance of glucose from plasma by skeletal muscle is 
impaired by these factors. Unlike healthy patients, administration of intravenous glu-
cose fails to suppress hepatic glucose output in critical illness and indeed may exacer-
bate hyperglycemia. And so, hyperglycemia during critical illness is associated with 
poorer outcomes [ 25 ]. Obesity is also strongly associated with insulin resistance, high 
plasma FFA concentration, and increases in sympathetic nervous system activity, pro-
viding a “second hit” to insulin action in critical illness. Obese patients have defects 
in oxidation of circulating fatty acids during critical illness, further exacerbating ele-
vated plasma FFA concentration and insulin sensitivity [ 26 ]. Given the increased 
prevalence of diabetes and insulin resistance among the obese patients, it is especially 
important to include glycemic control into the plan for nutrition support. Infusion of 
insulin will rapidly reduce plasma FFA and lower plasma triglyceride concentration.  
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18.3.2.2     Fatty Acid Oxidation 

 Elevations in FFA usually signify insulin resistance, which causes increased 
lipolysis, impaired skeletal muscle FFA oxidation, and reduced suppression of 
plasma FFA by insulin [ 27 ]. Despite having a relative abundance of serum FFAs and 
triglyceride-rich adipose stores, it appears the obese individuals are ineffective at 
mobilizing or using these energy sources during critical illness [ 28 ]. Contrary to the 
general belief that the most abundant supply of adipose tissues will be the primary 
fuel, the injured obese patients experience a relative block both in lipid mobilization 
and utilization. Jeevanandam et al. [ 26 ] showed major differences in utilization of 
endogenous fuel sources between starved obese and nonobese trauma patients; lean 
patients relied largely on fatty acid oxidation for energy [about 61 % of resting 
energy expenditure (REE)], whereas obese patients derived most energy from 
catabolism of lean mass (only 39 % of energy from FFA).  

18.3.2.3     Protein Utilization 

 Muscle protein catabolism is a hallmark feature of critical illness, regardless of BMI, 
with studies showing losses of up to 10–20 % of skeletal muscle after 1 week in the 
ICU [ 29 ]. Obese persons have increased amounts of fat-free mass (FFM) over their 
height-matched lean counterparts, but are more likely to use this muscle mass as fuel 
during critical illness when fasted, only accelerating the rate of protein losses. Under 
stress conditions, obese patients could not take advantage of their most abundant fat 
fuel sources but have to depend on the effi cient use of endogenous glucose synthe-
sized from the breakdown products of body protein. The mechanism responsible for 
this blunted lipolytic response in subjects with increased adiposity is not known. 
Body composition contributes to the regulation of lipolysis during fasting, and the 
decreased rate of lipolysis, in subjects who have excess fat, may refl ect the decreased 
need per unit fat mass for lipolysis to meet the energy requirements of the lean body 
mass [ 30 ]. FFM (protein) catabolism typically persists despite the provision of nutri-
tional support, though administration of either greater total calories or protein calo-
ries has been shown to mitigate its rate and improve nitrogen balance. Hypocaloric, 
high-protein nutrition seems a preferable approach in obese patients, as it can pro-
mote endogenous fat oxidation and shift obese patients away from utilization of FFM 
as the predominant fuel source while simultaneously inducing favorable changes in 
body composition [ 31 ]. Avoidance of overfeeding is also critical because excess 
caloric load is associated with increased protein turnover and fat storage [ 32 ].   

18.3.3     Hypocaloric Feeding 

 In healthy obese humans, with or without type 2 diabetes, even brief periods of 
calorie restriction may markedly improve insulin sensitivity. Fasting may actually 
worsen insulin resistance in skeletal muscle and therefore cannot be recommended 
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as an intervention to improve insulin sensitivity. Several studies clearly show that 
hypocaloric feeding for a limited amount of time is not inferior to eucaloric feeding. 
There is no standard method for hypocaloric feeding, but generally involves 
providing 30–70 % estimated daily caloric needs in conjunction with a higher 
proportion of protein calories (often 50–60 % of total calories) in order to minimize 
glucose loads while sparing lean body mass from catabolism. Calorie-restricted 
nutrition (even briefl y) can markedly improve insulin sensitivity and glycemic 
control, in addition to preventing metabolic consequences of overfeeding, such as 
hypercapnia, fl uid retention, and hypertriglyceridemia. Weight loss and reduction in 
fat mass is another benefi cial effect of this intervention, but never be the primary 
objective for nutritional support during critical illness. Multiple studies have 
demonstrated positive outcomes in the ICU related to reduced caloric intake. 
Dickerson et al. [ 31 ] showed that hypocaloric enteral feeding in obese surgical 
patients was associated with improved nitrogen balance, shorter length of stay in the 
ICU, and decreased use of antibiotics. Although their study was not specifi c to 
obese patients, Krishnan et al. [ 33 ] found improved ICU outcomes, including 
mortality, return of spontaneous ventilation, and nosocomial sepsis rates among 
patients receiving approximately 9–18 kcal/kg/d (33–65 % of the ACCP target). 
The strongest evidence against hypocaloric feeding was provided by Villet et al. 
[ 34 ], who found a higher rate of infections and poor outcomes associated with 
increasing negative energy balance in a prospective study of 48 ICU patients. 
However, only 20 patients (41 %) had BMI more than 27 kg/m2, and therefore fi nd-
ings may not fully represent the obese subgroup. The 2009 Consensus statement 
issued jointly by the Society of Critical Care Medicine (SCCM) and the American 
Society for Parenteral and Enteral Nutrition (ASPEN) recommends hypocaloric 
feeding of critically ill obese patients with enteral feeds, with the goal to provide, no 
more than 60–70 % of target energy requirements or 11–14 kcal/kg actual body 
weight per day [ 35 ]. Based on nitrogen balance data from studies on hypocaloric 
feeding, the ASPEN/SCCM guidelines also recommend administration of protein in 
the range of at least 2.0 g/ kg IBW per day for class I and II obese patients and at 
least 2.5 g/kg IBW per day for class III obesity. Otherwise, hypocaloric nutrition 
adjusted ideal body weight should be considered for the obese ICU patient to 
minimize the loss of lean body mass.   

18.4     Conclusion 

 Obesity is a widespread condition associated with a variety of mechanical, 
metabolic, and physiologic changes that affect outcomes and delivery of care in 
ICU. The endocrine functions of adipose tissue might play a role in the adaptation 
to critical illness. In the acute phase of illness, the anti-infl ammatory adiponectin is 
reduced, whereas proinfl ammatory cytokine expression in adipose tissue is 
upregulated. Several of the changes in adipose tissue observed during critical illness 
could in theory be adaptive and protective. So, nutritional support is a key element 
of management during critical illness to improve outcomes, but the optimal caloric 
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and protein requirements for obese hospitalized patients are diffi cult. The current 
literature indicates that hypocaloric, high-protein nutrition may be the standard of 
practice for the metabolic support of the critically ill obese patient to prevent the 
complications associated with overfeeding. Given the increasing prevalence of 
obesity, further research is needed to develop nutritional support to prevent metabolic 
consequences and consider the presence of sarcopenic obesity.     
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    Chapter 19   
 Hypermetabolic Response to Burn Injury                     

       Abdikarim     Abdullahi    ,     David     Patsouris    ,     Sheila     R.     Costford    , 
and     Marc     G.     Jeschke    

    Abstract     The stress response to injuries like burns and sepsis entails a number of 
endocrine, metabolic, and immunological changes. These alterations in the secre-
tion of key hormones and cytokines in the initial stages of the injury are believed to 
be a necessary and benefi cial response. However, an exaggerated and prolonged 
stress response results in the dysfunction and breakdown of key metabolic tissues of 
the body. The adverse effects of the stress response also goes beyond the tissue level 
and has been implicated as a negative predictor of poor outcome, infections, and 
longer hospital stays in patients. For these reasons, a comprehensive and physiolog-
ical detail of the hypermetabolic response to injury is warranted to better understand 
how this pro-survival response transforms into catastrophic response. In addition, 
the scrutiny of this stress response will enhance our understanding of the different 
types of therapies available to attenuate this catabolic response. Thus, this chapter 
aims to review the pathophysiological mechanisms, the clinical consequences, and 
therapeutic implications of the hypermetabolic response to burn injury.  

19.1       Introduction 

 A hallmark of the metabolic response to burn injury is the development of 
“hypermetabolism,” which is associated with a plethora of pathological alterations 
in endocrine, metabolic, and infl ammatory and immunological responses. During 
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the last decades, this hypermetabolic state with its concomitant hyperglycemia, 
lipolysis, hyperinfl ammation, and muscle wasting has been implicated as the major 
contributor of poor outcome and hospital stay. Thus, the quest for an effective ther-
apy that can help to attenuate these deeply rooted metabolic changes has been and 
still is an unresolved priority in the care of critically ill patients. This chapter will 
give an overview of what is known from the metabolic and hormonal alterations 
described in critically ill burn patients. We will also focus on established and on new 
therapeutic parameters which can be used to attenuate persistent hypermetabolism, 
as well as the restoration of anabolic function.  

19.2     Epidemiology 

 Burn injuries represent one of the most debilitating forms of trauma and rank fourth 
among most common types of trauma worldwide following traffi c accidents, falls, 
and interpersonal violence [ 62 ]. More than two million people suffer from burn- 
related injuries each year in the United States alone [ 6 ]. According to the World 
Health Organization, there are 330,000 thermal-related deaths per year worldwide, 
and this death toll is disproportionately concentrated in Southeast Asia and Africa 
[ 62 ]. It is estimated that at least 300,000, and possibly as many as 17 million, cases 
of burn trauma occur in Africa each year [ 46 ]. Burn injury has a high mortality rate 
because unlike other forms of trauma, burns result in permanent pathological altera-
tions in nearly every organ system of the human body. 

 Most thermal injuries in the Western world are caused by heat exposure due to 
scalding, fl ame contact with hot objects, and electrical or chemical exposure [ 20 , 
 21 ]. Among these, burn injuries resulting from fl ame contact are most common in 
children and elderly populations, who are more prone to scalding accidents [ 6 ]. 
Electrical and chemical burn injuries, which are far more serious, occur to a lesser 
extent. Although thermal injury does not discriminate, groups with the highest risk 
for burn injury tend to be children, the elderly, the disabled, and individuals who 
abuse drugs or alcohol.  

19.3     Hypermetabolic Response to Burn Injury 

 Burn injury results in a complex neuroendocrine and metabolic response termed the 
hypermetabolic response, which is initiated by neuronal and humoral signals from 
the site of injury. This hypermetabolic response and its associated metabolic changes 
are critical for survival. The hypermetabolic response perhaps developed through 
evolution as a survival mechanism to facilitate the mobilization of energy resources 
for wound repair; however, if this adaptive stress response becomes prolonged and 
heightened, it can result in signifi cant depletion of fuel sources with detrimental 
consequences like multiorgan failure or even death [ 51 ]. Burn size is one of the 
major factors that determines the magnitude of the hypermetabolic response [ 53 ]. 
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Burn injury that is localized to less than 15 % of total body surface area (TBSA) 
generally elicits a more subdued response, whereas as a severe burn injury (defi ned 
as ≥15 % TBSA) causes a more robust response [ 43 ,  51 ,  53 ]. In any case, manifes-
tation of the hypermetabolic response upon activation is very complex and results in 
signifi cant alterations to critical metabolic pathways, such as glycogenesis, gluco-
neogenesis, lipolysis, and proteolysis. Clinically, it has been shown that there 
appears to be two distinct phases of metabolic regulation post-burn injury [ 48 ,  89 ]. 
The fi rst phase is termed the “ebb phase” and generally occurs within the fi rst 48 h 
of thermal injury. It is characterized by increased oxygen consumption, reduced 
cardiac output, and a rise in plasma glucose [ 48 ]. During this acute ebb phase, 
energy expenditure tends to remain unchanged or even decreased and is accompa-
nied by a decrease in core body temperature [ 48 ]. Progression from the ebb phase 
to the “fl ow phase” post-burn injury is associated with a dramatic increase in energy 
expenditure, the magnitude of which is related to the type, severity, and extent of the 
burn injury. This highly energy expensive phase can last for days or even months in 
cases where another insult occurs, such as sepsis, thereby complicating the clinical 
picture [ 48 ,  96 ]. If the fl ow phase is not resolved swiftly, it can transform into a 
persistent catabolic state that has dire consequences for patient outcomes [ 51 ]. 
Furthermore, severe burns have been shown to elicit massive release of infl ammatory 
mediators, such as tumor necrosis factor–α (TNF-α) and interleukin (IL-1, IL-6, and 
IL-1 β ). Many of these pro-infl ammatory mediators have been proposed to account 
for prolonging the hypermetabolic response. Most of the changes in the metabolic 
response to injury are concentrated mainly in the metabolically active tissues, liver, 
adipose, and skeletal muscle (Fig.  19.1 ).

Liver

• Hepatic steatosis

• Hepatic apoptosis

• Hepatomegaly

• Increased protein degradation

• Reduced protein synthesis

• Loss of lean body mass

• Lipolysis

• Adipocyte apoptosis

• Browning

Muscle Adipose

  Fig. 19.1    Severe burn injury leads to profound alterations in the liver, muscle, and adipose tissue       
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19.4        Hormonal Regulation of Hyperglycemia Post-burn 

 Consisting of mainly dopamine, norepinephrine, and epinephrine, catecholamines 
are produced by the adrenal glands in response to stress. Catecholamines increase 
10- to 20-fold normal in patients post-burn [ 12 ,  14 ,  31 ,  91 ] and correlate with energy 
expenditure [ 40 ]. Known for driving the “fi ght-or-fl ight” response, catecholamines 
have signifi cant metabolic effects. They stimulate glycogenolysis in the liver [ 78 ], 
skeletal muscle [ 23 ], adipose tissue [ 83 ], and heart [ 44 ]. The glycogenolytic effect 
of epinephrine results in a parallel increase in blood glucose and lactate. 
Catecholamines also stimulate lipolysis post-burn, leading to high circulating free 
fatty acids (FFA) [ 99 ] and ectopic storage of lipid in the liver [ 8 ,  9 ]. 

 Produced by the adrenal glands, the stress hormone cortisol is increased in 
patient’s post-burn injury [ 14 ,  50 ] in proportion to burn size [ 25 ,  83 ]. In fact, the 
normal circadian fl uctuations in plasma cortisol can be blunted [ 83 ] or completely 
abolished [ 58 ] following burn trauma. Cortisol stimulates both gluconeogenesis and 
glycogenolysis in the liver, contributing to hyperglycemia post-burn. 

 Produced by the alpha cells of the pancreas, glucagon is a catabolic hormone that 
is normally secreted when circulating glucose is low. It stimulates glycogenolysis in 
the liver, promoting release of glucose into the circulation. Glucagon levels rise 
immediately post-burn [ 3 ,  11 ,  90 ] in proportion to the burn size [ 84 ]. The actions of 
glucagon further complicate the regulation of glycemia in burn patients. 

 The anabolic hormone insulin is produced by the beta cells in the islets of Langerhans 
of the pancreas in response to high circulating levels of glucose. Insulin stimulates the 
uptake of glucose into peripheral tissues and suppresses hepatic glucose output (glyco-
genolysis and gluconeogenesis) in order to regulate glycemia. If the periphery and the 
liver become insensitive to the actions of insulin, blood glucose remains high despite 
hyperinsulinemia, a state termed “insulin resistance.” Hyperinsulinemia and insulin 
resistance have been well-documented in burn patients [ 50 ,  103 ]. This is a major area 
of study; it has been suggested that the use of insulin-sensitizing agents might help 
alleviate the uncontrolled hyperglycemia in these patients. 

 Post-burn thyroid activity is not related to hypermetabolism [ 12 ,  17 ,  22 ]. In fact, 
both triiodothyronine (T3) and thyroxine (T4) are suppressed post-burn [ 13 ,  50 ].  

19.5     Hypermetabolism at the Organ Level 

19.5.1     The Liver and Post-burn Glucose Metabolism 

 The liver is a critical organ involved in the detoxifi cation and removal of pathogens 
from the body. In addition to this important role in xenobiotic management, it is also 
the primary site for glucose metabolism post-burn injury [ 49 ]. The liver is unique in 
that it is able to gauge the energy demands of the body and then respond accordingly 
to maintain glucose homeostasis. For example, during periods of stress, the liver 
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responds by activating glycogenolysis and gluconeogenesis, two metabolic path-
ways that generate glucose and ultimately elevate plasma glucose levels [ 49 ,  98 ]. 
This critical function of the liver to adequately sense and regulate glucose homeo-
stasis becomes impaired post-burn injury. Although burn patients become hypergly-
cemic, the liver continues to release large amounts of glucose at increased rates, 
even though there is impaired uptake of glucose in the peripheral tissues [ 49 ,  98 ]. 
Prolonged, uncontrolled hyperglycemia is detrimental and associated with adverse 
clinical outcomes post-burn injury [ 32 ]. In fact, a number of studies in burn patients 
have shown that hyperglycemia is associated with increased infections and sepsis, 
increased incidence of pneumonia, and most importantly, with an increased post-
burn risk of mortality [ 32 ,  41 ,  54 ]. During critical illness or injury, elevated levels 
of catecholamines promote adipose tissue lipolysis and the release of FFA into the 
portal circulation. FFA are taken up by the liver for energy production; however, if 
elevated circulating levels of FFA persist, the hepatic infl ux of FFA exceeds the 
liver’s ability to generate ATP through fatty acid oxidation, and the result is an accu-
mulation of stored lipid in the liver [ 49 ]. Hepatic steatosis has devastating implica-
tions for hepatic function. Indeed, postmortem studies of burn patients who died 
with multiorgan failure have revealed hepatic changes such as hepatomegaly, steato-
sis, necrosis, and apoptosis [ 49 ,  68 ].  

19.5.2     Skeletal Muscle and Post-burn Protein Metabolism 

 Skeletal muscle is the largest tissue in the body, accounting for 45 % of total body 
weight [ 97 ]. It is also responsible for more than 70 % of postprandial whole body 
glucose uptake [ 97 ]. Skeletal muscle is one of the tissues most affected by burn 
trauma. During periods of stress or injury, skeletal muscle protein is catabolized to 
release amino acids that are ultimately used for endogenous glucose production by the 
liver [ 66 ]. Muscle catabolism is further exacerbated by increased circulating pro-
infl ammatory cytokines in the critically ill and eventually leads to signifi cant losses in 
muscle mass [ 33 ]. It is believed that this loss of muscle mass results from both a 
decrease in protein synthesis and an increase in protein degradation [ 33 ]. Burn patients 
experience a 10–15 % loss in muscle mass, which has been linked to poor outcomes 
[ 48 ]. A number of studies have shown that signifi cant losses in muscle mass not only 
impair immediate healing from the injury, but also have long- term effects on func-
tional capacity even after the immediate injury has been resolved [ 29 ,  33 ,  66 ].  

19.5.3     Adipose Tissue and Browning 

 For many years, white adipose tissue (WAT) was considered as an inert organ whose 
only function was the storage of excess energy in the form of triglyceride. It is now 
known that WAT is a complex endocrine organ that secretes hormones termed 
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“adipokines” and participates in metabolic cross talk with skeletal muscle, liver, and 
the hypothalamus. Brown adipose tissue (BAT) is a thermogenic organ character-
ized by multilocular lipid droplets, expression of uncoupling protein-1 (UCP1), and 
a high density of mitochondria, which account for its brown color [ 18 ,  61 ] 
(Fig.  19.2 ). UCP1, a classical mitochondrial uncoupler, is upregulated in response 
to cold or high levels of circulating free fatty acids [ 18 ,  61 ]. UCP1 allows protons to 
return to the mitochondrial matrix, bypassing ATP synthase and effectively uncou-
pling oxidation of the electron transport chain from the phosphorylation of ADP. The 
energy that is wasted through this “proton leak” is dissipated as heat. For many 
years, it was believed that the BAT existed only in human infants and disappeared 
with age; however, BAT has recently been discovered in small pockets in human 
adults [ 24 ,  82 ,  86 ]. This discovery is of great interest in the fi eld of obesity, as it 
represents a mechanism of energy wasting that was previously thought to be impos-
sible in human adults [ 27 ,  39 ].

   Cold-induced activation of BAT is mediated by catecholamines that are released 
from the nerves that innervate BAT. Catecholamines also stimulate lipolysis, releas-
ing FFA from triglyceride, which further activates UCP1 [ 18 ,  27 ]. The thermogenic 
function of the BAT is necessary for maintenance of core body temperature in 
human infants, but not in adults. Rather, the function of BAT in adults has rather 
been associated with increased energy expenditure, as BAT correlates inversely 
with BMI [ 57 ,  85 ]. Two independent teams have developed a protocol to stimulate 
BAT in human adults to result in signifi cant weight loss [ 81 ,  102 ]. Research to iden-
tify effective and safe drugs to activate these pathways is underway [ 88 ]. 

 An intermediate form of adipose tissue has been recently identifi ed and termed 
“beige” or “brite” adipose tissue [ 30 ,  39 ]. Beige adipose tissue is multilocular like 
BAT and is rich in UCP1-expressing mitochondria, although to a lower degree than 
BAT (Fig.  19.2 ). WAT can be differentiated into beige adipose tissue in rodents, a 
process referred to as “beiging” or “browning” [ 10 ,  15 ]. While browning of WAT 
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  Fig. 19.2    Characteristics of the different classes of adipose tissue found in humans       
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and increased energy expenditure can be benefi ciary in obese or diabetic patients, 
browning of WAT has been associated with muscle wasting in cachectic patients, a 
situation in which increased energy expenditure is detrimental [ 64 ]. BAT in adult 
humans is localized around the neck area, whereas the largest depot in mice is 
interscapular (Fig.  19.3 ). It is the delocalized subcutaneous WAT that is capable of 
undergoing browning in humans or the defi ned inguinal WAT depot in mice.

   Recently, Yo et al. discovered that burn injury activates UCP1 in BAT and 
increases metabolic activity in rats [ 101 ]. Furthermore, blockade of BAT activity 
was suffi cient to prevent the burn-induced elevation of metabolic activity. This was 
a signifi cant fi nding, as it suggested for the fi rst time that the BAT plays a major role 
in the increased energy expenditure following thermal injury. In support of these 
fi ndings, two consecutive publications from the same group demonstrated that burn 
injury induces the browning of subcutaneous adipose tissue in mice and children 
[ 65 ,  75 ]. This remodeling of white adipocytes results in multilocularity, increased 
mitochondrial content, increased expression of UCP1, and increased uncoupling of 
oxidative phosphorylation, all characteristics of BAT. The browning process requires 
several days post-burn to become evident at the morphological level. UCP1 
expression is fi rst detected 9 days post-burn and increases until 31 days post-burn. 
This observation is of great importance as it provides an alternative treatment route 
for hypermetabolism. To date, however, the factors mediating this remodeling have 
not been identifi ed. The elevated catecholamines that typically follow burn and 

White adipose tissue

Beige/brite adipose tissue

Brown adipose tissue

  Fig. 19.3    A summary of the location of the different fat depots in rodents and humans       
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trauma have been implicated in mediating subcutaneous browning; however, this 
hypothesis has not yet been verifi ed (Fig.  19.4 ).

19.6         Multiorgan Failure 

 Although, failure of the metabolic tissues discussed earlier in burn and septic 
patients has received considerable attention in the context of clinical management 
and scientifi c research. It is now clear that several other organs like the brain, the 
kidneys, and the gut are adversely affected by the stress response to injury. 

19.6.1     The Brain 

 The brain is a critical organ that defi nes the internal and external response to stress 
of the body. It accomplishes this by activating the hypothalamic-pituitary-adrenal 
(HPA) axis, a key adaptive neuroendocrine system that is central to all responses to 
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stress post injury [ 63 ]. In fact, many of the hormonal mediators discussed earlier 
like cortisol and catecholamines are directly regulated by HPA. Depending on the 
level of activation (chronic vs. acute) of the HPA axis, it can facilitate a response 
that is either adaptive or damaging in regard to the injury [ 63 ]. Indeed, chronic acti-
vation of the HPA axis post injury has been implicated in the structural and func-
tional breakdown of the central nervous system [ 47 ,  73 ]. For instance, postmortem 
pathology of the brain of severe burn patients has revealed signifi cant hippocampus 
and prefrontal cortex atrophy, cerebral infarcts and hemorrhages, and metabolic 
encephalopathies [ 93 ]. These alterations in brain function and structure can have 
long-lasting adverse effects for these patients in terms of memory loss, anxiety, and 
anger issues, as well as learning defi cits.  

19.6.2     The Kidney 

 While the pathophysiology of burn injury leading to renal failure is not fully 
understood, it likely involves diminished renal blood fl ow and glomerular fi ltration 
rate. In addition, reductions in stress hormones such as angiotensin, aldosterone, 
and vasopressin post-burn injury have been implicated in the vasoconstriction of 
renal arteries and further reductions in renal blood supply [ 2 ]. Collectively, these 
hormonal and systemic responses to stress result in oliguria, which if not resolved 
swiftly manifests into acute tubular necrosis and renal failure [ 45 ]. Failure to resolve 
and restore adequate blood fl ow to the kidneys and the resultant renal failure has 
dire consequences for patient outcome and recovery. In fact, studies have shown 
that severely burned adults have an 88 % mortality rate upon the development of 
renal failure [ 45 ,  60 ,  95 ]. Fortunately renal failure can be managed successfully 
with dialysis until function returns, but the latter is usually linked to the recovery of 
other organs, especially the liver.  

19.6.3     The Gut 

 The stress response to injury has also been associated with the onset and exacerbation 
of a number of gastrointestinal disorders like gastroesophageal refl ux disease, 
infl ammatory bowel disease, and peptic ulcers. The hormonal context that ensues 
following the stress response to injuries like burns and sepsis has been associated 
with altering the amicable relationship between hosts and their bacterial microenvi-
ronment. Accordingly, studies in burn patients have shown mucosal atrophy, malab-
sorption, and increased intestinal permeability [ 69 ,  72 ,  100 ]. These changes in gut 
permeability have dire consequences for patient outcome as it facilitates bacterial 
translocation and ultimately sepsis [ 26 ]. It is therefore important to further study the 
fundamental changes in the gut, induced by stress, in order to fi nd therapeutic inter-
ventions to restore correct GI integrity and function.   
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19.7     Therapeutic Strategies to Curtail the Hypermetabolic 
Response 

 It is important to note that the adverse alterations in metabolism and the mechanisms 
underlying the development of persistent hypermetabolism that occurs post-burn 
injury are still not completely understood; however, progress has been made in the 
development of therapeutic strategies to curtail the adverse events associated with this 
response. Two types of therapeutic interventions, nutritional support and pharmaco-
therapy, are used to attempt to modulate hypermetabolism (Tables  19.1  and  19.2 ). It is 
believed that the increased energy and nutritional requirements post- burn injury can be 
met by nutritional provision. It is also believed that hormone repletion and drug ther-
apy can restrict catabolism of vital tissues and promote an anabolic state. In both cases, 
the net goal is to halt catabolism, normalize glycemia, and improve patient outcome.

19.8         Nutritional Support 

 Due to the metabolic response to injury, most burn and critically ill patients present 
with complex nutritional needs and require intensive nutritional support. The aim of 
nutritional provision in burn patients in particular has been to normalize resting 
energy expenditure, improve lean body mass, and promote successful wound repair 
[ 1 ]. Despite the widespread agreement of the use of nutritional support in critically 

   Table 19.1    Nutritional recommendations for burn patients  

 Nutrient  Recommendation 

 Carbohydrate  5–7 mg/kg/min 
 Protein  1.5–2 g/kg/day 
 Lipids  <20 % of nonprotein calories 

  Nutritional recommendations based on guidelines from the Ross Tilley Burn Center, American 
Burn Association, American Society for Parenteral and Enteral Nutrition, and European Society 
for Clinical Nutrition and Metabolism  

    Table 19.2    Common anabolic agents used in burns   

 Nutrient  Target tissue  Effect 

 Insulin  Liver  Decreases proteolysis 
 Muscle tissue  Improves lean body mass 
 Fat tissue  Decreases fat oxidation 

 Insulin-like growth factor 1  Muscle tissue  Improves lean body mass 
 Decreases proteolysis 

 Propranolol  Fat tissue  Decreases fat oxidation 
 Promotes glucose homeostasis 

  Commonly used and prescribed anabolic agents utilized in the care of burn patients to modulate 
the hypermetabolic response  
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ill patients, there still remains a lack of consensus as to what this nutritional support 
should encompass [ 79 ]. The only recommendations that have been put forth are by 
the American and the European parenteral enteral nutrition societies [ 56 ,  71 ]. In line 
with these recommendations, we at the Ross Tilley Burn Center recommend the use 
of high carbohydrate/high glucose, high protein/amino acid intake in the clinical 
management of hypermetabolism (Table  19.1 ) [ 38 ]. We are also of the opinion that 
the most physiological method of administering nutritional support is enteral nutri-
tion (EN) as opposed to parenteral nutrition. This is due to the countless studies and 
trials that have shown that EN has benefi cial effects on the patient’s immunocompe-
tence as well as on intestinal integrity and gut-associated immune activity [ 4 ,  59 ,  87 ]. 

 The rationale for high carbohydrate provision in burn patients is not only to 
improve wound healing, but also to halt further defi cits in lean body mass by sparing 
protein stores. It is important to note that substrate utilization patterns differ 
markedly from patient to patient depending on the type, the severity, and the dura-
tion of injury. Additionally, there seems to be a maximum rate of glucose that can 
be absorbed and oxidized in most critically ill patients. In burn patients, the mini-
mum baseline adult carbohydrate requirement is 2 g/kg/day, and the maximum rate 
at which glucose can be absorbed in severely burned patients is 7 g/kg/day [ 16 ,  38 , 
 48 ,  67 ,  74 ]. It is important to keep in mind that over-provision of nutrients is just as 
devastating as under-provision in these critically ill patients; thus, for burn patients, 
we suggest the delivery of carbohydrate support in the amount of 55–60 % of total 
energy intake without surpassing 5 mg/kg/min in adults and children, which corre-
sponds to 7 g/kg/day in adult patients [ 70 ,  87 ]. 

 Since signifi cant losses in lean body mass are hallmarks of burn and critical illness, 
protein and amino acid supplementation have been suggested to remedy such losses. In 
fact, it has been reported that burn patients can lose up to 150 g/day or one-half pound 
of lean muscle tissue post injury [ 33 ,  66 ,  89 ]. The recommended protein intake for 
healthy individuals is estimated to be 0.8–1 g/kg/day [ 38 ,  70 ]. Given that burn patients 
oxidize proteins at rates greater than 50 % than their healthier counterparts [ 48 ,  76 ], it 
is recommended that protein intake be 1.5–2 g/kg/day in burned adults and 2.5–4.0 g/
kg/day in burned children [ 38 ,  56 ,  71 ]. Again, it is important to stress that with all rec-
ommendations, the protein needs will vary from individual to individual and will 
depend on the nature and severity of the injury. Aside from total protein supplementa-
tion, many clinical trials have examined the impact of supplementation of specifi c 
amino acids, such as glutamine, as part of EN therapy in critically ill patients [ 92 ]. 
These glutamine supplementation trials have shown benefi ts with regard to wound 
healing, muscle loss, and infection, thereby reducing length of ICU stay [ 28 ,  94 ].  

19.9     Pharmacotherapy 

 The increased metabolic demands and catabolism that ensue after trauma or burn 
injury are not always met by a simple increase in energy intake. Successful 
management of hypermetabolism requires the repletion of hormones that can only 
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be met through pharmacological approaches. Due to their known anti-catabolic 
effects, three pharmacological agents (insulin, metformin, and propranolol) have 
received considerable attention in the management of injury-induced hypermetabo-
lism (Table  19.2 ) [ 1 ]. In essence, it is believed that the action of these agents in 
concert can cease catabolism by putting the brakes on lipolysis, glycogenolysis, and 
gluconeogenesis.  

19.10     Insulin 

 Insulin is perhaps the most studied and recognized anabolic hormone for its effects 
on ameliorating protein breakdown and normalizing plasma glucose levels in criti-
cally ill patients. In fact, it is the loss of the actions of insulin, in particular the devel-
opment of insulin resistance, that is the main culprit of the series of pathological 
alterations and the consequent hypermetabolic state that occurs in response to injury. 
As such, intensive insulin therapy in burn patients has been shown to lower infection 
rates and improves survival [ 41 ]. A number of other clinical trials have also con-
fi rmed these fi ndings, in which intensive insulin therapy in burn patients was associ-
ated with a reduced incidence of pneumonia, ventilator-associated pneumonia, and 
urinary tract infection [ 41 ,  52 ,  80 ]. Although insulin may have some anabolic effects, 
it is also a double-edged sword in that it becomes detrimental when it causes an 
episode of hypoglycemia [ 5 ]. It is therefore imperative to fi nd another agent that can 
achieve glucose control without the adverse effects of hypoglycemia.  

19.11     Metformin 

 Metformin is a commonly prescribed antidiabetic drug from the biguanide class of 
oral hypoglycemic agents and has been shown to have several benefi cial effects on 
human metabolism [ 36 ,  77 ]. Metformin’s main action is to normalize glycemia by 
decreasing hepatic glucose production and improving insulin sensitivity in the 
periphery, promoting glucose uptake and utilization in skeletal muscle and adipose 
tissue [ 77 ]. Interestingly, metformin has also gained recent recognition for its effects 
on slowing down aging and increasing life span [ 55 ]. Most of what is known about 
metformin has been revealed through studies in diabetic patients. As such, there is 
little information regarding the use of metformin in severely burned patients. Given 
the issues surrounding insulin and the alarming rate of hypoglycemia in critically ill 
patients [ 5 ], metformin is currently being investigated as a safe alternative means to 
correct hyperglycemia in these patients. In fact, a few studies have already shown 
promising evidence that metformin improves lean body mass and attenuates muscle 
catabolism in severely burned patients [ 34 ,  36 ,  37 ]; however, the appropriate dose, 
timing, mechanism of action, and clinical settings for the use of metformin in place 
of insulin are largely unknown.  
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19.12     Propranolol 

 Recently, the unspecifi c beta-blocker propranolol has been shown to be effective in 
improving hypermetabolism in burned pediatric patients, which supports the notion 
that catecholamines mediate burn-induced browning and lipolysis of the subcutane-
ous fat; however, IL6 and lactate are also known inducers of browning whose con-
centrations are elevated post-burn, and these factors could also stimulate the 
remodeling of WAT post-burn [ 19 ,  64 ]. The benefi cial effects of propranolol on 
reducing muscle wasting, increasing lean body mass, and preventing hepatic steato-
sis post-burn injury are well characterized [ 7 ,  35 ,  42 ]. Unfortunately, WAT brown-
ing is a mechanism that has only been described recently, and there is little 
information available describing the effects of propranolol on WAT browning. In 
the context of cachexia, Petruzzeli et al. showed that beta-adrenergic signaling 
blockade interfered with cancer-induced WAT browning [ 19 ]; however, although 
plausible, it is uncertain whether this holds true in burned patients. In summary, 
more work will be necessary to determine the effects of propranolol and other beta- 
blockers on WAT browning. 

 As a result of the complexity of the metabolic response, a number of these 
therapeutic strategies have failed when used exclusively as a strategy to curtail this 
adverse metabolic response. Instead, success has occurred when these distinct 
therapeutic strategies (nutritional support and pharmacotherapy) have been com-
bined in the clinical management of hypermetabolism [ 1 ]. Furthermore, new prom-
ising therapeutic agents are being tested such as the anabolic steroid analogue 
oxandrolone that is believed to attenuate muscle wasting, as well as the glucagon- 
like peptide that aims to target post-burn hyperglycemia.  

19.13     Conclusion 

 The primary aim of this chapter was to acquire knowledge concerning the meta-
bolic, endocrine, infl ammatory, and hormonal stress responses in the context of 
burn injury. It must be kept in mind that this response is not a uniform response 
across the organs, but regulated by a number of mediators with many interlaced 
parts that often work together in a nonlinear fashion. It is encouraging, however, 
that this complex hypermetabolic response to injury is gradually becoming better 
understood and studied at the microscopic level. With a better understanding of the 
mediators of persistent hypermetabolism, healthcare providers may stand a chance 
at curtailing the adverse effects of this response on patient outcome. Despite the 
diffi culties in selecting the appropriate therapy for each patient, nutrition and phar-
macotherapy have become the most popular and widely used in the care of burn 
patients. Ideally, comprehensive-based therapeutic approaches that utilize both 
avenues of therapy offer the best chance of success in curbing this hypermetabolic 
response.     

19 Hypermetabolic Response to Burn Injury



240

   References 

      1.    Abdullahi A, Jeschke MG (2014) Nutrition and anabolic pharmacotherapies in the care of 
burn patients. Nutr Clin Pract 29(5):621–630  

    2.    Aikawa N, Wakabayashi G, Ueda M, Shinozawa Y (1990) Regulation of renal function in 
thermal injury. J Trauma 30(12 Suppl):S174–S178  

    3.    Alberti KG, Batstone GF, Foster KJ, Johnston DG (1980) Relative role of various hormones 
in mediating the metabolic response to injury. JPEN J Parenter Enteral Nutr 4(2):141–146  

    4.    Alverdy J, Chi HS, Sheldon GF (1985) The effect of parenteral nutrition on gastrointestinal 
immunity. The importance of enteral stimulation. Ann Surg 202(6):681–684  

     5.    Arabi YM, Tamim HM, Rishu AH (2009) Hypoglycemia with intensive insulin therapy in 
critically ill patients: predisposing factors and association with mortality. Crit Care Med 
37(9):2536–2544. doi:  10.1097/CCM.0b013e3181a381ad      

     6.   Association AB (2012) Burn Incidence and Treatment in the United States.   http://www.amer-
iburn.org/resources_factsheet.php      

    7.    Baron PW, Barrow RE, Pierre EJ, Herndon DN (1997) Prolonged use of propranolol safely 
decreases cardiac work in burned children. J Burn Care Rehabil 18(3):223–227  

    8.    Barret JP, Jeschke MG, Herndon DN (2001) Fatty infi ltration of the liver in severely burned 
pediatric patients: autopsy fi ndings and clinical implications. J Trauma 51(4):736–739  

    9.    Barrow RE, Mlcak R, Barrow LN, Hawkins HK (2004) Increased liver weights in severely 
burned children: comparison of ultrasound and autopsy measurements. Burns 30(6):565–
568. doi:  10.1016/j.burns.2004.01.027      

    10.    Bartelt A, Heeren J (2014) Adipose tissue browning and metabolic health. Nat Rev Endocrinol 
10(1):24–36. doi:  10.1038/nrendo.2013.204      

    11.    Batstone GF, Hinks L, Whitefoot R, Bloom S, Laing JE (1976) Proceedings: hormonal 
changes after thermal injury. J Endocrinol 68(3):38P–39P  

     12.    Becker RA, Vaughan GM, Goodwin CW Jr, Ziegler MG, Harrison TS, Mason AD Jr, Pruitt 
BA (1980) Plasma norepinephrine, epinephrine, and thyroid hormone interactions in severely 
burned patients. Arch Surg 115(4):439–443  

    13.    Becker RA, Vaughan GM, Ziegler MG, Seraile LG, Goldfarb IW, Mansour EH, McManus 
WF, Pruitt BA Jr, Mason AD Jr (1982) Hypermetabolic low triiodothyronine syndrome of 
burn injury. Crit Care Med 10(12):870–875  

     14.    Birke G, Duner H, Liljedahl SO, Pernow B, Plantin LO, Troell L (1958) Histamine, catechol-
amines and adrenocortical steroids in burns. Acta Chir Scand 114(2):87–98  

    15.    Bonet ML, Oliver P, Palou A (2013) Pharmacological and nutritional agents promoting 
browning of white adipose tissue. Biochim Biophys Acta 1831(5):969–985. doi:  10.1016/j.
bbalip.2012.12.002      

    16.    Burke JF, Wolfe RR, Mullany CJ, Mathews DE, Bier DM (1979) Glucose requirements fol-
lowing burn injury. Parameters of optimal glucose infusion and possible hepatic and respira-
tory abnormalities following excessive glucose intake. Ann Surg 190(3):274–285  

    17.    Caldwell FT Jr (1960) The role of the thyroid gland in the production of the hypermetabolic 
state occurring in rats with full-thickness burns. Endocrinology 67:363–367. doi:  10.1210/
endo-67-3-363      

      18.    Cannon B, Nedergaard J (2004) Brown adipose tissue: function and physiological signifi -
cance. Physiol Rev 84(1):277–359. doi:  10.1152/physrev.00015.2003      

     19.    Carriere A, Jeanson Y, Berger-Muller S, Andre M, Chenouard V, Arnaud E, Barreau C, 
Walther R, Galinier A, Wdziekonski B, Villageois P, Louche K, Collas P, Moro C, Dani C, 
Villarroya F, Casteilla L (2014) Browning of white adipose cells by intermediate metabolites: 
an adaptive mechanism to alleviate redox pressure. Diabetes 63(10):3253–3265. doi:  10.2337/
db13-1885      

    20.    Clouatre E, Gomez M, Banfi eld JM, Jeschke MG (2013) Work-related burn injuries in 
Ontario, Canada: a follow-up 10-year retrospective study. Burns 39(6):1091–1095. 
doi:  10.1016/j.burns.2012.12.020      

A. Abdullahi et al.

http://dx.doi.org/10.1097/CCM.0b013e3181a381ad
http://www.ameriburn.org/resources_factsheet.php
http://www.ameriburn.org/resources_factsheet.php
http://dx.doi.org/10.1016/j.burns.2004.01.027
http://dx.doi.org/10.1038/nrendo.2013.204
http://dx.doi.org/10.1016/j.bbalip.2012.12.002
http://dx.doi.org/10.1016/j.bbalip.2012.12.002
http://dx.doi.org/10.1210/endo-67-3-363
http://dx.doi.org/10.1210/endo-67-3-363
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.2337/db13-1885
http://dx.doi.org/10.2337/db13-1885
http://dx.doi.org/10.1016/j.burns.2012.12.020


241

    21.    Clouatre E, Pinto R, Banfi eld J, Jeschke MG (2013) Incidence of hot tap water scalds after 
the introduction of regulations in Ontario. J Burn Care Res 34(2):243–248. doi:  10.1097/
BCR.0b013e3182789057      

    22.    Cope O, Nardi GL, Quijano M, Rovit RL, Stanbury JB, Wight A (1953) Metabolic rate and 
thyroid function following acute thermal trauma in man. Ann Surg 137(2):165–174  

    23.    Cori GT, Illingworth B (1956) The effect of epinephrine and other glycogenolytic agents on 
the phosphorylase A content of muscle. Biochim Biophys Acta 21(1):105–110  

    24.    Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfi ne AB, Kuo FC, Palmer EL, 
Tseng YH, Doria A, Kolodny GM, Kahn CR (2009) Identifi cation and importance of brown 
adipose tissue in adult humans. N Engl J Med 360(15):1509–1517. doi:  10.1056/
NEJMoa0810780      

    25.    Dolecek R (1985) The endocrine response after burns: its possible correlations with the 
immunology of burns. J Burn Care Rehabil 6(3):281–294  

    26.    Earley ZM, Akhtar S, Green SJ, Naqib A, Khan O, Cannon AR, Hammer AM, Morris NL, Li 
X, Eberhardt JM, Gamelli RL, Kennedy RH, Choudhry MA (2015) Burn injury alters the 
intestinal microbiome and increases gut permeability and bacterial translocation. PLoS One 
10(7):e0129996. doi:  10.1371/journal.pone.0129996      

     27.    Fedorenko A, Lishko PV, Kirichok Y (2012) Mechanism of fatty-acid-dependent UCP1 
uncoupling in brown fat mitochondria. Cell 151(2):400–413. doi:  10.1016/j.cell.2012.09.010      

    28.    Garrel D, Patenaude J, Nedelec B, Samson L, Dorais J, Champoux J, D'Elia M, Bernier 
J (2003) Decreased mortality and infectious morbidity in adult burn patients given enteral 
glutamine supplements: a prospective, controlled, randomized clinical trial. Crit Care Med 
31(10):2444–2449. doi:  10.1097/01.CCM.0000084848.63691.1E      

    29.    Gauglitz GG, Herndon DN, Kulp GA, Meyer WJ 3rd, Jeschke MG (2009) Abnormal insulin 
sensitivity persists up to three years in pediatric patients post-burn. J Clin Endocrinol Metab 
94(5):1656–1664. doi:  10.1210/jc.2008-1947      

    30.    Giralt M, Villarroya F (2013) White, brown, beige/brite: different adipose cells for different 
functions? Endocrinology 154(9):2992–3000. doi:  10.1210/en.2013-1403      

    31.    Goodall M, Stone C, Haynes BW Jr (1957) Urinary output of adrenaline and noradrenaline 
in severe thermal burns. Ann Surg 145(4):479–487  

     32.    Gore DC, Chinkes D, Heggers J, Herndon DN, Wolf SE, Desai M (2001) Association of 
hyperglycemia with increased mortality after severe burn injury. J Trauma 51(3):
540–544  

       33.    Gore DC, Chinkes DL, Hart DW, Wolf SE, Herndon DN, Sanford AP (2002) Hyperglycemia 
exacerbates muscle protein catabolism in burn-injured patients. Crit Care Med 30(11):2438–
2442. doi:  10.1097/01.CCM.0000034728.52842.EB      

    34.    Gore DC, Herndon DN, Wolfe RR (2005) Comparison of peripheral metabolic effects of 
insulin and metformin following severe burn injury. J Trauma 59(2):316–322; discussion 
322–323  

    35.    Gore DC, Honeycutt D, Jahoor F, Barrow RE, Wolfe RR, Herndon DN (1991) Propranolol 
diminishes extremity blood fl ow in burned patients. Ann Surg 213(6):568–573; discussion 
573–574  

     36.    Gore DC, Wolf SE, Herndon DN, Wolfe RR (2003) Metformin blunts stress-induced hypergly-
cemia after thermal injury. J Trauma 54(3):555–561. doi:  10.1097/01.TA.0000026990.32856.58      

    37.    Gore DC, Wolf SE, Sanford A, Herndon DN, Wolfe RR (2005) Infl uence of metformin on 
glucose intolerance and muscle catabolism following severe burn injury. Ann Surg 
241(2):334–342  

       38.    Hall KL, Shahrokhi S, Jeschke MG (2012) Enteral nutrition support in burn care: a review of 
current recommendations as instituted in the Ross Tilley Burn Centre. Nutrients 4(11):1554–
1565. doi:  10.3390/nu4111554      

     39.    Harms M, Seale P (2013) Brown and beige fat: development, function and therapeutic poten-
tial. Nat Med 19(10):1252–1263. doi:  10.1038/nm.3361      

    40.    Harrison TS, Seaton JF, Feller I (1967) Relationship of increased oxygen consumption to 
catecholamine excretion in thermal burns. Ann Surg 165(2):169–172  

19 Hypermetabolic Response to Burn Injury

http://dx.doi.org/10.1097/BCR.0b013e3182789057
http://dx.doi.org/10.1097/BCR.0b013e3182789057
http://dx.doi.org/10.1056/NEJMoa0810780
http://dx.doi.org/10.1056/NEJMoa0810780
http://dx.doi.org/10.1371/journal.pone.0129996
http://dx.doi.org/10.1016/j.cell.2012.09.010
http://dx.doi.org/10.1097/01.CCM.0000084848.63691.1E
http://dx.doi.org/10.1210/jc.2008-1947
http://dx.doi.org/10.1210/en.2013-1403
http://dx.doi.org/10.1097/01.CCM.0000034728.52842.EB
http://dx.doi.org/10.1097/01.TA.0000026990.32856.58
http://dx.doi.org/10.3390/nu4111554
http://dx.doi.org/10.1038/nm.3361


242

      41.    Hemmila MR, Taddonio MA, Arbabi S, Maggio PM, Wahl WL (2008) Intensive insulin ther-
apy is associated with reduced infectious complications in burn patients. Surgery 144(4):629–
635. doi:  10.1016/j.surg.2008.07.001    ; discussion 635–637  

    42.    Herndon DN, Hart DW, Wolf SE, Chinkes DL, Wolfe RR (2001) Reversal of catabolism by beta-
blockade after severe burns. N Engl J Med 345(17):1223–1229. doi:  10.1056/NEJMoa010342      

    43.    Herndon DN, Tompkins RG (2004) Support of the metabolic response to burn injury. Lancet 
363(9424):1895–1902. doi:  10.1016/S0140-6736(04)16360-5      

    44.    Hess ME, Haugaard N (1958) The effect of epinephrine and aminophylline on the phos-
phorylase activity of perfused contracting heart muscle. J Pharmacol Exp Ther 
122(2):169–175  

     45.    Holm C, Horbrand F, von Donnersmarck GH, Muhlbauer W (1999) Acute renal failure in 
severely burned patients. Burns 25(2):171–178  

    46.   Hyder A, Kashyap K, Fishman S, Wali S (2004) Review of Childhood Burn Injuries in Sub-
Saharan Africa: A Forgotten Public Health Challenge. African Safety Promotion Vol 
2:43–58.  

    47.    Isao T, Masaki F, Riko N, Seiichi H (2005) Delayed brain atrophy after electrical injury. 
J Burn Care Rehabil 26(5):456–458  

          48.    Jeschke MG, Kamolz LP, Sjoberg F, Wolf SE (2012) Handbook of burns, vol 1. Springer, 
Wien/New York  

        49.    Jeschke MG (2009) The hepatic response to thermal injury: is the liver important for postburn 
outcomes? Mol Med 15(9–10):337–351. doi:  10.2119/molmed.2009.00005      

      50.    Jeschke MG, Chinkes DL, Finnerty CC, Kulp G, Suman OE, Norbury WB, Branski LK, 
Gauglitz GG, Mlcak RP, Herndon DN (2008) Pathophysiologic response to severe burn 
injury. Ann Surg 248(3):387–401. doi:  10.1097/SLA.0b013e3181856241      

      51.    Jeschke MG, Gauglitz GG, Finnerty CC, Kraft R, Mlcak RP, Herndon DN (2013) Survivors 
versus nonsurvivors postburn: differences in infl ammatory and hypermetabolic trajectories. 
Ann Surg. doi:  10.1097/SLA.0b013e31828dfbf1      

    52.    Jeschke MG, Kulp GA, Kraft R, Finnerty CC, Mlcak R, Lee JO, Herndon DN (2010) 
Intensive insulin therapy in severely burned pediatric patients: a prospective randomized trial. 
Am J Respir Crit Care Med 182(3):351–359. doi:  10.1164/rccm.201002-0190OC      

     53.    Jeschke MG, Mlcak RP, Finnerty CC, Norbury WB, Gauglitz GG, Kulp GA, Herndon DN 
(2007) Burn size determines the infl ammatory and hypermetabolic response. Crit Care 
11(4):R90. doi:  10.1186/cc6102      

    54.    Kraft R, Herndon DN, Mlcak RP, Finnerty CC, Cox RA, Williams FN, Jeschke MG (2013) 
Bacterial respiratory tract infections are promoted by systemic hyperglycemia after severe 
burn injury in pediatric patients. Burns. doi:  10.1016/j.burns.2013.07.007      

    55.    Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL, Scheibye-Knudsen 
M, Gomes AP, Ward TM, Minor RK, Blouin MJ, Schwab M, Pollak M, Zhang Y, Yu Y, 
Becker KG, Bohr VA, Ingram DK, Sinclair DA, Wolf NS, Spindler SR, Bernier M, de Cabo 
R (2013) Metformin improves healthspan and lifespan in mice. Nat Commun 4:2192. 
doi:  10.1038/ncomms3192      

     56.    Martindale RG, McClave SA, Vanek VW, McCarthy M, Roberts P, Taylor B, Ochoa JB, 
Napolitano L, Cresci G, American College of Critical Care Medicine; A.S.P.E.N. Board of 
Directors (2009) Guidelines for the provision and assessment of nutrition support therapy in 
the adult critically ill patient: Society of Critical Care Medicine and American Society for 
Parenteral and Enteral Nutrition: executive summary. Crit Care Med 37(5):1757–1761. 
doi:  10.1097/CCM.0b013e3181a40116      

    57.    Matsushita M, Yoneshiro T, Aita S, Kameya T, Sugie H, Saito M (2014) Impact of brown 
adipose tissue on body fatness and glucose metabolism in healthy humans. Int J Obes (Lond) 
38(6):812–817. doi:  10.1038/ijo.2013.206      

    58.    Molteni A, Warpeha RL, Brizio-Molteni L, Albertson DF, Kaurs R (1979) Circadian rhythms 
of serum aldosterone, cortisol and plasma renin activity in burn injuries. Ann Clin Lab Sci 
9(6):518–523  

    59.    Moore EE, Jones TN (1986) Benefi ts of immediate jejunostomy feeding after major abdomi-
nal trauma – a prospective, randomized study. J Trauma 26(10):874–881  

A. Abdullahi et al.

http://dx.doi.org/10.1016/j.surg.2008.07.001
http://dx.doi.org/10.1056/NEJMoa010342
http://dx.doi.org/10.1016/S0140-6736(04)16360-5
http://dx.doi.org/10.2119/molmed.2009.00005
http://dx.doi.org/10.1097/SLA.0b013e3181856241
http://dx.doi.org/10.1097/SLA.0b013e31828dfbf1
http://dx.doi.org/10.1164/rccm.201002-0190OC
http://dx.doi.org/10.1186/cc6102
http://dx.doi.org/10.1016/j.burns.2013.07.007
http://dx.doi.org/10.1038/ncomms3192
http://dx.doi.org/10.1097/CCM.0b013e3181a40116
http://dx.doi.org/10.1038/ijo.2013.206


243

    60.    Mustonen KM, Vuola J (2008) Acute renal failure in intensive care burn patients (ARF in 
burn patients). J Burn Care Res 29(1):227–237. doi:  10.1097/BCR.0b013e31815f3196      

     61.    Oelkrug R, Polymeropoulos ET, Jastroch M (2015) Brown adipose tissue: physiological 
function and evolutionary signifi cance. J Comp Physiol B 185(6):587–606. doi:  10.1007/
s00360-015-0907-7      

     62.   Organization, W. H. (2012). Burns.   http://www.who.int/mediacentre/factsheets/fs365/en/      
     63.    Palmieri TL, Levine S, Schonfeld-Warden N, O’Mara MS, Greenhalgh DG (2006) 

Hypothalamic-pituitary-adrenal axis response to sustained stress after major burn injury in 
children. J Burn Care Res 27(5):742–748. doi:  10.1097/01.BCR.0000238098.43888.07      

     64.    Petruzzelli M, Schweiger M, Schreiber R, Campos-Olivas R, Tsoli M, Allen J, Swarbrick M, 
Rose-John S, Rincon M, Robertson G, Zechner R, Wagner EF (2014) A switch from white to 
brown fat increases energy expenditure in cancer-associated cachexia. Cell Metab 20(3):433–
447. doi:  10.1016/j.cmet.2014.06.011      

    65.    Porter C, Herndon DN, Bhattarai N, Ogunbileje JO, Szczesny B, Szabo C, Toliver-Kinsky T, 
Sidossis LS (2015) Severe burn injury induces thermogenically functional mitochondria in 
murine white adipose tissue. Shock 44(3):258–264. doi:  10.1097/SHK.0000000000000410      

      66.    Porter C, Herndon DN, Sidossis LS, Borsheim E (2013) The impact of severe burns on skel-
etal muscle mitochondrial function. Burns 39(6):1039–1047. doi:  10.1016/j.burns.2013.03.018      

    67.    Prelack K, Dylewski M, Sheridan RL (2007) Practical guidelines for nutritional management 
of burn injury and recovery. Burns 33(1):14–24. doi:  10.1016/j.burns.2006.06.014      

    68.    Price LA, Thombs B, Chen CL, Milner SM (2007) Liver disease in burn injury: evidence 
from a national sample of 31,338 adult patients. J Burns Wounds 7:e1  

    69.    Ramzy PI, Wolf SE, Irtun O, Hart DW, Thompson JC, Herndon DN (2000) Gut epithelial 
apoptosis after severe burn: effects of gut hypoperfusion. J Am Coll Surg 190(3):281–287  

     70.    Rodriguez NA, Jeschke MG, Williams FN, Kamolz LP, Herndon DN (2011) Nutrition in 
burns: Galveston contributions. JPEN J Parenter Enteral Nutr 35(6):704–714. 
doi:  10.1177/0148607111417446      

     71.    Rousseau AF, Losser MR, Ichai C, Berger MM (2013) ESPEN endorsed recommendations: 
nutritional therapy in major burns. Clin Nutr 32(4):497–502. doi:  10.1016/j.clnu.2013.02.012      

    72.    Ryan CM, Yarmush ML, Burke JF, Tompkins RG (1992) Increased gut permeability early 
after burns correlates with the extent of burn injury. Crit Care Med 20(11):1508–1512  

    73.    Scholz T, Rippmann V, Wojtecki L, Perbix W, Rothschild MA, Spilker G (2006) Severe brain 
damage by current fl ow after electrical burn injury. J Burn Care Res 27(6):917–922. 
doi:  10.1097/01.BCR.0000245646.80680.26      

    74.    Sheridan RL, Yu YM, Prelack K, Young VR, Burke JF, Tompkins RG (1998) Maximal paren-
teral glucose oxidation in hypermetabolic young children: a stable isotope study. JPEN 
J Parenter Enteral Nutr 22(4):212–216  

    75.    Sidossis LS, Porter C, Saraf MK, Borsheim E, Radhakrishnan RS, Chao T, Ali A, 
Chondronikola M, Mlcak R, Finnerty CC, Hawkins HK, Toliver-Kinsky T, Herndon DN 
(2015) Browning of subcutaneous white adipose tissue in humans after severe adrenergic 
stress. Cell Metab 22(2):219–227. doi:  10.1016/j.cmet.2015.06.022      

    76.    Stinnett JD, Alexander JW, Watanabe C, MacMillan BG, Fischer JE, Morris MJ, Trocki O, 
Miskell P, Edwards L, James H (1982) Plasma and skeletal muscle amino acids following 
severe burn injury in patients and experimental animals. Ann Surg 195(1):75–89  

     77.    Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE (1995) Metabolic effects of met-
formin in non-insulin-dependent diabetes mellitus. N Engl J Med 333(9):550–554. 
doi:  10.1056/NEJM199508313330903      

    78.    Sutherland EW, Cori CF (1951) Effect of hyperglycemic-glycogenolytic factor and epineph-
rine on liver phosphorylase. J Biol Chem 188(2):531–543  

    79.    Todd SR, Kozar RA, Moore FA (2006) Nutrition support in adult trauma patients. Nutr Clin 
Pract 21(5):421–429  

    80.    Van den Berghe G, Wouters PJ, Bouillon R, Weekers F, Verwaest C, Schetz M, Vlasselaers D, 
Ferdinande P, Lauwers P (2003) Outcome benefi t of intensive insulin therapy in the critically 
ill: Insulin dose versus glycemic control. Crit Care Med 31(2):359–366. doi:  10.1097/01.
CCM.0000045568.12881.10      

19 Hypermetabolic Response to Burn Injury

http://dx.doi.org/10.1097/BCR.0b013e31815f3196
http://dx.doi.org/10.1007/s00360-015-0907-7
http://dx.doi.org/10.1007/s00360-015-0907-7
http://www.who.int/mediacentre/factsheets/fs365/en/
http://dx.doi.org/10.1097/01.BCR.0000238098.43888.07
http://dx.doi.org/10.1016/j.cmet.2014.06.011
http://dx.doi.org/10.1097/SHK.0000000000000410
http://dx.doi.org/10.1016/j.burns.2013.03.018
http://dx.doi.org/10.1016/j.burns.2006.06.014
http://dx.doi.org/10.1177/0148607111417446
http://dx.doi.org/10.1016/j.clnu.2013.02.012
http://dx.doi.org/10.1097/01.BCR.0000245646.80680.26
http://dx.doi.org/10.1016/j.cmet.2015.06.022
http://dx.doi.org/10.1056/NEJM199508313330903
http://dx.doi.org/10.1097/01.CCM.0000045568.12881.10
http://dx.doi.org/10.1097/01.CCM.0000045568.12881.10


244

    81.    van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG, Vosselman MJ, Hansen J, 
Jörgensen JA, Wu J, Mottaghy FM, Schrauwen P, van Marken Lichtenbelt WD (2013) Cold 
acclimation recruits human brown fat and increases nonshivering thermogenesis. J Clin 
Invest 123(8):3395–3403. doi:  10.1172/JCI68993      

    82.    van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM, Kemerink 
GJ, Bouvy ND, Schrauwen P, Teule GJ (2009) Cold-activated brown adipose tissue in healthy 
men. N Engl J Med 360(15):1500–1508. doi:  10.1056/NEJMoa0808718      

      83.    Vaughan GM, Becker RA, Allen JP, Goodwin CW Jr, Pruitt BA Jr, Mason AD Jr (1982) 
Cortisol and corticotrophin in burned patients. J Trauma 22(4):263–273  

    84.    Vaughan GM, Becker RA, Unger RH, Ziegler MG, Siler-Khodr TM, Pruitt BA Jr, Mason AD 
Jr (1985) Nonthyroidal control of metabolism after burn injury: possible role of glucagon. 
Metabolism 34(7):637–641  

    85.    Vijgen GH, Bouvy ND, Teule GJ, Brans B, Schrauwen P, van Marken Lichtenbelt WD (2011) 
Brown adipose tissue in morbidly obese subjects. PLoS One 6(2):e17247. doi:  10.1371/
journal.pone.0017247      

    86.    Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, Taittonen M, Laine J, 
Savisto NJ, Enerbäck S, Nuutila P (2009) Functional brown adipose tissue in healthy adults. 
N Engl J Med 360(15):1518–1525. doi:  10.1056/NEJMoa0808949      

     87.   Wasiak J, Cleland H, Jeffery R (2006) Early versus delayed enteral nutrition support for burn 
injuries. Cochrane Database Syst Rev (3):CD005489.  doi:  10.1002/14651858.CD005489.
pub2      

    88.    Weyer C, Gautier JF, Danforth E Jr (1999) Development of beta 3-adrenoceptor agonists for 
the treatment of obesity and diabetes – an update. Diabetes Metab 25(1):11–21  

     89.    Wilmore DW, Aulick LH (1978) Metabolic changes in burned patients. Surg Clin North Am 
58(6):1173–1187  

    90.    Wilmore DW, Lindsey CA, Moyland JA, Faloona GR, Pruitt BA, Unger RH (1974) 
Hyperglucagonaemia after burns. Lancet 1(7847):73–75  

    91.    Wilmore DW, Long JM, Mason AD Jr, Skreen RW, Pruitt BA Jr (1974) Catecholamines: 
mediator of the hypermetabolic response to thermal injury. Ann Surg 180(4):653–669  

    92.    Windle EM (2006) Glutamine supplementation in critical illness: evidence, recommenda-
tions, and implications for clinical practice in burn care. J Burn Care Res 27(6):764–772. 
doi:  10.1097/01.BCR.0000245417.47510.9C      

    93.    Winkelman MD, Galloway PG (1992) Central nervous system complications of thermal 
burns. A postmortem study of 139 patients. Medicine (Baltimore) 71(5):271–283  

    94.    Wischmeyer PE, Lynch J, Liedel J, Wolfson R, Riehm J, Gottlieb L, Kahana M (2001) 
Glutamine administration reduces Gram-negative bacteremia in severely burned patients: a 
prospective, randomized, double-blind trial versus isonitrogenous control. Crit Care Med 
29(11):2075–2080  

    95.    Wolf SE, Rose JK, Desai MH, Mileski JP, Barrow RE, Herndon DN (1997) Mortality deter-
minants in massive pediatric burns. An analysis of 103 children with > or = 80% TBSA burns 
(> or = 70% full-thickness). Ann Surg 225(5):554–565; discussion 565–569  

    96.    Wolfe RR (1981) Review: acute versus chronic response to burn injury. Circ Shock 
8(1):105–115  

     97.    Wolfe RR (2006) The underappreciated role of muscle in health and disease. Am J Clin Nutr 
84(3):475–482  

     98.    Wolfe RR, Herndon DN, Jahoor F, Miyoshi H, Wolfe M (1987) Effect of severe burn injury 
on substrate cycling by glucose and fatty acids. N Engl J Med 317(7):403–408. doi:  10.1056/
NEJM198708133170702      

    99.    Wolfe RR, Herndon DN, Peters EJ, Jahoor F, Desai MH, Holland OB (1987) Regulation of 
lipolysis in severely burned children. Ann Surg 206(2):214–221  

    100.    Xiao SC, Zhu SH, Xia ZF, Lu W, Wang GQ, Ben DF, Wang GY, Cheng DS (2008) Prevention 
and treatment of gastrointestinal dysfunction following severe burns: a summary of recent 
30-year clinical experience. World J Gastroenterol 14(20):3231–3235  

A. Abdullahi et al.

http://dx.doi.org/10.1172/JCI68993
http://dx.doi.org/10.1056/NEJMoa0808718
http://dx.doi.org/10.1371/journal.pone.0017247
http://dx.doi.org/10.1371/journal.pone.0017247
http://dx.doi.org/10.1056/NEJMoa0808949
http://dx.doi.org/10.1002/14651858.CD005489.pub2
http://dx.doi.org/10.1002/14651858.CD005489.pub2
http://dx.doi.org/10.1097/01.BCR.0000245417.47510.9C
http://dx.doi.org/10.1056/NEJM198708133170702
http://dx.doi.org/10.1056/NEJM198708133170702


245

    101.    Yo K, Yu YM, Zhao G, Bonab AA, Aikawa N, Tompkins RG, Fischman AJ (2013) Brown 
adipose tissue and its modulation by a mitochondria-targeted peptide in rat burn injury- 
induced hypermetabolism. Am J Physiol Endocrinol Metab 304(4):E331–E341. doi:  10.1152/
ajpendo.00098.2012      

    102.    Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai Y, Iwanaga T, Saito M 
(2013) Recruited brown adipose tissue as an antiobesity agent in humans. J Clin Invest 
123(8):3404–3408. doi:  10.1172/JCI67803      

    103.    Zauner A, Nimmerrichter P, Anderwald C, Bischof M, Schiefermeier M, Ratheiser K, 
Schneeweiss B, Zauner C (2007) Severity of insulin resistance in critically ill medical 
patients. Metabolism 56(1):1–5. doi:  10.1016/j.metabol.2006.08.014        

19 Hypermetabolic Response to Burn Injury

http://dx.doi.org/10.1152/ajpendo.00098.2012
http://dx.doi.org/10.1152/ajpendo.00098.2012
http://dx.doi.org/10.1172/JCI67803
http://dx.doi.org/10.1016/j.metabol.2006.08.014

	Foreword
	Contents
	Chapter 1: Introduction
	Part I: Metabolic Changes
	Chapter 2: Successive Phases of the Metabolic Response to Stress
	2.1 Introduction
	2.2 Pathophysiological Mechanisms
	2.3 Clinical Consequences
	2.3.1 Energy Expenditure (EE)
	2.3.2 Use of Energy Substrates
	2.3.3 Changes in Body Composition
	2.3.4 Psychosocial and Behavioral Problems

	2.4 Therapeutic Implications
	2.5 Conclusion
	References

	Chapter 3: Bioenergetics of the Stress Response
	3.1 Introduction
	3.2 Cellular and Molecular Aspects: Toward New Paradigms
	3.3 Energy Needs in the Critically Ill
	3.4 Energy Balance in the Critically Ill
	3.5 Energy Deficit in the Critically Ill
	3.6 A Dissipative System: Body Cell Mass
	References

	Chapter 4: Mitochondrial Adaptation and Hibernation
	4.1 Introduction
	4.2 Mitochondria
	4.2.1 Mitochondrial Metabolism
	4.2.2 Mitochondria Biogenesis
	4.2.3 Mitochondrial Dynamics
	4.2.4 Mitochondria and Apoptosis

	4.3 Measuring Mitochondrial Function
	4.3.1 Mitochondrial Content
	4.3.2 Mitochondrial Function Measurements
	4.3.2.1 In Vitro Approach
	Mitochondrial Enzyme Activities or Expression
	Mitochondrial Respiration Rates
	ATP Measurement

	4.3.2.2 In Vivo Approach


	4.4 Mitochondrial Adaptations During Critical Illness and Stress
	4.4.1 Animal Models
	4.4.2 Clinical Studies

	4.5 Mitochondrial Adaptations During Hibernation
	4.6 Mitochondrial Hibernation During Critical Illness?
	References

	Chapter 5: Anabolic Resistance
	5.1 Background
	5.2 Anabolic Resistance Concept
	5.3 Methodological Considerations
	5.4 Clinical Situations of Anabolic Resistance
	5.4.1 Aging
	5.4.2 Immobilization
	5.4.3 Inflammation
	5.4.4 Cancer
	5.4.5 Obesity
	5.4.6 Chronic Kidney Disease
	5.4.7 Other Conditions of Anabolic Resistance

	5.5 Cellular Mechanisms
	5.6 Tissular Mechanisms
	5.6.1 Splanchnic Sequestration
	5.6.2 Microvascular Blood Flow Alterations

	5.7 How to Override Anabolic Resistance?
	5.7.1 Optimization of Protein Intake
	5.7.2 Resistance Exercise
	5.7.3 Anti-inflammatory Agents

	References

	Chapter 6: Use of Lipids as Energy Substrates
	6.1 Lipids and Fatty Acids
	6.2 The Handling of Dietary Lipids
	6.3 The Handling of Intravenous Lipids
	6.4 Fatty Acid Release from Stored Triacylglycerols
	6.5 Fatty Acids as Energy Sources
	6.6 The Situation in the Critically Ill Patient
	6.6.1 Altered Lipid Uptake and Metabolism in Critical Illness
	6.6.2 Lipid Metabolism in the Critically Ill Patient Receiving Intravenous Nutrition Support

	6.7 Summary and Conclusions
	References

	Chapter 7: The Stress Response of Critical Illness: Metabolic and Hormonal Aspects
	7.1 Introduction: What Is Stress?
	7.2 Main Stressors and Patterns of Stress Responses
	7.2.1 Low Cardiac Blood Flow
	7.2.2 Low-Energy Substrate Availability
	7.2.3 Starvation
	7.2.4 Escaping Predators
	7.2.5 Infection and Inflammation as Stressors

	7.3 Stress Responses in Critically Ill Patients
	7.4 Conclusion
	References

	Chapter 8: Stress Hyperglycemia
	8.1 Pathophysiology
	8.2 Toxicity
	8.3 Clinical Associations Between Hyperglycemia and Poor Outcome
	8.4 Conclusions
	References

	Chapter 9: Protein Metabolism
	9.1 Background
	9.2 Techniques of Assessment
	9.2.1 Nitrogen Balance
	9.2.2 Imaging
	9.2.3 Isotopic Tracer Techniques

	9.3 Tissues and Individual Proteins
	9.4 Protein Synthesis Rates
	9.5 Protein Degradation Rates
	9.6 Interfering with Protein Metabolism
	9.6.1 Source Control
	9.6.2 Nutrition
	9.6.3 Pharmacology
	9.6.4 Mobilization

	9.7 Conclusions
	References

	Chapter 10: Micronutrients
	10.1 Which Micronutrients Matter in Critically Ill Patients?
	10.1.1 Trace Elements
	10.1.1.1 Copper
	10.1.1.2 Iron
	10.1.1.3 Selenium
	10.1.1.4 Zinc
	10.1.1.5 Vanadium

	10.1.2 Vitamins
	10.1.2.1 Vitamin B
	10.1.2.2 Vitamin C
	10.1.2.3 Vitamin D
	10.1.2.4 Carnitine
	10.1.2.5 Choline


	10.2 Which Micronutrients Should Be Considered Eligible for Intervention?
	10.2.1 Selenium
	10.2.2 Zinc
	10.2.3 Copper
	10.2.4 Iron
	10.2.5 Thiamine: Vitamin B
	10.2.6 Vitamin C
	10.2.7 Vitamin D

	10.3 How Should Micronutrients Be Prescribed and Delivered?
	10.4 Conclusion
	References


	Part II: Hormonal Regulation
	Chapter 11: Thyroidal Changes During Critical Illness
	11.1 The Thyroid Axis During Health
	11.2 Alterations in the Thyroid Axis in Acute and Prolonged Critical Illness
	11.3 Underlying Pathology of the Low T3 Syndrome
	11.3.1 Binding Proteins and Peripheral Metabolism of Thyroid Hormones
	11.3.2 The Impact of the Nutritional Status of the Patient
	11.3.3 Central Regulation
	11.3.4 Contributing Factors

	11.4 TH Actions During Critical Illness
	11.5 Substitution Treatment?
	11.6 Primary Thyroid Disorders in ICU Patients
	11.7 Conclusion
	References

	Chapter 12: Stress Response: Adrenal Function
	12.1 Cortisol Physiology
	12.2 The Stress Response in Critical Illness
	12.3 Alternative Explanations for Altered HPA Function During Critical Illness
	12.4 Tissue Glucocorticoid Resistance
	12.5 Critical Illness-Related Corticosteroid Insufficiency (CIRCI)
	12.6 Conclusions
	References

	Chapter 13: Enterohormones and the Response to Critical Illness
	13.1 Introduction
	13.2 Ghrelin
	13.2.1 Ghrelin in Health
	13.2.2 Ghrelin in Critical Illness

	13.3 Motilin
	13.3.1 Motilin in Health
	13.3.2 Motilin in Critical Illness

	13.4 Cholecystokinin
	13.4.1 Cholecystokinin in Health
	13.4.2 Cholecystokinin in Critical Illness

	13.5 Glucagon-Like Peptide 1 (GLP-1)
	13.5.1 GLP-1 in Health and Diabetes
	13.5.2 GLP-1 in Critical Illness
	13.5.3 Therapeutic Potential of GLP-1-Based Therapy in the Critically Ill

	13.6 Glucose-Dependent Insulinotropic Polypeptide (GIP)
	13.6.1 GIP in Health and Type 2 Diabetes
	13.6.2 GIP in Critical Illness

	13.7 Glucagon-Like Peptide-2
	13.7.1 GLP-2 in Health
	13.7.2 Therapeutic Role of GLP-2 in Gastrointestinal Disease
	13.7.3 Therapeutic Potential of GLP-2 in Critical Illness Implicate

	13.8 Peptide YY
	13.8.1 Peptide YY in Health
	13.8.2 PYY in Critical Illness

	13.9 Conclusion
	References

	Chapter 14: Adipokines in Critical Illness
	14.1 Adipose Tissue: Definition
	14.2 White Adipose Tissue
	14.3 Adipose Tissue: Chronic Inflammation
	14.4 Adipose Tissue in Critical Illness
	14.5 The Adipokines
	14.5.1 Leptin
	14.5.2 Visfatin/NAMPT/PBEF
	14.5.3 Lipocalin 2
	14.5.4 Adiponectin
	14.5.5 Resistin

	14.6 Summary
	References


	Part III: Particular Clinical Situations
	Chapter 15: Severe Undernutrition
	15.1 Introduction
	15.2 Definitions
	15.3 Prevalence
	15.4 Nutritional Profile
	15.5 Nutritional Needs and Therapy: Risk of Refeeding
	15.6 Conclusions
	References

	Chapter 16: The Stress Response after Traumatic Brain Injury: Metabolic and Hormonal Aspects
	16.1 Metabolic Disturbances After TBI
	16.1.1 Exploration of Brain Metabolism in the ICU
	16.1.2 Metabolism of Normal Brain
	16.1.3 Metabolism of Injured Brain

	16.2 Hormonal Disturbances After TBI
	16.2.1 Adrenal Insufficiency
	16.2.2 Vasopressin Dysfunction
	16.2.3 Growth Hormone Deficiency
	16.2.4 Thyrotropin Deficiency
	16.2.5 Gonadotrophin Deficiency

	References

	Chapter 17: Sepsis and Multiple Organ Failure
	17.1 Metabolic Changes During Sepsis
	17.1.1 Energy Expenditure
	17.1.2 Use of Substrates
	17.1.2.1 Lipid Metabolism
	17.1.2.2 Protein Metabolism


	17.2 Nutritional Interventions Targeting Inflammatory Pathways Involved in the Pathogenesis of Sepsis
	17.2.1 Omega-3 Fatty Acids
	17.2.2 Glutamine
	17.2.3 Antioxidant Strategies

	17.3 Recommendations for Clinical Practice
	References

	Chapter 18: The Stress Response of Critical Illness: Metabolic and Hormonal Aspects, Hormonal Regulation, Particular Clinical Situations “Morbid Obesity”
	18.1 Introduction
	18.2 Neuroendocrine Pathophysiology in Obesity
	18.3 Obesity and the ICU Conundrum
	18.3.1 The Obesity Paradox in the ICU
	18.3.2 Metabolic Response to Critical Illness and Obesity
	18.3.2.1 Carbohydrate Metabolism and Hyperglycemia
	18.3.2.2 Fatty Acid Oxidation
	18.3.2.3 Protein Utilization

	18.3.3 Hypocaloric Feeding

	18.4 Conclusion
	References

	Chapter 19: Hypermetabolic Response to Burn Injury
	19.1 Introduction
	19.2 Epidemiology
	19.3 Hypermetabolic Response to Burn Injury
	19.4 Hormonal Regulation of Hyperglycemia Post-burn
	19.5 Hypermetabolism at the Organ Level
	19.5.1 The Liver and Post-burn Glucose Metabolism
	19.5.2 Skeletal Muscle and Post-burn Protein Metabolism
	19.5.3 Adipose Tissue and Browning

	19.6 Multiorgan Failure
	19.6.1 The Brain
	19.6.2 The Kidney
	19.6.3 The Gut

	19.7 Therapeutic Strategies to Curtail the Hypermetabolic Response
	19.8 Nutritional Support
	19.9 Pharmacotherapy
	19.10 Insulin
	19.11 Metformin
	19.12 Propranolol
	19.13 Conclusion
	References





