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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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  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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