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Abstract

Despite several decades of focused investigation, sepsis remains a major cause of mortality in 

critically ill patients. Advancements in intensive care have enabled more patients to survive the 

acute phase of sepsis than previously, but a growing number of them progress to chronic critical 

illness. The failure of previous randomized clinical trials of anti-inflammatory agents to show any 

pro-survival benefit in septic patients underscores current thought that simple anti-inflammatory 

strategies are ineffective because the inhibitory effect of anti-inflammatory agents undermines 

the immune response to pathogens. New strategies with the dual capability of ameliorating 

inflammation in organs while stimulating antimicrobial activity are eagerly awaited. On the 

other hand, the metabolic alterations associated with systemic inflammatory response, including 

mitochondrial dysfunction and metabolic shift, are closely linked through a nexus of signaling 

pathways and signaling molecules. Preventing these metabolic derangements may be an alternative 

way to control excessive inflammation, an intriguing possibility that has not been fully explored. 

New insight into the molecular pathogenesis of sepsis and sepsis-associated chronic critical illness 

has led to the recognition of septic cachexia, a life-threatening form of metabolic inflammatory 

complex associated with multiple organ dysfunction. The potential for septic cachexia to serve as 

a novel target disease state to improve the clinical outcome of septic patients is discussed in this 

review.
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INTRODUCTION

Sepsis was recently redefined as a life-threatening organ dysfunction caused by a 

dysregulated host response to an infection, as detailed in the Third International Consensus 

Definitions for Sepsis and Septic Shock (Sepsis-3) published in 2016 (1). The diagnosis is 

made by the concomitant presence of confirmed or suspected infection and multiple organ 
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dysfunction (MOD). Despite advances in critical care involving the management of volume 

resuscitation and antimicrobial therapy, sepsis remains a leading cause of death in critically 

ill patients and a major challenge in critical care medicine. Advancements in intensive care 

have enabled more septic patients to survive the acute phase than previously. Unfortunately, 

a growing number of those patients, particularly elderly patients, progress to chronic critical 

illness (CCI) (2). The recently developed definition of CCI, which reflects the current 

consensus, is one of six eligible clinical conditions (prolonged acute mechanical ventilation, 

tracheotomy, stroke, traumatic brain injury, sepsis, or severe wounds) plus at least 8 days in 

the intensive care unit (ICU) (2). New strategies are needed to reduce mortality and improve 

the long-term clinical outcome of septic patients. This review focuses primarily on septic 

patients with bacterial infection who develop CCI or are at risk of developing CCI.

The effort to develop new therapeutic strategies for septic patients spans several decades 

(3). A number of randomized clinical trials (RCTs) have been conducted to test the 

ability of anti-inflammatory agents, including tumor necrosis factor (TNF)-α antagonist 

and toll-like receptor (TLR)-4 antagonist, to prolong survival (4). Yet none of these agents 

has demonstrated any pro-survival effects in sepsis, although some of these trials are 

still ongoing and their findings are unknown. Consequently, there is no FDA-approved 

medication today that specifically targets sepsis. To some extent, the failure of previous 

RCTs may be attributable to the heterogeneity of sepsis which has variable etiology, 

symptoms, severity, phases of the disease, and so forth. Regardless, there are important 

lessons to be drawn from previous RCTs.

A fundamental question to consider in the context of previous RCTs is why anti-

inflammatory agents have failed to show efficacy in septic patients, particularly when 

controlling excessive inflammatory response and ameliorating MOD, which is linked to 

inflammation in organs, is considered essential to improving the clinical course of sepsis. 

One reason may be that sepsis is often accompanied by a concomitant propagation of 

hyperinflammatory response and immunosuppressive state (5, 6). The inhibitory actions 

of anti-inflammatory agents while suppressing inflammation also inhibit immune function, 

including the bactericidal activity of immune cells, which, in turn, increases susceptibility to 

secondary infection. Immune suppression and secondary infection are a serious clinical issue 

in septic patients as previously discussed (7). The failure of the simple anti-inflammatory 

approach lends support to considering a preventive and/or therapeutic strategy with the 

dual capability of reducing inflammation in organs (e.g., heart, lung, kidney, liver), while 

enhancing immune cell function against secondary infection (e.g., bactericidal activity).

This raises the question whether inflammation per se, particularly hyperinflammation in 

the acute phase, which clearly plays an important role in the pathogenesis of sepsis and 

in the clinical trajectory of septic patients, is an appropriate therapeutic target. If it is, 

then the anti-inflammatory agents, TNF-α antagonist and TLR-4 antagonist, would be 

relevant medications. Yet, their failure to confer a pro-survival benefit in previous RCTs 

suggests otherwise. It is tempting to speculate that it may be necessary to redefine our 

pathophysiological target(s) and design a different strategy to prevent and/or treat septic 

patients based on new understanding of the molecular pathogenesis of sepsis.
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The metabolic alterations associated with sepsis include insulin resistance, hyperglycemia, 

hyperlactatemia, hypoglutaminemia, hypercatabolism, muscle wasting, and lipoatrophy (8–

10). These aberrations in metabolism have been linked to inflammatory response and 

multiple organ dysfunction, although their precise relationship remains unknown. Recent 

studies have highlighted the biological importance of crosstalk between the complex 

network of inflammatory signaling pathways and metabolic alterations at multiple levels, 

including posttranslational protein modifications, transcription, and epigenetics (11–13). 

This developing knowledge has led to a new concept, termed the “metabolic inflammatory 

complex, metabolic inflammation, or immunometabolism (14),” which provides new 

insights into inflammation in sepsis and major trauma (15). In the metabolic inflammatory 

complex, metabolic dysfunction and inflammatory response are not two separate and 

distinguishable entities that are simultaneously observed in sepsis. Rather, they are two 

aspects of the same disease entity (Fig. 1).

The concept of metabolic inflammatory complex is based on several lines of evidence. 

First, the mitochondrion is a hub of inflammatory response as well as a major 

organelle in metabolism. Alterations in mitochondrial function and integrity play crucial 

roles in both inflammatory response and metabolic dysfunction. Second, inflammatory 

response and metabolic alterations induce and/or enhance each other. Therefore, the 

inhibition of inflammatory response prevents metabolic alterations and vice versa. For 

example, lipopolysaccharide (LPS) induces inflammatory response and metabolic shift in 

macrophages, and the metabolic shift is necessary for full activation of inflammatory 

response by LPS in macrophages (16). Third, alterations in metabolites, such as 

nicotinamide adenine dinucleotide (NAD+) depletion and increased succinate, which result 

from metabolic aberration, are an essential component in the activation of the inflammatory 

signaling pathway (17). Finally, at the transcriptional level, nuclear factor (NF)-κB and 

hypoxia-inducible factor (HIF)-1α are central transcription factors for inflammation and 

metabolic alterations, respectively, and they reciprocally activate each other (18–20) (Fig. 

1). In many cases, the systemic inflammatory response and metabolic changes are closely 

connected to each other mainly by positive feed-forward mechanisms as discussed in this 

review.

In septic patients, multiple organ failure (MOF) often leads to mortality. The molecular 

etiology of MOF, however, is not fully understood. In the end stage of sepsis, there is 

exhaustion of the various systems and organs, including central nervous, immune, and 

cardiovascular systems, which is associated with MOF. Atrophy of skeletal muscle and 

adipose tissue are prominent as well. Cancer cachexia, which is characterized by a loss of 

body weight and skeletal muscle, is considered one of the primary causes of mortality in 

cancer patients. Here, I propose the possibility that septic cachexia may be a novel target 

disease state, which would help identify new molecular targets to improve outcomes of 

septic patients, particularly those with CCI. This possibility is discussed in light of new 

knowledge about the metabolic inflammatory complex.

Kaneki Page 3

Shock. Author manuscript; available in PMC 2021 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MITOCHONDRIA AT THE CROSSROADS OF METABOLISM, APOPTOSIS, 

AND INFLAMMATION

Recent studies have revealed that mitochondria are not simply the power plants of cells, 

rather they are dynamic organelles that lie at the crossroads of metabolism, apoptosis, 

and inflammation. Mitochondrial electron transport is responsible for the major portion 

of adenosine triphosphate (ATP) generation and oxygen consumption in cells. In addition, 

complex I activity within the mitochondrial electron transport chain is a major source of 

the oxidized form of NAD+, which is converted from its reduced form, NADH, and thereby 

regulates the redox balance between NAD+ and NADH. NAD+ is a substrate of many 

enzymes, including the sirtuin family proteins (Sirt1-7) which play important roles in the 

regulation of inflammatory signaling pathways, such as NF-κB (21), and mitochondrial 

function (22). Moreover, the tricarboxylic acid (TCA) cycle (aka the Krebs cycle) provides 

not only ATP, NADH, and the reduced form of flavin adenine dinucleotide, but also is 

involved in the flux of numerous substrates for posttranslational protein modifications, such 

as acetyl-CoA (acetylation) and succinate (succinylation).

The role of the mitochondria in the regulation of apoptosis has been well established. 

Release of cytochrome C and Smac/DIABLO from the mitochondria to the cytosolic 

fraction activates caspases, such as caspase-3 and −9, promoting apoptosis. Apoptosis 

plays a role in sepsis (23–25). Likewise, translocation of mitochondrial DNA from the 

mitochondria to the cytosolic fraction activates cytosolic DNA sensors, including TLR-9, 

thereby inducing the activation of nucleotide-binding oligomerization domain-like receptor 

family, pyrin domain-containing-3 (NLRP3) inflammasome (26, 27). NLRP3 inflammasome 

activation, in turn, activates caspase-1, leading to maturation of interleukin (IL)-1β and 

IL-18 by cleavage of pro-IL-1β and pro-IL-18 (Fig. 2). Mitochondrial DNA-induced NLRP3 

inflammasome activation is a major target of anti-inflammatory action mediated by α7 

nicotinic acetylcholine receptor (α7 nAchR) signaling. Acetylcholine attenuates NLRP3 

inflammasome activation in parallel with inhibition of mitochondria DNA release in an 

α7nAchR-dependent manner (26).

The mitochondria function as key regulators of NLRP3 inflammasome activation. In 

addition to mitochondrial DNA, mitochondrial reactive oxygen species (ROS) production 

and cardiolipin (mitochondrial lipid) play important roles in NLRP3 inflammasome 

activation (28). Moreover, mitochondrial antiviral signaling protein is also a key trigger 

in the activation of inflammasomes in response to stressful conditions, including infection, 

tissue damage, and metabolic dysregulation (29). NLRP3 inflammasome activation also 

induces pyroptosis, a pro-inflammatory form of cell death that results in the release of 

cytosolic contents, including high-mobility group protein B1 (HMGB1), mitochondrial 

damage-associated molecular patterns (DAMPs), and ATP (30).

Furthermore, when mitochondrial DNA and mitochondrial proteins, such as heat shock 

protein 60 and formylated peptides, are released to the circulation, they function as 

mitochondrial DAMPs, causing and/or exacerbating systemic inflammation (31) (Fig. 2). 

Indeed, previous studies have reported that circulating levels of mitochondrial DNA are 

prognostic of mortality in critically ill patients (32).
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Regarding the release of mitochondrial DNA to the cytosol, little is known about 

active transport machineries or mechanisms. Hence, it is thought that mitochondrial 

DNA is released passively when mitochondrial integrity is disrupted. Recently, however, 

endoplasmic reticulum (ER) stress has been shown to be capable of inducing the 

release of mitochondrial contents, including mitochondrial DNA, by activation of the 

NLRP3→caspase-2→Bid pathway in cultured macrophages (33). Together, these findings 

indicate that mitochondrial disintegrity increases inflammatory response by the translocation 

of mitochondrial DNA to the cytosol where it activates NLRP3 inflammasome, as well as by 

the release of mitochondrial DNA and proteins to the extracellular space, where they induce 

a local and systemic inflammatory response, such as the mitochondria-derived DAMPs. In 

septic rats, mitochondrial ROS induce cardiac inflammation via the pathway that involves 

mitochondrial DNA, TLR9, and NLRP3 inflammasome (34).

MITOCHONDRIAL DYSFUNCTION/DISINTEGRITY AND MULTIPLE ORGAN 

DYSFUNCTION (MOD)

Mitochondrial dysfunction has been implicated in the pathogenesis of MOD, including 

acute kidney injury (AKI), acute respiratory distress syndrome, and cardiovascular and 

liver dysfunction (35–38). MOD is generally accompanied by mitochondrial dysfunction. 

Morphological changes of the mitochondria have been shown in dysfunctional organs in 

rodent models of sepsis and septic patients, including AKI (39). These changes observed 

in the mitochondria include decreased mitochondrial mass, fragmentation and enlargement 

of the mitochondria, and loss of cristae structure (40, 41). Conversely, mitochondrial 

dysfunction can cause organ dysfunction. In rodent models of sepsis and LPS challenge, 

mitochondria-targeted antioxidants, SS-31, mito-vitamin E, mito-TENPO, and mitoQ, 

ameliorate organ dysfunction, such as AKI, cardiac dysfunction, and encephalopathy (34, 

42, 43). These results clearly implicate dysfunction and/or ROS-mediated damage of the 

mitochondria in sepsis-associated organ dysfunction. However, the role of mitochondrial 

dysfunction in the development of MOD remains to be determined (35). Parenthetically, 

based on the above studies in rodents, the mitochondria-targeted antioxidants appear 

promising as a new strategy to treat septic patients. Nonetheless, we cannot completely 

exclude the possibility that a decrease in mitochondrial ROS might reduce the bactericidal 

activity of immune cells in septic patients because of the important role of mitochondrial 

ROS in combating pathogens. It has been shown that depletion of mitochondrial ROS by 

catalase overexpression impairs bacterial clearance by macrophages (44).

Cellular ATP depletion resulting from mitochondrial dysfunction can cause organ 

dysfunction and a systemic energy crisis which can cause MOF and death in septic patients 

(45). In rodents, sepsis has been shown to decrease ATP content in organs. There is some 

question as to whether ATP depletion precedes organ dysfunction during the development 

of sepsis. A previous study in septic patients with MOD has reported that ATP content 

in skeletal muscle was significantly lower in septic non-survivors than in septic survivors 

and healthy controls (46). Of interest, in the latter study there seemed to be a trend toward 

increased ATP content in septic survivors compared with healthy controls, although there 

was no statistical significance to this finding (46). It is tempting to speculate that ATP 
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depletion or energy crisis may not be required for the development of organ dysfunction in 

septic patients, even though ATP depletion can cause organ failure in end-stage sepsis.

The maximum capacity of mitochondrial ATP synthesis is far in excess of demand in 

the normal state, whereas both ATP consumption and demand are usually increased in 

sepsis. LPS stimulates mitochondrial oxidative phosphorylation and ATP synthesis. In 

addition, decreased ATP synthesis caused by mitochondrial oxidative phosphorylation 

can be compensated for by increased glycolytic ATP synthesis, which is associated with 

increased lactate production. Consequently, mitochondrial dysfunction does not necessarily 

result in a significant decrease in ATP content in the early stage during the development of 

MOD. However, in end-stage sepsis the compensation mechanisms as well as mitochondrial 

oxidative phosphorylation may not function properly presumably because of general cellular 

malfunction and/or circulatory failure, which, in turn, leads to a substantial decrease in ATP 

content and energy crisis, leading to MOF and death.

Even prior to the overt decline in ATP content, mitochondrial dysfunction can contribute 

to organ dysfunction through multiple mechanisms. Disruption of mitochondrial integrity 

causes apoptosis and activation of inflammasomes with the latter leading to pyroptosis. 

Increases in apoptotic and pyroptotic cell death are a feature of sepsis and MOD (47, 

48). A decrease in mitochondrial oxidative phosphorylation leads to a decrease not only in 

mitochondrial ATP synthesis but also in the generation of NAD+ from NADH by complex 

I. Decreases in NAD+ content or the NAD+/NADH ratio cause redox stress. Decreased 

intracellular NAD+ concentration impairs NAD+-dependent enzymes, including sirtuins, 

leading to cellular dysfunction. Recently, protective roles have been shown for Sirt1 and 

Sirt3, which are NAD+-dependent sirtuin deacetylases, in rodent models of sepsis (49–51). 

Attenuated complex I activity decreases NAD+ generation and thereby impairs the function 

of NAD+-dependent enzymes, such as Sirt1, Sirt3, and poly-(ADP-ribose) polymerase 

(PARP). To compensate for the decrease in NAD+ generation, NAD+ is produced from 

NADH by lactate dehydrogenase as a by-product of lactate production from pyruvate, 

leading to increased lactate production and hyperlactatemia. In addition, S-nitrosylation, a 

covalent attachment of NO to cysteine thiols, of Sirt1 by iNOS inactivates Sirt1 and plays an 

important role in LPS-induced liver damage in mice (52).

Collectively, over and above ATP depletion, mitochondrial dysfunction/disintegrity may 

play an important role in the development of MOD in sepsis by promoting the demise 

and dysfunction of cells, inflammatory responses, and metabolic dysregulation. These 

possibilities, however, have not been extensively studied in animal models of sepsis or septic 

patients.

METABOLIC INFLAMMATORY COMPLEX IN SEPSIS

Inflammatory response is associated with metabolic alterations. Metabolic alterations are a 

major complication of sepsis and associated systemic inflammation, which is linked to the 

clinical outcome of septic patients (8, 9, 35). It is well recognized that the inflammatory 

response causes metabolic dysfunction. This is exemplified by the role of inflammatory 

signaling pathways (e.g., NF-κB, ER stress) in the pathogenesis of obesity-induced insulin 
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resistance (53, 54). Recent studies, however, indicate that metabolic changes modulate 

the inflammatory response in both immune cells and nonimmune cells. Importantly, the 

functional roles of metabolites are not limited to being sources of energy or constituents 

of macromolecules, such as proteins, DNA, RNA, and lipids, but in fact most, if not all, 

metabolites are important players in intra- and inter-cellular signal transduction. Many 

metabolites serve as substrates for posttranslational protein and DNA modifications, both 

of which are major mediators of intracellular signal transduction and regulators of gene 

expression and epigenetics. In addition, many metabolites function as allosteric inhibitors or 

activators of enzymes. These metabolites are too numerous to mention, but examples include 

ATP, acetyl-CoA, and S-adenosylmethio-nine (SAM), the substrates for phosphorylation, 

acetylation, and methylation, respectively. NAD+ serves as a substrate of sirtuin (e.g., Sirt1, 

Sirt3)-mediated deacetylation and poly ADP-ribosylation by PARP. Arginine is a substrate 

for nitric oxide (NO) production, which regulates many pathophysiological processes 

including inflammation (52, 55). A number of investigators have documented alterations 

in and the roles of SAM, sirtuins, PARP, and NO in sepsis.

Many observational studies have documented that prior use of statins, inhibitors of 

hydroxymethylglutamyl coenzyme A reductase, is associated with lower incidence of sepsis 

in the ICU and improved outcomes in septic patients (56, 57). Similarly, statins improve 

survival in rodent models of sepsis (25, 58). However, multicenter RCTs have failed 

to confirm the benefit of statins in septic patients (59). Despite these failures, further 

studies are beginning to evaluate the preventive effects of statins in the early stage of 

sepsis development. Statins have been prescribed as cholesterol-lowering drugs and have 

demonstrated substantial benefit in the prevention of ischemic heart disease. It is important 

to note that hypercholesterolemia is not a clinical issue in sepsis and that the effects of 

statins in sepsis are unrelated to cholesterol levels. The cholesterol-unrelated pleiotropic 

beneficial effects of statins have been highlighted since the 1990s (60). It has been proposed 

that inhibition of protein isoprenylation, namely farnesylation and geranylgeranylation, 

mediates the cholesterol-lowering-independent beneficial effects of statins, although direct 

evidence is lacking. We have previously shown that the amount of farnesylated protein 

increases in septic mice and that farnesyltransferase inhibitor (FTI) stimulates immune 

function and improves bacterial clearance and survival in septic mice (61). FTI also reduces 

morality in parallel with the inhibition of apoptosis and stress signaling in liver in LPS-

challenged mice (62). These findings suggest that increases in protein farnesylation, a lipid 

modification of the cysteine residues, may play a role in immune suppression, inflammation, 

and mortality of septic mice.

ATP is also an important player in inflammatory response. Extracellular ATP activates 

purinergic receptors, which also contribute to NLRP3 inflammasome activation (63). 

Circulating levels of ATP are increased in sepsis and play roles in neutrophil activation 

(64) and sepsis-associated encephalopathy (65).

Collectively, these findings show that inflammatory signaling and metabolic alterations are 

closely connected to each other through crosstalk conducted by a complex network of 

signaling pathways and signaling molecules, presumably forming a metabolic inflammatory 

complex that plays an important role in the development and clinical trajectory of sepsis.
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CYTOPATHIC HYPOXIA AND THE WARBURG EFFECT IN SEPSIS

Hyperlactatemia is a hallmark of sepsis and associated with mortality in septic patients 

(66). Previous studies indicate that increased lactate production rather than decreased lactate 

clearance has a major role in hyperlactatemia in sepsis. Over and above hypoperfusion 

and subsequent low tissue oxygen tension, a metabolic shift from mitochondrial oxidative 

phosphorylation to glycolytic ATP synthesis, even in the presence of sufficient oxygen 

availability, has been proposed to contribute to hyperlactatemia in sepsis (67). The 

predominance of glycolytic ATP synthesis over mitochondrial oxidative phosphorylation 

despite sufficient oxygen availability in sepsis is termed cytopathic hypoxia (68). Essentially 

the same metabolic shift was discovered in cancer cells by Dr Otto H. Warburg in the 1920s 

and is referred to as the Warburg effect (aka aerobic glycolysis). Moreover, in diabetes 

research, essentially the same metabolic shift has been termed pseudohypoxia, which is a 

complication of hyperglycemia (69). Now, it is recognized that the Warburg effect is not 

specific to cancer cells but can also be induced by inflammation. Hence, it is reasonable 

to consider that the Warburg effect, cytopathic hypoxia, and pseudohypoxia are merely 

different names for the same metabolic reprogramming response to inflammation, despite 

the differences in etiology and basal disease conditions.

The Warburg effect is characterized by the predominance of aerobic glycolysis over 

mitochondrial oxidative phosphorylation, increased lactate production, and increased 

glutaminolysis (70, 71). HIF-1α is a master transcription factor that orchestrates the 

Warburg effect. HIF-1α upregulates the expression of glycolytic genes, such as glucose 

transporter-1 and lactate dehydrogenase A, and suppresses mitochondrial function. 

Inflammation (e.g., NF-κB activation) increases HIF-1α expression and thereby promotes 

metabolic reprograming at multiple levels including increases in transcription and 

protein stability of HIF-1α (72), while HIF-1α and metabolic reprogramming modulates 

inflammatory response (73). LPS causes metabolic shift from mitochondrial oxidative 

phosphorylation to glycolysis in parallel with HIF-1α induction, both of which are 

important for activation of macrophages by LPS (16). In LPS-stimulated macrophages, the 

metabolic shift leads to increased succinate, a TCA cycle intermediate and a substrate of 

complex II in mitochondrial electron transport, mainly by glutamine-dependent anerplerosis 

(glutaminolysis). Increased succinate, in turn, enhances HIF-1α expression and IL-1β 
production by increasing succinylation (74). Conversely, inhibition of HIF-1α activity 

decreases IL-1β production and HMGB1 release by LPS-activated macrophages (75, 76). 

HIF-1α induction is required for LPS-induced activation of NLRP3 inflammasome in 

macrophages. Moreover, the inhibition of aerobic glycolysis (the Warburg effect) blocks 

LPS-induced activation of NLRP3 inflammasome, although it does not inhibit HIF-1α 
expression. These results clearly indicate that the metabolic shift plays a crucial role in 

NLRP3 inflammasome activation by LPS. Thus, metabolic reprogramming functions as the 

inherent machinery of the inflammatory response in immune cells.

In these studies (74–76), the experiments were performed under normoxic condition. In 

addition to metabolic shift and HIF-1α induction under normoxic condition (namely the 

Warburg effect), hypoxia-induced metabolic shift and HIF-1α expression are supposed to 
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have similar or essentially the same effects on inflammatory response based on previous 

findings that hypoxia induces inflammation via HIF-1α (77).

In contrast to immune cells, limited knowledge is available about the impact of HIF-1α 
and the Warburg effect on inflammatory response in nonimmune cells in the context of 

sepsis. Interestingly, estrogen as well as HIF-1α inhibitor suppresses NF-κB activity and 

IL-6 levels by inhibiting HIF-1α in the heart in a mouse model of trauma-hemorrhage 

(20). Moreover, TNF-α induces the Warburg effect, including increased aerobic glycolysis 

and lactate production, through NF-κB-mediated activation of HIF-1α in cultured skeletal 

muscle cells (78). Collectively, these data raise the possibility that inflammatory response, 

HIF-1α, and the Warburg effect (metabolic shift) may form a complex by virtue of the nexus 

of positive feedback and feed-forward mechanisms that occurs not only in immune cells but 

also in organs such as heart, liver, and skeletal muscle during the development of sepsis.

Based on these data, inhibition of HIF-1α would appear to be a promising strategy for 

treating sepsis. In fact, inhibition of the pyruvate kinase M2 -HIF-1α pathway improved 

survival in septic mice (76). HIF-1α in the myeloid lineage is required for LPS-induced 

septic phenotype, including increased pro-inflammatory cytokine levels and hypotension, 

and mortality in mice (79). Conversely, increased HIF-1α expression by gene disruption of 

oxygen sensor, propyl hydroxylase-3, aggravates sepsis via HIF-1α- and NF-κB-mediated 

enhanced innate immune response in mice (78). However, there is a potential drawback to 

this strategy. HIF-1α is necessary to adapt to the tissue hypoxia and impaired circulation that 

frequently occur in sepsis. In addition, HIF-1α induction is necessary for the activation of 

immune cells (73). In fact, myeloid-specific HIF-1α knockout impairs bactericidal activity 

in mice (80). It is possible, therefore, that inhibiting HIF-1α in immune cells may increase 

susceptibility to infection. These considerations suggest that, for this strategy to work, it 

would be necessary to limit the inhibition of inflammation-induced HIF-1α expression 

to nonimmune cells, while preserving hypoxia-induced HIF-1α and inflammation-induced 

HIF-1α expression in immune cells. Otherwise, there may be a risk of worsening the clinical 

outcome of septic patients.

SEPTIC CACHEXIA

In an attempt to translate the concept of metabolic inflammatory complex to the 

development of new strategies for septic patients, it is reasonable to look for an unwanted 

aspect of the metabolic inflammatory complex that may induce or exacerbate immune 

suppression and can be treated without inhibiting immune function against pathogens. 

Cachectic condition may be such a candidate disease state (Fig. 3), although it has not 

attracted much scientific attention in the sepsis research field.

Cachexia is a complex metabolic syndrome associated with underlying illness and 

characterized by loss of skeletal muscle mass with or without loss of fat mass (81–83). 

Inflammation, insulin resistance, and increased protein breakdown in muscle are frequently 

associated with cachexia. Anorexia is also commonly associated with cachexia; however, 

conventional nutritional support cannot fully reverse cachexia. Cachexia is considered 

one of the primary causes of mortality in cancer patients. Cachexia is associated with 
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many chronic diseases, including cancer, chronic heart failure (CHF), chronic renal failure 

(CRF), chronic obstructive pulmonary disease (COPD), and human immunodeficiency virus 

infection/acquired immune deficiency syndrome (HIV/AIDS). Acute disease states can also 

cause or underlie cachexia. In fact, based on the current definition and criteria, most if not 

all septic patients, particularly those with CCI, meet criteria for cachexia. Sepsis has been 

recognized as a major disease state that underlies cachexia.

A number of reports have documented increased protein breakdown and/or decreased 

protein synthesis in muscle wasting in sepsis. Muscle wasting is a major metabolic 

complication of sepsis and increased protein breakdown is a feature of muscle wasting in 

sepsis (84, 85). Protein synthesis has been reported to be decreased, increased, or unaltered 

in skeletal muscle of septic patients (86). In septic rodents, protein synthesis is decreased in 

skeletal muscle (87, 88).

Inflammatory response plays a crucial role in muscle wasting as well. NF-κB activation 

increases the gene expression of ubiquitin ligases, atrogin-1, and Murf-1, thereby increasing 

protein breakdown (89). One could pose the question, based on the assumption that anti-

inflammatory agents are supposed to mitigate cachexia, why have the anti-inflammatory 

agents tested in RCTs failed to show any pro-survival effects if cachexia is a significant 

contributor to the mortality of septic patients? Although the assumption seems reasonable, 

it is not known whether anti-inflammatory agents ameliorate septic cachexia. The effects of 

anti-inflammatory agents on cachectic changes (e.g., muscle wasting) were not evaluated in 

those RCTs. Moreover, to the best of my knowledge, the effects of typical anti-inflammatory 

agents, such as antagonists of pro-inflammatory cytokines and receptors for LPS or DAMPs, 

have not been studied in patients with or animal models of cachexia of any etiology. It is 

important to note that the signaling pathways involved in hyperinflammation or “classical” 

inflammation, which usually takes place in the acute phase of sepsis, and those involved 

in persistent inflammation, which is associated with cachexia, may differ. The NF-κB 

pathway is the major downstream signaling cascade of the targets of the anti-inflammatory 

agents used in the RCTs in septic patients and a key player in “classical” inflammation. 

In contrast, in addition to the NF-κB pathway, the transforming growth factor [TGF]-β 
family-Smad pathway plays a critical role in muscle wasting and persistent inflammation 

in cachexia, as further discussed below. Hence, it is possible that strategies which utilize 

typical anti-inflammatory agents (e.g., antagonists of TNF-α and TLR-4) and target the 

NF-κB pathway may not be appropriate for ameliorating cachexia and therefore new targets 

may need to be explored.

Furthermore, muscle weakness interferes with recovery and weaning from mechanical 

ventilation, thereby exacerbating ventilator-induced lung injury and prolonging hospital 

stay and rehabilitation. Obviously, muscle weakness is a clinical issue in critically ill 

patients. However, the negative impact of muscle wasting may not be limited to muscle 

weakness. In a mouse model of cancer cachexia, preventing muscle wasting by inhibiting the 

myostatin (a member of the TGF-β family)—type IIB activin (ActRIIB) receptor-mediated 

signaling pathway prolongs survival (90, 91). Although little is known about the molecular 

mechanisms by which prevention of muscle wasting improves survival of cancer-bearing 

mice, it is reasonable to speculate that some molecular basis beyond muscle weakness per 
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se may contribute to the pro-survival effect of the inhibition of muscle wasting in cancer 

cachexia. It is an open question whether similar mechanisms may apply in septic cachexia as 

well.

Cachexia has been known to strongly correlate with poor outcomes, such as mortality, 

in many chronic diseases, including cancer, CHF, CRF, COPD, and HIV/AIDS. Until the 

aforementioned landmark study in a mouse model of cancer cachexia (84), however, it 

was thought that cachexia was a mere epiphenomenon that did not contribute to increased 

mortality. Likewise, increasing evidence seems to raise a new question, whether septic 

cachexia, which most but not all septic patients suffer, is a mere bystander or a potential 

contributor to progression and poor prognosis of sepsis.

To understand the underlying mechanisms, it may be helpful to examine current knowledge 

about the differences and similarities between cancer and septic cachexia. In addition 

to the obvious differences in etiology (i.e., cancer vs. sepsis), the time span of cancer 

cachexia is much longer (i.e., months–years) than septic cachexia (i.e., days–weeks). 

On the other hand, there are commonalities in the metabolic alterations that affect both 

conditions. These include muscle wasting, increased negative protein balance, body weight 

loss, fat mass loss, insulin resistance, hypocholesterolemia, and increased glutaminolysis. 

Moreover, the molecular signature of immune suppression in cancer cachexia is similar to 

that of sepsis, particularly sepsis that progresses to CCI. Recently, it has been proposed 

that PICS (i.e., persistent inflammation, immune suppression, and catabolism syndrome) 

is the predominant pathophysiology of septic patients with CCI and the principal cause 

of poor patient outcomes (92). We know that expansion of myeloid-derived suppressor 

cells (MDSCs) is a feature of immune suppression in both cancer cachexia (93, 94) and 

sepsis (95). In cachexia associated with cancer and other diseases (e.g., COPD), the TGF-

β-Smad pathway has been implicated in the cascade leading to persistent inflammation, 

immune dysfunction, and muscle wasting (96). However, its potential role in septic cachexia, 

including that of macrophage inhibitory cytokine-1 (MIC-1)/growth differentiation factor-15 

(GDF15), has not been studied. In contrast, the NF-κB pathway is the major signaling 

pathway downstream of TLR-4 and receptors for the pro-inflammatory cytokines. Therefore, 

in hyperinflammation, which is associated with acute phase sepsis, the NF-κB pathway 

is the major player, while TGF-β-Smad has no major role. Other recent studies have 

indicated the involvement of MIC-1/GDF15, a TGF-β family cytokine, in cachexia of 

various etiologies, including cancer (96). For example, a recent study demonstrated that 

MIC-1/GDF15 was required and sufficient to produce cancer cachexia in mice (97). MIC-1/

GDF15 causes muscle wasting and fat mass loss, while it induces MDSCs that produce 

IL-10, an anti-inflammatory cytokine. Moreover, inhibition of MIC-1/GDF15 was found 

to improve survival in tumor-bearing mice and to prevent muscle atrophy. Plasma levels 

of MIC-1/GDF15 are increased in cachectic patients with cancer, CHF, CRF, COPD, 

and HIV/AIDS. Likewise, in a previous report, septic patients had approximately 27-fold 

greater concentrations of MIC-1/GDF15 compared with healthy controls (94). Another 

study suggested that MIC-1/GDF15 may mediate ICU-acquired muscle weakness (98). It 

is possible, therefore, that MIC-1/GDF15 may play a role in the development of septic 

cachexia and immunosuppression, in parallel with MDSC expansion, as with cachexia of 

other etiologies. This possibility, however, has not been tested in septic cachexia.
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Recently, early mobilization (exercise therapy) has emerged as a promising therapy in 

critically ill patients. Early mobilization improved the outcome of critically ill patients, 

including the length of ICU and hospital stay. In a mouse model of acute lung injury, 

therapeutic exercise inhibited not only muscle atrophy but also neutrophil infiltration to the 

lung as well as alveolitis (99). These results suggest that physical inactivity (immobilization) 

(e.g., bed rest) may exacerbate acute lung injury and systemic inflammation in parallel with 

muscle wasting in critically ill patients.

OBESITY PARADOX IN CRITICAL ILLNESS

In contrast to muscle wasting, the role of fat mass loss remains relatively elusive in 

cachectic states, including cancer cachexia. Interestingly, recent evidence indicates that 

adipose tissue plays a protective role in critical illness (100, 101). Obesity has been 

implicated in the pathogenesis of many human diseases, including type 2 diabetes, 

hypertension, atherosclerosis, ischemic heart disease, and stroke. Intuitively, critically ill 

obese patients would be anticipated to have worse outcomes compared with their normal-

weight counterparts. Contrary to expectations, various observational studies have revealed 

better outcomes and survival in obese and overweight (but not morbidly obese) patients 

compared with normal-weight individuals admitted to the ICU, including septic patients 

(102, 103). This observation is called the obesity paradox (102). Consistent, high-fat 

diet feeding for 12 weeks improves survival after the induction of sepsis in mice (104), 

although controversial results have also been reported (105). The reasons for the obesity 

paradox remain largely unknown. Nonetheless, these findings support the hypothesis that 

sepsis-related fat mass loss may contribute to worse prognosis and that preservation of fat 

mass may be protective in septic patients.

Previously, adipose tissue was thought to be a static tissue whose only role was to 

store excess energy. In contrast, adipose tissue is now recognized as an active endocrine 

organ that secretes adipokines, including adiponectin. Deficiency of adiponectin reduces 

survival of septic mice, while adiponectin treatment improves survival (106–108). Hence, 

it is conceivable that adipose tissue may be an important source of adipokines, such 

as adiponectin, and possibly exosomes (microvesicles). Alternatively, obesity-induced 

alterations in metabolism may play a role in the impact of fat mass on outcomes of 

sepsis. Obesity reduces energy expenditure, whereas sepsis-associated hypermetabolism 

exacerbates cachectic change. Obesity inhibits fatty acid oxidation capacity (109), while 

sepsis is associated with increased fat oxidation (8). Increased fatty acid oxidation can 

accelerate inflammation (110). Thus, obesity and fat deposition may possibly counteract 

the sepsis-associated alterations in energy and lipid metabolism, while fat mass loss might 

accelerate them. This possibility is certainly worth consideration.

CONCLUSIONS/FUTURE PERSPECTIVES

Inflammatory response and metabolic derangements are closely connected to each other 

through a complicated network of positive feedback and feed-forward mechanisms that 

form a metabolic inflammatory complex in sepsis. Several lines of evidence indicate that 

metabolic inflammatory complex plays a role in the development of MOD and sepsis.
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Recent advancements in intensive care have saved the lives of septic patients in the acute 

phase, but more and more septic patients are suffering from CCI. The poor outcomes of 

septic patients with CCI have emerged as a public health issue, which is accelerated by a 

rapidly increasing aged population. Chronic sepsis or septic CCI represents a new frontier 

of clinical and basic research. Animal models of chronic sepsis/septic CCI need to be 

established.

PICS is often associated with chronic sepsis and CCI. Together, the negative results of 

the previous RCTs of anti-inflammatory agents suggest the importance of developing 

new strategies with dual capabilities of reducing persistent inflammation in organs while 

reversing or ameliorating immune dysfunction. In the current predominant paradigm, 

inflammation, immune dysfunction, and catabolism are thought to be different aspects of 

sepsis and therefore they are treated individually. In contrast, in the challenging paradigm, 

cachexia, which substantially overlaps the phenotype of PICS, is a vicious self-reinforcing 

cycle where these seemingly distinct aspects are closely connected to each other and 

evolve via the nexus of positive feed-forward mechanisms. Although sepsis progression 

may not be attributable to any single cause, nodal points of the network involved in this 

complex syndrome may serve as novel potential targets to improve the clinical outcome 

of septic patients. In light of the new concept of septic cachexia, recently accumulating 

evidence raises the possibility that an array of molecules, cellular events and disease 

states, such as MDSC expansion, MIC-1/GDF15, myostatin, ActRIIB receptor, Smad, 

and physical inactivity (e.g., bed rest), may serve as new targets to prevent and/or treat 

chronic septic patients with poor prognosis. From this author’s perspective, the hypothesis 

that ameliorating cachexia may prevent or mitigate immune dysfunction and persistent 

inflammation in multiple organs and thereby improve survival in an animal model of chronic 

sepsis/septic CCI is a concept worth testing.
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Fig. 1. Metabolic inflammatory complex: a new concept.
In the previous linear model, inflammatory response induces metabolic alterations under 

stressful conditions, such as sepsis, and inflammatory response and metabolic alterations 

are viewed as upstream and downstream events, respectively. In contrast, recently 

accumulating evidence indicates that metabolic inflammatory complex can be viewed as 

the nexus of a network consisting of positive feedback and feed-forward mechanisms 

relating to inflammatory response and metabolic alterations. Crosstalk within the metabolic 

inflammatory complex takes place at multiple levels, including reciprocal enhancement of 

the transcriptional activities of NF-κB and HIF-1α. Moreover, mitochondrial dysfunction 

and disintegrity, which lie at the crossroads of metabolism and inflammatory response, 

play crucial roles in the development of metabolic inflammatory complex. HIF indicates 

hypoxia-inducible factor; NF, nuclear factor.
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Fig. 2. Mitochondrial disintegrity as an inducer of intracellular and systemic inflammatory 
response.
The mitochondria play an essential role in the regulation of inflammatory response as 

well as metabolism and apoptosis. Disruption of mitochondrial integrity leads to release of 

mitochondrial DNA (mtDNA) to the cytosolic fraction, which, in turn, induces activation of 

NLRP3 inflammasome. Moreover, when mtDNA and mitochondrial proteins (e.g., HSP60, 

formylated peptides) are released to the circulation, they function as mitochondrial DAMPs 

and thereby cause and/or exacerbate systemic inflammation. DAMPs indicates damage-

associated molecular patterns; HSP60, heat shock protein 60; NLRP3, nucleotide-binding 

oligomerization domain-like receptor family, pyrin domain-containing-3.
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Fig. 3. Septic cachexia: a new potential target to improve the clinical outcome of septic patients.
The inflammatory response of immune cells is necessary to combat pathogens in sepsis. 

On the other hand, excessive inflammation induces or exacerbates not only MOD, but 

also immune exhaustion. Like cancer cachexia, septic cachexia presumably contributes 

to worsening prognosis and mortality in sepsis. Preventing the metabolic derangements 

associated with septic cachexia, while preserving immune function, may be an alternative 

way to control excessive inflammation and prevent immune exhaustion. Septic cachexia, 

which is caused by metabolic inflammatory complex, is therefore proposed as a novel target 

that may potentially improve the clinical outcome of sepsis. MOD indicates multiple organ 

dysfunction.
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