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Abstract

Sepsis is a significant cause for mortality among critically ill patients. Metabolic derangements 

that develop in sepsis are often considered to be pathologic, contributing to sepsis morbidity and 

mortality. However, alterations in metabolism during sepsis are multifaceted and are incompletely 

understood. Acute anorexia during infection is an evolutionarily conserved response, suggesting a 

potential protective role of anorexia in the host response to infection. In animal models of bacterial 

inflammation, fasting metabolic programs associated with acute anorexia, such as Fibroblast 

Growth Factor 21 and ketogenesis, are associated with improved survival. Other fasting metabolic 

pathways such as fatty acid oxidation and autophagy are also implicated in preventing acute 

kidney injury. Global metabolic changes during sepsis and current clinical interventions can 

potentially affect disease tolerance mechanisms and modify the risk of acute kidney injury.
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Introduction

Effective host defense against pathogens requires both disease resistance, which is focused 

on pathogen recognition and clearance, as well as disease tolerance, which involves the 

activation of pathways that limit tissue damage resulting from the inflammatory response 

[1]. Disease tolerance pathways include metabolic and physiologic responses that can 

occur at the cellular, tissue and systemic levels. Metabolic derangements are common in 

sepsis, and include hyperlipidemia, dysglycemia, proteolysis, and those associated with 

poor appetite. Whether these metabolic changes are entirely reflective of dysregulated 

and pathologic responses is not clear. For example, while lipolysis and the resulting 

hyperlipidemia could be viewed as maladaptive, there is evidence that lipoproteins are 

capable of binding and neutralizing endotoxin, and the lipid substrates could be used as 

fuel for organs dependent on fatty acid oxidation (FAO). The purpose of dysglycemia, the 

most commonly observed disorder, could be used to redirect glucose utilization and perhaps 
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fuel the immune system for the initial antimicrobial response. Proteolysis is a concerning 

phenomenon in sepsis as it leads to muscle atrophy, however, its purpose could be used 

to fuel the liver’s synthesis of acute phase proteins, many of which are important in host 

defense. Anorexia of acute illness has traditionally been considered a maladaptive response 

in the face of a presumed hyper-catabolic state. However, anorexia of infection can be 

protective or detrimental depending on the organism and pathogen, suggesting that adaptive 

metabolic programs activated in the setting of infectious stimuli are context specific [2].

Fasting metabolism as a potential mechanism of disease tolerance in 

bacterial inflammation

In bacterial infection, hypocaloric glucose supplementation during the period of infection-

induced anorexia is detrimental and promotes mortality without impacting pathogen 

burden [2]. Moreover, glucose supplementation in the lipopolysaccharide (LPS) model 

of sterile bacterial inflammation also increases mortality, further supporting the role of 

infection-induced anorexia in mediating disease tolerance. The mechanism by which 

glucose provision during bacterial inflammation-induced anorexia promotes mortality is 

incompletely understood. Insights from normal fasting metabolism suggest that a shift 

towards lipid metabolism and associated downstream pathways may play a critical role in 

supporting disease tolerance. Moreover, aspects of the fasting metabolic response resulting 

from intermittent fasting and caloric restriction are proposed to promote longevity and to 

mitigate many disease conditions. During normal fasting, metabolism shifts towards lipid 

metabolism initiated by adipose lipolysis, liberating free fatty acids (FFA) that are delivered 

to the periphery. Fatty acids activate hepatic Peroxisome Proliferator Activated Receptor 

Alpha (PPARa), a nuclear receptor and master regulator of lipid metabolism, resulting in 

ketone production and the induction of fibroblast growth factor 21 (FGF21), a starvation 

adaptation hormone. Exogenous glucose supplementation after LPS challenge, will suppress 

circulating FFA, FGF21, and ketones.

FGF21 as a mediator of cardioprotection during bacterial inflammation

FGF21, a member of the endocrine growth factor family that also includes FGF15/19 and 

FGF23, requires the co-receptor beta-Klotho (KLB) for downstream signaling via FGF 

receptors. FGF21 is induced by a variety of metabolic stressors and mediates starvation 

adaptation [3]. Similar to fasting, FGF21 is produced by the liver in response to bacterial 

inflammation. Hepatic-derived FGF21 is required for survival during bacterial inflammation, 

as mice with liver-specific Fgf21 deletion are more susceptible to mortality in both cecal 

ligation and puncture and endotoxemia models [4]. Interestingly, the action of FGF21 in 

bacterial inflammation appears to be independent of well-described KLB-expressing target 

tissues, the hypothalamus and the adipose tissue. Instead, FGF21 supports cardiac function 

possibly through an indirect effect via the hindbrain, where KLB-expressing neurons are 

found in the area postrema and the nucleus of the solitary tract, regions that support 

autonomic function, including cardiovascular function. This protective FGF21 pathway in 

sepsis adds to a growing body of evidence that supports the concept that in response 

to specific challenges, certain physiologic responses, often considered maladaptive, such 
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as anorexia of acute illness or metabolic derangements of sepsis, are in fact coordinated 

defense mechanisms to promote survival and tissue protection.

Implications of other fasting metabolic pathways in sepsis

During fasting adaptation, metabolism shifts from carbohydrate to lipid metabolism, 

favoring utilization of fat stores, FAO, and ketogenesis. Septic patients also exhibit this 

metabolic shift and a preference for lipid metabolism. Compared to other critically ill 

non-septic trauma patients, septic critically ill patients have a lower respiratory quotient, 

reflecting a shift towards lipid metabolism over carbohydrate metabolism [5]. In fact, septic 

patients have higher fat oxidation, while glucose oxidation is suppressed and cannot be 

induced with the provision of excess glucose [6].

While the pathogenesis of sepsis-associated acute kidney injury is multifactorial including 

changes in hemodynamics and microcirculation, inflammation and drug toxicity, growing 

evidence suggests that altered kidney metabolism is also a key contributor. FAO mediators 

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1a) and PPARa 

have been shown to be critical in preventing septic kidney injury [7, 8]. Moreover, kidney 

proximal tubules increase mitochondrial respiratory capacity while glycolytic capacity is 

diminished during bacterial sepsis [9]. Although it was not directly tested whether FAO 

contributed to the increase in mitochondrial respiratory capacity, it is possible that proximal 

tubules may preferentially switch from glucose metabolism to FAO.

Ketogenesis is an important fasting adaptation pathway that fuels the brain during periods 

of nutrient deprivation. Ketones not only serve as an alternate fuel source, but also act 

as signaling molecules, drive post-translational modifications, and modify immune and 

oxidative stress responses [10]. While it was previously thought that ketogenesis is impaired 

in septic patients, ketogenesis is preserved in septic patients and is only impaired in the 

context of continuous glucose and amino acid infusions, even at hypocaloric levels. Both 

baseline ketone bodies and inducible ketone production after a lipid challenge are intact 

in septic patients not receiving these infusions [11]. These observations are similar to 

those in mice in which hypocaloric glucose supplementation during endotoxemia suppressed 

ketone production, which was associated with increased mortality, worse kidney function 

and suppressed ketogenic gene expression in the kidney ([2] and Huen et al unpublished 
observations). Further research is needed to determine whether ketone bodies directly 

mediate disease tolerance by limiting kidney injury and whether supporting ketogenesis 

in patients with bacterial sepsis could improve outcomes.

Another well-described fasting metabolic pathway is autophagy, a regulated cellular 

mechanism that removes and reuses unfolded or misfolded proteins and damaged organelles. 

Autophagy allows for recycling of nutrients, promotes cell survival, and is an important 

regulator of lipid metabolism. Autophagy is a critical component of disease tolerance in 

sepsis, by limiting mitochondrial dysfunction, cellular apoptosis and tissue damage via 

autophagic pathways such as mitophagy. The activation of autophagy during sepsis has been 

found to be protective in multiple vital organ systems including the kidney [12].
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Taken together, these observations suggest that fasting metabolic changes in sepsis are likely 

regulated and a switch towards lipid metabolism could be the preferred metabolic state 

during septic conditions. As all of these fasting metabolic pathways are inhibited by glucose 

and insulin signaling pathways (Figure), the clinical implications of these fasting metabolic 

pathways suggest a need to reassess the nutritional and metabolic management of septic 

patients. A few recent clinical studies highlight the possibility that some of our attempts 

to normalize presumed metabolic changes could have detrimental effects on pathways that 

could be protective. Although there was no difference in mortality, permissive underfeeding 

in critically ill patients in which protein and volume intake were controlled resulted in 

lower insulin use and lower blood glucose, which was associated with lower incident 

need for renal replacement therapy [13]. Correction of hyperglycemia in critical illness 

was questioned by the NICE-SUGAR trial. While hypoglycemia is likely to contribute 

to increased mortality, the intensive glycemic control group also had significantly more 

exposure to both insulin and glucose [14]. Could it also be that exposure of excess insulin 

and glucose suppresses protective fasting metabolic pathways? In fact, insulin treatment 

in type 2 diabetics with confirmed COVID-19 infection was associated with increased 

mortality as well as organ damage, including acute kidney injury [15]. Although this was 

a retrospective cohort analysis, this relationship remained significant with propensity-score 

matching to control for baseline comorbidities and severity of disease, stratification based on 

glucose control at admission, and an analysis of patients without hypoglycemic episodes.

Conclusion

Activation of metabolic pathways in response to inflammatory conditions such as sepsis may 

represent defense mechanisms that promote disease tolerance. Identifying these pathways 

will be a critical step towards differentiating between pathologic versus inherently protective 

mechanisms. Understanding the regulation of protective metabolic pathways will be an 

important step towards the development of therapeutic targets and management approaches 

in nutrition and metabolism to limit organ damage such as acute kidney injury and to 

improve survival from sepsis.
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Figure. Protective Fasting Metabolic Programs.
In response to fasting, Peroxisome Proliferator Activated Receptor Alpha (PPARa), co-

activated by Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1a) 

mediates the upregulation of ketogenic and fatty acid oxidation gene programs. PPARa also 

regulates the induction of hepatic Fibroblast Growth Factor 21 (FGF21) expression during 

fasting. Adenosine monophosphate activated protein kinase (AMPK) activation will promote 

autophagy which is inhibited by mechanistic target of rapamycin (mTOR). PPARa, PGC1a 

and autophagy are all implicated as protective pathways that limit acute kidney injury (AKI). 

These protective fasting metabolic programs are suppressed by glucose and insulin activated 

pathways, suggesting a need to re-evaluate current nutrient and metabolic approaches that 

may lead to excessive glucose, and thus obligate insulin exposures in patients with sepsis 

and at risk for AKI.
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