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Sepsis is a major health problem with organ dysfunction due to metabolic 
failure

Sepsis is defined as life-threatening organ dysfunction due to a dysregulated host 
response to infection (Singer et al., 2016). Worldwide 48.9 million patients suffer from 
sepsis per year, with sepsis causing 19.7% of all global deaths (Rudd et al., 2020). Drugs 
aimed specifically at modulation of the molecular mechanisms of sepsis do not exist yet 
(Cohen et al., 2015). Refinement of supportive measures (a.o. antibiotics, intravenous 
fluid, vasoactive drugs) and early treatment have improved survival, but early mortality 
is still unacceptably high, as more than 10% of the patients die in hospital, even with 
a modest degree of organ dysfunction (Singer et al., 2016). Moreover, months to years 
after the initial insult sepsis survivors still suffer from increased morbidity and mortality 
(Prescott and Angus, 2018).

The pathophysiology of sepsis is complex and incompletely understood due to 
its heterogeneity both between patients and within the same patient at different 
timepoints. Organ dysfunction in sepsis seems to arise from a complex dysregulated 
immune-metabolic host response: on the one hand accelerated energy demands due 
to a hyperinflammatory response and on the other hand insufficient energy supply 
due to the induction of mitochondrial failure (Gründler et al., 2014). Sepsis induces 
a biphasic immune response: an initial hyperinflammatory phase associated with 
a cytokine storm, followed by an immunosuppressive phase or ‘immunoparalysis’ 
(Hotchkiss et al., 2013). While modern supportive treatment has improved survival of 
the initial stage in most patients, the immunoparalysis phase still entails continuation 
of the primary infection and/or development of opportunistic infections. The 
derailment of the host immune response involves both innate and adaptive immunity, 
but it is believed that mainly unabated innate immune-driven inflammation impairs 
homeostasis due to an excess of pro-inflammatory mediators, resulting in organ 
dysfunction and failure. Neutrophils are key players in sepsis associated innate 
immune dysfunction. Despite a large increase in the number of circulating neutrophils 
during sepsis, their functionality is impaired. Focus of sepsis research has therefore 
shifted from targeting hyperinflammation to immunostimulatory therapies during 
immunoparalysis (Bruse et al., 2019). Neutrophil dysfunction is characterized by 
increased reactive oxygen species (ROS, a.o. O2-, H2O2, OH) generation and chemotaxis 
into healthy tissue, while phagocytosis capacity is reduced (Leliefeld et al., 2016) and 
recruitment to the site of infection is impaired (Sônego et al., 2014, Souto et al., 2011). 
Neutrophil dysfunction is associated with poor sepsis survival in both mice (Robertson, 
C.M. et al., 2008) and humans (Muller Kobold et al., 2000). Subsequently, neutrophil-
derived ROS plays an important role in the induction of mitochondrial dysfunction in 
sepsis. Activated neutrophils release neutrophil extracellular traps (NETs; a network 
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of nuclear chromatin and bactericidal proteins) that accumulate in intravascular beds, 
resulting in microcirculation failure (Patel et al., 2018).

In addition to targeting the invading pathogen, neutrophil-derived ROS oxidizes 
host erythrocytes and endothelial cells, leading to a disrupted oxygen supply to 
organs (Oliveira et al., 2017). Although O2

- hardly crosses cellular membranes due to 
its negative charge, H2O2 is able to cross membranes via aquaporins to the cytosol 
and subsequently access mitochondria of neighbouring cells (Mittal et al., 2014). 
This cascade results in oxidative damage to the electron transport chain and loss of 
mitochondrial membrane potential due to opening of mitochondrial permeability 
transition pores (MPTPs), thereby impairing oxidative phosphorylation (Xu et al., 
2012). A failure to return to efficient oxidative phosphorylation results in metabolic 
shutdown of essential organs (Chuang et al., 2006, Gründler et al., 2014). Since failing 
organs from patients who died of sepsis show only minimal signs of cell death or 
inflammation histologically, clearly insufficient to explain the extensive organ failure, 
mitochondrial dysfunction was coined as a key factor in organ failure from sepsis 
(Hotchkiss et al., 1999, Takasu et al., 2013). Mitochondrial dysfunction not only impairs 
cellular homeostasis, but can also induce remote organ injury by release of damage-
associated molecular patterns (DAMPs) that can activate neutrophils and other 
immune cells, leading to amplification of the inflammatory response (Denning et 
al., 2019). Hence, improving neutrophil function may represent a promising strategy 
to accelerate bacterial clearance while precluding mitochondrial dysfunction in the 
context of sepsis.

Dietary restriction modulates metabolism via hydrogen sulfide

Anorexia is an aspect of sickness behavior that is conserved across evolutionary 
boundaries, suggesting a beneficial aspect in the response to an inflammatory 
insult (Adamo, 2005). However, besides fasting as sickness behavior, it might also be 
beneficial as therapeutic regimen. Fasting induces a shift from glucose metabolism to 
oxidative phosphorylation of ketone bodies and free fatty acids, limiting the release 
of ROS, thus protecting against organ damage (Wang, A. et al., 2016). Consequently, 
supplementation of glucose during LPS-induced endotoxemia in mice worsens sepsis 
outcome by preventing the switch to ketogenesis. Indeed, in current clinical practice 
mandatory full caloric feeding of septic patients is avoided (Dellinger et al., 2013). 
Fasting, however, not only reduces the intake of calories, but also of specific nutrients 
with a risk of malnutrition. Dietary restriction (DR) is defined as a reduced food intake 
with avoidance of malnutrition and can comprise of restriction of specific nutrients, 
lowering of total food intake or every other day fasting, amongst others (Robertson, 
L.T. and Mitchell, 2013). Regimens of DR became widely known for extending longevity 
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upon life-long food restriction, but even short-term restriction can result in modulation 
of the immune response. The beneficial effects of DR on the immune response, 
amongst others, are mediated by endogenous hydrogen sulfide (H2S) production (Hine 
et al., 2015). H2S, known for its rotten egg smell, is a biologically active gas with a wide 
range of targets including regulation of inflammation (Wang, R., 2012). Endogenous 
H2S is mainly synthesized by three enzymes in the transsulfuration pathway: 
cystathionine-у-lyase (CSE), cystathionine β-synthase (CBS) and 3-mercaptopyruvate 
sulfurtransferase (3-MST). Fasting and dietary restriction augment the activity of 
these H2S-producing enzymes (Hine and Mitchell, 2015, Nakano et al., 2015), whereas 
a high fat diet decreases expression of CSE and 3-MST (Peh et al., 2014). Therefore, the 
modulation of levels of H2S, either endogenously or exogenously, seems a promising 
therapeutic target to preclude organ damage in sepsis, by modulation of both 
mitochondrial dysfunction and derailment of innate immunity.

Hibernation physiology reveals key points for a balanced metabolism

Metabolic aspects of sepsis pathophysiology partly mimics hibernation, including 
lowered mitochondrial respiration to reduce energy requirements as a trade-off 
between organ function and cellular viability (Quinones et al., 2014, Stanzani et 
al., 2020). Hibernation is an energy-conserving strategy that consists of periods of 
strong suppression of metabolism and body temperature (torpor), alternated with 
normalization of metabolism and euthermia (arousal) (Jastroch et al., 2016). In contrast 
to sepsis, hibernators are able to reboot mitochondrial respiration upon arousal and 
protect their organs from lasting damage. The capacity to hibernate is conserved 
throughout mammalian lineages, but torpor frequency, depth and duration differ 
widely among species, ranging from daily torpor to seasonal torpor. The underlying 
physiology has been studied extensively but remains incompletely understood. One 
of the protective strategies during hibernation is a profound reversible suppression 
of the immune system (Bouma et al., 2010a). The immune suppression during torpor 
comprises of leukopenia (Bouma et al., 2010b, Bouma et al., 2011), reduced lymphocyte 
proliferation (Maniero, 2000), inhibited antibody production (Bouma et al., 2013) and 
absence of an immune response to lipopolysaccharide (LPS) (Prendergast et al., 2002), 
which are all completely reversed upon arousal. Torpor is associated with neutropenia, 
which is rapidly reversed upon arousal to even slightly higher circulating neutrophil 
levels than found in summer euthermic animals (Havenstein et al., 2016, Sergiel et al., 
2015). However, neutrophil functionality throughout hibernation phases is unknown. 
Thus, hibernation comprises reversible suppression of metabolism, modulating 
immune function, and unravelling the underlying pathophysiological mechanisms 
could result in the identification of novel therapeutic targets in sepsis.
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AIM AND OUTLINE OF THESIS

This thesis focusses on the regulation of metabolism to influence the immune response 
in healthy conditions as well as during sepsis. Due to the resemblance of hibernation 
physiology to sepsis pathophysiology, we investigated the hibernating Syrian 
hamster as a model for reversible immunoparalysis and suppression of mitochondria. 
Unravelling the mechanisms that balance energy supply with their metabolism might 
improve our ability to translate these strategies into biomedical applications. In this 
thesis, we investigate dietary restriction and hibernation, both models of physiological 
modulation of metabolism, perusing potential therapeutic targets in sepsis.

The pathophysiology of sepsis depends in large part on a failure to balance energy 
supply to increased metabolic demands resulting in organ dysfunction due to 
metabolism failure. In chapter 2 we review current literature on organ dysfunction 
in sepsis and propose metabolic resuscitation strategies to limit the metabolic demand 
during sepsis, including dietary restriction, and continue with a comparison of sepsis 
pathophysiology to hibernation physiology. In chapter 3 we explore the potential 
beneficial effects of dietary restriction on neutrophil functionality in a mouse model of 
sepsis, with specific focus on the role of H2S as a potential therapeutic target in sepsis. 
We show a protective effect of mild dietary restriction on sepsis outcome, which is 
partly regulated by an increase in endogenous H2S production. To explore whether 
the beneficial effect of DR upholds in frail subjects, we continued our investigations in 
a mouse model of accelerated aging in chapter 4. In contrast to healthy young adult 
mice, dietary restriction exaggerated the inflammatory response to endotoxemia in 
these frail progeroid mice, and worsened outcome. Acknowledging the limitations of 
deploying dietary restriction in clinical practice, we continued to explore hibernators 
as a model to elucidate novel therapeutic targets in sepsis in chapter 5. To obtain a 
broad overview of regulation of key players in hibernation, i.e. metabolism, oxidative 
stress and the immune system, we performed an integrated analysis of proteomics 
and metabolomics in different hibernation phases. This unbiased approach revealed 
an upregulation of the antioxidant defense and regulation of the transsulfuration 
pathway, promoting H2S release during arousal. Finally, in chapter 6, we studied 
the functionality of neutrophils during hibernation and discovered a reversible 
suppression of neutrophil function in arousal, dependent on a, yet unknown, plasma 
factor. An overview and general discussion of the main findings in this thesis are 
described in chapter 7. This chapter also provides future perspectives to enthuse 
continuing research.
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