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SUMMARY

The global burden of sepsis is incredibly high, as sepsis affects 30 million patients 
annually and causes 20% of all deaths worldwide (Rudd et al., 2020). Despite decades 
of research to improve sepsis outcome, therapeutic options remain merely supportive. 
To date, no therapies exist to modulate the molecular cause of organ injury during 
sepsis. In this thesis we explored the potential of calorie restriction and hibernation 
physiology to influence metabolism and neutrophil functionality, inviting the reader 
to broaden their view of potential therapeutic targets in sepsis.

We set out to review the current literature on metabolic resuscitation strategies to 
preclude organ dysfunction in sepsis in chapter 2. A key factor in the induction of 
organ dysfunction is the inability of mitochondria to keep up with high energetic 
demands during sepsis. In this chapter we discuss several strategies to lower energetic 
demand to release the pressure on mitochondria, improving the balance between 
energy supply and demand and/or reducing the release of reactive oxygen species. 
Promising strategies include the pharmacological modulation of energy sensing 
pathways and the mitochondria-targeted anti-oxidants. Additionally, we discuss 
hibernation as a physiological way to reduce metabolic rate and philosophize about 
its potential to reveal novel therapeutic targets to protect mitochondria in sepsis, 
amongst others via hydrogen sulfide (H2S).

In chapter 3 we investigated the role of H2S, a biologically active gas with a wide 
range of targets including regulation of inflammation, in the peripheral inflammatory 
response to bacterial sepsis elicited by cecal ligation and puncture in adult mice. 
Endogenous H2S production was boosted by dietary restriction (50% calorie restriction 
for 7 days or every other day fasting for 10 days) and compared to exogenous H2S 
supplementation by rapid and slow release H2S donors NaHS and GYY4137 in the 
drinking water. All three interventions improved sepsis outcome, as evidenced by 
lowered levels of circulating cytokines and markers of kidney injury in comparison 
to the control group. Yet, only boosting of endogenous H2S production increased 
neutrophil intracellular levels of H2S, which correlated with improved neutrophil 
function as demonstrated by increased peritoneal migration, phagocytosis and 
oxidative burst. Therefore, boosting neutrophil H2S by dietary restriction improves 
neutrophil function, yet the precise contribution of H2S on improving sepsis outcome 
via modulation of neutrophil function is difficult to assess because of additional organ 
protective effects conferred by systemic H2S.



166

Since elderly are more susceptible to sepsis than adults, we continued to explore 
whether the improvement of sepsis outcome by dietary restriction upholds in frail, 
progeroid subjects in chapter 4. Ercc1Δ/- mice, deficient in the DNA excision-repair 
gene Ercc1 with a median lifespan of 10-13 weeks, were used as a model of progeria. 
The dietary restriction regimen used was mild, to minimize stress on the frail mice, 
consisting of a gradual decrease of calorie intake to 30% restriction in 3 weeks (CR), 
which was subsequently maintained for another 3 weeks (total of 6 weeks CR). After 
lipopolysaccharide (LPS) induced (neuro)inflammation, the peripheral (cytokines, 
kidney injury) and brain inflammatory response (RNA sequencing on isolated 
microglia) were studied. While mild CR did not affect the LPS-induced inflammatory 
response in WT mice, CR exaggerated both the peripheral and brain inflammatory 
response in Ercc1Δ/- mice, as evidenced by an increase of pro-inflammatory serum 
cytokines (TNF-α, IL-1β and IFN-γ), gene expression of kidney injury marker Ngal 
and increased expression of neuroinflammation associated genes. In conclusion, in 
contrast to our findings of improved sepsis outcome in healthy adult mice on CR, CR 
increased peripheral and brain inflammatory response to the systemic inflammatory 
stimulus in progeroid Ercc1Δ/- mice.

Acknowledging the limitations of translating dietary restriction into clinical practice, 
in chapter 5 hibernation was studied as a model to physiologically reduce metabolic 
rate and protect against oxidative stress. We performed an integrated analysis of 
proteomics and metabolomics in different hibernation phases of the hibernating 
Syrian hamster. Hibernation consists of periods of extreme metabolic depression 
(torpor) alternating with normalization of metabolism (arousal), while avoiding organ 
damage. The integrated ‘omics analysis approach revealed a reversible suppression of 
mitochondrial respiration, an upregulation of the antioxidant defense and increased 
flux through the transsulfuration pathway, promoting H2S release during arousal. 
Therefore, in addition to the protective role of H2S which evolved to be the red thread 
in this thesis, an overall upregulation of the antioxidant defense might rebalance 
mitochondria to avoid metabolic failure and spiralling into organ failure in sepsis.

Given the findings of intracellular H2S levels modulating neutrophil functionality in 
chapter 3 and the increased flux through the H2S-producing transsulfuration pathway 
upon arousal from torpor in chapter 5, the functionality of neutrophils was studied 
in arousing hibernating Syrian hamster in chapter 6. The LPS-induced inflammatory 
response was inhibited in hibernation in comparison to summer euthermia, including 
a profound reduction of neutrophil pathogen binding, phagocytosis and oxidative 
burst in early arousal. Functionality of both summer and early arousal neutrophils 
was repressed in plasma from early arousal and mixed plasma from early arousal 
and summer euthermia, but restored by summer euthermic plasma, signifying that 
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a plasma factor in early arousal inhibits toll-like receptor (TLR)-recognition. Although 
it remains to be elucidated whether intracellular levels of H2S affect neutrophil 
functionality in torpor, neutrophils are fully operative in arousal, yet pathogen 
recognition is limited by a plasma factor.

Finally, chapter 7 provides a general discussion of the main findings in this thesis, as 
well as future perspectives.

Collectively, data in this thesis emphasize that mitochondrial and neutrophil interplay 
is a dynamic process. We identified an important role of H2S for the modulation of 
mitochondrial and neutrophil function in both DR and hibernation with potential to 
modulate the inflammatory response in sepsis. Despite promising effects of DR on 
sepsis outcome in adults, a similar approach had detrimental effects in progeroid mice, 
affirming the need for biomarkers to guide clinical decisions for individual patients.

GENERAL DISCUSSION

Essential role of neutrophils underlying the metabolic imbalance in sepsis 
pathophysiology

Neutrophil activation early in sepsis kickstarts progress into mitochondrial failure
As reviewed in chapter 2, mitochondrial dysfunction underpins the organ dysfunction 
in sepsis. We propose metabolic resuscitation as a novel cornerstone in the treatment 
of sepsis. Sepsis is associated with an increase in the generation of reactive oxygen 
species (ROS, a.o. O2-, H2O2, OH) due to a reduced mitochondrial membrane potential 
(ΔΨm) and a decrease of the antioxidant capacity (Chuang et al., 2006, Cowley et 
al., 1996). Mitochondrial dysfunction results in “cytopathic hypoxia”: blood oxygen 
extraction is reduced, despite normal blood oxygen levels (Fink, 2001a). Neutrophils 
are activated early in sepsis, releasing an abundancy of ROS and nitric oxide (NO), 
which kickstarts the progress into mitochondrial failure (Hoesel et al., 2006). NO 
reacts with superoxide anion radicals (O2-) and triggers opening of mitochondrial 
permeability transition pores (MPTPs) causing a loss of ΔΨm in endothelial cells, 
increasing vascular permeability and organ injury (Xu et al., 2012). In addition to 
mitochondrial dysfunction due to oxidative damage, oxidative phosphorylation (also 
known as mitochondrial respiration) is further inhibited by the lack of substrate at the 
site of infection, where glucose and oxygen levels are usually low (Kumar et al., 2019). 
Hypoxia at the inflammatory site is not only due to cytopathic hypoxia, but also caused 
by high oxygen consumption by both bacterial aerobic respiration and neutrophil 
oxidative burst (Fink, 2001b, Injarabian et al., 2019, Kumar et al., 2019).
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To uphold energy requirements during sepsis, there is a switch from oxidative 
phosphorylation to glycolysis to uphold energy requirements in various cells, 
including endothelial cells and innate immune cells (Kumar et al., 2019). Whereas 
oxidative phosphorylation generates adenosine triphosphate (ATP) through the inner 
mitochondrial membrane via the citric acid acid (TCA) cycle, glycolysis produces ATP 
through breakdown of glucose. The metabolic shift is known as the Warburg effect: a 
trade-off between efficiency of ATP production from oxidative phosphorylation and 
rapidity of ATP production by glycolysis (Yang, L. et al., 2014). A switch to Warburg 
metabolism away from mitochondrial respiration and a failure to return to efficient 
oxidative phosphorylation drives mortality from sepsis (Chuang et al., 2006, Gründler 
et al., 2014, Yang, L. et al., 2014). Indeed, preservation of mitochondrial function in 
murine sepsis attenuates cytokine release and improves survival (Srivastava et al., 
2015). Hence, neutrophil activation early in sepsis is a key factor in sepsis initiating the 
downward spiral into metabolic failure of critical organs, while preservation of either 
neutrophil or mitochondrial function may preclude organ failure and death.

Neutrophil dysregulation in sepsis
Neutrophil activity is a double-edged sword: impaired neutrophil function weakens 
the first line of defense to pathogens, whereas neutrophil hyperactivity results in organ 
dysfunction due to an excess of pro-inflammatory mediators (Hoesel et al., 2006). 
Sepsis disturbs neutrophil functionality in the broadest sense as it affects bone marrow 
release, migration, as well as activity of neutrophils. Sepsis puts a high demand on the 
innate immune system, resulting in the release of high numbers of neutrophils from 
the bone marrow into the circulation. These include a large number of immature and 
even progenitor cells with impaired functionality, yet increased lifespan (Leliefeld et 
al., 2016, Shen et al., 2017). Subsequently, neutrophils preferentially migrate towards 
healthy organs instead of the site of infection, due to sepsis-induced upregulation 
of the C-C chemokine receptor type 2 (CCR2) via toll-like receptor (TLR)-signalling 
(Sônego et al., 2014, Souto et al., 2011). CCR2 is not expressed on resting neutrophils, 
and its induction mediates neutrophil infiltration towards C-C chemokine ligands 
(CCL). CCL are expressed in various cells (a.o. endothelium, smooth muscle cells, 
fibroblasts), redirecting neutrophils to remote organs. Finally, neutrophil microbial 
killing is disturbed, including decreased chemotaxis and phagocytosis, but a tendency 
to release an excess of neutrophil extracellular traps (NETs) and ROS; both associated 
with organ damage (Shen et al., 2017).

Although neutrophil hyperactivation has detrimental effects in sepsis, neutrophils are 
essential in the defence against pathogens. Neutrophil-depleted mice have impaired 
bacterial clearance and increased mortality in S. aureus sepsis (Robertson et al., 
2008). Patients suffering from severe congenital neutropenia, caused by a deficiency 
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of G6Pase-β (essential for neutrophil energy metabolism), are highly susceptible to 
bacterial infections (Welte et al., 2006). Improving neutrophil counts by treatment 
with granulocyte colony-stimulating factor (G-CSF) or hematopoietic stem cell 
transplantation reduces sepsis mortality in these patients (Rosenberg et al., 2006). 
Clinical syndromes disrupting aspects of neutrophil function all result in higher sepsis 
mortality, such as leukocyte adhesion deficiency (LAD), Chediak-Higashi syndrome and 
chronic granulomatous disease (CGD). LAD impairs leukocyte trafficking with (almost) 
absent migration of neutrophils to the site of infection, increasing susceptibility to 
recurrent infections (Harris et al., 2012). Chediak-Higashi syndrome is caused by a 
mutation in a lysosomal trafficking regulator (the LYST gene), disturbing the formation 
of phagolysosomes (Ajitkumar et al., 2020). These patients rarely survive past 10 
years old, because of their high susceptibility to pyogenic infections. CGD is caused 
by a defect in the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
complex, disrupting respiratory oxidative burst and resulting in life-threatening 
infections (Arnold et al., 2017). The therapeutic potential of neutrophil transfusions 
is controversial and has substantial logistical difficulties, such as a limited lifespan of 
the transfused neutrophils of merely hours (Hübel et al., 2001).

In conclusion, neutrophils are essential for an effective host response against infections, 
but sepsis dysregulates their inflammatory response with ineffective microbial killing 
on the one hand and excessive release of toxic mediators inducing organ damage on 
the other.

In this thesis, we studied two models that physiologically decrease metabolism 
involving reversible suppression of neutrophil functionality: dietary restriction (DR) 
and hibernation.

Dietary restriction can rebalance the immune system in sepsis

Current knowledge on effects of dietary restriction in human sepsis
In current clinical practice, feeding of septic patients is based on the caloric tolerance 
of the individual, while forced full caloric feeding is avoided (Dellinger et al., 2013). 
Since anorexia is a common aspect of sickness behavior across species it might have 
evolutionary benefits (Adamo, 2005). Studying the effects of DR could therefore reveal 
potential protective strategies. In patients in the intensive care unit (i.e. septic and 
non-septic), a reduced caloric intake (12.2 ± 3.2 % of the calculated required energy 
intake (Crosara et al., 2015) or 33-65% (Krishnan et al., 2003) in the first days of disease 
results in shorter duration of stay and lower in-hospital mortality, whereas complete 
fasting or a higher caloric intake impairs outcome. However, these protective effects 
were not reproduced in a study with prolonged caloric restriction (40-60% restriction 
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for 14 days) (Arabi et al., 2015). Therefore, mild DR, avoiding underfeeding, could have 
beneficial effects in sepsis.

Physiology of protective effects of dietary restriction
DR is defined as a reduction of nutrient intake without causing malnutrition and 
includes a variety of nutritional interventions, such as a reduction of total daily food 
intake, intermittent fasting or reduction of specific macronutrients (Hine et al., 2015). 
DR could rebalance energetic demands with supply during sepsis by activating 
energy-conserving pathways. It activates the antioxidant response and increases 
autophagy, improving nutrient recycling, via several routes. DR inhibits insulin growth 
factor‐1 (IGF-I)-dependent signaling, thus suppressing mechanistic target of rapamycin 
(mTOR) and activating antioxidants and autophagy (Dunn et al., 1997, Vitale et al., 2019). 
Secondly, the nutrient scarcity activates AMP-activated protein kinase (AMPK), sensing 
a disbalance between adenosine monophosphate (AMP) and ATP (Burkewitz et al., 
2014), and sirtuins, sensing a disbalance between oxidized and reduced nicotinamide 
adenine dinucleotide (NAD+/NADH) (Schenk et al., 2011). These nutrient sensors in 
turn activate antioxidants, autophagy, mitochondrial biogenesis and finally promotes 
oxidative metabolism to increase energy production. The activation of AMPK and 
sirtuins also improves the health of the mitochondrial network via pruning and 
removal of dysfunctional mitochondria by fission and mitophagy (Weir et al., 2017). 
Alterations of the membrane lipid composition lower the ΔΨm, thus reducing the 
production of ROS from inner mitochondrial membrane complex I and III (Bevilacqua 
et al., 2004, Chen et al., 2012, Hagopian et al., 2010, Ramsey et al., 2005).

Although the effects of DR on neutrophil function have not been studied directly, one 
might stipulate that neutrophil functionality is also affected by DR. Neutrophil energy 
production is highly adaptable to the metabolites available. Circulating neutrophils 
mainly rely on glycolysis, but can switch to the TCA cycle and mitochondrial respiration 
in the presence of oxygen and pyruvate, glutamine or free fatty acids (Injarabian et 
al., 2019). Neutrophil metabolism adapts not only to available substrates, but also to 
its required activity (i.e. quiescent versus activated) and function (i.e. phagocytosis, 
degranulation, NET formation and oxidative burst). Regulators of metabolism that are 
able to sense local circumstances, such as hypoxia and hypoglycaemia at the site of 
infection, and finetune the neutrophilic response include hypoxia-inducible factor-1α 
(HIF-1α, sensing hypoxia), mTOR (sensing nutrient, energy and oxygen levels) and AMPK 
(a cellular energy sensor) (Kumar et al., 2019); sensors that are also modulated by DR.

Consequently, DR promotes energy-conserving strategies while averting oxidative 
stress, precluding mitochondrial dysfunction and potentially modulating neutrophil 
function.
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The effects of DR are dependent on endogenous hydrogen sulfide (H2S) production 
(Hine et al., 2015). H2S is a gasotransmitter with a wide range of effects in physiology 
and pathophysiology involving the cardiovascular and nervous system, as well as 
regulation of inflammation. H2S can diffuse freely across cellular membranes without 
the need of transporters (Szabo et al., 2014). H2S is synthesized by three enzymes 
involved in the transsulfuration pathway: cystathionine-у-lyase (CSE), cystathionine 
β-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase (3-MST) (Wang, R., 
2012). DR upregulates activity of these enzymes, thereby increasing endogenous 
H2S production (Hine and Mitchell, 2015, Nakano et al., 2015). H2S is endogenously 
produced at very low levels, ranging from 50–160 μM in tissues and 35–80 μM in blood 
(Wang, R., 2012). Supraphysiological levels of H2S generally result in pathophysiological 
and/or toxic effects. The range between physiological and pathophysiological H2S 
levels is very narrow, with differential effects found at concentration changes of 20 
μM H2S.

H2S has discordant, dose-dependent effects on mitochondria (Szabo et al., 2014). H2S 
at high, toxic, levels competes with oxygen for the binding to mitochondrial complex 
IV (cytochrome c oxidase), resulting in inhibition of mitochondrial respiration (Fu et 
al., 2012). However, at low, physiological, levels H2S acts as a mitochondrial electron 
donor, catalyzing the conversion of adenosine diphosphate (ADP) to ATP by the 
electron transport chain (ETC). Intriguingly, neutrophil chemotaxis and respiratory 
burst depend, at least partly, on mitochondrial metabolism. The TCA cycle and 
oxidative phosphorylation are essential for neutrophil chemotaxis, in which the 
maintenance of the ΔΨm is essential (Injarabian et al., 2019, Kumar et al., 2019). 
The metabolic requirements for respiratory burst are biphasic: early and high ROS 
production depends on glucose metabolism and elevated oxygen consumption, while 
prolonged ROS production is facilitated by fatty acid oxidation and mitochondrial 
respiration (Kumar et al., 2019). Although neutrophil metabolic shifts during activation 
remain largely unexplored, metabolic plasticity is essential for adequate neutrophil 
functionality.

In chapter 3 we explored the effects of dietary restriction and H2S on neutrophil 
functionality in murine sepsis. We found that both exogenous H2S as well as boosting 
endogenous H2S production by DR protected against murine sepsis. Exogenous H2S 
was administered by supplementation of sodium sulfide (NaHS), a fast releaser of 
H2S, and GYY4137, a slow releaser, in the drinking water, which reduced intracellular 
H2S levels. In contrast, DR (7 days 50% calorie restriction or 10 days every other day 
fasting) increased intracellular H2S levels in neutrophils. A higher level of intracellular 
H2S was associated with improved neutrophil function. Murine endotoxemia dose- and 
time-dependently increases plasma H2S, inducing kidney and liver neutrophil influx, 
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which is further increased by exogenous NaHS (14 pmol/kg i.p.) and abrogated by DL-
Propargylglycine (PAG), a CSE-inhibitor (Li et al., 2005). Additionally, inhibition of CSE 
in murine sepsis negatively regulates neutrophil expression of C-X-C motif chemokine 
receptor 2 (CXCR2), which regulates neutrophil migration to the site of infection by 
interaction with its chemokine ligand, CXCL8 (Spiller et al., 2010). Downregulation of 
CXCR2 in sepsis by inhibition of CSE can be reversed by treatment with the H2S-donor 
NaHS. In contrast, at supraphysiological levels of NaHS (1-2 mM) neutrophil chemotaxis 
is inhibited through suppression of calcium-dependent cytoskeleton reorganization 
(Mariggiò et al., 1997, Persson et al., 1993). The neutrophilic response likely follows the 
hormetic (biphasic) response of H2S. Therefore, physiological levels of H2S probably 
improve neutrophil chemotaxis, via modulation of CXCR2.

Supraphysiological levels of sulfide (1 mM) only minimally inhibit phagocytosis in vitro 
(Claesson et al., 1989). In chapter 3 we show opposing effects in vivo in sepsis induced 
by cecal ligation and puncture (CLP), as induction of endogenous intracellular H2S 
production improves neutrophil phagocytosis. Additionally, in chapter 3 we found an 
improvement of neutrophil oxidative burst in CLP-induced sepsis. NaHS has differential 
effects on oxidative burst, varying from inhibition of myeloperoxidase (MPO) activity at 
a low concentration (0-10 μM) (Pálinkás et al., 2015), to no effect at all on the oxidative 
burst (1-2 mM) (Claesson et al., 1989, Persson et al., 1993), to efficient priming of 
neutrophils to produce a stronger oxidative burst in response to a secondary stimulus 
(Mariggiò et al., 1997). In turn, products from the oxidative burst can rapidly oxidize 
H2S, reducing it to sulfate, sulfite, thiosulfate, sulfur particles and polysulfides (Claesson 
et al., 1989, Mitsuhashi et al., 2005, Nagy et al., 2010). Subsequently, sulfhydration 
(addition of sulfur to protein cysteine residues) by polysulfides of the translation 
machinery inhibits cytokine production (Akaike et al., 2017). Furthermore, sulfite, 
released by oxidation of H2S, ameliorates neutrophil adhesion by upregulation of 
macrophage-1 antigen (Mac-1, consisting of receptor CD11b and CD18) improving 
binding to endothelium by connecting to intercellular adhesion molecule (ICAM) 
and fibrinogen (Shigehara et al., 2002) and stimulates oxidative burst via activation 
of nicotinamide adenine dinucleotide phosphate (NADPH) (Beck-Speier et al., 1993).

Thus, H2S at a physiological range promotes neutrophil viability, improves chemotaxis, 
phagocytosis and oxidative burst, in part indirectly by conversion of H2S into 
polysulfides and sulfite. Studies on the effect of H2S on neutrophils have mainly 
investigated H2S at supraphysiological levels, thereby complicating the interpretation 
of its physiological effects. In conclusion, increasing neutrophil intracellular levels 
of H2S could specifically improve their functionality. Dysregulation of neutrophil 
function is key in sepsis: while neutrophils are essential for the first-line defense 
against pathogens, neutrophil hyperactivity results in an excess systemic inflammation 
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eventually resulting in organ dysfunction. The findings described in chapter 3 invite 
further research into neutrophil-specific H2S modulators to improve their functionality 
on demand.

Future directions

The findings in chapter 3 elucidate that intracellular H2S in neutrophils has the potential 
to modulate immune function. Although dietary restriction has sound benefits in 
sepsis pathophysiology, it is difficult to translate into clinical practice, especially to 
evolve from sepsis prophylaxis to therapy. Results from chapter 3 raise the question on 
a potential therapeutic role of H2S in modulation of neutrophil function. Key questions 
that need to be solved encompass (1) which enzymes are predominantly responsible 
for the rise in neutrophil H2S upon dietary restriction, (2) the role of H2S in fine-tuning 
neutrophil mitochondrial function, (3) the therapeutic range of intracellular H2S and 
(4) its therapeutic strength when sepsis pathophysiology has already derailed into 
immunoparalysis. Exploring these questions could elucidate whether future research 
should focus on neutrophil-targeted exogenous H2S or targeting of intracellular H2S-
producing enzymes for optimization of neutrophil function, i.e. in sepsis.

Dietary restriction is not the holy grail to improve sepsis outcome

While most studies on experimental sepsis investigate (young) adults, the incidence 
of sepsis as well as the resulting morbidity and mortality increases with age (Starr 
and Saito, 2014). Therefore, we investigated the effects of DR on sepsis outcome in 
progeroid mice in chapter 4. Here, we discovered that DR even further increases 
the vulnerability of the progeroid Ercc1Δ/- mice, deficient in the DNA excision-repair 
gene Ercc1, to (neuro)inflammation in response to a peripheral inflammatory stimulus. 
Three potential mechanisms may underly the opposed results of DR in adult and 
aged mice: the difference in adipose tissue, mitochondrial function and the role of 
immunoparalysis versus inflamm-aging.

A beneficial response to dietary restriction is effectuated through adipose tissue
The effects of DR are, at least in longevity, dependent on the subject’s ability to reduce 
adipose tissue (Liao et al., 2011, Mitchell et al., 2016). In clinical practice, the beneficial 
effect of a reduced caloric intake only seems to apply to overweight patients (BMI 
25-35 kg/m2) and is not observed in patients with a BMI <25 or ≥35 kg/m2 (Alberda et 
al., 2009). Indeed, also without dietary interventions sepsis outcome deteriorates at the 
extremes of body weight (BMI <20 or >40 kg/m2) with lowest mortality at BMI 25-40 
kg/m2 (Karampela et al., 2019). Underlying pathophysiological mechanisms include a 
higher energy reserve and release of anti-inflammatory mediators and lipoproteins by 
adipose tissue, binding and inactivating bacteria. Absence of body fat abrogates these 
effects whereas extreme overweight is associated with heightened cardiovascular 
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risks, dysregulation of glucose metabolism and a basal pro-inflammatory state 
deteriorating sepsis outcome.

Previously, white adipose tissue was identified as a metabolically active organ that 
can modulate the inflammatory response. Adipose tissue is dynamically active, 
releasing both pro- and anti-inflammatory proteins and immune-regulating hormones 
(adipokines) in response to inflammation (Karampela et al., 2019). Adipocytes store 
triglycerides in vacuoles to provide energy in times of need (Mancuso et al., 2019). With 
aging, adipocytes lose their ability to buffer dietary lipids, resulting in ectopic lipid 
deposition (i.e. in liver and muscle) and circulating bioactive lipids, which stimulate 
ROS production eventually causing insulin resistance. Weight increases with age and 
adipose tissue peaks between 60-79 years of age. Currently, 38.5% of persons >60 
years in the United States are obese. During weight gain, adipose tissue expands both 
by hyperplasia and hypertrophy. An increase in the number of adipocytes maintains 
insulin sensitivity and metabolic regulation, whereas an increase of adipocyte volume 
reduces their capacity to store lipids, impairs insulin sensitivity and shifts the balance 
towards pro-inflammatory adipokine release from tissue-resident macrophages 
(Palmer and Kirkland, 2016). This continuous low grade pro-inflammatory state in 
old age is also known as inflamm-aging. In obese mice, calorie restriction (30% 5 
weeks) not only results in improved insulin sensitivity, mitochondrial carbohydrate 
and fat metabolism, but also reduces pro-inflammatory markers in white adipose 
tissue (Hoevenaars et al., 2014). Thus, the aging-induced adipocyte hypertrophy 
reduces nutrient availability in times of energy scarcity and propagates inflamm-
aging. DR is able to reduce total adipose tissue mass, shifting the balance towards a 
resting state. In contrast to normal aged mice, our model of Ercc1Δ/- mice suffers from 
lipodystrophy, i.e. the absence of adipose tissue (Karakasilioti et al., 2013, Weeda et 
al., 1997). Therefore, lipodystrophy in Ercc1Δ/- mice might preclude protective effects 
of DR. Thus, the exaggerated peripheral immune response and neuroinflammation 
seen in Ercc1Δ/- mice upon endotoxemia after DR (chapter 4) does not exclude potential 
beneficial effects of DR on sepsis in naturally aged mice, who might benefit from a 
rejuvenation of their adipose tissue.

Aging is associated with non-reversible damage to mitochondria
Mitochondrial function deteriorates during aging. Aging is associated with an increase 
in the mitochondrial proton leak due to inefficient coupling of electron transport to 
ATP synthesis (López-Lluch et al., 2016). This loss of efficiency of the ETC is probably 
caused by accumulating oxidative damage during the years. Proton leak reduces the 
ΔΨm which accelerates electron transport across the ETC and minimizes the transport 
of electrons to oxygen. Additionally, cellular membrane fluidity decreases with age 
due to changes in membrane fatty acid composition, compromising transmembrane 
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transport and therefore the efficiency of oxidative phosphorylation. Like aging, 
sepsis is associated with dysfunction of the ETC due to oxidative damage, further 
increasing ROS release (Chuang et al., 2006, Cowley et al., 1996). Therefore, the already 
dysfunctional ETC of the elderly makes them more susceptible to a further increase 
of ROS in sepsis. DR lowers the ΔΨm, thus reducing the production of ROS (Chen et al., 
2012), and is able to preserve mitochondrial membrane fluidity in aging (Merry, 2002). 
DR shifts mitochondrial membrane lipid content away from unsaturated to saturated 
lipids, improving its resistance to oxidative damage (Divakaruni et al., 2011). Thus, aging 
is associated with both a decrease in mitochondrial membrane fluidity and oxidative 
damage to the ETC; which can be reversed by DR if this is applied from a young age. 
Sepsis is also associated with an excess of ROS, but DR may be able to prevent non-
reversible oxidative damage to the ETC.

Aging results in immunosenescence
Immunoparalysis, a persistent anti-inflammatory innate immune response following 
an insult, negatively influences sepsis outcome due to ineffective clearance of the 
primary infection or vulnerability to secondary infections. DR may be able to modulate 
several aspects of immunoparalysis.

Immunoparalysis occurs earlier in sepsis in both children (<18 years of age) and elderly 
(≥60 years of age) in comparison to adults, which results in worse sepsis outcome 
(Muszynski et al., 2018, Pei et al., 2020). Even in health, in both children and the elderly, 
innate as well as adaptive immunity is compromised (Randolph et al., 2014, Starr et 
al., 2014). In children, immune functionality is impaired by immaturity. The function 
of phagocytes, natural killer cells and T- and B-cells is most profoundly suppressed 
in neonates, involving a reduction in the recognition of inflammatory stimuli (i.e. 
pathogen-associated molecular patterns), adhesion, extravasation, production of 
pro-inflammatory cytokines and antigen presentation (Randolph et al., 2014). More 
specifically, low production of interferon γ (IFN-γ) and less cytotoxicity of NK-cells 
makes young children more vulnerable to viral infections. By 2 years of age, the 
immune function approaches that of adults, but full immunologic maturity is not 
reached until adolescence.

In elderly, innate immunity is compromised by a reduced number of circulating innate 
immune cells as well as impaired functionality. The dysregulation of both innate 
and adaptive immunity with advanced age is also known as immunosenescence. 
Aging decreases the number of naïve T-cells by thymus involution and a preferential 
differentiation of hematopoietic stem towards a myeloid lineage, while aging increases 
memory T-cells. Although a similar number of B-cells is maintained during aging, their 
capacity to produce antigens is reduced (Fulop et al., 2018). It is hypothesized that 



176

inflamm-aging is caused by sustained trained immunity. Trained immunity, or innate 
immune memory, is epigenetically orchestrated. Innate immune memory depends 
on a metabolic switch from oxidative phosphorylation to glycolysis after exposure 
to inflammatory stimuli (the Warburg effect, see above) ensuring an overall state of 
alertness (Arts et al., 2016, Cheng et al., 2014). Eventually, this leads to innate immune 
tolerance as protection against self-damage. Several forms of short-term DR alternated 
with a normal diet can effectively reduce immunosenescence (Longo et al., 2020). DR 
promotes stem cell regeneration of healthy immune cells and induces a metabolic shift 
towards fatty acid oxidation and oxidative phosphorylation, reversing the Warburg 
effect. In conclusion, it is not surprising that the response to both sepsis and DR are 
divergent from young adult to aged mice, since the immune response is structurally 
different.

Future directions
In chapter 4 limitations of dietary restriction are pointed out, including the dependence 
of its therapeutic potential on adipose tissue and the baseline state of alertness of 
the immune system, therefore restricting its therapeutic potential especially in the 
elderly. These limitations could be further addressed by transplantation of adipose 
tissue and/or bone marrow in the Ercc1Δ/- mice. Furthermore, the findings in an animal 
model of progeria raises the question whether these outcomes would be similar 
in normal aging. Finally, circumnavigating the limitations of our progeroid mouse 
model, studying the aptitude of H2S to reverse the Warburg effect in aged neutrophils, 
returning metabolism from glycolysis (overall state of alertness) back to oxidative 
phosphorylation (resting state), could clarify its potential as therapeutic target in 
sepsis.

Biomarkers to identify immunometabolism in individuals

As illustrated by the difference in efficacy of DR in adult versus progeroid mice, the 
immune response to interventions in sepsis is heterogeneous. Therefore, identifying 
sepsis biomarkers could have important therapeutic consequences. Since the immune 
response to sepsis is complex and highly interactive, a panel of biomarkers is probably 
needed to correctly identify the balance between immune activation and suppression 
in an individual (Beckmann et al., 2020). A wide range of potential biomarkers has been 
investigated, as summarized in table 1. Markers of immunoparalysis can be elevated 
up to at least one month after the infectious event, making the patient vulnerable 
to novel infections (Avendaño-Ortiz et al., 2018). Although none of these biomarkers 
have a high sensitivity and/or specificity on its own, a panel of biomarkers might 
differentiate between a hyperinflammatory response or immunoparalysis and pinpoint 
patients with a high risk on sepsis progression (Beckmann et al., 2020). Biomarkers can 
also be used to predict the risk of a secondary infection (Conway Morris et al., 2018), 
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which might select patients eligible for prolonged antibiotic or antifungal therapy 
to prevent a secondary infection during prolonged immunoparalysis. This strategy 
could lower the 30 day readmission rate for sepsis survivors, which varies between 
18-26%, in whom infection and/or sepsis is the most common cause of readmission 
(Goodwin et al., 2018).

After identifying the immune status, therapies can be individually adjusted and 
gain in effectivity. Indeed, studies of immunosuppressive strategies (i.e. IL-1 receptor 
antagonist or anti-TNFα-antibodies) showed no difference in sepsis outcome, but post-
hoc analysis revealed that these treatments actually were beneficial in small subgroups 
with a hyperinflammatory response (Lv et al., 2014, Opal et al., 1997, Shakoory 
et al., 2016). After pre-selecting patients with a low level of HLA-DR (representing 
immunoparalysis), treatment with granulocyte-macrophage colony stimulating factor 
(GM-CSF) restores macrophage functionality and lowers sepsis severity (Mathias et 
al., 2015, Meisel et al., 2009). GM-CSF can reverse impaired neutrophil functionality 
in patients submitted to the Intensive Care (Pinder et al., 2018). Low expression of 
monocyte HLA-DR can also be augmented by treatment with IFN-γ, attenuating 
cytokine production (Delsing et al., 2014, Leentjens et al., 2012). Treatment with 
recombinant IL-7 improves lymphocyte functionality, triggers the release of IFN-γ and 
downregulates lymphocyte expression of programmed cell death protein 1 (PD-1); 
reversing immunoparalysis of lymphocytes from septic patients (Francois et al., 2018, 
Payen et al., 2019, Venet et al., 2012). The use of anti-PD-1 antibody (novalimumab) 
in patients with immunosuppressive sepsis appears safe and its treatment efficacy 
is currently investigated (Hotchkiss et al., 2019, Watanabe et al., 2020). Currently, a 
study investigating neutrophil phenotype in paediatric sepsis, by comparing gene 
expression in neutrophils between sepsis patients and non-sepsis patients, is 
recruiting study subjects (ClinicalTrials.gov Identifier: NCT04103268). In conclusion, 
several biomarkers have been investigated that could elucidate the immune status of 
a septic patients; but a reliable panel of biomarkers with high sensitivity and specificity 
has not yet need been identified. Both immunosuppressive and immunostimulating 
therapies are already available and research is thriving, thus once a biomarker panel 
is available optimizing the immune-modulating therapy by tailoring to the immune 
status of the individual may be feasible in clinical practice.

Hibernation physiology as a model for immunomodulation

In both rat and human, a failure to maintain adequate metabolic rate in sepsis is 
associated with increased mortality (Wiewel et al., 2016, Zolfaghari et al., 2013). As 
reviewed in chapter 2, strategies involving targeted temperature management in 
septic patients are effective to reduce metabolism, but a lower body temperature 
tends to provoke increased mortality. Moreover, targeted temperature management 
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by therapeutic hypothermia increases metabolic stress since it does not lower the 
hypothalamic temperature-setpoint and thus neither suppresses mitochondrial 
activity. In contrast to rat and human, mice are able to survive sepsis-induced 
hypothermia up to a certain temperature. LPS-induced activation of TLR4 results in 
anorexia and lethargy, but also directly lowers the hypothalamic temperature-setpoint 
inducing hypothermia and a subsequent decrease in metabolic rate (Ganeshan et al., 
2019). A reversal to normothermia is fuelled by fatty acid-dependent thermogenesis 
by brown adipose due to activation of uncoupling protein 1 (UCP1), increasing proton 
leak from the ETC resulting in heat production. The ability to recover from hypothermia 
is improved by every other day fasting for 10 days before endotoxemia by a reduction 
of baseline metabolic rate. Inability to reverse endotoxemia-induced hypothermia 
results in organ damage. Still, severe hypothermia in sepsis – potentially reflecting 
loss of homeostasis, rather than an adaptation - is associated with increased mortality, 
indicating a point of no return (Starr et al., 2014).

In contrast to the homeothermic rat and human, mice are able to shift from 
homeothermy to heterothermy when energy requirements outweigh energy supply 
(daily torpor). In daily torpor, mice drop their body temperature to around 20°C, for 
a duration of 2-12 hours (Geiser, 2004, Hudson et al., 1979). Seasonal hibernators are 
able to safely undergo periods of more profoundly lowered metabolism (Quinones 
et al., 2014, Stanzani et al., 2020). Although several aspects of hibernation physiology 
resemble sepsis pathophysiology (summarized in Fig. 1), including leukopenia 
and lowered mitochondrial function, hibernation does not deteriorate into organ 
failure whereas sepsis does. In this thesis, we investigated hibernation as a model 
for reversible metabolic rate and immunoparalysis for the developmental of novel 
treatments in sepsis.

Hibernation induces a hypometabolic state, balancing energy demand with supply
In chapter 5, we explored the hibernation model in breadth, to enthuse further 
research exploring the potential of nature’s physiology to discover potential therapies 
in human medicine. This thesis focussed on the role of the innate immune response 
on sepsis pathophysiology, with emphasis on the interaction between metabolism 
and neutrophil functionality. While neutrophil dysfunction is pivotal in sepsis 
pathophysiology, mitochondrial dysfunction and the antioxidant defense are other key 
players as reviewed in chapter 2. As discussed above, sepsis creates an environment of 
hypoxia and low levels of substrate (a.o. glucose) in a disbalance with the high energy 
requirements of its hypermetabolic state (Kumar et al., 2019). This results in a switch 
from oxidative phosphorylation to glycolysis. Additionally, the mitochondrial ETC is 
disturbed and the ΔΨm lowered, leading to ROS release while the antioxidant defense 
is hampered (Chuang et al., 2006, Cowley et al., 1996). In stark contrast, hibernation 
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induces a switch from glycolysis to the TCA cycle and oxidative phosphorylation, 
lowers ROS release and improves the antioxidant defense (described in chapter 5). 
Hibernation is characterized by a lowered metabolism, thereby balancing energetic 
demands with the limited energy supply. In this chapter, an important role for the 
gamma-aminobutyric acid (GABA) shunt is revealed, elucidating a rerouting from 
oxoglutarate via the GABA shunt to succinate in torpor with protective properties 
against hepatic oxidative stress (Hata et al., 2019, Hori et al., 2013, Wang, S. et al., 2017, 
Yang, H. et al., 2017).

Figure 1. Overview of (dis)similarities between hibernation and sepsis.
Although it is tempting to speculate about a human hibernation-like state precluding 
hypermetabolism in sepsis, this still remains science fiction. As discussed in chapter 2, several 
molecular approaches (i.e. thyroid hormones, 5’-adenosine monophosphate and H2S) can 
closely mimic torpor, but the molecular mechanisms that induce torpor and preclude organ 
injury in natural hibernation are incompletely understood. Therefore, a complete hibernation-
like state might not (yet) be feasible, but elucidating protective strategies from hibernation 
(i.e. antioxidant defense, modulation of immunity) could provide novel therapeutic strategies 
for sepsis.

Despite similarities between torpor/arousal cycles and ischemia/reperfusion, which 
would elicit major organ damage in non-hibernators, hibernators do not elicit an 
immune response, nor suffer from organ injury after a hibernation bout (Jastroch et 
al., 2016). Indeed, as shown in chapter 5, the integrated ‘omics analysis of liver tissue 
did not identify proteins or metabolites involved in the activation of the immune 
response in hibernation. The liver contains the largest number of phagocytic cells 
in the body and functions as a key sentinel to detect and capture molecules and 
pathogens (Kubes and Jenne, 2018). Subsequently, the liver immune response is 
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balanced between immune tolerance in response to harmless macromolecules from 
the gastro-intestinal tract, and immune activation after recognition of bacteria or 
viruses. Whether the liver is rewired to promote immune tolerance in hibernation, or 
activating stimuli remain absent in hibernation despite cycling between metabolic 
extremes, remains to be elucidated.

Furthermore, as shown in chapter 5, the transsulfuration pathway is modulated in 
hibernation, promoting H2S production in the transition from torpor to arousal. Besides 
known antioxidant properties of H2S via activation of the nuclear factor erythroid 2–
related factor 2 (Nrf2)-pathway (Yang, G. et al., 2013), H2S also modulates neutrophil 
function as discussed above and shown in chapter 3. Therefore, neutrophil levels 
of H2S might also affect neutrophil functionality during hibernation. In addition 
to neutropenia in torpor (Havenstein et al., 2016, Sergiel et al., 2015), neutrophil 
functionality might also be negatively affected by low intracellular H2S levels. Upon 
arousal, H2S levels rise, setting the stage for neutrophil activation.

Searching for an immunomodulating plasma factor
Torpor is associated with neutropenia, which is rapidly reversed upon arousal to 
even higher circulating neutrophil levels than found in summer euthermic animals 
(Havenstein et al., 2016, Sergiel et al., 2015). Since hibernation is associated with 
profound metabolic changes (discussed in chapter 5) that could modulate neutrophil 
functionality (as discussed above), we hypothesized that neutrophil functionality would 
be influenced by hibernation. To our surprise, in chapter 6 we found that neutrophils 
from early arousal are functionally similar to those from summer euthermia, but their 
activity is suppressed by a, yet undefined, plasma factor that inhibits the recognition 
of lipopolysacharide (LPS) by TLR4. Therefore, rather than exploring the role of 
intracellular H2S on neutrophil function, we focussed on elucidating the plasma factor 
involved. As described in chapter 6, this factor might scavenge or inhibit soluble CD14 
(sCD14): an essential factor of the CD14/TLR4/MD2 complex to recognize LPS by cells 
that express membrane CD14 (mCD14) at low levels or not at all. Alternatively, sCD14 
can sidetrack LPS to plasma lipoproteins rather than mCD14, thus precluding the pro-
inflammatory response via TLR (Kitchens et al., 2005). In keeping, plasma lipoproteins 
(consisting of triglycerides and cholesterol) increase during arousal in the 13-lined 
ground squirrel (Otis et al., 2011). Unfortunately, levels of lipoproteins are unknown in 
hibernating Syrian hamster, but may explain the abrogation of the pro-inflammatory 
response in early arousal.

Several studies have investigated the use of CD14 as biomarker or modulating CD14 as 
novel therapeutic target to dampen inflammation in sepsis. While mCD14 is abundantly 
present in monocytes, macrophages and dendritic cells, neutrophils express mCD14 
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at a 10-fold lower concentration (Wu et al., 2019). Sepsis increases both mCD14 as well 
as sCD14, which is associated with higher mortality (de Aguiar et al., 2008, Landmann 
et al., 1995). Expectedly, CD14 has been suggested as an early biomarker of sepsis and 
marker of development from sepsis into shock (Korpelainen et al., 2017, Pugni et al., 
2015, van Maldeghem et al., 2019). Transgenic mice overexpressing CD14 are more 
susceptible to LPS-induced sepsis (Ferrero et al., 1993). In murine sepsis induced by CLP, 
the neutralizing antibody anti-CD14 reduces cytokine levels, granulocyte activation 
markers and improves sepsis survival (Huber-Lang et al., 2014). Unfortunately, none 
of these studies differentiated between mCD14 or sCD14, thus a potential benefit of 
increasing levels of sCD14 to improve neutrophil functionality in sepsis remains to be 
elucidated.

Future directions
In chapter 6 a plasma factor was discovered that suppresses neutrophil functionality 
(i.e. phagocytosis and oxidative burst). This study focused on a model with LPS and 
E.coli, whether the unknown factor could abrogate the neutrophil response to a 
polymicrobial infection is still unknown. Future research will focus on elucidating the 
factor responsible, with potential candidates being sCD14 or plasma lipoproteins. 
Interestingly, plasma lipoproteins are also increased in response to fasting (Schaefer 
et al., 2001) and might also play a role in the immunomodulation by dietary restriction. 
Further, although CD14 is essential for recognition of LPS, a major component of the 
outer membrane of gram-negative bacteria, gram-positive bacteria are actually 
the most common cause of sepsis and its recognition does not depend on CD14 
(Ramachandran, 2014). Therefore, confining treatment to modulation of CD14 
would probably not provide an efficient sepsis therapy. Investigating the efficacy of 
neutrophils during polymicrobial sepsis (i.e., CLP) in early arousal hibernators would 
clarify whether hibernation-induced suppression of neutrophil functionality is limited 
to LPS (gram-negative sepsis), or affects the recognition of a wide range of pathogens.

CONCLUSION

Neutrophil functionality is a dynamic process that has to be perfectly balanced to 
function as the soldiers in the first line of defence to pathogens, without jumping 
the gun and starting a war with civilian casualties. Hibernators are able to perfectly 
balance metabolism and immune function during physiological extreme conditions, 
alternating between immunoparalysis in torpor and prevention of hyperinflammation 
in (early) arousal. In this thesis we explored DR and hibernation physiology to influence 
metabolism and neutrophil functionality, identifying an important role of H2S for the 
modulation of mitochondrial and neutrophil function in both DR and hibernation. The 
untargeted approach of DR resulted in inconsistent results with beneficial effects in 
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adults but detrimental effects in progeroid mice. Our investigations broadened the 
current knowledge on sepsis pathophysiology. Our results emphasize an intricate 
interplay between (mitochondrial) metabolism and neutrophils. We propose that 
specifically targeting neutrophil functionality in sepsis, for example by inducing 
H2S-producing enzyme activity intracellularly or by targeting neutrophil pathogen-
binding capacity, could potentially lower sepsis mortality by redirecting sepsis 
pathophysiology in an early stage, preventing mitochondrial dysfunction. To optimize 
therapeutic potential, biomarkers to identify immunoparalysis and sepsis severity 
could be used to guide clinical decisions to personalize treatment.
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