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SEPSIS

Sepsis is characterized by a dysregulated host response to infection, accompanied with life-
threatening organ dysfunction and multi-organ failure (MOF). It is one of the most common 
causes of death among hospitalized patients (1, 2). As such, sepsis causes one in five of global 
deaths, which equals approximately 11 million deaths a year (2). Despite much research, little 
is known about the precise pathogenesis of sepsis, and therapy remains limited to source 
control (e.g. drainage, antibiotics) and supportive care (1, 3). Treatment improves mortality and 
prevents MOF in some, but not all patients, particularly if not administered in the critical early 
hours (3, 4). Due to failing therapy, short-term in-hospital mortality is as high as 20-30% (1, 3). 
Taken together, sepsis is a serious condition of which the pathogenesis still has to be unraveled. 

MITOCHONDRIA IN SEPSIS

Mitochondrial dysfunction is emerging as an early and important event in sepsis that may 
progress into loss of cellular homeostasis, organ failure and ultimately, death of the patient 
(3, 5). Metabolic changes are inevitable in the septic process. Cells of septic patients become 
hypermetabolic, necessitating an excess production of adenosine triphosphate (ATP), the 
energy-carrying molecule, to meet the extra energy demand (5). Mitochondria provide 
ATP via the electron transport chain (ETC) by means of oxidative phosphorylation, using 
the displacement of hydrogen ions, resulting in an electrochemical gradient that is driving 
phosphorylation of adenosine diphosphate (ADP) into ATP. Under healthy conditions, 98% 
of the oxygen combustion in the mitochondria is linked to formation of ATP, while the 
remaining 2% is expelled by way of reactive oxygen species (ROS) (Figure 1).

During sepsis, mitochondrial efficiency is compromised, resulting in excess ROS formation 
and ATP depletion (6). Additionally, ROS formation triggers the release of cytochrome c, 
which is an essential component of the electron transport chain. Circulating cytochrome 
c can be seen as an indicator of mitochondrial injury and high levels are associated with 
mortality in septic patients (7). Many endogenous antioxidants are present within the cell 
to protect them from the harmful ROS (3, 6). In normal conditions, the amount of ROS 
and antioxidants are balanced, while in septic patients, there is an imbalance between the 
formation and clearance of ROS, called the oxidant stress condition (6). Mitochondria, are 
extremely prone to ROS damage. Especially the mitochondrial DNA (mtDNA), is susceptible 
to damage due to lack of histones and relatively inefficient repair mechanisms (8, 9). 
Additionally, damaged mitochondria trigger a systemic inflammatory response through the 
release of extra ROS and damage-associated molecular patterns (DAMPs, i.e. mtDNA and 
peptides) into the circulation (10). An increasing number of dysfunctional mitochondria in 
the cell results in excess apoptosis and necrosis, which in turn will lead to organ dysfunction, 
especially organs with a high energy need (1, 3), including the central nervous system, heart, 
liver, kidney and skeletal muscles (11). Subsequently, due to the hypermetabolic state, 
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1anaerobic glycolysis will be stimulated and lactic acid accumulates throughout the cell (3, 5), 
thereby, in co-operation with the mitochondrial failure, causing loss of cellular homeostasis, 
ultimately resulting in organ failure and death in the septic patient (5). Thus, although it 
is recognized that mitochondrial failure is important in the pathophysiology of sepsis, the 
exact mechanisms underlying mitochondrial dysfunction are not yet sufficiently clear. 

Figure 1. Oxidative phosphorylation in the mitochondria. The electron transport chain (ETC) is embedded 
in the inner membrane of the mitochondria which transports electrons to generate an electrochemical 
gradient. The electrochemical gradient is used to produce ATP, thus making mitochondria the power house 
of the cell. Reactive oxygen species are made as a byproduct during this process. ROS: Reactive oxygen 
species, ATP: adenosine triphosphate,  ADP:  adenosine diphosphate, Cyt c: Cytochrome C, H+: Hydrogen, 
NAD+: Nicotinamide Adenine Dinucleotide, FAD+: Flavin Adenine Dinucleotide. Created with BioRender.com 

LONG-TERM MORBIDITY AND MORTALITY AFTER SEPSIS 

Sepsis constitutes not only a problem in the short-term, but also on the long-term. Mortality rates 
after surviving the initial sepsis episode remain high. Depending on sepsis severity, the reported 
one-year post-discharge mortality rate varies between 7-43%, (12) and five-year mortality 
rate after severe sepsis amounts 82% (13). There is scarce data that describes the long-term 
consequences of sepsis and how to optimize health post-sepsis. Long-term mortality is often due 
to the so-called “post-sepsis syndrome”: a phenomenon defined as consistent physical, medical, 
cognitive, and psychological issues after sepsis (14). Post-sepsis syndrome increases readmission 
risk for infections and the incidence of cognitive impairment, mental health problems, renal 
failure, and cardiovascular events, compared to non-sepsis hospitalized patients (15-18). As such, 
half of the deaths after sepsis are caused by recurrent infection and cardiovascular events (19). 
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Rehospitalization risk
Almost a third of all sepsis survivors are readmitted to the hospital within 90 days, while 
nearly half of the patients over 50 years of age are readmitted within 90 days. Up to a third 
of these readmissions are due to recurrent sepsis (16, 17) while other common causes are 
heart failure, pneumonia and acute renal failure (together ~15%) (16). Sepsis survivors have 
a two-fold higher incidence of sepsis and nearly three-fold higher incidence of acute renal 
failure as compared to age and comorbidity-matched subjects surviving hospitalizations 
for other acute medical diagnoses (16). Recurrent sepsis remains a problem years after 
discharge as over an eight-year period, more sepsis survivors develop recurrent sepsis 
compared to randomly sampled patients from a health registry (35% versus 4%), while 
recurrent sepsis caused nearly one third of deaths in sepsis survivors during this period 
(20). Thus, rehospitalization and mortality due to sepsis recurrence and non-septic causes 
constitute a lethal problem for sepsis survivors. Preventing sepsis recurrence is difficult 
since the factors that put patients at risk for sepsis are largely the same risk factors for 
recurrence, such as increased age, cardiovascular and kidney disease, frailty, and cognitive 
impairment (21). Moreover, sepsis induces a state of persistent low-grade inflammation 
(22), prolonged immune dysregulation (22), and mitochondrial dysfunction (23, 24) which 
results in increased infection risk and cellular damage, thereby making survivors more 
vulnerable to recurrent sepsis episodes. Thus, to enhance health- and life span after sepsis, 
it is necessary to identify feasible strategies to lower the risk factors that predispose patients 
to recurrent sepsis episodes.

Prolonged immunosuppression
While sepsis was historically thought of as a predominantly hyper-inflammatory syndrome, 
recent focus has been expanded to the occurrence of an immunosuppressive phase, occurring 
concurrently with the hyperinflammatory phase (25) which is marked by lymphocyte 
apoptosis (26) and cellular reprogramming (endotoxin tolerance) of innate immune cells 
(27). Immunosuppression is evident early in sepsis, and persists after patient discharge (28). 
Prolonged immunosuppression is a key component of the post-sepsis syndrome as it seems 
to underlie the high rate of lethal infections and sepsis recurrence (16, 17). One in five ICU 
sepsis survivors had positive blood cultures up to 150 days after sepsis, among which there 
were more opportunistic bacterial and Candida infections than during admission, suggesting a 
prolonged inability to clear infections (29). This has important clinical consequences since, 73% 
of deaths in a cohort of 78 ICU sepsis survivors one year post-discharge were due to infectious 
complications, predominantly from pneumonia and urinary tract infections, compared to 
11% in 50 non-septic ICU survivors (30). Furthermore, sepsis survivors have reduced pro-
inflammatory interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFα) secretion after 
stimulation of whole-blood with zymosan (a yeast surface protein), as well as a substantial 
decrease in anti-inflammatory IL-10 secretion in response to lipopolysaccharide (LPS) at 
9-52 months after discharge, when compared to healthy controls (28), indicating a sustained 
inability of immune cells to mount an effective immune response.
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1Cognitive dysfunction and neuropsychiatric consequences 
Long-term cognitive issues, with deficits in processing speed, attention span, perception, 
and memory, are a debilitating consequence of sepsis (13, 31). These deficits affect up to 
one in five sepsis survivors (31) and can last for up to three years (32). Persistent cognitive 
deficits lead to a poorer quality of life (33) and an increased risk of rehospitalization (34). 
Sepsis survivors have a reduced hippocampal volume (35) and evidence of blood brain 
barrier (BBB) breakdown, as detected using magnetic resonance imaging (MRI) (36). Murine 
sepsis survivors have increased rates of apoptosis in hippocampal neurons (37), increased 
BBB permeability (38), and neuronal ATP depletion (39). Furthermore, the occurrence of 
delirium during sepsis is strongly associated with long-term cognitive issues (40). Delirium 
occurs in almost one in four septic patients (41) and is associated with a high mortality rate 
(41). Lastly, severe sepsis can have a long-lasting effect on mental health (42, 43). Post-
traumatic stress disorder (PTSD) is a common diagnosis in sepsis survivors (44, 45), which is 
associated with increased rates of nightmares, sleep disturbances and anxiety (43, 45-47). 
Depression and anxiety are seen in one third up to half of the sepsis ICU survivors at one 
year after discharge (46). Thus sepsis causes long lasting neuropsychiatric changes. 

Cardiovascular and kidney disease 
Sepsis survivors have an increased risk of fatal cardiovascular and kidney diseases, including 
stroke, myocardial infarction, heart failure, ventricular arrhythmia, and chronic kidney 
disease (CKD) (48-50). The development of CKD is closely related to cardiovascular disease 
and may either share the same pathophysiology or be secondary to the occurrence of 
cardiovascular disease (49, 50). Roughly one in three patients with sepsis develops acute 
kidney injury (AKI), which is associated with increased mortality (51). Similarly, sepsis patients 
with pre-existing CKD have a two-fold increased 90-day mortality risk when compared to 
septic patients without CKD (52). Conversely, sepsis-AKI is associated with a higher risk of 
CKD development (50), which also increases the risk of sepsis recurrence (52, 53). Thus, 
sepsis, cardiovascular- and kidney disease are closely intertwined, making it in daily practice 
difficult to establish if patients were more prone to sepsis due to pre-existing (undiagnosed) 
renal/cardiac problems, or whether sepsis caused development of new problems.

Overall functioning and quality of life
Sepsis survivors continue to have a reduced health-related quality of life (QoL) for at least 
five years after discharge, particularly in the physical domain, when compared to age-
matched controls (54). Decreased physical function may be due to loss of muscle mass 
during sepsis, though it is incompletely understood why muscle regeneration is impaired 
after sepsis (55). Consequently, poor physical functioning leads to inability to work in more 
than half of previously-employed sepsis survivors (55). A poor QoL six months after sepsis 
is predictive of a worsening QoL one year after sepsis; (56) therefore, it is key to identify 
patients with early decreases in QoL who may need closer follow-up and personalized 
strategies to improve QoL.
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FRAIL MITOCHONDRIAL PHENOTYPE AS CAUSE FOR LONG-
TERM MORBIDITY AND MORTALITY 

Whether mitochondrial damage is fully restored after survival from sepsis is unknown. 
Oxidative damage to mtDNA may permanently affect mitochondrial function in sepsis survivors, 
analogue to the process of aging. During the aging process, continuous low level oxidative 
stress cause mutations and deletions in mtDNA and a reduced mitochondrial activity, resulting 
in a decrease of the ETC capacity and decreased ATP levels (57). In turn, this aged mitochondrial 
phenotype is associated with age-related diseases, such as diabetes mellitus type 2, cancer, 
cardiovascular and neurodegenerative diseases (15, 57, 58). Potentially, oxidative stress 
during sepsis induces a comparable accelerated aging or ‘frail’ mitochondrial phenotype and 
thereby increases the risk of (fatal) cardiovascular events and aging-related diseases in sepsis 
survivors (figure 2). Collectively, mitochondrial failure as result of sepsis results in depletion of 
ATP and creates an oxidative and pro-inflammatory environment that can progress into loss 
of cellular homeostasis (23, 59). Hence, preservation of mitochondrial function may preclude 
the initiation of an overwhelming inflammatory response, MOF and ultimately, death of the 
patient (11). Additionally, preservation of mitochondrial function may reduce the long-term 
risk of (fatal) cardiovascular events and aging-related diseases after sepsis survival. Currently, 
no strategy is available that can preserve mitochondrial function during sepsis.

Figure 2. Hypothesis of long-term morbidity and mortality post sepsis. The increased ATP-demand during 
sepsis, triggers a hypermetabolic state that not only leads to increased ATP-production, but also generation 
of free radicals, such as reactive oxygen species (ROS). This may cause oxidative injury to mitochondria, 
including mitochondrial DNA (mtDNA). Oxidative injury to mtDNA may lead to aging-related diseases 
upon survival from sepsis. Preservation of mitochondrial function and precluding damage to mtDNA may 
improve both short- and long-term survival after sepsis. Created with BioRender.com
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1SCOPE OF THIS THESIS

This thesis aims at exploiting the mitochondrial role in sepsis. Unraveling the mechanisms 
that mitochondria play in sepsis might enhance our ability to develop novel targeted 
therapies to improve survival and possible prevent long-term post-sepsis morbidity and 
mortality. 

To this end, we first described the societal burden of sepsis in the Netherlands in terms 
of disease- and indirect economic burden in chapter 2. In chapter 3 we provide insight 
on the contribution of mitochondria in the pathophysiology of sepsis-AKI, as we showed 
a decrease in mitochondrial mass, increase in mitochondrial DNA damage, and increase 
in oxidative stress markers in patients suffering from sepsis-AKI. Consequently, we were 
curious whether mtDNA damage and oxidative damage were associated with long-term 
mortality in sepsis survivors. Therefore, in chapter 4 we focused on long-term mortality 
in sepsis survivors and showed that DNA- and RNA-oxidation in septic patients were 
associated with all-cause long-term mortality. In chapter 3 and 4 we showed high oxidative 
stress levels and oxidative damage during sepsis and sepsis-AKI. To this end, we wanted 
to define the anti-oxidant capacity in early sepsis and its relation with kidney function. 
Therefore in chapter 5 we established concentrations of plasma free thiols, important 
anti-oxidants, in septic patients at different time points and associated this with major 
adverse kidney events. We found a lower anti-oxidant capacity during early sepsis than 
three months and one year after hospital admission. Furthermore, low anti-oxidant levels 
were inversely correlated with kidney function and mortality. Next, to provide more insight 
in the pathophysiological mechanisms of mitochondrial dysfunction in sepsis, we created 
a pre-clinical sepsis model in chapter 6, using cell and murine models. Collectively, we 
showed that lipopolysaccharide (LPS), the endotoxin from bacteria, is translocated via the 
CD36/caveolin-1 route into the mitochondria. Uptake results into a reaction of LPS with 
cytochrome c, conferring mitochondrial dysfunction by lowering membrane potential and 
ATP production, and increasing reactive oxygen species. Hydrogen sulphide (H2S) is important 
in mitochondrial homeostasis as it promotes ATP production, mitochondrial biogenesis, and 
has an anti-oxidant capacity. Administration of H2S donating agents effectively maintained 
mitochondrial function and protected against acute kidney injury in septic mice. In chapter 
7 we elaborated the effects of H2S on mitochondria during sepsis, and found that H2S 
augmented the expression of transcripts of the mitochondrial DNA damage-pathways and 
induced expression of a large number of additional transcripts associated with mitochondrial 
biogenesis and bioenergetics. Lastly, chapter 8 summarizes and discusses the obtained data 
in this thesis, and provides future perspectives. 
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