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SUMMARY

This thesis explored the role of mitochondria in sepsis, with the ultimate aim to unravel 
the mechanisms in play during sepsis and enhance our ability to develop novel targeted 
therapies to improve survival and possible prevent long-term post-sepsis morbidity and 
mortality.  

First, in chapter 2 we explored the burden of disease and indirect economic costs of sepsis 
in the Netherlands. The disease burden can be measured using quality-adjusted life years 
(QALYs), while the indirect economic burden is formed by productivity loss and increased 
healthcare use post sepsis. We showed that the burden of disease of sepsis is estimated 
as 2·0 (1·4 - 2·8) billion euros. The indirect economic burden of sepsis was estimated at 
333.4 million euros per year calculated with the friction method and 1124.4 million per year 
calculated with the human capital method. Both indirect economic- and disease burden 
combined, were estimated at 2.3 billion euros with the friction method and 3.1  billion 
euros with the human capital method. Taken together, sepsis and its complications pose 
a substantial disease- and indirect economic burden to the Netherlands, with an indirect 
economic burden as significant as one-third of that of cancer and as large as that of stroke. 
Our results emphasize the need for future studies to prevent and treat sepsis, saving 
downstream costs and decrease the economic burden. 

In chapter 3 we tried to unravel the mitochondrial role in the pathogenesis of sepsis. Hereto, 
we conducted a clinical study using immediate postmortem biopsies from sepsis-associated 
AKI patients and control patients undergoing tumor nephrectomy. Results showed an 
increase in renal oxidative stress and DNA damage in patient with sepsis-AKI compared to 
control patients. Fluorescent staining demonstrated DNA damage in both the mitochondria 
and the nucleus, implicating oxidation of the mitochondrial and nuclear DNA. In addition, we 
assessed mitochondrial DNA damage and mitochondrial quality control, which is important 
to maintain a healthy mitochondrial pool. We found that sepsis-AKI was associated with 
mitochondrial DNA damage in the kidney, without signs of a compensatory upregulation 
of mitochondrial quality control mechanisms, such as mitochondrial biogenesis, mitophagy 
and mitochondrial fission/fusion. Lastly, we found a reduction in mitochondrial DNA levels 
in sepsis-AKI patients compared to control subjects, denoting a decrease in mitochondrial 
mass. Taken together, sepsis-AKI induces mitochondrial DNA damage in the human kidney, 
without upregulation of mitochondrial quality control mechanisms, likely resulting in a 
reduction in mitochondrial mass.

Subsequently, after defining the acute effects of sepsis on oxidative stress and mitochondria 
in chapter 3, we were curious if mtDNA damage and oxidative damage were associated 
with long-term mortality in sepsis survivors. Thus, in chapter 4 we conducted a prospective 
cohort study in patients with sepsis who visited the ED of the University Medical Center 
Groningen (UMCG) and compared those with control subjects without sepsis but matched 
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on sex, age, cardiovascular diseases, malignancy, diabetes, creatinine levels in blood and 
estimated glomerular filtration rate (eGFR). First, we determined oxidation of DNA, RNA 
and free nucleobases in urine and oxidation of lipids in plasma. Septic patients had a higher 
amount of DNA-, RNA- and free nucleobase oxidation in urine than controls, and had 
significantly higher lipid peroxidation in plasma. In line with chapter 3, we found that septic 
patients denoted more mtDNA damage than controls and in addition had higher levels of 
mtDNA levels in their plasma, indicating cellular damage. We performed a Cox regression 
survival analysis to assess the association between DNA-, RNA- and free nucleobase 
oxidation in urine and mtDNA damage in plasma with mortality among septic patients. 
Univariate Cox regression analyses revealed that both RNA- and nucleobase oxidation were 
associated with long-term all-cause mortality during eight years of follow up. Of these two, 
high RNA oxidation was independently associated with long-term all-cause mortality during 
eight years of follow up, when adjusting for age, medical history and sepsis severity. In 
summary, sepsis is associated with mtDNA damage and oxidation of DNA-, RNA- and free 
nucleobases, with RNA oxidation being independently associated with long-term mortality 
in septic patients. 

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. Acute kidney injury (AKI) is common among 
septic patients and is associated with increased mortality and morbidity. Oxidative stress 
is an important contributor to the pathogenesis of sepsis related kidney injury. Plasma 
free thiols (R-SH) reliably reflect systemic oxidative stress, since they are readily oxidized 
by reactive species, thereby acting as antioxidants. Lower levels of thiols represent higher 
levels of oxidative stress. In chapter 5, we aimed to establish concentrations of serum free 
thiols in sepsis at different time points and associate this with major adverse kidney events 
(MAKE), a composite measure of clinically meaningful renal endpoints, including mortality. 
In this study we showed that plasma free thiols in early septic patients were lower during the 
ED visit and at the ward, compared to three months and one year after hospital admission. 
Additionally, albumin depletion in sepsis was strongly correlated with a decrease in plasma 
free thiols at ED, suggesting thiol depletion to be at least in part secondary to lower albumin 
levels. Plasma ischemia modified albumin (IMA) levels, a marker of oxidative stress, inversely 
correlated with plasma thiol levels. In turn, plasma free thiols at ED positively correlated with 
eGFR at ED and three months after admission. Furthermore, low levels of plasma free thiols 
upon ED admission were associated with long-term kidney function loss and mortality at 90 
days (MAKE90), and predicted kidney function loss and mortality at 365 days (MAKE365), 
independent of other important confounders. Thus, plasma free thiols may be important in 
the pathogenesis of sepsis-AKI and our results shed light on the potential development of 
therapeutic interventions with thiol-based antioxidants in sepsis.  

Next, to provide more insight in the pathophysiological mechanism of mitochondrial 
dysfunction in sepsis we created in vitro and in vivo pre-clinical sepsis models in chapter 6. 
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There we showed that cultured endothelial cells translocate lipopolysaccharide (LPS), the 
endotoxin from bacteria, via the CD36/caveolin-1 endocytosis route into the mitochondria. 
Using cultured cells, isolated mitochondria and purified protein, we demonstrated that 
endotoxin binds cytochrome c, leading to its unfolding and oxidation, which triggers its 
release from mitochondria, and results in a disturbed electron transfer from complex III to 
complex IV. Collectively, this mechanism perturbs mitochondrial function, with decreased 
ATP production and increased formation of reactive oxygen species, leading to loss of 
endothelial barrier function in vitro and kidney dysfunction upon sepsis in vivo. Importantly, 
LPS effects were absent in endotoxin challenged cells that were depleted of mitochondria or 
when endocytosis was blocked. Finally, we administered GYY4137, a hydrogen sulfide (H2S) 
donor in vivo and in vitro. H2S is an important regulator of mitochondrial function that can 
maintain mitochondrial homeostasis under conditions of oxidative stress. We showed that 
preserving the reduction state of cytochrome c by H2S donating agents effectively maintains 
mitochondrial function and protected from acute kidney injury in septic mice. The similarity 
of effects of sepsis in in vitro and in vivo models and the beneficial action of GYY4137 in 
both, supports a key role for mitochondrial preservation during sepsis. 

In chapter 3 and 4 we showed extensive mtDNA damage in the human kidney and in plasma 
from septic patients, with a lack of repair by mitochondrial quality control mechanisms. 
Preventing damage to mitochondria and upregulation of mitochondrial quality control 
mechanisms could be a therapeutic option in sepsis. Therefore, in chapter 7 we used the 
cecum ligation and puncture (CLP) sepsis mouse model, and explored inflammation, kidney 
damage and mitochondrial copy number in mice administered vehicle or GYY4137. CLP 
induced  systemic inflammation and AKI as demonstrated by mild hypothermia, increased 
levels of plasma IL-6, serum urea and kidney mRNA expression of the renal damage marker, 
neutrophil gelatinase-associated lipocalin (NGAL). However, mitochondrial copy number 
was similar between CLP and control mice. GYY4137 administration attenuated the rise 
in IL-6, TNFα, NGAL mRNA expression and serum urea levels, while upregulating the 
expression of transcripts associated with mitochondrial DNA damage and biogenesis. Thus, 
administration of GYY4137 likely precludes AKI and lowers systemic inflammation in sepsis 
by early induction of mitochondrial biogenesis. 

Collectively, sepsis is highly prevalent and costly in terms of health and money. This is 
highlighted by the fact that sepsis and sepsis-AKI associates with mtDNA damage in patients 
and secondly that oxidative damage in septic patients is associated with long-term mortality. 
Experimental studies in sepsis models underscore the importance of mitochondria in sepsis. 
In line, preservation of mitochondrial health by supplying H2S rescues mice from systemic 
inflammation and acute kidney injury. Elaborating the mitochondrial role in sepsis would be 
of great importance in the future.  
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DISCUSSION

To date,  there have been over 100 different interventions that showed a survival benefit in 
animals exposed to sepsis, but none of these have reached the status of registered sepsis 
drug (1). In addition, many clinical trials focusing on strategies to modify the systemic 
inflammatory response failed (1), which shows us that we have to reorient our approach 
in treating sepsis. An important factor contributing to the failure of clinical trials is that 
sepsis is an extremely heterogeneous syndrome, as patients differ in the source and type of 
infection, comorbidities, demography and genetic background, which hampers a “one size 
fits all” approach (2). Based on this thesis, common ground for an effective sepsis treatment 
might be found in preventing mitochondrial failure and oxidative stress.

PREVENTING OXIDATIVE STRESS 

Sepsis leads to a state of profound oxidative stress (3). One of the main sources of ROS are 
mitochondria, but also NADPH oxidases (NOX) plays an important role in ROS production. 
NOX are mainly important in immune cells, including neutrophils and macrophages, where 
NOX produces superoxides which are necessary for the oxidative burst upon phagocytosis 
(3, 4). As such, the NOX system is extremely important in regulating the immune response 
during sepsis (5). However, a vicious circle could originate, whereby mitochondrial and 
NOX’s produced ROS, trigger each other to produce even more ROS (5). The antioxidant 
status is extremely important to prevent oxidative damage to tissues. However,  antioxidant 
levels are depleted during sepsis, as seen in patients with septic shock compared to healthy 
controls (3). In line with this, we showed in chapter 5 that plasma free thiol levels, crucial 
components of the extracellular antioxidant machinery as they are the main antioxidant 
molecules in plasma, were lower in patients with early sepsis during the initial emergency 
visit compared to after three months and one year after hospital admission. Furthermore 
we showed that plasma free thiol levels were lower in patients with sepsis on the ICU 
compared to patients without sepsis (6). With depletion of antioxidants, ROS damages 
proteins, lipids (7, 8) as well as nucleobases, as confirmed in chapter 3 and 4. Whether 
nucleobase damage correlated with long-term mortality was not yet known. However, 
in chapter 4 we showed an association between free nucleobases and RNA oxidation as 
measured in urine, with long-term all-cause mortality after sepsis, stating the importance 
of counteracting oxidative damage during sepsis. However, no studies have yet provided 
conclusive evidence of the beneficial effects of antioxidants in patients with sepsis (9). 
The reason for this may be that by blocking ROS production, you also shut down the 
protective immune regulation mechanisms of NOX. Therefore, a solution could be found 
in mitochondrial targeted antioxidants (MtAO). The notion that mitochondria-targeted 
antioxidants may be of benefit in sepsis is rising. MtAO demonstrated beneficial effects on 
mitochondrial function and outcome in several pre-clinical murine sepsis models (10-13). 
Some mitochondria-target antioxidants have been tested in humans, but none of them has 
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yet been evaluated in sepsis. In healthy men, MtAO treatment did not make any difference 
in mitochondrial function defined as mitochondrial respiration, mitochondrial copy number 
and mitochondrial biogenesis, but mildly suppressed mitochondrial ROS levels (14). Next, in 
patients with chronic hepatitis C infection MtAO reduced liver damage, shown by decreased 
plasma alanine transaminase and aspartate aminotransferase levels (15). Furthermore, a 
recent study showed attenuated nuclear mitochondrial DNA damage in lymphocytes after 
MtAO treatment in high-intensity intermittent exercise (16). If MtAO could indeed preserve 
mtDNA it might be helpful in sepsis, since sepsis is associated with mtDNA damage as shown 
in chapter 3 and 4. Lastly, MtAO showed encouraging results in patients with atherosclerotic 
renal artery stenosis who got percutaneous transluminal renal angioplasty and stenting. In 
those, it improved kidney function, attenuated post-procedural hypoxia and increased renal 
blood flow (17). Thus, based on these results MtAO might be a used as therapeutic in sepsis. 

MITOCHONDRIAL QUALITY CONTROL MECHANISMS

Mitochondrial biogenesis
Mitochondrial biogenesis is the process in which new mitochondria are produced (18). It 
is activated during cellular stress or in response to environmental stimuli. Mitochondrial 
biogenesis is regulated by multiple genes, of  which peroxisome proliferator-activated 
receptor γ coactivator 1α (PGC-1a), nuclear respiratory factor 1 and 2 (NRF1, NRF2) and  
mitochondrial transcription factor A (TFAM) are the most important. PGC1-a is expressed at 
high levels in tissues where mitochondria are abundant and oxidative metabolism is active. 
During cellular stress, different stimuli (e.g. cytokine release) cause the transcription of PGC-
1a, which in turn promotes its own expression as well as the expression of NRF1 and NRF2 
amongst others (18, 19). Consequently, NRF1 and NRF2 promote the expression of several 
nuclear genes encoding mitochondrial proteins, including TFAM. TFAM is then transported 
into the mitochondria, where it binds mtDNA and activates transcription and regulation of the 
mitochondrial genome, thereby regulating mitochondrial copy number (20, 21) (figure 1A). 
In chapter 3 we showed a decrease in mitochondrial copy number in the kidney from sepsis-
AKI patients compared to controls, a decrease in TFAM mRNA expression and no change 
in NRF2 expression. The idea that alterations in mtDNA copy number are of importance in 
progression of disease has been strengthened by the evidence that overexpression of TFAM 
or PGC-1a promotes cell survival and reduces oxidative stress in many models of pathology 
such as in cardiovascular disease, diabetes  (22-25) and sepsis (26, 27). In line with this 
observation, PGC-1a was elevated in muscle from sepsis survivors, but not in non-survivors 
(28). Furthermore, LPS-induced mice with AKI have a decreased mRNA expression of  PGC-
1α in the renal cortex, whereas overexpression of PGC-1α shows recovery from LPS induced 
AKI (27). Mitochondrial biogenesis restores oxidative metabolism, following bacterial 
sepsis in mice and is therefore an early and important pro-survival factor (29). Currently, 
recombinant human TFAM (rhTFAM) seems promising in preventing mitochondrial failure 
as it increases mtDNA expression and improves mitochondrial function in various target 
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organs, including the brain, heart and skeletal muscle (30). Another therapeutic strategy 
could consist of mesenchymal stem cell injection (MSCs), which resulted in higher expression 
of PGC-1α, restoration of mitochondrial mass and brought the mtDNA content back to 
baseline in muscle stem cells in mice with sepsis (31). Allogeneic adipose-derived MSC 
therapy is currently tested in patients with acute respiratory distress syndrome to reduce 
lung injury and appeared to be safe and feasible (32). However, the clinical effect with the 
administered doses has to be optimized and in sepsis it has yet to be tested. In summary, 
increasing mitochondrial biogenesis would be a strategy to improve sepsis survival and 
possible counteract the long-term consequences after sepsis. 

Mitochondrial dynamics
Mitochondrial dynamics consists of mitochondrial fission and fusion (33). Fission is the 
process by which mitochondria cleave a dysfunctional part of the mitochondrion and 
fusion is when mitochondria fuse together. Those processes are extremely important to 
repair damaged mitochondria and thereby maintain healthy mitochondria (34). The most 
important fission proteins are  dynamin-related protein 1 (DRP1) and mitochondrial fission 
1 (FIS1), whereas the most important fusion proteins are mitofusin 1 (MFN1), MFN2, and  
optic atrophy 1 (OPA1) (figure 1B). Unbalanced mitochondrial fission and fusion may be 
part of the mechanism underlying mitochondrial dysfunction in sepsis, but much has to be 
unraveled, as it is minimally studied in the setting of sepsis (35). In chapter 3 we showed 
that mRNA expression of fission and fusion markers DRP1 and MFN2 respectively, in kidney 
biopsies from sepsis-AKI patients was not different compared to control subjects. However, 
in a sepsis-AKI mice model, kidney mRNA expression of OPA1 decreased over a 24-hour 
course, while DRP1 was increased after 24 hours, indicating an unbalanced fission-fusion 
system (35). Another septic mice model showed a decrease in MFN2 mRNA expression in 
the liver at 12-18h after sepsis, whereas DRP1 mRNA levels were enhanced after 4h. Also, 
a sustained increase in mitochondrial fragmentation was seen, implicating an unbalanced 
fission-fusion system, where fission was predominated (36).  DRP1 is linked as a key invent to 
apoptosis as it is necessary to create mitochondrial fragmentation (37). DRP1 knockout mice 
suffer les from sepsis-induced organ dysfunction and have an overall prolonged survival 
compared to wild-type animals with sepsis (38). Furthermore, a loss of DRP1 function is 
associated with increased mitochondrial fusion and sustained mitochondrial network 
(39). Therefore, it is postulated that pharmacological targeting of DRP1 can attenuate the 
unbalanced fusion-to-fission system during sepsis. Mdivi-1 is a pharmacological inhibitor of 
DRP1 and thereby partly blocks mitochondrial fission. In pre-clinical sepsis models Mdivi-1 
restores mitochondrial morphology and function, as demonstrated by increased membrane 
potential and ATP production, decreased ROS generation and enhanced survival (36, 38, 
40). Thus, blocking mitochondrial fusion may restore fission-fusion balance and might be of 
benefit in the treatment of sepsis. 
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Mitophagy 
Damaged mitochondria are removed through a mitochondria-specific autophagy pathway, 
called mitophagy. The most important mitophagy regulators are PTEN-induced kinase 1 
(PINK1) and Parkin (41, 42). When mitophagy is induced, PINK1 accumulates on the outer 
mitochondria membrane (OMM), where it recruits and activates Parkin. Consequently, Parkin 
activation causes ubiquitin accumulation at the mitochondrion, tagging it for degradation 
(Figure 1C) (41). Mitophagy is important during sepsis, as it removes damagedand 
dysfunctional mitochondria and has a role in immune regulation since a dysregulated 
removal of mitochondria leads to hyperactivation of the inflammatory signaling pathway and 
subsequently to chronic systemic inflammation (43). As such, impaired mitophagy resulted 
in hyperactivation of the inflammation process and higher mortality rate in septic mice (44). 
Furthermore, PINK or Parkin knockout in mice with sepsis-AKI produced more severe kidney 
injury and increased levels of apoptosis as compared to wild-type mice (45). In chapter 
3, we showed as well a decrease in PINK1 and Parkin expression in kidney biopsies from 
sepsis-AKI patients compared to control subjects. In line with this, Parkin overexpression 
in mice attenuates sepsis-induced muscle wasting and prevented a decrease in the content 
of mitochondrial subunits of NADH dehydrogenase and cytochrome c oxidase, thereby 
improving mitochondrial function (46). Moreover, a high mitophagy rate leads to elimination 
of excessive ROS, improves mitochondrial mass, and attenuates inflammation(42). To 
date, several therapies are in preclinical development to enhance PINK1/Parkin mediated 
mitophagy, but have yet to be tested in vitro and in vivo (47).  
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Figure 1. Mitochondrial quality control mechanisms. A) Overview of mitochondrial biogenesis. PGC-
1α gets activated and promotes expression of NRF1/2. NRF1/2 then promote expression of TFAM, 
which is translocated to the nucleus and promotes mtDNA expression to generate new mitochondria. 
B) Overview of mitochondrial fission and fusion. Mitochondrial fusion is mediated by MFN1/2 on 
the outer mitochondrial membrane and OPA1 on the inner mitochondrial membrane, where they 
cause fusion of two mitochondria. Fission is mediated by FIS1 and DRP1, where FIS1 plays a role in 
the recruitment and association of the fission mediator DRP1. DRP1 in turn, forms spirals around 
mitochondria at fission sites which promotes the constriction of mitochondria followed by fission. C) 
Overview of the mitophagy process. PINK1 accumulates on the outer mitochondrial membrane, where 
it recruits and activates Parkin. Parkin activation causes ubiquitin accumulation at the mitochondrion, 
initiating autophagosome formation and degradation of the mitochondrion.

LONG-TERM MORBIDITY AND MORTALITY IN SEPSIS SURVIVORS

As shown in this thesis, sepsis is associated with a high oxidative burden, caused by 
ROS production from mitochondria and eventually leading to mitochondrial damage. 
Mitochondrial quality control mechanisms are extremely important in restoring damage 
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and keeping a healthy mitochondrial pool. During sepsis, decreased biogenesis, defective 
mitophagy, and an unbalanced state between fission and fusion are associated with 
morbidity and mortality (27, 28, 36, 44). Mitochondrial damage might cause a frail 
mitochondrial phenotype, which may underlie increased long-term morbidity and mortality. 
This phenotype could originate due to oxidative stress and might be analogue to the process 
of aging in which continuous low levels of oxidative stress cause mutations and deletions in 
mtDNA and reduced mitochondrial activity, resulting in a decreased ETC capacity and ATP 
levels (48). Additionally, a decrease of mitochondrial quality control is a hallmark of aging. 
As such, just like sepsis, aging is associated with a decrease in mitophagy (49), decrease in 
biogenesis and a fission-fusion imbalance (50). In line with this aging theory, mitochondrial 
function is associated with sepsis related morbidities such as cognitive impairment, 
mental health problems, renal failure, and cardiovascular events (51-54). However, there 
is scarce data about the direct link between mitochondria and long-term consequences 
after surviving the initial sepsis episode. Longitudinal animal models of sepsis in older 
animals of various phenotypes (e.g. healthy versus different relevant comorbidities, such 
as cardiovascular disease, cancer or renal disease) could be helpful to better understand 
the interplay between health status before and morbidities after sepsis, and study effects 
of interventions to prevent and/or reduce long-term morbidity and mortality due to sepsis.

We explored the potential of a Drosophila Melanogaster model in studying long-term effects 
of sepsis, as they have a highly conserved innate immune system, many cellular processes to 
fight pathogens just like human beings such as phagocytosis of microbes and encapsulation 
of pathogens, and functional mitochondria (55, 56). Furthermore, Drosophila are easy and 
cheap to culture, have a short life cycle and possible the most important advantage; they 
are easy to genetically manipulate (55). We explored whether this model was of use for 
the detection of mitochondrial dysfunction and long-term outcomes in sepsis. Therefore, 
we assessed inflammation, mitochondrial dysfunction and mortality in the fruit fly after 
inoculating them with different amounts of Staphylococcus aureus to induce sepsis. We 
found that mRNA expression of inflammatory cytokines were highly upregulated after 
24 hours (figure 2A), ATP production was decreased between 24-48 hours, but restored 
to values not different from control flies after 72 hours (figure 2B) and ROS production 
increased within 8 hours, but returned to normal at 24 hours (figure 2C). Thus, injection 
with S. aureus in fruit flies, induced acute sepsis showed by increased cytokine production,  
ATP decline and ROS production. 

Next, we assessed both short and long-term mortality of fruit flies after sepsis induction 
as we were curious if frailty post-sepsis is a consequence of sepsis itself or whether people 
get sepsis because they were already frail beforehand. We found that both short- and 
long-term mortality were increased due to sepsis (figure 2E-D). Median survival of control 
flies and sham-operated flies (flies inoculated with PBS) were similar (47 days and 45 days, 
respectively, p = NS). In contrast, all S. aureus infected groups had shortened median survival 
compared to sham-operated animals (figure. 2D, all groups p <0.01), with median survival 
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of 41, 40 and 3 days for low (OD 0.25), middle (OD 1.05) and high dose (OD 2.2) S. aureus 
concentrations, respectively. Additionally, to focus on late effects of sepsis, sepsis survivors 
(at day 7) were selected and mortality curves were plotted (figure 2E). 

Figure 2. Drosophila Melanogaster sepsis model. In short, male flies (three to five days old) were 
anesthetized on a CO2 pad just prior to injection. A tungsten needle (0.25mm diameter) was dipped 
into different optical densities (OD) of S. aureus bacteria and flies were pinpricked in the lateral side of 
the thorax. Sham flies were pinpricked with PBS, control flies were not operated and only anesthetized 
on the CO2 pad. A) Gene expression of cytokines metchnikowan, cecropin A, defensin, drosomycin and 
eiger at 24 hours after sepsis induction (OD 1.05) B) ATP levels at 7h, 24h, 48h and 72h after sepsis 
induction (OD=1.05) C) Relative JC-1 ratio at 8h and 24h after sepsis induction (OD=1.05) D) Acute and 
long-term survival after sepsis induction and E) long-term survival (first 7 days excluded). OD; optical 
density  */**/*** means p < 0.05/0.01/0.001 compared to sham.
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FUTURE PERSPECTIVES

Preserving mitochondrial function 
Sepsis impairs mitochondrial integrity, with influence on short- and long-term outcome. To 
date, no therapy is available to preserve or restore mitochondrial damage. Previous studies 
and this thesis provided evidence of a dysregulated mitochondrial quality control including 
biogenesis, fusion-fission state and mitophagy (28, 36, 44). Improving mitochondrial 
quality control could therefore be a possible molecular target in treating sepsis. Thus far, 
mitochondrial targeted antioxidants and therapeutics targeting mitochondrial quality 
control mechanisms are upcoming and show promising results, including increased ATP 
production, improving mitochondrial mass, attenuating inflammation and enhance survival 
(12, 16, 17, 30, 31, 38, 40, 47). 

Hydrogen Sulphide
Hydrogen sulfide (H2S) plays a central role in mitochondrial homeostasis and preservation 
of mitochondrial function (57), as alluded in chapter 6 and 7. However, both an excess and 
a depletion of H2S have detrimental effects (57, 58), making optimal dosing and timing 
extremely important. Administration of H2S leads to improvement of organ function 
and survival in murine sepsis models (59-61). In particular, H2S preserves mitochondrial 
respiration and ATP production, prevents mitochondrial DNA damage, and increases 
biogenesis by increasing NRF1/2 expression (62). Additionally, H2S itself serves as a potent 
antioxidant and is an important mediator of inflammation (63). Indeed, in chapter 6 and 7 
we found that septic mice that were treated with a slow releasing H2S donor had a decrease 
pro-inflammatory cytokine production,  were protected from acute kidney injury and had 
an increase in biogenesis markers. Furthermore, treatment with the mitochondrial targeted 
H2S donor AP39 increases OPA1 and MFN1 expression and protects against renal epithelial 
cell injury in vitro and renal ischemia-reperfusion injury in vivo (64), thereby emphasizing the 
role of hydrogen sulfide donors in improving fission-fusion state. Thus, H2S is an important 
signaling molecule with a positive influence on mitochondria, inflammation and reactive 
oxygen production.

Mitochondrial profiling by endotype stratification 
More knowledge about the mechanisms underlying mitochondrial failure in sepsis is 
necessary to produce therapeutic options. Recent studies have described the ability to 
stratify patients with sepsis into different phenotypes, using (retrospective) clinical data (65) 
or whole-blood transcriptome data (66, 67). Endotype stratification during sepsis, based on 
clinical and/or molecular data, holds the promise to identify patients with increased risk for 
the development of post-sepsis health problems (66) and long-term mortality (2). Endotype 
stratification based on mitochondrial proteomics or transcriptomics is not yet fully explored 
in sepsis, but may reveal important mitochondrial pathways that contribute in the long-term 
health consequences post sepsis (68, 69). Proteomics of various target organs (heart, brain, 
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liver and kidney) in septic mice already revealed that mitochondrial proteins important 
in oxidoreductive activity, cell energy generation and metabolism were downregulated 
in almost all organs which displayed sings of dysfunction (70). Thus, further exploring 
the role of mitochondrial quality control pathways and genes important in mitochondrial 
integrity and respiration would be especially interesting as this knowledge can be used 
to define therapeutic options. In particular, it could help to identify patients with signs of 
mitochondrial dysfunction, who might therefore be of increased risk for the development 
of post-sepsis syndrome. The knowledge from endotype stratification could also be used to 
find drugs or targets to enhance the mitochondrial quality pathways that may reduce long-
term morbidity and mortality. Thus, molecular profiling will expand fundamental knowledge 
about the pathophysiology of post-sepsis morbidity and mortality with relevance to the 
development of novel therapies. 

CONCLUSIONS

In this thesis, the effect of sepsis on mitochondrial integrity, with relevance to short- and 
long-term outcome was studied. We revealed that mitochondrial dysfunction plays a key role 
in both the short- and long-term outcome after sepsis. Preserving mitochondrial function 
could be crucial to attenuate organ dysfunction, in-hospital death, but also prevent long-
term health effects, the so-called post-sepsis syndrome, and long-term mortality. Therefore, 
pharmacologic strategies directed at maintaining mitochondrial function, limiting oxidative 
stress and mtDNA damage, or enhancing mitochondrial quality control to ameliorate 
mitochondrial damage, might successfully limit short- and long-term health effects and 
mortality during or after sepsis.
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