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Historically, hydrogen sulfide (H2S) has been perceived as a highly toxic gas with the 
distinctive smell of rotten eggs (Table 1). Recently, this pungent gas was discovered 
to be synthesized enzymatically in mammalian and human tissues,1,2 which positively 
transformed the apparent image of H2S into a promising therapeutic compound. In 
a relatively small period of time, H2S gained considerable interest and the amount 
of research on this subject has immensely expanded. Over these past years, many 
(patho-) physiological functions of H2S have been discovered.2 Like nitric oxide 
(NO) and carbon monoxide (CO), H2S fulfills all of the criteria to be considered a 
gasotransmitter. Its functions range from modulation of oxidative stress, vasodilatation 
as an endothelial derived hyperpolarizing factor to signaling through posttranslational 
protein modification.3-6 Beside this wide range of uncovered functions, there are still 
many effects of H2S that have not been elucidated yet. However, it is clear that H2S is 
an important mediator in cellular physiology.

ENDOGENOUS PRODUCTION AND FUNCTION
H2S is generated in mammalian cells via both enzymatic and nonenzymatic pathways, 
although the nonenzymatic pathway only accounts for a small portion of H2S 
production. Among the enzymes involved in the production of H2S, cystathionine 
Ȭ-synthase (CBS) and cystathionine ȭ-lyase (CSE) have been investigated most 
extensively. Both enzymes produce H2S by using pyridoxal 5’-phosphate (vitamin B6) 
as a cofactor. CBS converts homocysteine into cystathionine, which is then converted 
to L-cysteine by CSE. Both enzymes transform L-cysteine to H2S (Figure 1).8,9 H2S is 
also synthesized from D-cysteine by tandem enzymes cysteine aminotransferase (CAT) 
and 3-mercaptopyruvate sulfurtransferase (3-MST) (Figure 1).10 H2S is then serially 
oxidized to persulfide, thiosulfate, sulfite and sulfate (Figure 1). CBS and CSE are 

Table 1 – Overview of the known toxic effects of H2S

Dose (parts per million) Effect

0.02 ppm - 0.03 ppm Detectable odor

5 ppm - 10 ppm Offensive, unpleasant odor

20 ppm Maximum allowable concentration for daily 8 hour exposure

50 ppm Irritation of the ocular conjunctiva

100 ppm Loss of smell / olfactory nerve paralysis

100 ppm - 200 ppm Upper respiratory tract irritation

300 ppm - 500 ppm Pulmonary edema

500 ppm Headache, dizziness, unconsciousness after 30-60 minutes of exposure

500 ppm - 700 ppm Unconsciousness, respiratory paralysis eventually leading to death

1000 ppm Rapid collapse, death within minutes

Adapted from Beauchamp et al.7 
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present in a variety of tissues such as blood vessels, heart, liver, kidneys and the brain, 
whereas MPST expression has been mainly demonstrated in the vascular endothelium. 
It has been widely suggested that the expression of CSE, CBS, 3-MST (and CAT) in 
rodents and humans shows a marked degree of tissue specificity. However, as more 
researchers investigate the emerging role of H2S in their particular disease model, this 
simple though convenient distinction is no longer as clear as once thought. 

The majority of evidence for a physiological role of H2S has been obtained from 
studies in vascular tissue. These studies convincingly show that H2S is a vasodilatory 
intermediate. Genetic knockout of CSE in mice leads to an age-dependent increase in 
blood pressure. This hypertensive phenotype is likely due to the lack of endogenous 
H2S, since injection of H2S rescues these mice from an increasing blood pressure.5 While 
homozygous CBS knockout mice are lethal during the embryonic phase, heterozygous 
variants similarly develop an elevated blood pressure.11 Mechanisms thought to be 
responsible for the vasodilatory effects of H2S include the activation of ATP-sensitive 
potassium channels (KATP channels) in vascular smooth muscle cells through direct 
cysteine-S-sulfhydration.4 Furthermore, it is thought that the vasodilatory effects of 
H2S are partially NO dependent. Inhibition of NO using L-NG-nitroargininemethyl 
ester (L-NAME) decreased the potency of H2S in aortic rings,12 these findings suggest 
crosstalk between gasotransmitters is involved in the regulation of blood pressure. 
Last, it has been shown that H2S is able to prevent renovascular hypertension by 
affecting the renin-angiotensin-aldosterone system through direct inhibition of renin 
and angiotensin-converting enzyme activity.13 

Another important feature of H2S is its ability to reduce and modulate oxidative stress 
by directly scavenging reactive oxygen species (ROS), increasing the formation of the 
intracellular antioxidant glutathione and activating the anti-oxidative transcription factor 
Nuclear factor (erythroid-derived 2)-like 2 (Nrf-2).14-16 An additional strategy in reducing 
the amount of oxidative stress is through modulation of mitochondrial ROS production6. 
It has become apparent that H2S is able to protect the integrity of mitochondria and 
supports mitochondrial function, thereby contributing to the preservation of cellular 
energetics.17,18 H2S can be used as an inorganic energy substrate for mitochondria.19 
Under stress, such as increased intracellular calcium concentrations, H2S producing 
enzymes can translocate to the mitochondria.18,20,21 This translocation might increase 
mitochondrial H2S levels to be used as an electron donor in the electron transport chain.

Furthermore, H2S seems to regulate inflammatory responses. In literature, both pro- 
and anti-inflammatory effects of H2S have been reported. These discrepancies may reflect 
the varying effects of dose–response relationships. At low, physiological concentrations, 
H2S is predominantly anti-inflammatory, whereas at high concentrations H2S promotes 
inflammation, a pattern that is also observed for NO and CO.1,22 The mechanisms by which 
H2S exerts anti-inflammatory effects are the inhibition of pro-inflammatory transcription 
factors like nuclear factor kappa B and the inhibition of pro-inflammatory enzyme activity 
iNOS, cyclooxygenase-2 and tumor necrosis factor-ȫ converting enzyme.23 
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Also, H2S is essential for vascular endothelial growth factor (VEGF) mediated 

angiogenesis. VEGF-stimulated in vitro sprouting is reduced in blood vessels after 
CSE silencing, whereas it is enhanced in vessels overexpressing CSE. The finding that 
genetic knockout of CSE in mice causes impaired wound healing, further indicates 
that endogenous H2S production by CSE is a dynamic regulator of angiogenesis.24,25 
Exogenous treatment with H2S improves wound healing in rats, and attenuates heart 
failure by inducing angiogenesis via an increase in VEGF en eNOS/NO.24,26

The capacity of H2S to exert intracellular signals by sulfhydrating target proteins, 
a form of posttranslational modification, is particularly striking.27 During this process 
a SH-group is added to a reactive cysteine residue and thereby the activity of the 
target protein can be altered. Sulfhydration by H2S seems to be more widespread than 
nitrosylation, and the prevalence and ratio of sulfhydration is perhaps comparable to 
that of phosphorylation. This is a field still in its infancy, but it seems that it can become 
a meaningful aspect of intracellular signaling pathways. Table 2 gives an overview of 
the proposed mechanisms of action of H2S.

EXOGENOUS ADMINISTRATION
The application of H2S in biomedical experiments is challenging with regard to its 
chemical properties. The vast majority of studies that have examined the potential 
role of H2S in health and disease have invariably utilized commercially available sulfide 
salts such as sodium sulfide (Na2S) and sodium hydrosulfide (NaSH). Over the course 
of the years, it has become clear that these sodium salts have disadvantages, such as 
the rapid peak in H2S levels and short half-life when dissolved or injected. This makes 
it hard to monitor actual H2S levels and achieve controlled, stable and therapeutic 
levels of this gas in vitro and in vivo. Interestingly, H2S donors with a regulated release 
have been developed recently.28 With these slow-release H2S donor molecules, such 
as GYY4137, it is possible to expose animals, tissue and cells to H2S generated in a 
more physiological manner.29 

Another interesting approach is the use of thiosulfate (TS), an intermediate of sulfur 
metabolism from cysteine and a metabolite of H2S that can also produce H2S through the 
action of thiosulfate reductase.30,31 Since TS seems to have similar protective properties 
as other H2S donors, this provides us with exciting possibilities for the translation into 
clinical use. While short-term treatment with STS is well tolerated in humans for the 
treatment of calciphylaxis,32 the long-term side effects should be further explored. 

Gaseous administration of H2S is less frequently used than treatment with sulfide 
salts or other H2S donor compounds, but has a very interesting accessory feature. 
In high, sub-toxic concentrations (80-100 ppm) gaseous H2S can induce a reversible 
hibernation-like state in mice. During treatment, oxygen consumption and carbon 
dioxide production can be reduced by 90-95% within minutes. Also, the core body 
temperature decreases to around 2°C above ambient temperature. After cessation 
of H2S exposure, this massive reduction in oxidative metabolism is reversible without 
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apparent toxic effects.33,34 This brilliant discovery led to the finding that H2S-induced 
hypometabolism is protective during lethal hypoxia possibly by buffering oxygen 
consumption, altering the redox environment within cells, and preventing a lethal 
imbalance between energy supply and demand.35 The hypothesized mechanism 
behind H2S-induced hypometabolism is the reversible inhibition of cytochrome c 
oxidase (COX), the terminal enzyme in the mitochondrial electron transport chain.36 
This capacity of H2S makes it an extremely interesting protective agent in ischemia-
reperfusion related damage where oxygen demand exceeds oxygen availability.

ISCHEMIA-REPERFUSION INJURY 
Ischemia-reperfusion injury (IRI) is one of the major damaging processes responsible for 
a worsened outcome after organ transplantation. IRI is implicated in other processes 
than organ transplantation, such as myocardial infarction or surgical procedures 
like cardiopulmonary bypass. One of the strategies to reduce IRI-related damage is 
cooling, thereby reducing metabolism and enzymatic activity. However, cooling does 

Figure 1 – Overview of endogenous H2S production. Abbreviations: CSE – cystathionine ȭ-lyase; CBS 
– cystathionine – Ȭ-synthase (CBS); CAT – cysteine aminotransferase; DAO – D-amino acid oxidase; 
3-MST – 3-mercaptopyruvate sulfurtransferase; TSR – thiosulfate reductase 
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have detrimental effects as well. Using H2S to reduce oxidative metabolism might 
be a promising strategy to circumvent these detrimental effects. In addition, H2S is 
also considered protective during other processes critically involved in IRI, such as 
oxidation, inflammation and apoptosis. Changes in renal CSE and CBS expression 
and/or activity during ischemia and in the early phase of reperfusion suggest a role 
for H2S production in this process.6,37 Furthermore, CBS and CSE both are involved in 
the response to oxidative stress. CSE deficient mice are more susceptible to ischemic 
damage,6 and overexpression of CSE in cardiac tissue protects from myocardial 
infarction.38 The protective effect of H2S administration against IRI has been shown 
in various organs, including heart,39 kidney,33 liver40 and brain.41 In these experimental 
studies NaSH is often used as a H2S-donating compound. So far, the exogenous 
administration, endogenous manipulation and use of genetically modified animals 
have been successful in demonstrating H2S-mediated cytoprotection in models of IRI.

Table 2 – Proposed mechanisms for protective effects of H2S

Increase in GSH levels

Reduction of mitochondrial superoxide production

Activation of ROS-scavengers (e.g. MnSOD, CuZnSOD)

Preservation of mitochondrial integrity

Acting as an electron donor in the electron transport chain

Modulation of mitochondrial activity / Hypometabolism

Induction of hypothermia

Modulation of vascular proliferation

Modulation of leukocyte adhesion / rolling

Modulation of cytokine production

Activation of KATP-channels

Activation of calcium activated K+ channels

Modulation of protein activity through sulfhydration

Modulation of platelet function

Modulation of hypoxia inducible factor (HIF)

Modulation of Nrf2 signaling

Increase in eNOS / iNOS / HO-1

Increase in HSP90

Modulation of COX-2 activity

Modulation of GSK3beta activity

Modulation of apoptotic signaling

Modulation of autophagy
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HYPERTENSION
H2S is an important mediator in the vascular system, contributing to vascular regulation 
and protection against vascular injury that leads to vascular dysfunction. The vasodilatory 
effects of H2S were first reported when administration of H2S donors to anaesthetized 
rats was found to induce a transient hypotensive effect.42 Endogenous H2S shortage 
is suggested to be involved in the pathogenesis of hypertension and a significant 
down regulation of the H2S/CSE system has been reported in several hypertensive 
models. Spontaneously hypertensive rats (SHR) have been widely used as a model 
for human essential hypertension because of the similarity of the main cardiovascular 
characteristics. The CSE – L-cysteine pathway is downregulated in SHR and treating 
them with a H2S donor is protective, reducing blood pressure and vascular remodeling.43 
The most compelling evidence for the importance of H2S in blood pressure regulation 
is that mice deficient in CSE develop endothelial dysfunction and hypertension within 
8 weeks of birth and that H2S replacement decreases systolic blood pressure in both 
CSE−/− and CSE+/− mice.5 H2S is also reported to have preventive and therapeutic 
effects on renovascular hypertension by inhibiting plasma renin activity.13 Because H2S 
is a major endothelium derived hyperpolarizing factor and a primary determinant of 
vasorelaxation in numerous vascular beds, drugs that alter CSE activity or H2S-mediated 
channel sulfhydration may be effective therapeutic agents for treating hypertension.

AGING 
Aging has been a topic of great interest to the scientific community for a long time. 
This biological process is characterized by time-dependent progressive decline 
of physiological functions accompanied by increased incidence of age-associated 
diseases. One of the proposed theories to explain the process of aging is that aging 
and age-related diseases are caused by the deleterious consequences of free radicals 
exposure on cell constituents and connective tissues.44 Substantial evidence shows 
that H2S is involved in aging by inhibiting free-radical reactions, activating SIRT1, 
and probably interacting with the age-related gene Klotho. One study reported that 
the plasma H2S level in humans over 50 to 80 years of age declines with age.45 In 
Drosophila, CBS is crucial for the increased lifespan linked to dietary restriction. When 
exposed to H2S, nematodes are apparently healthy and do not exhibit phenotypes 
consistent with metabolic inhibition. Instead, animals exposed to H2S are long-lived, 
and this phenotype requires Sir2 activity, which may translate environmental changes 
into physiological alterations to improve survival.46 Moreover, H2S has been shown 
to have therapeutic potential in age-associated diseases, such as hypertension 
and several neurodegenerative diseases. Decreased levels of H2S in brain tissue 
are associated with neurodegenerative age-related diseases like Parkinson’s and 
administration of H2S has been shown protective in experimental models for this 
disease.47,48 The exact mechanisms of action of the role of H2S in the pathology of 
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aging have not yet been sufficiently characterized and await elucidation by further 
studies. A better understanding of the roles of H2S in aging can provide insights into 
potential therapeutic interventions against aging and reduce age-associated diseases.

AIM OF THE THESIS
The aim of this thesis was to investigate the therapeutic potential of H2S and its 
producing enzymes in the setting of hypertensive renal and heart disease, ischemia 
and neurodegeneration. Our work underlines the broad implications of H2S by showing 
protective effects in several distinct disease models in various organisms.

Since H2S has been established as the third gasotransmitter alongside NO and 
CO, many overlapping actions as well as differences have been reported. Crosstalk 
between the three gasotransmitters has been shown, although the evidence is 
still scarce. Recently, it has become clear that the vasorelaxant effects of H2S are 
partly NO-dependent. In Chapter 2 an outline of the mechanisms of gas-mediated 
cytoprotection and complex interactions between gasotransmitters in renal IRI and 
transplantation is presented. Protective effects of sulfide salts (NaSH and Na2S) in IRI 
have been investigated in several organs. Gaseous administration of H2S has been 
used only a few times in renal and hepatic IRI. In Chapter 3 we investigated whether 
gaseous administration of H2S is protective in a model for transient myocardial 
infarction in mice and whether non-hypometabolic concentrations of H2S have similar 
protective properties as hypometabolic concentrations. Although the exogenous 
protective effects of H2S have been investigated in several IRI models, the role of 
endogenous H2S-producing enzymes in IRI has been less researched. Chapter 4 
therefore investigates the antioxidant role of endogenous H2S production by CSE in 
ischemic settings in vitro, in vivo and in human renal transplant tissue, using models 
of CSE deficiency and overexpression. The convincing protective effects of H2S in 
IRI and the fact that there are many overlapping underlying damaging processes 
between IRI and hypertension, led us to investigate its alleged beneficial effects in 
hypertensive disease. The translation of H2S to the clinical setting unfortunately is 
still out of our reach. For that purpose we applied sodium thiosulfate (STS), a novel 
H2S-related endogenous substance with clinical potential. STS is an intermediate of 
sulfur metabolism from cysteine and a metabolite of H2S that can also release sulfide. 
In Chapter 5 and 6 we studied the protective effects of STS in angiotensin II-induced 
hypertensive renal and cardiac disease. The known role of oxidative stress in aging 
related neurodegenerative disease instigated a project that led to the creation of CSE 
overexpressing Drosophila. In Chapter 7 we studied the protective potential of CSE 
overexpression and STS in a model of spinocerebellar ataxia type 3 in Drosophila. 
In addition, we investigated CSE expression in pontine tissue of SCA3 patients. In 
Chapter 8, all results are summarized and discussed, followed by a view on the future 
possibilities of H2S-related research and therapeutic applications.
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ABSTRACT
Once patients with kidney disease progress to end stage renal failure, transplantation 
is the preferred option of treatment resulting in improved quality of life and reduced 
mortality compared to dialysis. Although 1-year survival has improved considerably, 
graft- and patient survival on the long run have not been concurrent, and therefore 
new tools to improve long-term graft and patient survival are warranted. Over the past 
decades, the gasotransmitters nitric oxide (NO), carbon monoxide (CO) and hydrogen 
sulfide (H2S) have emerged as potent cytoprotective mediators in various diseases. 
All three gasotransmitters are endogenously produced messenger molecules that 
possess vasodilatory, anti-apoptotic, anti-inflammatory and anti-oxidant properties by 
influencing an array of intracellular signaling processes. Although many regulatory 
functions of gasotransmitters have overlapping actions, differences have also been 
reported. In addition, crosstalk between NO, CO and H2S results in synergistic 
regulatory effects. Endogenous and exogenous manipulation of gasotransmitter levels 
modulates several processes involved in renal transplantation. This review focuses 
on mechanisms of gas-mediated cytoprotection and complex interactions between 
gasotransmitters in renal transplantation.
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INTRODUCTION 
The incidence and prevalence of end stage renal disease (ESRD) have increased steadily 
in recent decades. This undoubtedly reflects the ageing population in combination 
with increasing rates of risk factors involved in the development of renal disease such 
as hypertension, diabetes mellitus type 2 and obesity. For the majority of patients with 
ESRD, renal transplantation is the preferred treatment option, since it ends the need for 
debilitating dialysis and markedly improves quality of life and life expectancy as compared 
to patients on dialysis. Unfortunately, even after successful renal transplantation morbidity 
and mortality rates are notably higher compared to those in the general population. Short 
term survival is not the main factor that constitutes a threat to renal transplant recipients, 
since one-year survival has improved considerably with a 90% and 95% chance of a 
functioning graft for recipients of deceased and living kidney transplants, respectively. 
These encouraging numbers are attributed to improvement of surgical procedures, 
prevention of acute rejection episodes, better treatment of opportunistic infections and 
introduction of more effective immunosuppressive agents. However, graft- and patient 
survival on the long run have not been concurrent. Of all patients surviving the first 
year after transplantation, 50% of the renal grafts originating from deceased donors are 
lost within 12 years after transplantation. One of the major causes of graft loss is the 
development of renal transplant failure that is related to immediate and long-term effects 
of renal ischemia-reperfusion injury (IRI). Maintaining organ viability between donation 
and transplantation is of critical importance for optimal graft function and survival. New 
strategies that intervene in the stressful events during and after transplantation are 
needed. In the ceaseless search for tools to improve long-term graft and patient survival, 
gasotransmitters may provide us with novel and exciting therapeutic opportunities.

ORIGIN OF GASOTRANSMITTERS 
The gasotransmitters nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S) 
were abundantly present in the prebiotic earth. There is ample scientific evidence that 
they are involved in the origin of life and acted particularly creative in the endosymbionic 
event that gave birth to the development of mitochondria. When the earth oxygen levels 
were rising, NO, CO and H2S ‘vaporized’ and cells started to utilize metabolic pathways 
to compartmentalize and regulate these gases for signaling purposes. Gasotransmitters 
have evolved significantly in vertebrates and still participate in biological regulatory 
systems associated with cellular energy and oxygen delivery. Compelling evidence for 
this comes from data showing that H2S producing enzymes are either present within 
the mitochondria1 or translocate towards mitochondria under hypoxic conditions.2 
These gases, despite their volatile character, cannot escape detection because of the 
footprints they leave behind in tissues and body fluids. NO can be detected by its end-
products nitrite and nitrate, CO by carboxyhemoglobin (COHb) and H2S by thiosulfate, 
sulfite, sulfate, sulfhemoglobin and sulfhydrated proteins. 
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(PATHO-)PHYSIOLOGICAL ASPECTS OF GASOTRANSMITTERS 
Since its discovery as an endothelium derived relaxing factor, NO has been the most 
studied gasotransmitter and its formation from the conversion of L-arginine to L-citrulline 
by nitric oxide synthases (NOS) has been well characterized (Figure 1). Three NOS 
subtypes can be distinguished; the first that is inducible NOS (iNOS), is responsible for 
NO production in inflammatory conditions and immune responses. iNOS knockout mice 
are sensitive to infections, but resistant to sepsis-induced hypotension. In the kidney, 
iNOS is predominantly found in infiltrating macrophages during inflammation (Figure 2). 
Endothelial NOS (eNOS) is constitutively expressed in endothelial cells (Figure 2) and 
closely involved in the regulation of vascular tone. Consequently, eNOS knockout mice 
develop hypertension and perturbed hemodynamic homeostasis.3 Neuronal NOS 
(nNOS), also a constitutively expressed form, is predominantly present in neuronal 
cells and the renal macula densa. In general, NO modulates platelet aggregation, 
leukocyte adhesion and smooth muscle cell relaxation. Intriguingly, nitrite, the ‘stable’ 
end-product of NO, can be converted to NO during deoxygenation of hemoglobin in 
the microcirculation4 or by eNOS.5 In the kidney, nitrite is reduced to NO by xanthine 
oxidase reductase making dietary or supplementary nitrite an attractive therapeutic 
option. The reaction of NO with superoxide anion produces peroxynitrite (ONOO-), a 
potent oxidant and nitrating species which can cause depletion of the important anti-
oxidant glutathione by oxidation of sulfhydryl groups. 

Using oxygen and reduced nicotamide adenine dinucleotide phosphate (NADPH) as 
a source of energy, CO can be synthesized during the conversion of heme to biliverdin 

Figure 1 – Enzymatic pathways for the production of NO, CO and H2S in mammalian cells. NO (left 
panel) is produced from L-arginine yielding L-citrulline, a reaction catalyzed by three enzymes, nNOS, 
iNOS and eNOS. The half-life of NO is very short, within milliseconds it is metabolized to its stable end-
products nitrate and nitrite. CO (middle panel) is produced from heme yielding biliverdin and ferritin by 
HO-1, HO-2 and HO-3. Subsequently, biliverdin is converted to bilirubin by biliverdin reductase (BR). 
H2S (right panel) is produced by CSE, CBS and 3MST from homocysteine, cystathionine, L-cysteine and 
D-cysteine. CAT and D-amino acid oxidase (DAO) are required to convert L-cysteine and D-cysteine 
into 3-mercaptopyruvate (3MP). Sulfate, sulfite and thiosulfate are metabolites of H2S-production.
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Figure 2 – Localization of renal gasotransmitter producing enzymes. In the endothelium (E) of arterioles 
and peritubular capillaries of healthy kidneys NO, CO and H2S are produced by eNOS, HO-1, CSE, 
3MST and CAT, respectively. In the endothelium 3MST and CAT are located in the mitochondria while 
the other enzymes are present in the cytosol. Under hypoxic or oxidative stress the other enzymes 
translocate to the mitochondria as well. CO and H2S are also produced in vascular smooth muscle cells 
(SMC) by HO-1, CSE and 3MST. Again, 3MST is located in the mitochondria while CSE and HO-1 are 
present in the cytosol. In addition, CO and H2S are produced in cortical tubules (T) by HO-1, CSE and 
CBS. During inflammation CO and NO are also produced by infiltrating cells like macrophages (M) that 
express HO-1 and iNOS. CL, capillary lumen; F, fibroblast; L, lumen.

by three enzymes: heme oxygenase-1, -2, and -3 (HO-1, HO-2 and HO-3) (Figure 1). 
HO-1 basal levels are highest in tissues that participate in erythrocyte degradation. CO 
is involved in various processes including the regulation of endothelial cell survival and 
proliferation, protection against IRI, vasorelaxation and inhibition of pro-inflammatory 
responses.6,7 HO-1 is expressed in cortical tubules and the renal vasculature under 
physiologic conditions and is strongly induced under oxidative, chemical, and physical 
stress (Figure 2). In disease states, HO-1 acts as a protective factor during stress-induced 
inflammatory injury. HO-1 knockout mice are sensitive to oxidative stress, indicating that 
the ability of an organism to upregulate HO-1 may serve as an adaptive anti-oxidative 
mechanism.7 HO-2 is constitutively expressed in the brain, while its presence in human 
kidneys is unresolved. Although studies have indicated an important role for HO in 
protecting the renal vasculature from excessive vasoconstriction, this does not seem 
to be related to HO-2. HO-3 is an alternatively spliced version of HO-2 with lower 
enzymatic activity and its physiological significance is currently not well understood. 

H2S is derived from L-cysteine via cytosolic enzymes cystathionine Ȭ-synthase (CBS) 
and cystathionine ȭ-lyase (CSE) or from D-cysteine by the tandem enzymes cysteine 
aminotransferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3MST) (Figure 1).8 
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CBS and CSE are present in a variety of tissues9 including kidneys,10 whereas 3MST 
expression has been mainly demonstrated in the vascular endothelium (Figure 2).8 Human 
CBS deficiency leads to severe hyperhomocysteinemia with a high risk for developing 
vascular diseases; CSE deficiency leads to a rare disorder named cystathioninuria. 
Genetic knockout of CSE in mice leads to an age-dependent increase in blood pressure, 
indicating a critical functional role for CSE derived H2S in the regulation of vascular 
tone.11 While homozygous CBS knockout mice are embryonic lethal, heterozygous 
variants similarly develop an elevated blood pressure.12 H2S induces the relaxation of 
blood vessels by mechanisms that include the activation of ATP-sensitive potassium 
channels (KATP channels), possibly through direct cysteine-S-sulfhydration. H2S also has 
anti-inflammatory features, such as the inhibition of pro-inflammatory transcription 
factors like nuclear factor kappa B (NF-kB) and the inhibition of pro-inflammatory 
enzyme activity of iNOS, cyclooxygenase-2 and tumor necrosis factor-ȫ converting 
enzyme.13 Furthermore, H2S promotes angiogenesis and anti-oxidant activity and has 
cytoprotective effects through anti-apoptotic and –necrotic mechanisms.10,14,15

INTERACTIONS BETWEEN GASOTRANSMITTERS 
Based on the resemblance between the signaling roles of NO, CO and H2S it is 
plausible that interactions take place. Each gas may antagonize, reciprocally regulate 
or potentiate the cellular effects of each other through their production, downstream 
molecular targets, and direct chemical interactions (Figure 3). Gasotransmitters have 
structural similarities to molecular oxygen and can bind heme groups. At a vascular 
level they share vasorelaxing properties via cyclic guanosine monophosphate (cGMP) 
and KATP channels. Furthermore, they affect several mutual intracellular pathways 
such as nuclear factor-like-2 (Nrf-2), NF-kB and several mitogen-activated protein 
kinases (MAPK), thereby exerting anti-oxidant, anti-inflammatory and anti-apoptotic 
effects (Figure 3). Additionally, they can suppress the increased expression of toll 
like receptors in response to endogenous damage-associated molecular pattern 
molecules.16,17 NO induces the production of CO in vascular smooth muscle cells and 
CO directly inhibits iNOS activity by binding to its heme moiety. By doing so, CO acts 
as a cellular protector by decreasing the amount of NO during e.g. oxidative stress.18 
During hypoxia, the downregulation of eNOS coincides with a transient increase in 
HO-1 protein, suggesting compensatory regulation. Similarly, H2S can inhibit iNOS 
directly13 and upregulate HO-1 expression in human podocytes and mesangial cells 
thereby inhibiting inflammation.19 The vasorelaxant effects of H2S may be dependent 
on NO, since inhibition of NO using L-NG-nitroarginine methyl ester (L-NAME) 
decreases the potency of H2S in aortic rings20 indicating that H2S stimulates NO 
production. However, through the possible formation of a nitrosothiol intermediate, 
the vasorelaxant effect of NO is inhibited by H2S further suggesting reciprocal 
regulation of their biological activity in the vasculature. In addition, H2S prevents the 
degradation of cGMP by inhibition of phosphodiesterase-5 (PDE-5) thereby stabilizing 
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the effects of NO. Furthermore, H2S is able to upregulate eNOS thereby potentiating 
NO production.21 Conversely, endogenous production of H2S can be stimulated by NO 
donors mediating a stimulatory effect of NO on CBS and/or CSE.22 Various interactions 
are likely to be discovered since it is known that the activity of human CBS may be 
regulated by heme-mediated redox-linked mechanisms. 

GASOTRANSMITTERS IN RENAL TRANSPLANTATION 
NO in renal transplantation
Both protective and detrimental properties have been described for the role of NO in 
renal transplantation. During acute rejection and chronic renal transplant failure (CRTF) 
there is an increase in glomerular and interstitial iNOS expression together with a loss 
of glomerular eNOS expression. In CRTF, the increase of iNOS was concurrent with 
a significant increase in the production of reactive oxygen species and nitrotyrosine 
positive cells indicative of damage by peroxynitrite. The use of immunosuppressive 
drugs also directly affects NO-production and NOS expression. Administration of an NO-
substrate (L-arginine), NO-donors (e.g. molsidomine) or transfer of the NOS gene to the 
endothelium, are strategies to restore NO availability. In experimental studies L-arginine 
improved renal graft function and survival in the acute phase of renal transplantation, 
and attenuated proteinuria and glomerulosclerosis in CRTF. In clinical studies, 
L-arginine only improved renal hemodynamics in renal transplant patients not receiving 
cyclosporine23. L-arginine supplementation ameliorates glomerular filtration rate in 
renal transplant patients receiving grafts with a short cold ischemia time.24 Contrasting 
studies in transplant patients show that L-arginine supplementation has no effect on 
graft function and survival.25 L-arginine administration might be protective, although the 
outcome depends on factors like cold ischemia time and use of immunosuppression. NO 
donors such as molsidomine, sodium nitroprusside and nitroglycerin have been rarely 
used in human transplant conditions. However, they have been shown to be protective 
in murine renal ischemia-reperfusion models.26 Administration of non-specific inhibitors 
of NOS like NG-nitro-L-arginine (L-NNA) and L-NG-monomethylarginine (L-NMMA) 
aggravate allograft rejection by causing endothelial dysfunction, suggesting that eNOS 
derived NO is protective during allograft rejection. Specific iNOS inhibition is protective 
in renal IRI.27 However, in experimental transplantation models a differentiation in 
iNOS modulation exists between grafts versus recipients. While pharmacological 
iNOS inhibition in recipients seems protective,28 iNOS knock down in donor kidneys 
accelerates allograft loss.29 This suggests an ambiguous role for iNOS depending on 
external factors. Interestingly, nitrite, the stable end-product of NO, has renoprotective 
properties in murine models for brain dead and IRI, possibly via conversion to NO.5,30 
Furthermore, serum and urine NOx levels showed alterations during acute rejection, 
suggesting a possible role as biomarker in renal allograft rejection. Modulation of the 
NO system as a strategy against renal graft failure needs further exploration (Table 1). 
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CO in renal transplantation 
The cytoprotective properties of HO-1 and its product CO mitigate injury in the 
transplanted kidney. HO-1 is upregulated in several stressful events such as brain death, 
organ procurement and IRI.31,32 Gene transfer-induced local HO-1 overexpression 
protects rat kidney transplants from IRI, acute renal allograft rejection and CRTF.33 
Furthermore, there is an association between the HO-1 promotor polymorphism 
and renal transplantation outcome. Graft function is positively affected if the donor 
has a polymorphism that causes greater upregulation of HO-1. HO-1 thus functions 
as a protective mediator during transplantation, suggesting beneficial effects of CO. 
Endogenously generated CO maintains the integrity of physiological function of organs. 
Exposure to low concentrations of CO (20-250 ppm) has cytoprotective effects equal to 
that attained by HO-1 induction in transplant-induced IRI due to its anti-inflammatory, 
vasorelaxant, immune-suppressant and anti-apoptotic properties.32,34 Treatment of renal 
allograft recipients with inhaled low-dose CO effectively prevents development of CRTF, 
inhibits progressive CRTF and restores allograft function.6,35 Furthermore, exposing 
kidney grafts to CO during cold storage seems to improve graft quality.32 A limitation 
of the clinical use of CO is its narrow therapeutic window. High concentrations (>100 

Figure 3 – Mechanisms of action and interactions of gasotransmitters. NO, CO and H2S share unique 
and similar pathways by which they protect against cellular injury. All three gasotransmitters influence 
MAP kinases thereby regulating cellular apoptosis, inflammation and proliferation. They can also induce 
VEGF that is a pivotal pro-survival factor that stimulates angiogenesis. Downregulation of NF-kB results 
in reduced inflammation. In addition, they regulate oxidant/antioxidant balance through Nrf-2. NO 
and H2S together regulate vascular smooth muscle relaxation through KATP channels. Both NO and CO 
regulate vasodilatation and neutrophil adhesion through the guanylate cyclase (GC) pathway where 
guanosine triphosphate (GTP) is converted to cGMP by GC. H2S inhibits to conversion from cGMP to 
guanosine monophosphate (GMP) by inhibiting PDE-5 thereby stabilizing the present cGMP.
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ppm) are associated with toxicity due to interference with oxygen delivery. However, 
the clinical use of low doses of CO as donor treatment reveals beneficial effects on 
graft immunogenicity and CRTF.36 Moreover, to circumvent the risk of impaired oxygen 
delivery to organs and tissues, CO-releasing molecules (CORM) have been created with 
reduced risk of toxicity due to high COHb levels. In a renal transplant model CORM 
revealed promising protective effects against IRI and improved early graft function and 
survival.34 Furthermore, CORM’s improve mitochondrial respiration, which might also 
contribute to its protective properties.37 CO is a promising agent in the battle against 
diminished graft function, quality and survival (Table 1). 

H2S in renal transplantation
Research on H2S and its producing enzymes CSE, CBS and 3MST mainly focuses on IRI. 
Changes in renal CSE and CBS expression and/or activity during ischemia and in the early 
phase of reperfusion, suggests a role for H2S production in this process.10,38 Administration 
of the CSE inhibitor propargylglycine (PPG) prevents recovery of renal function and 
integrity following IRI, supporting the pivotal role of endogenous H2S production by CSE 
in this process.39 Exogenous administration of H2S is investigated in experimental rodent 
and porcine models for renal IRI and transplantation (Table 1). Interestingly, treatment 
with H2S is protective in experimental models that are clinically applicable to donation 
after cardiac death,17,40 providing us with a possible tool to improve graft quality of 
suboptimal donors. Most studies investigating the effects of H2S in any physiological 
or pathological setting have exclusively used sulfide salts such as sodium hydrosulfide 
(NaHS) and sodium sulfide (Na2S), while few use gaseous H2S. An additional advantage 
of gaseous H2S is its ability to accurately regulate the concentration. A major limitation of 
the current donors is that H2S has a short half-life and its release is uncontrollable due to 
its volatile nature. Interestingly, Zhao et al. recently developed other H2S donors with a 
regulated release and showed their protective effects in a murine model of cardiac IRI.41 
The mechanisms behind the protective effects of H2S therapy reside in its vasodilatory, 
anti-inflammatory, anti-apoptotic and anti-oxidant characteristics.10,14 H2S targets different 
pathways to which these effects might be related. One of them is the induction of Nrf-2 
thereby upregulating endogenous anti-oxidant defenses.42 H2S is also able to support 
mitochondrial function, thereby contributing to the preservation of cellular energetics.1,43 
In contrast, renal and cardiac transplant tolerance is associated with a down-regulation 
of transsulfuration network genes like CSE. CSE controls T-helper-1 immune responses 
and thereby delays allograft rejection. In addition, CSE blockade resulted in a significant 
prolongation of heart allogeneic graft survival. However, a drop in CSE expression was 
observed after transplantation in rejected allografts from untreated recipients. The fact 
that CSE is associated with tolerance and is also present at rejection, illustrates the 
coexistence of effector/regulatory mechanisms that determine immunologic fate of 
allografts.44 In line with the recent progress, H2S treatment shows promising effects in 
clinically relevant models for renal transplantation (Table 1).
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CHAPTER 2

INTERACTIONS BETWEEN GASOTRANSMITTERS  
IN RENAL TRANSPLANTATION 
Data on interactions between gasotransmitters in renal transplantation are scarce; 
however there are some studies that address this subject in experimental IRI. Crosstalk 
between NO and H2S alleviated renal IRI induced damage, and inhibition of excess 
NO release resulting from iNOS activation might be crucial in H2S-related kidney 
protection.38,39 CO has the same effect as H2S on iNOS expression, since combined 
treatment with CO and biliverdin results in decreased iNOS expression and thereby 
attenuates renal IRI.45 Both H2S and CO treatment interfere in the NO production 
pathway by inhibiting iNOS, this being cardinal in reducing IRI. A combination therapy 
with H2S and CO delivery systems might even enhance the protective effect.

Another target might be the cGMP pathway since increasing cGMP levels is protective 
in murine models of IRI.46 Because gasotransmitters increase cGMP levels, this effect 
might be intensified by co-stimulation and H2S mediated phosphodiesterase inhibition. 
An additional common feature of gasotransmitters relates to the induction of vascular 
endothelial growth factor (VEGF) which is a pivotal angiogenic and pro-survival factor that 
operates in concert with other factors to stimulate cell proliferation and differentiation, 
increase vascular permeability and mediate endothelium-dependent vasodilation. The 
induction of VEGF is protective in models of renal disease by reducing renal fibrosis and 
preserving renal microvessel structure.47 The combined effects of gasotransmitters are 
still not well studied. One can only speculate that crosstalk between these gases may 
provide synergistic effects and additional modulatory control.

CONCLUSION 
There is ample evidence supporting the multifaceted role of gasotransmitters during 
transplantation. Exogenous administration and endogenous manipulation of these gases 
are valuable tools in preventing transplant damage, since they play a pivotal role in the 
regulation of cell functions and in the reduction of tissue injury by activation of pro-survival 
pathways. Their ability to reduce oxidative stress, inflammation and apoptosis, preserve 
mitochondrial function and stimulate vascular smooth muscle cell relaxation mitigates IRI 
during organ transplantation and thereby improves the quality of transplanted organs. 
Improving donor organ quality might result in an expanding the pool of potential donors 
and reduce organ shortage. Future investigation is needed on the interaction of these 
gases and elucidating synergistic effects. It is important to recognize the need for the 
development of consistent dosing and ways of application in the transplant setting. The 
regulation, expression and function of these gaseous molecules are very complex, so 
optimal alterations in synthesis and activity are warranted. More clinical trails are needed 
to determine the indications, therapeutic doses, and optimal times of administration 
as well as adverse effects. Additional value for the use of gasotransmitters in renal 
transplantation lies within its beneficial function in cardiovascular protection, which is 
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a major issue in transplant patients. Although treatment with NO, CO and H2S is in its 
infancy, the features of these gases make them attractive therapeutical candidates in the 
transplant setting. Very recent work, utilizing anti-inflammatory compounds capable of 
generating simultaneous H2S and NO, supports this possibility.
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CHAPTER 3

ABSTRACT
Ischemia-reperfusion injury (IRI) is a major cause of cardiac damage following various 
pathological processes. Gaseous hydrogen sulfide (H2S) is protective during IRI 
by inducing a hypometabolic state in mice that is associated with anti-apoptotic, 
anti-inflammatory and antioxidant properties. We investigated whether gaseous 
H2S administration is protective in cardiac IRI and whether non-hypometabolic 
concentrations of H2S have similar protective properties.

Male C57BL/6 mice received a 0, 10, or 100 ppm H2S-N2 mixture starting 30 
minutes prior to ischemia until 5 min pre-reperfusion. IRI was inflicted by temporary 
ligation of the left coronary artery for 30 min. High-resolution respirometry equipment 
was used to assess CO2-production and blood pressure was measured using internal 
transmitters. The effects of H2S were assessed by histological and molecular analysis.

Treatment with 100 ppm H2S decreased CO2-production by 72%, blood pressure 
by 14% and heart rate by 25%, while treatment with 10 ppm had no effects. At day 1 of 
reperfusion 10 ppm H2S showed no effect on necrosis, while treatment with 100 ppm 
H2S reduced necrosis by 62% (p<0.05). Seven days post-reperfusion, both 10 ppm 
(p<0.01) and 100 ppm (p<0.05) H2S showed a reduction in fibrosis compared to IRI 
animals. Both 10 ppm and 100 ppm H2S reduced granulocyte-influx by 43% (p<0.05) 
and 60% (p<0.001), respectively. At 7 days post-reperfusion both 10 and 100 ppm H2S 
reduced expression of fibronectin by 63% (p<0.05) and 67% (p<0.01) and ANP by 84% 
and 63% (p<0.05), respectively. 

Gaseous administration of H2S is protective when administered during an cardiac 
ischemic insult. Although hypometabolism is restricted to small animals, we now 
showed that low non-hypometabolic concentrations of H2S also have protective 
properties in IRI. Since IRI is a frequent cause of myocardial damage during 
percutaneous coronary intervention and cardiac transplantation, H2S treatment might 
lead to novel therapeutic modalities. 
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INTRODUCTION
Ischemia-reperfusion injury (IRI) is the most important cause of myocardial damage and 
subsequent heart failure. Although IRI is most frequently caused by acute myocardial 
infarction (MI) with (early or late) reperfusion, it can also be observed following surgical 
procedures such as cardiopulmonary bypass or cardiac transplantation.1,2 Myocardial 
IRI causes acute tissue responses characterized by inflammation and upregulation of 
inflammatory mediators. This process ultimately leads to irreversible fibrotic damage.3,4 
Despite major therapeutic developments, cardiovascular disease remains the leading 
cause of death in the western world.5 

Hydrogen sulfide (H2S) has drawn considerable attention for its role in various (patho)
physiological processes. It is, in addition to nitric oxide and carbon monoxide, acknowledged 
as the third gasotransmitter, sharing many functions with these gases.6 H2S is endogenously 
produced and exerts fine, modulatory control over cellular functions by influencing an 
array of intracellular signaling processes. H2S-producing enzymes and H2S-plasma levels 
are reduced in various diseases.7-9 Exogenously administered H2S can reversibly induce 
a hypometabolic state in mice, during which it rapidly reduces O2-consumption, CO2-
production, core body temperature, heart rate and breathing frequency.10,11

The most probable mechanism for these properties is the reversible inhibition of 
mitochondrial O2-consumption and ATP-production through non-permanent binding 
of sulfide to the terminal enzyme in the electron transport chain, cytochrome c oxidase 
(complex IV).12 It was thought that the reduced demand for oxygen during hypometabolism 
might be one of the protective mechanisms during ischemia. However, H2S is also 
considered protective during other processes critically involved in myocardial IRI such 
as oxidation, inflammation and apoptosis. These cytoprotective features of H2S make it 
an attractive candidate for therapeutic reduction of the damaging effects of hypoxia.13,14

The influence of gaseous administration of H2S and the effects of hypometabolic 
and non-hypometabolic concentrations on the outcome of myocardial IRI remains to 
be elucidated. Some studies have explored the beneficial effects of soluble H2S donors 
such as NaHS and Na2S in myocardial IRI and other models of cardiac damage.15-18 
The preference for gaseous administration above injection with H2S donors lies within 
accurate management of the concentration. As opposed to injection with soluble H2S 
donors, gaseous H2S is less difficult to dose and has a short wash-out period, leaving 
its positive effects behind.11 Moreover, gaseous administration has proven to induce a 
hypometabolic state, while this has not been shown for intra-peritoneal or intra-venous 
administration of soluble H2S.10,11 Although H2S does not appear to have hypometabolic 
effects in ambiently cooled large mammals, thereby questioning its therapeutic 
applications in humans, the beneficial effects of non-hypometabolic concentrations 
of H2S have not been studied.19,20 Since minimizing myocardial IRI has broad clinical 
implications and may have beneficial effects on cardiac surgical outcomes1, we therefore 
investigated whether gaseous H2S-treatment attenuates myocardial IRI in mice and 
whether non-hypometabolic concentrations exhibit similar protective properties. 
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MATERIALS AND METHODS
Ethics Statement
Procedures were in agreement with institutional and legislator regulations and 
approved by the Committee on the Ethics of Animal Experiments of the University 
Medical Center Groningen. Utmost effort was utilized to prevent suffering and 
minimize the numbers of mice required for each experiment.

Animals
Male C57BL/6 mice (6-8 weeks, Harlan, Zeist, the Netherlands) were housed at our 
animal research facility under standard conditions with a 12h light:dark cycle with free 
access to water and chow. 

Telemetry
Blood pressure was measured telemetrically (n=4) using transmitters (TA11PA-C10; 
Data Sciences International, St Paul, MN, USA). Devices were placed through a midline 
abdominal incision under anesthesia (2% Isoflurane) and mice were placed on a heating 
pad to maintain body temperature at 37°C. The catheter was placed in the aorta and the 
transmitter body in the abdominal cavity. Animals recovered 7 days before commencing 
measurements. Data were recorded as 10-second averages every minute using Dataquest 
ART data acquisition system (Data Sciences International). Animals were treated with room 
air or a H2S / air mixture in our respirometry system during measurements. For comparison 
of blood pressure and heart rate, the average of 20 minutes baseline measurement and 20 
minutes of 10 ppm and 100 ppm H2S treatment was determined. A crossover design was 
used in which all animals received all treatments in randomized order.

Respirometry
Measurement of CO2-production was performed as described.21 Compressed air and 
500 ppm H2S / N2 (Air Products, Amsterdam, the Netherlands) were mixed in a 4:1 
ratio and in a 49:1 ratio resulting in a 100 ppm H2S / 17% O2 mixture and a 10 ppm 
H2S / 17% O2 mixture, respectively. CO2-production was corrected for body weight 
and normalized to mean control values. Animals (n=11) were treated in a crossover 
model in randomized order and all received room air, 10 ppm H2S and 100 ppm H2S 
on different days. Baseline CO2 measurements with room air were performed for 30 
minutes followed by treatment with either a 10 or 100 ppm H2S / 17% O2 mixture for 
30 minutes. Recovery with room air was measured for 30 minutes. 

Myocardial ischemia/reperfusion and H2S treatment
Mice were intubated and mechanically ventilated (n=77) with an O2 / N2 mixture in a 4:1 
ratio, an O2 / 100 ppm H2S / N2 mixture in a 4:1 ratio or a O2 / 10 ppm H2S / N2 mixture 
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in a 49:1 ratio at a frequency of 180/min with a tidal volume of 250 μl using a rodent 
ventilator (Harvard Midivent model 849). Treatment regimens (Sham n=15; IRI n=20; 
10 ppm n=21; 100 ppm n=21) were randomly assigned and started 30 minutes prior 
to ischemia until 5 minutes pre-reperfusion. Myocardial IRI was inflicted by temporary 
ligation of the left anterior descending coronary artery (6-0 prolene suture) for 30 min 
through an incision in the fourth intercostal space under anesthesia (75 mg/kg ketamine, 1 
mg/kg medetomidine). After removing the ligature the heart was inspected for restoration 
of blood flow and muscle and skin layers were sutured with 5.0 vicryl. Body temperature 
was monitored with a rectal probe and maintained at 37°C using heat pads. Sham 
operated animals underwent the same procedure, except the placement of the ligature. 
Post-operatively, all mice received a subcutaneous injection of 50 µg/kg buprenorphin 
(Schering-Plough) for analgesic purposes and were allowed to recover from surgery at 37°C 
in a ventilated incubator. After 1 and 7 days mice were anaesthetized with 2% isoflurane 
in O2 for collection of blood and organs. Blood was collected in heparin containing tubes, 
centrifuged for 10 minutes at 1000 rcf and plasma was collected and stored at -80°C. The 
hearts were rapidly excised and mid-papillary slices were fixed in 4% paraformaldehyde, 
paraffin-embedded and sections were cut for immunohistochemical analysis. Apical parts 
of the heart were snap frozen in liquid nitrogen and stored at -80°C for molecular analysis.

Plasma analysis
Cardiac damage was assessed by measuring high sensitive (hs) Troponin-T in plasma 
samples using a standard electrochemiluminescence immunoassay (Roche) in the 
clinical chemical laboratory.

Histopathological scoring
At 1 day of reperfusion the extent of necrosis was determined in haematoxylin-eosin 
stained sections. At 7 days of reperfusion the extent of fibrosis was determined in 
Masson stained sections. Both were examined in a blinded fashion. Sections were 
scanned using an Aperio ScanScope GS (Aperio Technologies, Vista, CA, USA). 
Total cardiac area, necrotic cardiac area and fibrotic cardiac area were determined 
using Aperio Imagescope software, and the ratio of necrotic cardiac surface area and 
fibrotic surface area to total cardiac surface area were determined. Representative 
photomicrographs were artificially colored indicating the extent of damage.11,21

Immunohistochemistry for Ly-6G
For granulocytes, paraffin-embedded sections were stained for Ly-6G using rat-anti-
mouse Ly6G/C-FITC IgG2b antibody (AbCam, Cambridge, MA, USA), followed by 
rabbit-anti-FITC and HRP-conjugated goat-anti-rabbit antibodies. Slides were scanned 
using an Aperio ScanScope GL (Aperio Technologies, Vista, CA, USA) and analyzed 
for positive pixel area (Ly-6G) using the Aperio Positive Pixel Analysis v9.1 algorithm.
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Qualitative Real-Time Polymerase Chain Reaction 
RNA extraction, DNAase treatment21 and cDNA synthesis22 were performed as described. 
A relative quantification PCR was performed to determine gene expression (Applied 
Biosystems, Foster City, CA). Ȭ-actin and GAPDH were used as housekeeping genes.

The primers used were:
Fibronectin (NM_010233.1)
Forward: AGGAAATGTACTGAATGCTAGTACCCA
Reverse: TCAGATGGCAAAAGAAAGCAGA

ANP (NM_008725.2)
Forward: ACCCTCCTGGAGCTGCG
Reverse: ACCCCACTAGACCACTCATCTACAT

NOX2 (NM_007807.4)
Forward: GATGCAATAAGACTAGGCACAAACC
Reverse: CCATCTCATAACCAGAATAACTCAGGATA

NOX4 (NM_015760.4)
Forward: TGCACCAAACACAGAAGCACA
Reverse: AGCAGGGTATCACTCCATGAATTC

PCR was performed in a volume of 20 µl containing 10 ng cDNA and 15 µl PCR 
mastermix (SYBR GREEN Applied Biosystems; 5 ml P/N 4309155). The Thermal Profile 
was performed as described.22 The average Ct-values for fibronectin, ANP, NOX2 and 
NOX4 were subtracted from the average Ȭ-actin Ct-values and the average of Ȭ-actin 
and GAPDH Ct-values to yield the delta Ct. Results were expressed as 2-∆Ct.

Cell culture
The H9c2 cell line (ATCC) is an immortalized line with characteristics of rat heart 
myoblasts. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza, 
Germany) containing 4.5 g/l glucose, 10% fetal calf serum (FCS; Bodinco, Alkmaar, the 
Netherlands), L-glutamine and penicillin (100 U/ml) streptomycin (100 µg/ml) (Lonza, 
Germany). Cells were cultured using 75 cm2 collagen coated flasks (Corning, Schiphol-
Rijk, Netherlands) in a humidified atmosphere of 5% CO2 and 95% O2 at 37ºC. 

In vitro model of oxidative stress
H9c2 cells grown to 80-90% confluency were harvested using 3 ml trypsin EDTA (200 
mg/l) after washing twice with Hank’s Buffered Salt Solution (HBSS) (Lonza; Germany). 
Cells were cultured in a 24-well plate at a density of ~10.000 cells/well in 0.5 ml 
medium. After 24 hours cells were loaded with 15 μM Dihydroethidine (DHE). Culture 
plates were placed in a humidified chamber with 5% CO2 on an automated inverted 
fluorescent microscope system (TissueFAXS system, TissueGnostics GMBH, Vienna, 
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Austria) which makes sequential photomicrographs of 9 area’s in each well every 5 
minutes. After baseline measurements, cells were exposed to Antimycin (50 μg/mL) 
and NaHS (donor of H2S in solution) in a concentration of 1 mM. Fluorescence intensity 
of every cell was analyzed using the TissueQuest software (TissueGnostics). 

Statistical analysis 
Data were analyzed using GraphPad PRISM 5.0 (GraphPad, San Diego, CA, USA) 
using two-way ANOVA, Mann-Whitney U, Friedman or Kruskall Wallis tests where 
appropriate. Bonferroni or Dunns post-hoc analysis was applied where multiple 
comparisons were made. Normality was tested using the Kolmogorov–Smirnov test. 
p<0.05 was considered statistically significant. All data are expressed as mean ± SEM 
(Standard Error of the Mean) unless otherwise indicated.

RESULTS
Effect of H2S on CO2 production, blood pressure and heart rate
Within 15 minutes of treatment with 100 ppm H2S induced a state of hypometabolism, 
concomitant with a reduction in CO2-production by an average of 72% compared to 
basal levels (p<0.001). Cessation of H2S resulted in a rapid recovery of CO2-production, 
where CO2 concentrations raised to basal levels within 30 minutes (p<0.001). 100 ppm 
H2S lowered blood pressure with 14% (103 vs. 120 mmHg, p<0.05) and heart rate with 
25% compared to baseline (502 vs. 670 beats per minute, p<0.05) 10 ppm H2S had no 
effect on CO2 production, blood pressure and heart rate (Figure 1).

H2S reduces myocardial damage
At 1 day of reperfusion cardiac IRI induced significant necrosis (Figure 2A) in animals 
exposed to 0 ppm H2S when compared to sham animals (p<0.001) as indicated by 
infarct size. 10 ppm H2S did not reduce the size of the necrotic area, while 100 ppm 
H2S reduced infarct size by 62% (p<0.05) (Figure 2B). In mice treated with 10 ppm H2S 
hs Troponin-T levels were not reduced 1 day post-reperfusion, while 100 ppm H2S 
reduced hs Troponin-T levels by 47% (p<0.05) compared to IRI animals (Figure 2C). 
Fibrosis, as measured by collagen deposition in Masson stained sections (Figure 3A) 
at 7 days of reperfusion, was markedly increased in animals treated with 0 ppm H2S 
when compared to sham-operated animals (p<0.001). Treatment with either 10 or 100 
ppm of H2S reduced collagen deposition to comparable levels (10 ppm: 59%, p<0.01; 
100 ppm: 57%, p<0.05) (Figure 3B). Cardiac mRNA levels of fibronectin, a marker of 
myocardial fibrosis, were massively increased in 0 ppm H2S treated animals (p<0.01), 
while no increase was detected in animals of both H2S treated groups (10 ppm H2S 
p<0.05; 100 ppm H2S p<0.01) (Figure 3C). Seven days post-reperfusion hs Troponin-T 
levels were reduced by 59% (p<0.05) and 75% (p<0.01) in 10 ppm and 100 ppm H2S 
treated mice, respectively (Figure 3D).

47



3

CHAPTER 3

Figure 1 – High concentrations of H2S induce a state of hypometabolism. Within 15 minutes (A) CO2-
production decreased by 72% (***p<0.001) in mice (n=11) subjected to 100 ppm H2S. Exposure to 10 
ppm H2S (n=11) did not induce a reduction in CO2 production in these animals. Cessation of gaseous 
H2S resulted in rapid recovery, within 30 minutes CO2 levels returned back to baseline concentrations 
(***p<0.001). Administration of 100 ppm H2S (n=4) resulted in a 14% decrease in (B) mean arterial 
pressure and a 25% decrease in (C) heart rate (*p<0.05). However exposure to 10 ppm H2S (n=4) had 
no effect on mean arterial pressure or heart rate.

ANP-gene expression 
mRNA expression of atrial natriuretic peptide (ANP), a marker for induction of the 
fetal gene program, was significantly increased in hearts of mice treated with 0 ppm 
H2S compared to sham-operated animals at 7 days of reperfusion. In hearts of 10 
and 100 ppm H2S treated mice the relative ANP expression was significantly reduced 
compared to mice treated with 0 ppm H2S (p<0.05) (Figure 3E).

Inflammation
One day post-reperfusion, Ly-6G-positive granulocytes were increased 12-fold in 
animals treated with 0 ppm H2S compared to sham-operated animals (p<0.001). 

48



H2S-HYPOMETABOLISM PROTECTS FROM CARDIAC ISCHEMIA

3

Figure 2 – Cardiac damage is reduced by 100 ppm H2S at 1 day of reperfusion. (A) Representative 
photomicrographs of haematoxylin-eosin stained cardiac sections with necrotic area artificially colored 
red, indicating the extent of necrotic damage found in each group at 1 day of reperfusion. (B) Cardiac IR 
induced a significant amount of necrosis in IRI animals exposed to 0 ppm H2S (### p<0.001 vs. sham). In 
animals treated with 100 ppm H2S necrosis was reduced by 62% (* p<0.05 vs. IRI) where as 10 ppm H2S 
had no effect on necrosis. (C) At 1 day of reperfusion hs Troponin-T levels were elevated in IRI animals 
exposed to 0 ppm H2S (## p<0.01 vs. sham). In the 100 ppm H2S treated group hs Troponin-T levels 
were reduced compared to 0 ppm treated animals (* p<0.05), 10 ppm H2S had no effect.

Exposure to 10 ppm and 100 ppm H2S reduced granulocytes by 43% (p<0.05) and 
60% (p<0.001), respectively (Figure 4).

NOX2 and NOX4 gene expression
To investigate ROS-related genes in vivo, we measured mRNA expression of 
nicotinamide adenine dinucleotide phosphate oxidase 2 and 4 (NOX2 and NOX4). 
At 1 day of reperfusion no significant differences were found in NOX2 and NOX4 
mRNA expression. Seven days post-reperfusion, NOX2 and NOX4 expression were 
significantly increased in hearts of mice treated with 0 ppm H2S compared to sham 
operated animals (NOX2: p<0.05, NOX4: p<0.01). NOX2 and NOX4 expression were 
not amplified in hearts of mice treated with 10 and 100 ppm H2S compared to mice 
treated with 0 ppm H2S (p<0.05) (Figure 5A and B).

Effect of H2S on ROS production in vitro
Antimycin A induced ROS production in cultured H9c2 rat cardiomyoblasts was 
significantly reduced by treatment with NaHS. Live cell imaging of DHE fluorescence 
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Figure 3 – Cardiac damage is reduced by 10 and 100 ppm H2S at 7 days of reperfusion. (A) 
Representative photomicrographs of Masson stained cardiac sections with fibrotic area artificially 
colored red, indicating the extent of fibrotic damage found in each group at 7 days of reperfusion. (B) 
Cardiac IR induced a significant amount of fibrosis in IRI animals exposed to 0 ppm H2S (### p<0.001 vs. 
Sham). In animals treated with 10 ppm and 100 ppm H2S fibrosis was significantly reduced (** p<0.01, 
* p<0.05 vs. IRI). (C) Expression of fibronectin at 7 days of reperfusion was increased in IRI animals (## 
p<0.01 vs. sham). Treatment with 10 and 100 ppm H2S reduced the expression of fibronectin (* p<0.05, 
** p<0.01 vs. IRI). (D) Seven days post-reperfusion hs Troponin-T levels were elevated in IRI animals 
exposed to 0 ppm H2S (# p<0.01 vs. sham). Both 10 and 100 ppm H2S reduced hs Troponin-T levels by 
59% and 75%, respectively, as compared to animals treated with 0 ppm (* p<0.05, ** p<0.01 vs. IRI). (E) 
Expression of ANP mRNA at 7 days of reperfusion was increased in IRI animals (## p<0.01 vs. Sham). 
Treatment with 10 and 100 ppm H2S reduced the expression of ANP (* p<0.05 vs. IRI).
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Figure 4 – H2S reduces cardiac IRI induced inflammation. There was a marked increase in granulocyte 
influx after cardiac ischemia (p<0.001) compared to sham animals. Exposure to 10 ppm and 100 ppm 
H2S significantly reduced the influx of granulocytes in the infarct area (10 ppm p<0.05; 100pm p<0.001). 
Below are representative images from these stainings: (A) Sham (B) IRI, 0 ppm H2S (C) IRI, 10 ppm H2S 
(D) IRI, 100 ppm H2S.

showed a massive increase in cytoplasmatic ROS production during treatment 
with Antimycin, whereas addition of NaHS to the medium markedly reduced this 
fluorescence signal (p<0.001) (Figure 6). 

DISCUSSION
The major finding of this study is that administration of hypometabolic concentrations 
of gaseous H2S during myocardial IR limits the extent of myocardial damage. 
Furthermore, non-hypometabolic concentrations of H2S do not seem protective in the 
early phase after myocardial infarction, but attenuate ischemia associated processes 
such as fibrosis and ROS formation. Gaseous administration of H2S appears to be an 
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Figure 5 – H2S attenuates NOX2 and NOX4 upregulation. Expression of (A) NOX2 and (B) NOX4 mRNA 
was increased in IRI animals at 7 days post-reperfusion (NOX2: # p<0.05, NOX4: ## p<0.01 vs. Sham). 
Treatment with 10 and 100 ppm H2S reduced the expression of both genes (* p<0.05 vs. IRI). After 1 
day of reperfusion no differences were observed between all groups.

effective way to attenuate the outcome of myocardial IRI, with multiple mechanisms 
seemingly underlying the protective properties.

H2S is cytoprotective during hypoxia in multiple organs. Beneficial effects of H2S 
treatment have been reported in models of shock23 and intestinal-24, pulmonary25, 
hepatic-21,26 and renal ischemia.11 The cardio-protective effects of H2S have been 
demonstrated in models of myocardial injury. However, most of these studies use 
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Figure 6 – H2S reduces ROS production in cultured cardiomyoblasts. (A) Antimycin (50 µg/ml) significantly 
induced ROS production in H9c2 cells from 24 minutes onwards compared to untreated control cells. 
Addition of 1 mM NaHS prevented the increase in ROS production. (# p< 0.001 vs. control; * p<0.001 vs. 
NaHS) (B) Representative photomicrographs of DHE stained H9c2 cells treated with antimycin and NaHS 
showing less DHE staining (red) in the NaHS treated cells as compared to cells treated with only antimycin.

injection with soluble H2S donor compounds such as sodium hydrosulfide (NaHS) or 
sodium sulfide (Na2S), while no results have been published on gaseous H2S.15-18,27 
Gaseous administration might be applicable in patients who are being ventilated because 
of cardiogenic shock, a state of brain death or during transplantation procedures. 
Inhaled H2S has beneficial effects in endotoxin induced systemic inflammation28 and 
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in experimental Parkinson’s disease.29 We previously showed protective effects of 
gaseous H2S during renal and hepatic IRI.11,21 The benefits of gaseous administration 
compared to injections with soluble H2S donors lay within the management of the 
concentration. As opposed to injection with H2S donors it is possible to administer the 
gas continuously with a stable dose over longer periods of time. Furthermore, when 
treatment is stopped the effects vanish rapidly while leaving its positive therapeutic 
effects behind. Also, gaseous administration at higher concentrations has proven to 
induce a hypometabolic, hibernation-like state in small animals like rodents.10,11

As previously shown, 100 ppm H2S induces a hypometabolic state and lowers blood 
pressure, heart rate and CO2-production, whereas 10 ppm H2S does not.10,11,30 A suspended 
animation-like state induced by H2S protects mice from lethal hypoxia for periods up 
to 6 hours31, suggesting that the induction of regulated, reversible and well-controlled 
hypometabolism in organs holds clinical promise in ischemia-reperfusion related damage 
where oxygen demand exceeds oxygen availability. Although there was no difference in 
cardiac necrosis between the 10 ppm treated group and 0 ppm treated group, treatment 
with 100 ppm significantly reduced necrosis at 1 day of reperfusion. High-sensitive 
Troponin-T (hsTnT) levels in serum were in line with this finding. This suggests that H2S 
in non-hypometabolic concentrations is not effective in preventing short-term necrosis 
caused by ischemia, and that the additional value of H2S-induced hypometabolism lies in 
the early phase of IRI. Although, the protective effects of 100 ppm H2S on necrosis might 
also be caused by a larger amount of H2S leading to increased anti-oxidant effects, it is 
difficult to distinguish between the effects of hypometabolism and other effects attributed 
to a higher dose. However, inducing a suspended animation-like state might be restricted 
to small animals like rodents. The applicability of hypometabolism in larger animals is 
still under debate and we are far from developing therapeutic applications in reducing 
metabolic rate in the clinical setting with the use of H2S.19,20,32,33

There are a number of potential mechanisms through which H2S may exert its 
cardioprotective effects. Both 10 and 100 ppm of H2S were proven anti-inflammatory 
as evidenced by reduced granulocyte influx into necrotic areas. Treatment with H2S also 
lowered the influx of granulocytes after renal IRI.11 Furthermore, H2S inhibits neutrophil 
adhesion and activation in response to inflammatory stimuli and suppresses the release of 
the pro-inflammatory mediator tumor necrosis factor-alpha.34,35 Other studies report that 
H2S mediates pro-inflammatory effects by potentiating sulfide production in neutrophils36 
and mediating leukocyte activation.37 Although granulocyte influx seems to be reduced 
by treatment with H2S, literature is inconclusive on the contribution of neutrophil invasion 
to final myocardial infarct size and appears not to be a dominant factor.38 

We show that treatment with H2S protects against fibrosis at day 7 of reperfusion, as 
evidenced by reduced collagen deposition and fibronectin expression. Interestingly, 
the amount of necrosis differs between 10 and 100 ppm H2S at day 1 of reperfusion, but 
this does not translate into differences in fibrotic area size after 7 days. This indicates 
that treatment with both concentrations of H2S attenuate the onset of fibrosis. The 
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prevention of fibrosis is in accordance with previous literature showing decreased 
cardiac remodeling and fibrosis in models of myocardial infarction and heart failure 
after H2S treatment.15,39,40 Although we find reduced fibrosis with both concentrations 
of H2S, a balanced development of fibrosis remains essential. Suppressed fibrosis with 
no reduction in the extent of necrosis predisposes to infarct expansion and tissue 
rupture.41 Since 10 ppm H2S does not affect necrosis 1 day post-reperfusion, the anti-
fibrotic effects at day 7 of reperfusion are not beneficial per se. 

Another functional property of H2S relates to the inhibition of ROS production, 
since the imbalance in redox status and oxidative stress contributes to fibrosis.42 
ROS-generating NOX2 and NOX4 are both increased after ischemic events in 
experimental models and their deficiency is protective in these models.43,44 Seven 
days post-reperfusion, we found attenuated expression of NOX2 and NOX4 in 
both H2S treated groups indicating less ROS production in vivo. We did not find 
an alteration of these genes at 1 day of reperfusion, which is in concordance with 
previous literature concerning NOX2.45 Although it is not possible to distinguish 
whether these components originate from the myocardium or from phagocytes 
migrated into the myocardium, these results point towards increased oxidative stress 
in the infarcted heart, and a possible beneficial involvement for the effects of H2S 
at the later time point. Furthermore, ROS production was markedly reduced in H2S 
treated cardiomyoblasts in an in vitro model of Antimycin induced oxidative stress, 
indicating direct scavenging or reduction in production of ROS by mitochondria. H2S 
has direct scavenging effects on ROS, but also has indirect effects via activation of 
antioxidant mechanisms, such as increasing glutathione levels.46,47 Another mechanism 
that could be involved is the capacity of H2S to modulate cellular respiration, as the 
inhibition of mitochondrial respiration has been shown to protect against myocardial 
IRI by limiting ROS production in mitochondria.48 Antioxidant effects of H2S may be of 
critical importance for the treatment of myocardial IRI because oxidative stress plays a 
prominent role in the development of cardiac damage and remodeling.42

The effect of exogenous H2S on blood pressure is still under debate. In vivo and 
ex vivo studies revealed conflicting responses to H2S treatment.49-53 The effects of H2S 
on heart rate are also ambiguous; ranging from no change54 to decreased heart rate 
in others.50 Ufnal et al. noticed an increased heart rate upon NaHS infusion, however 
dependent on H2S concentration in cerebrospinal fluid.55 In additional support of this 
last view, suppression of H2S production either pharmacologically56 or genetically57 
leads to an increase in blood pressure. These opposing results might be attributable 
to differences in dose and route of administration. 

In this study we show that 100 ppm of gaseous H2S significantly lowers blood 
pressure and heart rate which might have affected cardiac workload and oxygen 
demand. Since we did not add a group with similar decrease in heart rate and blood 
pressure or a hypometabolic group with normal heart rate and blood pressure, we 
can not exclude this phenomenon to be responsible for the improved outcome. Aside 
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from other protective effects of H2S, it is thought that the reduced demand for oxygen 
during hypometabolism might be one of the protective mechanisms during ischemia 
based on the fact that oxygen availability and oxygen expenditure are more balanced. 
On the other hand the protective effects can not solely be explained by these effects 
since 10 ppm H2S does not alter heart rate and blood pressure and has positive effects 
on several damage parameters. Another approach might be local delivery of H2S by 
H2S-donors thereby circumventing its systemic effects, which has previously been 
shown to be protective.15 However, the highly volatile nature of H2S and the associated 
difficulties in measuring this compound make it difficult to determine the exact dose 
and how long its effects endure, when given locally. 

In conclusion, gaseous administration of H2S protects the heart from IRI, likely 
through reduction of myocardial ROS production and the inhibition of inflammation, 
necrosis and fibrogenesis. Hypometabolism-inducing concentrations of H2S seem to 
have additional protective effects on necrotic cell death shortly after ischemia. H2S 
treatment might be of clinical use in myocardial ischemia or cardiac transplantation, 
where it could lead to reduced myocardial damage related to hypoxia.
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CHAPTER 4

ABSTRACT
Hydrogen sulfide (H2S) is now recognized as the third endogenous gasotransmitter, with 
similar physiological functions to nitric oxide and carbon monoxide. In this study, we 
investigated whether endogenous production of H2S by cystathionine ȭ-lyase (CSE) has 
protective effects – similar to treatment with exogenous H2S – in a renal ischemia setting. 
We found that CSE is abundantly expressed in the kidney, while CSE knockout animals 
had markedly reduced renal production of H2S. CSE deficiency was associated with 
increased damage and mortality after renal ischemia/reperfusion injury (IRI). Treatment 
with exogenous H2S rescued CSE knockout mice from mortality and injury associated with 
renal ischemia. In addition, overexpression of CSE in vitro reduced the amount of reactive 
oxygen species produced during stress. Finally, CSE expression in renal transplant donors 
was positively associated with superior outcome after transplantation. These results 
indicate a role for CSE as a modulator of oxidative stress through the production of H2S.
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INTRODUCTION
In recent years, the fundamental physiological role of hydrogen sulfide (H2S) has gradually 
been uncovered. H2S is now acknowledged as the third endogenously produced gaseous 
signaling molecule, in addition to nitric oxide (NO) and carbon monoxide (CO)1. H2S 
is generated from the amino acid L-cysteine by three distinct enzymes: cystathionine 
ȭ-lyase (CSE), cystathionine Ȭ-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase 
(MPST)2. In the cardiovascular system, CSE is the most abundantly expressed protein, 
and is responsible for the majority of endogenous H2S production3. The physiologic 
properties of endogenously produced H2S are remarkably similar among the different 
gasotransmitters. H2S functions as an endothelial-cell derived relaxing factor (EDRF) 
similar to NO4. Accordingly CSE deficient mice (CSE-/-) develop hypertension3, analogous 
to mice lacking endothelial nitric oxide synthase (eNOS)5 and CBS+/- mice6. In addition, 
endogenously produced H2S is involved in cellular proliferation7, angiogenesis8, 
inflammation9,10 and regulation of protein activity through S-sulfhydration11-13.

Exogenous treatment with H2S can induce a reversible hypometabolic, hibernation-
like state14. The proposed mechanism behind H2S -induced hypometabolism is through 
the reduction of mitochondrial activity by reversible binding to cytochrome c oxidase, 
the terminal enzyme in the electron transport chain15. During hypoxia, H2S treatment 
ameliorates the reduction in the function and integrity of mitochondria16-18. The lower 
demand for oxygen during hypometabolism can protect animals from hypoxia or shock, 
and organs from ischemia/reperfusion injury16,17,19,20. Exogenous H2S can play a detoxifying 
role during oxidative stress by directly scavenging reactive oxygen/nitrogen species (ROS/
RNS) as well as increasing the formation of the antioxidant glutathione (GSH)21,22.

In this study we found that CSE deficiency in mice led to reduced renal H2S 
production and was associated with increased mortality and severity of damage after 
renal ischemia/reperfusion injury. Administering exogenous H2S rescued these mice 
from mortality and injury associated with renal ischemia. Our in vivo experiments 
together with in vitro cell studies in which CSE is overexpressed highlight the 
fundamental role CSE has in regulating the amount of ROS associated with hypoxic 
stress. In addition, we notably found that CSE mRNA and protein levels were shown 
to be associated with kidney outcome after transplantation. Together, our data reveal 
CSE as a modulator of oxidative stress induced following renal ischemia.

RESULTS
Localization of CSE in control human renal tissue
In human renal tissue, CSE protein was localized to glomeruli and tubulo-interstitium. 
Glomeruli were homogenously positive for CSE. Non-endothelial (CD31-negative) 
glomerular cells showed positive staining in addition to (CD31-positive) endothelial 
cells, indicating expression in mesangial cells and/or podocytes. (Figure 1A). CSE was 
seen in tubular epithelium – proximal as well as distal (Figure 1B), peritubular capillaries 
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(Figure 1C), and vascular endothelium (Figure 1D). The protein was observed in an 
unidentified intracellular staining pattern, showing a distinct line-like staining in the 
cytosolic compartments of tubules and non-glomerular endothelial cells (Figure 1B). 
TissueFAXS analysis showed that 75% of renal cells were positive for CSE (Figure 1E). 
Moreover, when we investigated endothelial cells, we found that 87% of endothelium 
was positive for CSE (Figure 1F). Transplant biopsies showed similar localization and 
staining pattern as the control renal tissue (data not shown).

CSE mRNA levels are modulated after renal ischemia in rats
The expression of CSE mRNA was modulated after ischemia in control rat kidneys. Early 
time points show an increase in renal CSE mRNA (90 minutes), after which expression 
decreased to significantly lower levels compared to basal levels (Figure 2A). At 1, 
2 and 4 days after ischemia mRNA levels were decreased after which mRNA levels 
normalized to basal values after 9 days and afterwards (Figure 2A). The expression of 
CBS was modulated in a temporally similar pattern (Figure 2B).

CSE but not CBS mRNA expression levels were altered during  
the transplant process
CSE mRNA levels were significantly increased after reperfusion (p<0.01) (Figure 
2C). Expression levels were (Median [range]): procurement 0.67 [0.03-1.66], pre-
implantation 0.41 [0.08-1.75], reperfusion 0.93 [0.15-3.65]. CBS mRNA levels were not 
modulated during the transplant process (Figure 2D): Procurement 0.20 [0.001-1.99], 
pre-implantation 0.23 [0.007-1.09], reperfusion 0.20 [0.02-0.86].

Modulation of CSE protein levels during the transplant process
CSE immunofluorescence was performed on a limited number of renal transplant 
biopsies (n=27). No differences in protein levels were detected between pre-
implantation and reperfusion time points (Figure 2E).

CSE deficient mice have reduced renal H2S production
Kidneys from untreated wildtype (WT) and CSE knockout (CSE-/-) animals were 
examined to confirm that CSE deficiency caused reduced production of H2S in renal 
tissue. Renal weight did not significantly differ between WT and CSE-/- mice (data not 
shown). CSE-/- mice had a 91% reduction in renal H2S production compared to WT 
mice (p<0.05, Figure 3A).

Increased mortality after bilateral renal ischemia in CSE deficient mice
Mortality after IRI was significantly higher in the CSE-/- animals, where 35% (5/14) of animals 
died within the first 24 hours, while WT animals showed 0% (0/14) mortality during this 
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CD31 CSE DAPI MergeA

E F G

CD31 CSE DAPI MergeD

CD31 CSE DAPI MergeB

CD31 CSE DAPI MergeC

Figure 1 – Localization of CSE in control human renal tissue. Representative examples of the localization 
of CSE (green) and the colocalization with CD31 positive cells (red). CSE is localized in (A) the glomerulus 
(endothelial and mesangial cells), (B) tubules, (C) peritubular capillaries (colocalization of CSE with CD31 
is seen as yellow in the merged images, and is marked by white arrowheads. Image is a magnification 
from (B)) and (D) vascular endothelial cells (white arrowheads). In (D), aspecific autofluorescence of the 
elastic laminae is demarcated in dashed lines. CSE is expressed in proximal and distal renal tubules 
(A,B,C) in an unidentified subcellular staining pattern. Original magnification: 630X. (E) TissueFAXS 
analysis of the total amount of CSE-expressing cells in the kidney of six control kidneys, indicating that 
75% of renal cells express CSE. (F) Of all renal endothelial cells, the large majority express CSE. (G) The 
variation between control patients in the abundance of CSE and CD31 expressing cells.
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period (p<0.05, Figure 3B). CSE-/- animals could be rescued by pretreatment with NaHS, 
with 11% (1/9) mortality compared to 0% (0/9) in WT animals (p=ns, Figure 3C).

CSE deficient mice display more severe kidney damage  
and decreased renal function after IRI compared to WT mice
No necrosis was detected in kidneys of sham-operated mice, while all kidneys 
subjected to IR showed tubular necrosis in the cortico-medullary transition area. CSE-/- 
animals showed 60% higher levels of necrosis compared to WT animals (p<0.01, 
Figure 3D, representative examples in Figure 3F, representative photomicrographs in 
Supplementary figure 1). The amount of necrosis was reduced by treatment with NaHS 
regardless of genotype. Renal function as measured by plasma creatinine levels showed 
a similar pattern, with a 51% higher level of creatinine in CSE-/- animals compared to 
WT animals after IRI. Pretreatment with NaHS significantly improved renal function in 
CSE-/- animals (p<0.001, Figure 3E). In sham-operated animals creatinine levels were 
similar, indicating that renal function in untreated CSE-/- is not impaired (Figure 3E).

Renal inflammation after renal ischemia/reperfusion
Granulocyte influx as measured by Ly-6G immunohistochemistry showed an increase 
in granulocytes after ischemia in both WT and CSE-/- animals, which was abrogated 
by NaHS treatment regardless of genotype. There was no difference in the amount of 
granulocytes between WT and CSE-/- animals (Figure 3G).

CSE mice display increased levels of DNA damage  
after ischemia/reperfusion
In order to determine the extent of oxidative damage after IRI we carried out 
immunofluorescence staining for ȭH2AX, a marker for DNA double strand breaks (DSBs) 
on kidney sections from CSE deficient and WT mice. ȭH2AX plays an important role in 
the DNA damage response and is necessary for the initial rapid phase of DSB repair. 
pȭH2AX is a proven marker of oxidative stress23. We found phosphorylated ȭH2AX 
positive cells in the cortical tubular cells of mice after IRI the amount of positive cells 
was significantly higher in CSE-/- mice compared to WT mice (Figure 4A). Pretreatment 
with NaHS reduced the amount of pȭH2AX positive cells in both WT and CSE deficient 
mice but did not reduce the amount of positive cells to sham injury levels (Figure 4A).

Proliferation after renal ischemia/reperfusion
Ki67 staining indicated that CSE-/- animals did not have increased proliferation after IRI 
(Figure 4B). The amount of Ki67 positive nuclei was significantly increased after NaHS 
treatment in combination with IRI in CSE-/- animals, but not in the WT animals (Figure 4B).
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Wildtype CSE -/-

Figure 3 – Renal H2S production, survival, renal function, necrosis and inflammation in CSE-/- mice after 
ischemia/reperfusion. (A) Renal H2S production rate is significantly lower in CSE-/- mice compared to 
WT mice (* - p<0.05, n=4 per group). (B) Animal survival after renal IRI is impaired in the CSE-/- animals 
(p<0.05, n=14 per group). (C) Treatment with NaHS rescues CSE-/- mice from IRI-induced mortality 
(p=ns, WT: n=7; CSE-/-: n=9). (D) The a mount of renal cortical necrosis is significantly higher in CSE-/- 
mice (n=9) compared to WT (n=14), while pretreatment with NaHS reduces necrosis in both WT (n=7) 
as well as CSE-/- mice (n=8) (** - p<0.01; *** - p<0.001, WT Sham: n=9; CSE-/- Sham: n=8). (E) Plasma 
creatinine levels indicate reduced renal function after ischemia in CSE-/- (n=9) compared to WT mice 
(n=14). NaHS treatment protected CSE-/- mice (n=8) from the IRI-induced decline in renal function 
(* - p<0.05; *** - p<0.001, WT Sham: n=9; CSE-/- Sham: n=8). (F) Representative examples of PAS-
stained coronal renal sections from WT and CSE-/- animals with the necrotic area artificially colored red. 
(G) Influx of Ly-6G-positive granulocytes was not affected by CSE deficiency (CSE-/-: n=9, WT: n=14). 
Granulocyte influx was reduced in both WT (n=7) and CSE-/- animals (n=8) after NaHS pretreatment 
(** - p<0.01; *** - p<0.001, WT Sham: n=9; CSE-/- Sham: n=8).
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Figure 4 – Expression of pȭH2AX and Ki67 in WT and CSE-/- animals after ischemia/reperfusion. (A) 
Abundance of the phosphorylated DNA-repair protein ȭH2AX is significantly higher in CSE-/- animals 
after IRI (n=9) compared to WT animals (n=14), indicating an increased amount of DNA double strand 
breaks, possibly related to oxidative DNA damage. (B) After IRI, the expression of the nuclear proliferation 
marker Ki67 is not increased in CSE-/- animals (n=9) compared to WT (n=14), but significantly increased 
after NaHS pretreatment and IRI combined (n=8, WT Sham: n=9; CSE-/- Sham: n=8). 

A B

Renin is not differentially expressed in wildtype and CSE-/- mice
Immunohistochemistry for renin showed its expression in the juxtaglomerular cells. 
When the amount of glomeruli with renin-positive juxtaglomerular cells were counted, 
no significant differences between the groups were found (Figure 5A). The number 
of renin-positive juxtaglomerular cells per glomerulus did not differ between groups 
(Figure 5B). The lack of renal H2S production in CSE-/- mice does not affect renin levels, 
nor does the treatment of wildtype or CSE-/- animals with NaHS. IRI also does not 
affect renin levels 24 hours after ischemia.

Cell viability, EGFP fluorescence and CSE protein abundance after 
transfection
Transfection with the pIRES2-EGFP or pIRES2-EGFP-CSE plasmids did not affect 
viability of HEK293 cells between 1 and 4 days after transfection (Figure 6A). Both 
plasmids increased the amount of EGFP fluorescence between 1 and 5 days after 
transfection, reaching a peak between 3-4 days (Figure 6B). The amount of EGFP 
fluorescence was not significantly different between the two plasmids. Western blot at 
72 hours after transfection showed no effect of mock-transfection with pIRES2-EGFP 
on CSE protein, while the pIRES2-EGFP-CSE plasmid induced a 6-fold increase in the 
band density for CSE (Figure 6C). The amount of H2S in the supernatant medium of 
the pIRES2-EGFP-CSE transfected cells did not significantly differ from the H2S levels 
in the control and pIRES2-EGFP transfected groups (Figure 6D). 
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Figure 5 – No difference in renin expression between genotypes or between treatment groups. (A) 
Percentage of glomeruli which had renin-positive juxtaglomerular cells and (B) amount of renin-positive 
juxtaglomerular cells per glomerulus in the different groups did not differ. (C) Representative examples 
of glomeruli with renin-positive juxtaglomerular cells. Original magnification 200x.

CSE -/-

Wildtype

Sham IRI IRI + NaHS

A B

C

Effects of exogenous NaHS and CSE overexpression  
on mitochondrial and overall superoxide
Antimycin A-induced oxidative stress as measured by DHE fluorescence in HEK293 cells 
was concentration dependently reduced by treatment with NaHS. Antimycin induced a 
48 fold increase in DHE fluorescence which was significantly attenuated by NaHS at 10 
μM, 100 μM and 1 mM (Figure 6E). Mitochondrial superoxide production as assessed by 
MitoSOX fluorescence showed a similar pattern, with a 13.5 fold increase in fluorescence, 
which was significantly lower when treated with 10 μM, 100 μM or 1 mM NaHS (Figure 6G).

Treatment with Antimycin A showed an increase in DHE (Figure 6F) and MitoSOX 
(Figure 6H) fluorescence in all groups. Fluorescence intensity was similar in control 
and pIRES2-EGFP transfected groups, while cells overexpressing CSE showed a 
significantly reduced amount of fluorescence. The reduction was 60% when measured 
using DHE (Figure 6F, red bar), and 74% using MitoSOX (Figure 6H, red bar). Treatment 
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with 1 mM of NaHS reduced the amount of fluorescence of both probes in all groups 
except the CSE overexpressing cells loaded with MitoSOX (Figure 6H, red bars).

Association of CSE and CBS mRNA expression pre-transplantation 
and renal function after transplantation
CSE mRNA levels at organ procurement were positively associated with renal function 
14 days after transplantation, as measured by glomerular filtration rate (GFR). Linear 
regression analysis showed that the association significantly deviated from zero 
(p=0.007), and the goodness of fit (R2) was 0.3146 (Figure 7A). Relative CBS mRNA 
levels did not associate with renal function after transplantation, showing no significant 
deviation from zero (p=0.16) and low goodness of fit with an R2 of 0.0262 (Figure 7B).

DISCUSSION
Over the past decades, the perceived image of H2S has transformed from that of a 
dangerously toxic molecule to that of an endogenously produced gas affecting many 
physiological processes. The similarities between H2S and the other gasotransmitters 
are numerous1,2. In this study, we show that the endogenous production of H2S reduces 
the damage associated with renal ischemia/reperfusion injury. In previous papers, others 
and we have previously demonstrated the highly protective effects of exogenously 
applied H2S treatment in similar models of ischemia16,17,19,24-27. From the present study 
it now becomes clear that after renal hypoxic stress, CSE functions as an endogenous 
mediator of the antioxidant response, most likely through the production of H2S. 

This study shows that CSE is abundantly present in the normal human kidney, with 
widespread expression in the tubules. We found that the majority of renal tubules 
stain positive for CSE, which aligns with a previous study indicating that CSE activity 
was found in all segments of the renal tubule, with the highest activity in the proximal 
straight and distal tubules28. The large majority of renal endothelial cells express CSE. 
In CSE deficient mice, renal H2S production was reduced by more than 90%, indicating 
that CSE is the most essential H2S producing enzyme in the kidney.

There was a clear association between the absence of CSE expression in the 
CSE-/- mice and an increase in renal damage after IRI. Mortality, renal failure and 
tubular necrosis were significantly increased when renal H2S production was low. 
Treatment with exogenous NaHS rescued these animals from death and renal failure. 
The absence of CSE expression did not influence the inflammatory response. This 
indicates that endogenous production of H2S does have the anti-inflammatory effects 
that the concentrations afforded by exogenous H2S treatment has in this model16. 
Others have shown the inhibitory effects of endogenously produced H2S by CSE on 
leukocyte adhesion9. We have no indication of the actual plasma concentrations and, 
perhaps more relevant, the intracellular concentrations caused by CSE/CBS/MPST 
activity relative to those brought by exogenous H2S. This means that, in this model, 
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Figure 6 – CSE overexpression in vitro and production of ROS in HEK293 cells. (A) Cell viability was 
not affected by transfection with pIRES2-EGFP or pIRES2-EGFP-CSE vectors. (B) EGFP fluorescence 
intensity after transfection, showing peak values between 72-96 hours after transfection with both 
control and CSE vector. (C) CSE protein as measured by western blot showed an increase of 6x after 72 
hours after transfection with pIRES2-EGFP-CSE vector (*** - p<0.001), while there was no increase in 
CSE expression in the pIRES2-EGFP transfected cells compared to controls (representative bands from 
the same gel are shown). (D) No differences in supernatant H2S were measured. (E) Antimycin induced 
cytoplasmatic ROS production as measured by DHE fluorescence was significantly and concentration 
dependently attenuated by treatment with NaHS (### - p<0.001 vs. -NaHS, -Antimycin; * - p<0.05; 
*** - p<0.001 vs. -NaHS, +Antimycin). (F) DHE fluorescence is not affected by transfection with the 
pIRES2-EGFP vector, but significantly reduced by transfection with pIRES2-EGFP-CSE. Treatment 
with NaHS further reduces DHE fluorescence intensity in all groups (* - p<0.05; *** - p<0.001). (G) 
Mitochondrial superoxide production, as measured with the fluorescent MitoSOX probe, is significantly 
and concentration dependently reduced by NaHS treatment (# - p<0.05; ### - p<0.001 vs. -NaHS, 
-Antimycin; ** - p<0.01 vs. -NaHS, +Antimycin). (H) pIRES2-EGFP transfection does not affect MitoSOX 
fluorescence after antimycin treatment, while pIRES2-EGFP-CSE transfection significantly reduces the 
amount of mitochondrial superoxide produced (* - p<0.05; *** - p<0.001). Addition of NaHS did not 
produce significant additional effects in the pIRES2-EGFP-CSE transfected cells. Data are representative 
of at least three independent experiments.

A B

Figure 7 – Association between renal CSE/CBS mRNA and outcome after human renal transplantation. 
(A) Renal CSE mRNA level at organ procurement is associated with the glomerular filtration rate at 
14 days after transplantation, with higher expression associating with better renal function (R2=0.315, 
p<0.001, n=33). Renal CBS levels at procurement are not associated with outcome after renal 
transplantation (R2=0.026, p=ns, n=32). Lines denote best fit, with the dashed lines representing the 
95% confidence interval for best fit.

▶

the concentrations needed to produce anti-inflammatory effects might be too high 
to be reached by endogenous H2S production. The known inhibitory effects of H2S 
on inflammatory processes are likely absent in the CSE-/- mice, so increased influx of 
leukocytes was expected in this model, especially with the increased renal damage 
in the CSE-/- mice. The results indicate that CSE deficiency can also influence the 
inflammatory response to injury through an unknown mechanism.
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Excessive generation of ROS following injury damages proteins, DNA, mitochondria 
and lipids and can stimulate the immune system leading to organ damage29. Hydroxyl 
radicals can also react with nearby tissues, resulting in cellular DNA damage30. 
Phosphorylated ȭH2AX is a well-known marker of DNA damage and, in particular, of 
DSBs31. Phosphorylated ȭH2AX is the first step in recruiting and localizing DNA repair 
proteins. We found more DSBs as detected by ȭH2AX staining in the kidneys of CSE mice 
after IRI compared to WT. Pretreatment of NaHS was associated with reduced amounts 
of DNA damage together with all the other parameters of renal injury. Our present results 
show severe DNA damage in CSE-/- mice was associated with a reduced but not significant 
number of Ki67 positive cells (hence; cell proliferation) when compared to WT mice.

Proliferation is affected by CSE, as Ki67 immunofluorescence showed. CSE activity 
or the availability of H2S seems to be a necessity for the induction of proliferation 
in this model, as IRI by itself does not induce Ki67 expression in CSE-/- animals, but 
the combination of IRI and NaHS treatment induces high expression of this protein. 
Interestingly, treatment of wildtype animals with NaHS during IRI seems to inhibit 
proliferation, which correlates with the amount of renal cell damage in this experiment, 
indicating that the protective effects seen in wildtype animals are not due to an 
increase in regeneration. These results contrast earlier work, where CSE deficiency 
caused overproliferation in vascular smooth muscle cells7.

Since CSE-/- animals develop higher blood pressure compared to wildtype after 6 weeks 
(a rise of about 10 mmHg at 7 weeks)3, the differences between groups could be related 
to differences in renal perfusion before or after the ischemic event. To investigate this, we 
measured renin expression in the juxtaglomerular apparatus (Figure 5 A-C). We found no 
differences between wildtype and CSE-/- mice, nor between IRI and NaHS treated groups. 
This indicates that there were no large differences in renal perfusion between the groups, 
and that the increase in renal damage after IRI in the CSE-/- animals, nor the protective 
effects of NaHS can be explained by altered perfusion. Ming et al. recently showed that 
H2S can inhibit renin expression in a 2K1C model, but it did not affect expression in sham 
or unclipped kidneys32. We noted no effect of NaHS on renin expression, suggesting that 
H2S can inhibit an increase in renin levels, but does not affect normal renin levels. However, 
renin protein levels have to be regarded as a crude marker for renal perfusion, for which 
changes van can only be detected with large perfusion differences.

In vitro experiments showed that exogenous H2S treatment concentration-
dependently reduced the amount of intracellular ROS production when stimulated with 
Antimycin. A significant effect was reached at low concentrations. Overexpression of 
CSE showed a reduction in oxidative stress that was similar to ~10 μM of NaHS. This 
concentration is close to the most quoted physiological range of 30-300 μM in human 
serum, but the actual physiological concentration in mammals is still up for discussion33. 
The addition of 1 mM NaHS showed a further reduction in DHE fluorescence, 
which might indicate that overexpression of CSE did not induce supraphysiological 
concentrations in this particular model. The fact that we did not find a significant 
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increase in supernatant H2S concentration after CSE overexpression is not unexpected, 
since H2S rapidly evaporates from solution at physiological pH34 or from serum33.

Whether H2S directly scavenges ROS, increases the intracellular GSH levels or reduces 
the amount of ROS produced through modulation of mitochondrial ROS production 
was not assessed by this study. H2S can exert all these effects2, so the protective and 
antioxidant effects demonstrated here could be the result of multiple mechanisms 
acting simultaneously. One previous study assessed the effects of CSE overexpression 
in a murine model of myocardial infarction. Myocardium-specific overexpression of CSE 
nearly doubled H2S production and reduces myocardial infarct size by 47%17. Other 
studies have shown the effects of inhibitors of CSE and CBS in ischemic models, but the 
specificity of these inhibitors is subject to discussion35. Most studies using these inhibitors 
imply protective effects afforded by endogenous H2S

25,36-38. Interestingly, recent data 
suggests that under stress CSE can translocate to mitochondria, and H2S produced by 
mitochondrially located CSE can be used as a substrate for the production of ATP39. This 
might be an additional protective mechanism in the setting of ischemia/hypoxia.

The association between the mRNA expression of CSE and the outcome after 
human renal transplantation is an indication that CSE could have protective effects in 
human ischemia/reperfusion injury similar to those we have found in murine models. 
The observation that CBS is not differentially expressed during the transplant process, 
nor is associated with outcome after transplantation, indicates a central role for CSE 
in human renal tissue. We found an increase in mRNA expression of CSE shortly after 
reperfusion in humans, which was similar to the results from rats. The decrease in 
CSE expression found at the later time points after reperfusion in the murine model 
could not be confirmed in the human study due to the absence of biopsies late after 
reperfusion. The question remains whether this early decrease is associated with a 
functional mechanism where CSE is downregulated or inhibited during renal repair 
and regeneration, or the inflammatory response to injury. 

Taken together, our data reveal a key role for CSE in the regulation of oxidative stress 
induced following renal ischemia, most likely through the production of H2S. The modulation 
of CSE expression and activity may be a therapeutic target in settings of hypoxia.

Table 1 – Characteristics of the human kidney donors analyzed in the different analyses performed 
in this paper

Sex (Male:Female) 17:33

Age, years (Mean [Range]) 49 [16-70]

Donor type (Living:Brain dead) 20:30

Cold ischemia time, minutes (Mean [Range]) 742 [112-2091]

Warm ischemia time, minutes (Mean [Range]) 39 [13-91]

Delayed graft function 11

Rejection (1 year) 9
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CONCISE MATERIALS AND METHODS
Collection of human material
Human renal transplant biopsies were obtained from brain-dead or living donors (n = 
50) at three different time points: just before donation (before start of preservation), at 
the end of cold ischemia and approximately 45 min after reperfusion in the recipient. 
Control kidneys were taken from the unaffected part of kidneys from patients 
undergoing nephrectomy for renal cell carcinoma (n=6). 

Animals
CSE deficient mice (CSE-/-) were generated using conventional techniques as described 
before3. Wildtype C57BL/6J littermates (WT) were used as control animals. Male 
Wistar rats (250–300 g) were used for time-course experiments.

IRI protocol
Renal ischemia/reperfusion in mice was performed as described previously16. In short, 
both renal pedicles were clamped for 30 minutes using non-traumatic vascular clamps 
through a midline abdominal incision under general anesthesia (ketamine/xylazine). 
Core body temperature was maintained at 37ºC in all groups using heat pads and lamps. 
NaHS injection (1 mg/kg) was given intraperitoneally 15 minutes before clamping. Mice 
were terminated after 1 day of reperfusion and samples were collected.

Supplementary Figure 1 –  Representative photomicrographs showing structural damage caused by 
ischemia/reperfusion injury in wildtype and CSE-/- animals. Original magnification 200x.

CSE-/-Wildtype

Sham

IRI

IRI + NaHS
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Cell culture experiments
To generate CSE overexpressing cells, human embryonic kidney 293 (HEK293) cells 
were transfected with the pIRES2-EGFP (mock) or pIRES2-EGFP-CSE vector in 24- or 
96-well plates. For induction of ROS, Antimycin A (50 μg/mL) with or without NaHS 
(1-1000 μM) was given for 30 min. Subsequently, cells were incubated with 15 μM 
dyhidroethidine or 5 μM MitoSOX for 15 minutes.

Renin measurement
Renin immunohistochemistry was performed as described before41. Subsequently, 
the amount of glomeruli with renin-positive juxtaglomerular cells were counted. In a 
second analysis, the amount of renin positive cells per glomerulus were counted. For 
both measurements, the complete cortex was analyzed in a blinded fashion.

TissueFAXS analysis
CSE-Alexa 488 / CD31-TRITC / DAPI triple stained sections were scanned using a 
fluorescent microscope fitted with an automated acquisition system (TissueFAXS, 
TissueGnostics GmbH, Vienna, Austria). Percentages of CSE+, CD31+ and CSE+CD31+ 
cells were measured using TissueQuest software (TissueGnostics), using an algorithm 
based on the recognition of nuclei and their associated cytoplasm. Ki67 and ȭH2AX 
stained sections were quantified in this manner as well.

Statistical analysis
Data were analyzed using Mann-Whitney U tests, One-Way ANOVA or Kruskall Wallis 
tests where appropriate. Bonferroni or Dunns postcorrection was applied where 
multiple comparisons were made. Normality was tested using the Kolmogorov–Smirno 
test. A value of p<0.05 was considered statistically significant. Data are expressed as 
the mean ± SEM (Standard Error of the Mean) unless otherwise indicated.
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CHAPTER 4

FULL MATERIALS AND METHODS
Collection of human renal transplant biopsies
Cortical kidney needle biopsy specimens were taken from donors (n=50) during 
procurement, pre-implantation, and ~45 min after reperfusion. Biopsy specimens were 
taken using a 16-gauge needle (Acecut, TSK Laboratory, Japan). Biopsies were fixed 
in 4% formalin for paraffin embedding or snap frozen in liquid nitrogen and stored at 
−80°C for mRNA isolation. Some donor kidneys were obtained outside our medical 
center, which impeded the collection of some biopsies at the procurement time point. 
Some kidneys were retrieved at our hospital, but allocated outside our medical center, 
obstructing the collection of some pre-implantation and reperfusion biopsies. Subjects 
were included when the following criteria were fulfilled: donor and recipient age between 
18 and 70 years; cold ischemic time less than 25 hours; anastomosis time less than 60 
min; no reclamping after completing the anastomosis; and first kidney recipients. 

Collection of control renal tissue
Control human renal tissue used for analysis of normal CSE expression patterns was 
taken from the unaffected part of kidneys removed for the treatment of renal cell 
carcinoma (n=6).

RNA isolation and real-time PCR analysis
A nucleosin II RNA isolation kit (Macherey-Nagel GmbH, Germany) was used. RNA was 
eluted in 20 µl of RNase-free water. RNA concentration was measured using a Nanodrop 
spectrophotometer. RNA quality was confirmed by agarose gel electrophoresis. For 
cDNA synthesis, 1 µg of RNA was used and reverse transcription was performed with a 
Quantitect Reverse Transcription kit (Qiagen GmbH, Germany). Gene expression assays 
–were bought from Applied Biosystems. (Foster City, Ca, USA). For human PCR; CBS: 
Hs00163925_m1, CSE: Hs00542284_m1. HPRT was custom made, with sequence: F: 
5’-GGCAGTATAATCCAAAGATGGTCAA-3’; R: 5’-GTCTGGCTTATATCCAACACTTCGT-3’. 
For rat material; CBS: Rn00560948_m1, CSE: Rn00567128_m1. HPRT was custom made, 
with sequence: F: 5’-GCCCTTGACTATAATGAGCACTTCA-3’; R: 5’-TCTTTTAGGC 
TTTGTACTTGGCTTTT-3’. Changes in CSE, CBS and HPRT mRNA were confirmed by 
two-step quantitative RT-PCR on an AB Prism 7900HT Sequence detector (Applied 
Biosystems). The PCR profile consisted of 15 min at 95°C, followed by 40 cycles with 
heating of 95°C for 15 s and cooling to 60°C for 1 min. Data were analysed with SDS2.3 
(Applied Biosystems). All results were normalized to the expression of HPRT in the sample.

Immunofluorescence
Immunofluorescent labeling was performed as described previously. Briefly, Cryosections 
(4 μm) were dried and acetone fixed. Primary antibodies were applied for 1 hour, and 
thereafter incubated with appropriate secondary antibodies for 30 minutes. Slides were 
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mounted in Aqua/polymount (Polysciences Inc., Warrington, PA, USA) containing DAPI 
(1.5 μg/ml). The following primary antibodies were used: mouse monoclonal CSE (kindly 
donated by dr. N. Nishi, Kagawa Medical School, Japan). Mouse monoclonal CD31 
(Dako), Rabbit polyclonal Ki67 (Abcam), and mouse monoclonal ȭH2AX (Millipore). 
Secondary antibodies include Alexa Fluor 488 rabbit anti-mouse IgG2a (Invitrogen), 
TRITC-conjugated rabbit anti mouse IgG1 (Southern Biotech), Alexa Fluor 488 goat 
anti-mouse IgG1 (Invitrogen), Cy3-conjugated goat anti-rabbit IgG (Invitrogen) 

TissueFAXS analysis
CSE-Alexa 488 / CD31-TRITC / DAPI triple stained sections were scanned using a 
fluorescent microscope (Zeiss AxioObserver.Z1, Carl Zeiss AG, Oberkochen, Germany) 
fitted with an automated acquisition system (TissueFAXS, TissueGnostics GmbH, Vienna, 
Austria). Non-representative images of the section were removed (e.g. folds, edges). 
Percentages of CSE+, CD31+ and CSE+CD31+ cells were measured using TissueQuest 
software (TissueGnostics), using an algorithm based on the recognition of nuclei and their 
associated cytoplasm. In human renal transplant biopsies, intensity of the fluorescence 
signal was measured in the cytoplasm using the TissueQuest software. In addition, Ki67 and 
ȭH2AX stained sections were quantified in this manner. Random backgating analysis was 
performed in each sample, where negativity, positivity, and double positivity of cells in the 
scatterplots was confirmed by manual investigation of the associated photomicrograph.

Ly-6G and renin immunohistochemistry
Immunohistochemical staining for Ly-6G/C positive granulocytes was performed as 
described previously15. In short, paraffin embedded sections were stained for Ly-6G 
using rat-anti-mouse Ly6G/C-FITC IgG2b antibody, followed by rabbit-anti-FITC and 
HRP-conjugated goat-anti-rabbit antibodies. Full slide images were captured at 40x 
magnification using a Hamamatsu NanoZoomer 2.0HT, and images were analysed 
using HistoQuest software (TissueGnostics). For renin, we used a polyclonal antibody 
as described before16,17.

Measurement of necrosis
Formalin fixed, paraffin embedded coronal renal sections were stained using the Periodic 
Acid Schiff (PAS) method using standard procedures. Whole slides were digitized using 
an Aperio ScanScope digital slide scanner (Aperio Technologies inc, Vista, Ca, USA) 
at 20x magnification and the accompanying Aperio Imagescope software was used to 
measure the necrotic renal cortical area relative to the total renal cortical area.

Plasma biochemical analysis
Creatinine measurements were performed by our hospital clinical chemistry research 
services using conventional methods. 
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Renin measurement
Subsequently, the amount of glomeruli with renin-positive juxtaglomerular cells were 
counted. In a second analysis, the amount of renin positive cells per glomerulus were 
counted. For both measurements, the complete cortex was scanned in a blinded fashion.

Animals
For renal IRI and H2S production rate measurement studies, CSE deficient mice 
(CSE-/-) were generated using conventional techniques as described before5. Wildtype 
C57BL/6J littermates (WT) were used as control animals. Time-course expression of 
CSE mRNA after IRI was examined in male Wistar rats (250–300 g; Harlan, Zeist, the 
Netherlands, n=6 per group).

IRI protocol
In mice, both renal pedicles of WT or CSE-/- animals (n=9-14 per group) were clamped 
for 30 minutes using non-traumatic vascular clamps through a midline abdominal 
incision under general anesthesia (100 mg/kg ketamine, 8 mg/kg xylazine). After 
removing the clamps, kidneys were inspected for restoration of blood flow and the 
muscle and skin layers were sutured with 5-0 vicryl stitches (Ethicon, New Jersey, USA). 
Body temperature was maintained at 37ºC using heat pads and lamps. Sham-operated 
animals received the exact same procedure, without placement of the clamps on the 
renal pedicles. Treatment with NaHS (1 mg/kg, freshly dissolved in sterile phosphate 
buffered saline (PBS)) was given 15 minutes before application of the clamps through 
an intraperitoneal injection. Control animals received an injection of PBS at that time. 
Mice were sacrificed 24 hours after reperfusion.

In the Wistar rat model, a unilateral approach was used. Animals were anesthetized 
with 2% isoflurane with a flow of 0.6 l/min of 100% oxygen and a left-flank incision was 
made. Renal vessels of the left kidney were dissected and clamped with non-traumatic 
vascular clamps for 45 min. After removal of the clips, renal reperfusion was confirmed 
visually and muscle and skin layers were sutured using 4-0 vicryl stitches (Ethicon, New 
Jersey, USA). Reperfusion times were 30 min, 90 min, 6 h, 1 day, 4 days, 9 days, 14 
days or 21 days (n=5-6 per group).

Cell culture
Human embryonic kidney 293 (HEK293) cells were used for in vitro experiments, 
cultured under standard conditions using Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco) with 10% fetal bovine serum. All experiments were independently reproduced 
at least three times.
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Transfection
For experiments utilizing overexpression of CSE, HEK293 cells were transfected with the 
pIRES2-EGFP (mock) or pIRES2-EGFP-CSE vector. For this purpose, cells were seeded 
in 24- or 96-well plates and grown until subconfluent. Subsequently, transfection was 
performed according to manufacturers’ instructions using Lipofectamine 2000 reagent 
(Invitrogen). Transfection efficiency and time course of expression was determined using 
fluorescence microscopy for EGFP. For experiments investigating oxidative stress and 
the protein expression of CSE, cells were used or harvested 72 hours after transfection.

Cell viability measurement
Alamar Blue reagent (Invitrogen) was used according to manufacturers’ protocol to 
measure cellular viability in the first 96 hours after transfection.

H2S production rate measurement
Whole kidneys were taken from untreated CSE-/- or WT mice and snap frozen in liquid 
nitrogen. For measurement of H2S production, renal tissue was homogenized and 
measurement was performed as described previously18.

H2S measurement in medium
Supernatants of control, pIRES2-EGFP and pIRES2-EGFP-CSE transfected cells 
was collected 72 hours after transfection and H2S measurement was performed as 
described previously using the methylene blue assay19.

Western Blot – rat tissue
Total protein lysates in RIPA buffer (Thermo Scientific, MA, USA) were supplemented 
with protease inhibitor cocktail (Sigma–Aldrich, MA, USA). Protein concentrations 
were determined using the BioRad DC protein assay (Bio-Rad, VA, USA), according 
to manufacturer’s protocol. Equal amounts of protein were loaded onto 12% SDS-
polyacrylamide gels. Aspecific binding of the antibodies was prevented using 5% milk 
in Tris-buffered saline-0.1% Tween-20 (TBST). Then membranes were incubated with 
the primary antibody solution in 5% milk in TBST, overnight at 4°C (for CSE: Proteintech 
rabbit polyclonal CSE antibody 12217-1-AP (1:1000), for Ywhaz (which was used as a 
housekeeping protein): Abcam anti 14-3-3 zeta rabbit polyclonal antibody ab51129 
(1:500)). Afterwards membranes were incubated with secondary antibody (goat anti-
rabbit IgG horseradish peroxidase) 1:500 in 5% milk in TBST. All antibody incubations 
were followed by washing with TBST. Membranes were immediately developed by 
luminol-chemiluminescence according to manufacturer’s instructions, and digital images 
taken with the Bio-Rad ChemiDoc MP system quantified using Bio-Rad Image Lab 4.01.
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Western Blot – cultured cells
Cultured HEK293 cells were obtained 72 hours after transfection and lysed in lysis 
buffer (0.5 M EDTA, 1 M Tris-Cl, pH 7.4, 0.3 M sucrose, 1 μg/ml antipain hydrochloride, 
1 mM benzamidine hydrochloride hydrate, 1 μg/ml leupeptin hemisulfate, 1 mM 
1,10-phenanthroline monohydrate, µ1 M pepstatin A, 0.1 mM phenylmethylsulfonyl 
fluoride, and 1 mM iodoacetamide). Equal amounts of protein were boiled and 
electrophoretically separated by SDS-PAGE and transferred to nitrocellulose 
membrane as described previously20. The dilutions of primary antibody were 1:5000 
for ȫ-Tubulin and 1:1000 for CSE. Horseradish peroxidase-conjugated antibody 
was used as secondary antibody. The immunoreactions were visualized by ECL and 
exposed to X-ray film (Kodak Scientific Imaging film). 

Model of Antimycin A induced oxidative stress and measurement  
of reactive oxygen species
HEK293 cells were cultured in 96-well plates until subconfluent and starved in serum-
free medium for 24 hours. Antimycin A (50 μg/mL) with or without NaHS (1-1000 μM) 
was given for 30 min to induce intracellular production of ROS. Subsequently, cells 
were washed two times with PBS to remove Antimycin and NaHS and incubated with 
15 μM dyhidroethidine (DHE, Invitrogen) or 5 μM MitoSOX (Invitrogen) for 15 minutes 
and washed three times with PBS. Images were directly made using an inverted 
fluorescent microscope and analyzed for intensity of fluorescence.

Statistical analysis
Data were analyzed using GraphPad PRISM 5.0 (GraphPad, San Diego, USA) or SPSS 
16.0 (SPSS inc., Chicago, IL, USA) using Mann-Whitney U tests, One-Way ANOVA or 
Kruskall Wallis tests where appropriate. Bonferroni or Dunns postcorrection was applied 
where multiple comparisons were made. Normality was tested using the Kolmogorov–
Smirno test. Association between mRNA and protein levels and GFR were analysed 
using linear regression. For histopathological scoring, both kidneys of each animal 
were analysed and a mixed-effects model was used taking the animal of origin into 
account. A value of p<0.05 was considered statistically significant. Data are expressed 
as the mean ± SEM (Standard Error of the Mean) unless otherwise indicated.

Approval
For clinical studies, all procedures and use of anonymized human tissue were performed 
according to recent national guidelines, and were approved by our institutional review 
board. For the animal studies, experimental procedures were in agreement with institutional 
and legislator regulations and approved by the local committee for animal experiments.
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ABSTRACT
Hypertension and proteinuria are important mediators of renal damage. Despite 
therapeutic interventions, the number of patients with end stage renal disease steadily 
increases. Hydrogen sulfide (H2S) is an endogenously produced gasotransmitter 
with vasodilatory, anti-inflammatory and antioxidant properties. These beneficial 
characteristics make H2S an attractive candidate for pharmacological use in hypertensive 
renal disease. We investigated the protective properties of H2S in angiotensin II (ang 
II)-induced hypertensive renal disease in rats. Treatment with the H2S donor NaHS and 
major H2S metabolite sodium thiosulfate (STS) during three weeks of ang II infusion 
reduced hypertension, proteinuria, oxidative stress and renal functional and structural 
deterioration. In an ex vivo isolated perfused kidney setup NaHS, but not STS, reduced 
intrarenal pressure. The effect of NaHS could partially be explained by its activation of 
the ATP-sensitive potassium channels. In conclusion, treatment with H2S attenuates ang 
II-associated functional and structural renal deterioration, suggesting that intervention 
in H2S production pathways has potential therapeutic benefit and might be a valuable 
addition to the already existing antihypertensive and renoprotective therapies. 
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INTRODUCTION
Chronic kidney disease (CKD) is a highly prevalent disorder associated with extensive 
morbidity and mortality worldwide. Hypertension and proteinuria are major contributors 
to the progression of CKD. Both are important actors in enhancing structural and 
functional renal deterioration through changes in intrarenal hemodynamics and 
inflammation, thereby promoting the release of chemokines and reactive oxygen species 
(ROS)1-4. This results in stimulation of extracellular matrix synthesis and enhancement 
of cellular apoptosis. Increased activity of the renin-angiotensin-aldosterone system 
(RAAS) resulting in augmented angiotensin II (ang II) signaling, is often the underlying 
cause of hypertension and proteinuria. Functional RAAS modulation has afforded great 
progress in renoprotection by reducing blood pressure, proteinuria and the rate of renal 
function loss. Although RAAS blockade stands out as the most effective renoprotective 
treatment, in many cases renal disease ultimately progresses to end-stage renal failure 
with the deplorable need for dialysis or transplantation5, 6. This prompts for additional 
modes of intervention by either optimization of RAAS blockade based therapies or 
targeting other pathophysiological pathways involved in the development of CKD. 

Hydrogen sulfide (H2S) is acknowledged as the third gasotransmitter in addition 
to nitric oxide (NO) and carbon monoxide (CO), and modulates many physiological 
functions7. It is endogenously produced from the amino acid L-cysteine by cystathionine 
ȭ-lyase (CSE) and cystathionine Ȭ-synthase (CBS)8, 9 and from 3-mercaptopyruvate (3MP) 
by 3-mercaptopyruvate sulfurtransferase (3-MST)10. In the vasculature H2S functions as an 
endothelial cell-derived relaxing factor via direct activation of ATP-sensitive potassium 
(KATP) channels11. Accordingly, CSE-deficient mice and CBS heterozygous mice develop 
hypertension12, 13. CSE can act as an endogenous modulator of oxidative stress, as CSE-
deficient mice have increased renal damage after ischemia-reperfusion14. Exogenous 
treatment with the soluble sulfide salt NaHS attenuates the hypertensive effects of NO 
synthase (NOS) inhibition15 and has preventive and therapeutic effects on renovascular 
hypertension by inhibiting plasma renin activity16. In addition, H2S stimulates cellular 
proliferation17 and angiogenesis18, and reduces inflammation19, 20. Endogenous H2S 
functions as a signaling molecule by regulating protein activity through S-sulfhydration, 
which is a form of posttranslational modification21, 22. Furthermore, H2S can play a 
detoxifying role during oxidative stress by direct scavenging of ROS or increasing the 
formation of the antioxidant glutathione23, 24. Progression of renal disease in a CKD model 
is associated with depletion of H2S and its producing enzymes25. Recently, urinary sulfur 
metabolites were found to associate with a favorable cardiovascular risk profile and even 
improved survival in renal transplant recipients26. Given the cytoprotective features of H2S, 
its deficiency may contribute to progression of CKD and its systemic complications. 

H2S can be delivered in vivo via gaseous administration or through the use of soluble 
sulfide salts like NaHS and Na2S. In addition, several slow-release H2S donors have been 
developed. Another possibility is the use of thiosulfate (TS), a major metabolite of H2S. 
Increasing evidence grounds the idea that a dynamic conversion exists between the two 
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substances27-29. In humans, the short term therapeutic use of sodium TS (STS) has been 
proven safe30 for the treatment of calciphylaxis31, 32. STS is also proposed to be an anti-
oxidant32 and useful in case of cyanide poisoning33 or cisplatin toxicity34. Furthermore, 
vasodilating properties of TS itself have been described35

The vasodilating and cytoprotective features of H2S make it an attractive therapeutic 
candidate for reducing the damaging effects of hypertension and proteinuria. In 
the experimental setting, ang II infusion causes hypertension, proteinuria and renal 
damage36. We used this model to investigate the renoprotective properties of sulfide 
containing compounds. 

MATERIALS AND METHODS
Animals
Male Sprague Dawley rats (240-280 gram, Harlan, Zeist, the Netherlands) were housed 
under standard conditions with a 12 hour light-dark cycle at the animal research facility 
with ad libitum access to food and water. Experimental procedures were in agreement 
with institutional and legislator regulations and approved by the local ethics committee 
for animal experiments.

Ang II infusion and NaHS or STS treatment
Osmotic minipumps (model 2004, Alzet, Cupertino, CA, USA) were placed 
subcutaneously under general anesthesia (2% Isoflurane/O2) for continuous 
administration of ang II (435 ng/kg/min, n = 7/group; Bachem, Weil am Rhein, Germany) 
or vehicle (0.9% NaCl, n = 6). Post-operatively, all rats received a subcutaneous 
injection of 50 μg/kg buprenorphin (Schering-Plough, Houten, the Netherlands) for 
analgesic purposes and were allowed to recover from surgery at 37°C in a ventilated 
incubator. At placement of the pumps ang II-infused rats were randomized to either 
0.9% NaCl, NaHS (5.6 mg/kg/day; Sigma, Zwijndrecht, the Netherlands) or STS (1 
g/kg/day; Sigma, Zwijndrecht, the Netherlands) treatment. 0.9% NaCl-infused rats 
received treatment with 0.9% NaCl. During the three weeks of infusion rats received 
intraperitoneal (ip) injections with one of the compounds twice a day. At baseline, 
blood was collected via orbital puncture. On a weekly basis body weight was measured 
and rats were placed in metabolic cages for collection of 24-hour urine. Chlorhexidin 
was added to the urine as an antiseptic agent to prevent bacterial growth. After three 
weeks blood pressure was measured under general anesthesia (2% Isoflurane/O2) via 
an intra-aortic probe (Cardiocap/5, GE Healthcare, Little Chalfont, Buckinghamshire, 
UK). Subsequently, rats were sacrificed and blood was collected in heparin and EDTA 
containing tubes and centrifuged for 10 minutes at 1000 rcf. Plasma was collected and 
stored at -80°C. Kidneys were perfused with 0.9% NaCl. Coronal slices were fixed in 
4% paraformaldehyde and paraffin embedded for immunohistochemical analysis or 
immediately snap frozen in liquid nitrogen and stored at -80°C for molecular analysis.
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Plasma and urine biochemical analysis
Plasma and urine levels of creatinine, urea and electrolytes were determined by standard 
assays from Roche on the Roche Modular (Roche Diagnostics GmbH, Mannheim, Germany) 
according to routine procedures in our clinical chemical laboratory. Urinary protein levels 
were determined with the pyrogallol red molybdate method37. Urinary TS was determined 
by a specific HPLC method as described previously30, 38.In short, 25 μL of urine was 
derivatized with 5 μL of 46 mM monobromobimane, 25 μL of acetonitrile, and 25 μL of 160 
mM HEPES/16 mM EDTA pH 8 buffer (Invitrogen, Carlsbad, CA, USA) for 30 minutes in the 
dark. Derivatization of thiol groups was stopped by 50 μL of 65 mM methanosulfonic acid 
(Fluka, Buchs, Switzerland) and proteins were removed by recentrifugation. 

Qualitative real-time polymerase chain reaction
Rat renal tissue containing cortex and medulla was homogenized in lysis buffer and 
total RNA was extracted using the TRIZOL method (Invitrogen, Carlsbad, USA). RNA 
concentrations were measured by a nanodrop UV-detector (Nanodrop Technologies, 
Wilminton, DE). cDNA was synthesized using Superscript II with random hexamer 
primers (Invitrogen, Carlsbad, USA). Gene expression (Applied Biosystems, Foster 
City, CA, USA) was determined by qualitative realtime-PCR (qRT-PCR) based on the 
Taqman methodology. HPRT was used as a housekeeping gene with the following 
primers (Integrated DNA Technologies) and probe (Eurogentec): Forward: 5’-GCC 
CTT GAC TAT AAT GAG CAC TTC A-3’, Reverse: 5’-TCT TTT AGG CTT TGT ACT 
TGG CTT TT-3’ and Probe: 6-FAM 5’-ATT TGA ATC ATG TTT GTG TCA TCA GCG 
AAA GTG-3’ TAMRA. The other primers were obtained from Applied Biosystems 
as Assays-on-Demand (AOD) gene expression products. The AOD ID’s used were: 
Coll3a1 (Collagen 3) Rn01437683_m1, Acta2 (ȫSMA) Rn01759928_g1, Havcr1 (KIM-1) 
Rn00597703_m1, CTH (CSE) Rn00567128_m1, CBS Rn00560948_m1, Mpst (3-MST) 
Rn00593744_m1, Renin Rn00561847_m1, TGF-Ȭ1 Rn00572010_m1 and Cybb (NOX2) 
Rn00576710_m1. The qRT-PCR reaction mixture contained 20 ng cDNA template 
and 5µl PCR-mastermix. Nuclease free water was added to a total volume of 10 µl. 
All assays were performed in triplicate. The thermal profile was 15 minutes at 95°C, 
followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The average 
Ct values for target genes were subtracted from the average housekeeping gene Ct 
values to yield the delta Ct. Results were expressed as 2-∆Ct.

Immunohistochemistry 
For immunostaining, deparaffinized sections were subjected to heat-induced antigen 
retrieval by overnight incubation with 0.1 M Tris/HCl buffer (pH 9.0) at 80°C (ED1, ȫSMA, 
KIM-1, desmin) or by incubation with EDTA buffer (pH 8.0) heated by a microwave 
(Collagen 3). Endogenous peroxidase was blocked with 0.075% H2O2 in phosphate 
buffered saline (PBS, pH 7.4) for 30 minutes. Primary antibodies for macrophages 

91



5

CHAPTER 5

(mouse anti-CD68 ED1, MCA341R AbD, 1:750, Serotec Ltd, Oxford, UK), ȫSMA (mouse 
anti-SMA, clone 1A4 A2547, 1:10.000, Sigma, Zwijndrecht, the Netherlands), Collagen 
3 (goat anti-type 3 Collagen, 1330-01, 1:75, Southern Biotech, Birmingham, Alabama, 
USA), Desmin (mouse anti-desmin NCL-DES-DER11, 1:500, Novocastra, Rijswijk, the 
Netherlands) or KIM-1 (rabbit anti-KIM-1 peptide 9, 1:400, gift V. Baily) were incubated 
for 60 minutes at room temperature. Binding was detected using sequential incubation 
with peroxidase-labeled secondary and tertiary antibodies (Dakopatts, Glostrup, 
Denmark) for 30 minutes. All antibodies were diluted with PBS supplemented with 
1% BSA. At the secondary and tertiary antibody dilutions 1% normal rat serum was 
added. Peroxidase activity was developed using 3,3’-diaminobenzidine tetrachloride 
for 10 minutes containing 0.03% H2O2. Counterstaining was performed using Mayer’s 
hematoxylin. Appropriate isotype and PBS controls were consistently negative.

Analysis of histopathological changes
Kidney sections were scanned using an Aperio Scanscope GS (Aperio Technologies, 
Vista, CA, USA). The extent of fibrotic changes (ȫ-SMA, Collagen 3), glomerular 
damage (desmin) and proximal tubular ischemic damage (KIM-1) were determined 
using the Aperio positive pixel analysis v9.1 algorithm. For ȫ-SMA, Collagen 3 and 
KIM-1 the ratio between the relative cortical staining intensity and the total cortical 
surface area was used. For desmin the ratio between glomerular staining intensity 
and total cortical glomerular area was calculated. Interstitial macrophages were 
counted manually by random selection of thirty renal cortical high powered fields. 
Histopathological analysis was performed in a blinded fashion.

Urinary malondialdehyde measurements
Malondialdehyde (MDA), a major breakdown product of lipid peroxides, is generated 
after oxidative stress. MDA is a thiobarbituric acid-reactive substance and can be 
fluorescently measured after binding to thiobarbituric acid. Twenty µL urine was 
incubated with 90 µL of 3% SDS and 10 µL of 0.5 M butylated hydroxytoluene 
followed by addition of 400 µL 0.1 N HCl, 50 µL 10% phosphotungstic acid and 200 
µL 0.7% 2-Thiobarbituric acid. The reaction mixture was incubated for 30 minutes at 
95°C. After adding 800 µL of 1-butanol, the samples were centrifuged at 960 g for 10 
minutes. Two hundred µL of the 1-butanol phase was fluorescently measured using 
530 nm excitation and 590 nm emission wavelengths.

Isolated perfused kidney setup
To investigate the effect of NaHS and STS on intrarenal pressure we used an ex vivo 
isolated perfused kidney (IPK) setup. After induction of anaesthesia with 2% Isoflurane/
O2, both kidneys and renal vessels from five healthy rats were isolated via a midline 
incision and subsequently a cannula was placed in the renal artery. Depending on the 
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renal vascular anatomy either the right or left kidney was used. After placement in the 
IPK setup, the kidney was continuously perfused via the renal artery with warmed (37°C) 
and oxygenated (95% O2 and 5% CO2 gas mixture) Krebs-Ringer Bicarbonate (KRB) 
solution complemented with albumin and creatinine at a pH of 7.5 ± 0.05 and a PO2 
≈ 60 kPa, by using a roller pump (Ismatec mv-ca/04; Ismatec, Glattbrugg, Switzerland) 
delivering a constant flow of 8 mL/min throughout the experiment. The composition of 
the perfusion solution was as follows: 118.6 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 
mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 6.1 mM glucose, 7.1 mM creatinine 
and 50 g/L albumin. After connecting the kidney, the flow was gradually increased 
to 8 mL/min. Vascular responses were monitored by an electromechanical pressure 
transducer (Cobe; Arvada, CO) connected to a computer interface (LabView, National 
Instruments, Austin, TX). After an equilibration period, when renal vascular pressure 
had stabilized, 1-2 µM of phenylephrine (PE) (Sigma, Zwijndrecht, the Netherlands) was 
added to the perfusate to obtain a stable pre-contraction pressure of 200-250 mmHg. 
When the PE-induced vasoconstriction had reached a plateau, kidneys were subjected 
to subsequent doses of NaHS (1 µM, 10 µM, 100 µM, 1 mM and 5 mM (n=5)) or STS 
(1 µM (n=5), 10 µM, 100 µM (n=2), 1 mM, 5 mM (n=5)) for 1 minute. To investigate the 
role of KATP channels in NaHS-induced vasodilation, kidneys (n=5) were continuously 
perfused with 1 mM of Glibenclamide (Sigma, Zwijndrecht, the Netherlands) and 
subjected to subsequent doses of NaHS. After every dose we conducted a washout 
period of 4 minutes or continued when the intrarenal pressure had returned to baseline.

Statistical analysis
Data were analyzed and graphed using GraphPad Prism 5.0 software (GraphPad, San 
Diego, CA, USA). Statistical analyses were performed using t-tests, Mann-Whitney U 
tests, two-way ANOVA, one-way ANOVA or Kruskal-Wallis tests where appropriate. 
Bonferroni, Dunnett’s or Dunn’s postcorrection was applied where multiple comparisons 
where made. Normality was tested using the Kolmogorov-Smirnov test. Statistical 
significance was accepted at p<0.05. All data are expressed as the mean ± standard 
error of the mean (SEM) unless indicated otherwise.

RESULTS
Rat characteristics – body weight and electrolytes 
At baseline, there were no significant differences in body weight between the groups 
(Table 1). After 3 weeks, vehicle treated ang II-infused rats had a significantly lower 
body weight compared to NaCl-infused controls (p<0.001). Treatment with NaHS 
partially prevented ang II-induced weight loss (NaHS: p<0.05) (Table 1). Plasma 
sodium was significantly lower in vehicle treated rats compared to controls (p<0.001). 
No differences between groups were observed in plasma potassium and calcium 
levels (Table 1). In STS treated rats, urinary sodium excretion was significantly higher 
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compared to vehicle treated rats (p<0.01). Urinary excretion of calcium was increased 
in ang II-infused rats treated with vehicle compared to controls (p<0.05). Urinary 
excretion of potassium did not differ between groups (Table 1).

NaHS and STS treatment attenuated ang II-induced hypertension
ang II infusion increased both systolic (211 ± 9 mmHg vs. 143 ± 2 mmHg, p<0.001) and 
diastolic (127 ± 10 mmHg vs. 84 ± 2 mmHg, p<0.01) blood pressure compared to controls. 
Simultaneous treatment with either NaHS or STS decreased systolic blood pressure (SBP) 
by 22% (164 ± 3 mmHg, p<0.001) and 18% (173 ± 7 mmHg, p<0.001), and diastolic 
blood pressure (DBP) by 26% (93 ± 8 mmHg, p<0.05) and 30% (89 ± 7 mmHg, p<0.01), 
respectively (Figure 1A and B). Infusion with ang II reduced mRNA levels of renin in all 
groups compared to control (NaCl and NaHS: p<0.05; STS: p<0.01) (Figure 1C).

Improved renal function and reduced proteinuria in NaHS  
and STS treated rats
Renal function - reflected by creatinine clearance and plasma urea - and proteinuria 
were similar in all groups at baseline (data not shown). After three weeks of ang II 
infusion, vehicle treated rats had an impaired renal function as reflected by a 67% 
reduction in creatinine clearance (1.4 ± 0.1 mL/min vs. 4.2 ± 0.2, p<0.001) and a 
2.9-fold increase in plasma urea (19.0 ± 1.0 mmol/L vs. 6.5 ± 0.2 mmol/L, p<0.001) 
compared to control rats (Figure 2A and B). Furthermore, proteinuria was significantly 
increased from week 2 onwards (346 ± 35 mg/24 h vs. 28 ± 11 mg/24 h, p<0.001) 
(Figure 2C). After three weeks of treatment with NaHS or STS, renal function loss 
was partially prevented as evidenced by a higher creatinine clearance (NaHS: 2.5 ± 
0.3 mL/min, p<0.05; STS: 2.9 ± 0.5 mL/min, p<0.001) and lower plasma urea levels 

Table 1 – Weight and biochemical parameters at baseline and the end of the study

Minipump treatment NaCl Ang II

Daily injection NaCl NaCl NaHS STS

Body weight (gram) baseline 266 ± 7 261 ± 4 269 ± 4 262 ± 5

week 3 304 ± 20 211 ± 5 ### 266 ± 16 * 257 ± 16 

Plasma sodium (mmol/L) 145 ± 0.9 139 ± 0.9 ### 142 ± 1.0 142 ± 0.8

Plasma potassium (mmol/L) 4.1 ± 0.2 3.8 ± 0.2 3.7 ± 0.4 3.7 ± 0.3

Plasma calcium (mmol/L) 2.1 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 2.3 ± 0.1

Urinary sodium (mmol/24 h) 2.2 ± 0.7 2.6 ± 0.3 1.7 ± 0.4 4.9 ± 0.5 **

Urinary potassium (mmol/24 h) 1.8 ± 0.3 1.9 ± 0.1 1.7 ± 0.2 2.0 ± 0.3

Urinary calcium (mmol/24 h) 0.01 ± 0.01 0.08 ± 0.01 # 0.05 ± 0.02 0.10 ± 0.02

Data are expressed as mean ± SEM. #p<0.05, ###p<0.001 vs. control; *p<0.05, **p<0.01  
vs. Ang II + NaCl.
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(NaHS: 14 ± 2 mmol/L, p<0.01; STS: 14 ± 2 mmol/L, p<0.01) compared to vehicle 
treated rats (Figure 2A and B). From week 2 onwards, the 24-hour urinary protein 
excretion was significantly moderated by NaHS and STS treatment (NaHS: 179 ± 75 
mg/24 h, p<0.001; STS: 197 ± 58 mg/24 h, p<0.01) (Figure 2C). 

STS increased the excretion of urinary TS 
From week 1 onwards, the excretion of urinary TS (p<0.001) was significantly increased 
in ang II-infused rats treated with STS. No differences were observed in the other 
groups (Figure 3).

Figure 1 – Treatment with NaHS and STS attenuated ang II-induced hypertension and ang II infusion 
caused downregulation of renin mRNA expression. Infusion with ang II increased (A) systolic blood pressure 
by 48% and (B) diastolic blood pressure by 51%. Treatment with NaHS and STS significantly attenuated 
the ang II-induced hypertension. (C) Infusion with ang II caused downregulation of renin mRNA levels in all 
groups. (#p<0.05, ##p<0.01, ###p<0.001 vs. control, *p<0.05, **p<0.01, *** p<0.001 vs. Ang II + NaCl)
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Figure 2 – Reduction of renal function loss and proteinuria in NaHS and STS treated rats. Three weeks of 
ang II infusion decreased renal function as evidenced by a 67% decrease in (A) creatinine clearance and a 
2.9-fold increase in (B) plasma urea. Furthermore, (C) proteinuria was significantly increased from week 2 
onwards. Treatment with NaHS and STS reduced renal function loss by preserving the creatinine clearance 
and plasma urea levels. In addition, the development of proteinuria was diminished in NaHS and STS treated 
rats from week 2 onwards. (###p<0.001 vs. control, *p<0.05,**p<0.01, ***p<0.001 vs. Ang II + NaCl)

Effect of NaHS and STS treatment on tubular and glomerular damage
After 3 weeks, kidney injury molecule-1 (KIM-1) mRNA and protein expression were 
increased in ang II-infused rats treated with vehicle compared to controls (p<0.001). 
Both NaHS and STS treated rats showed less tubular damage as evidenced by a 
2-fold reduction in proximal tubular damage at mRNA and protein level compared to 
vehicle treated animals (p<0.05) (Figure 4A, B and C). Also, the glomerular damage 
marker desmin was increased after three weeks of ang II infusion (p<0.001). Treatment 
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Figure 3 – Elevated urinary TS excretion in STS treated animals. In rats treated with STS, the excretion 
of urinary TS was increased from week 1 onwards. In all other groups no differences in urinary TS levels 
were observed. (***p<0.001 vs. Ang II + NaCl)

with NaHS, but not STS, decreased the glomerular protein levels of desmin by 40% 
(p<0.01) (Figure 5A and B).

Influx of macrophages is reduced by treatment with STS
Ang II infusion increased the number of ED1 positive cells in the renal interstitium 
more than 2-fold compared to NaCl infused controls (204 ± 46 vs. 86 ± 12, p<0.05). 
STS and NaHS decreased the number of interstitial macrophages to near control levels 
(STS: 73 ± 21, p<0.01; NaHS 114 ± 18, p=0.06) (Figure 6A and B). 

Treatment with NaHS and STS reduced oxidative stress
Expression of NOX2 mRNA was increased 1.6-fold after ang II infusion (p<0.05) 
(Figure 7A). Furthermore, the urinary excretion of malondialdehyde (MDA) was 
increased more than 2-fold in ang II rats treated with vehicle (p<0.001) (Figure 7B). 
Simultaneous treatment with either NaHS or STS decreased NOX2 mRNA expression 
by 38% (p<0.01) and 39% (p<0.01), and urinary MDA levels by 35% (p<0.05) and 30% 
(p<0.05), respectively (Figure 7A and B). 

Protective effects of NaHS and STS treatment against renal 
interstitial changes 
TGF-Ȭ, a growth factor with proliferative and fibrotic effects on myofibroblasts, is 
significantly upregulated during ang II infusion (p<0.05). In rats treated with NaHS and 
STS, levels of TGF-Ȭ mRNA return to near control values (p<0.01) (Figure 8A). Ang II 
infusion significantly increased mRNA (p<0.05) and protein (p<0.001) expression of 
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Figure 4 – Effect of NaHS and STS treatment on tubular damage. (A) KIM-1 mRNA and (B) KIM-1 protein 
levels were increased by ang II infusion. Rats treated with NaHS and STS had less tubular damage as 
evidenced by reduced KIM-1 protein and mRNA levels. (C) Representative photomicrographs of KIM-1 
stained renal sections. (###p<0.001 vs. control, *p<0.05 vs. Ang II + NaCl)

the pre-fibrotic marker ȫ-smooth muscle actin (ȫSMA), indicating ongoing interstitial 
myofibroblast transformation. STS, but not NaHS, decreased the mRNA and protein 
expression of ȫSMA by 50% (p<0.05) (Figure 8B, C and D). The pre-fibrotic effects of 
ang II were accompanied by increased fibrotic damage, as evidenced by a significantly 
higher expression of Collagen 3 mRNA and protein (p<0.05). Treatment with NaHS 
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Figure 5 – Effect of NaHS and STS treatment on glomerular damage. (A) Desmin protein levels were 
increased in glomeruli of ang II-infused animals treated with vehicle. Treatment with NaHS reduced 
glomerular desmin levels by 40%. Treatment with STS only showed a trend towards decreased desmin 
levels. (B) Representative photomicrographs of desmin stained renal sections. (###p<0.001 vs. control, 
**p<0.01 vs. Ang II + NaCl)

Figure 6 – Interstitial inflammation is reduced by treatment with STS. (A) The influx of macrophages 
was increased 2-fold in ang II-infused rats treated with vehicle. Treatment with STS, but not NaHS, 
reduced the number of interstitial macrophages 3-fold. (B) Representative photomicrographs of ED-1 
stained renal sections. (#p<0.05 vs. control, **p<0.01 vs. Ang II + NaCl)

and STS reduced the development of fibrosis, resulting in a reduction of Collagen 
3 mRNA (p<0.05) and protein (NaHS: p<0.05; STS: p<0.001) to near control levels 
(Figure 8E, F and G). 
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Figure 7 – Treatment with NaHS and STS reduced oxidative stres.s After three weeks of ang II infusion, 
(A) NOX2 mRNA and (B) urinary MDA levels were increased 1.6-fold and 2-fold, respectively. Treatment 
with NaHS and STS reduced NOX2 mRNA expression by 38% and 39% and urinary MDA levels by 35% 
and 30%, respectively. (#p<0.05, ###p<0.001 vs. control, *p<0.05, **p<0.01 vs. Ang II + NaCl)

Restoration of CSE, CBS and 3-MST mRNA expression with NaHS 
and STS treatment
Renal mRNA expression of CSE, CBS and 3-MST was significantly decreased after 3 
weeks of ang II infusion (p<0.01). Expression levels were partially restored in ang II-
infused rats that received NaHS and STS (p<0.05) (Figure 9A, B and C).

Vasodilatory effects of NaHS in the isolated perfused kidney setup
Administration of 1 and 5 mM NaHS lowered intrarenal pressure by 44% (p<0.001) and 
39% (p<0.05) compared to baseline pressure during phenylephrine (PE) constriction. 
Lower concentrations of NaHS had no effect on intrarenal pressure. To investigate 
the role of KATP channels in NaHS-induced vasodilation kidneys were perfused with 
Glibenclamide, which diminished the vasodilatory potency of 1 mM NaHS (p<0.05). 
STS showed no effect on intrarenal pressure (Figure 10).

DISCUSSION
Exogenous treatment with NaHS and STS reduces hypertension, proteinuria, renal 
damage and renal function loss associated with ang II infusion. Furthermore, we are the 
first to show that STS, a clinically applicable compound, has promising renoprotective 
properties. These data suggest that intervention in sulfur pathways has protective 
potential in hypertension and hypertensive renal disease. 

The effects of exogenous H2S on blood pressure reduction are in line with 
previous literature showing its preventive and therapeutic properties in experimental 
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hypertension. Endogenous H2S shortage is suggested to be involved in the pathogenesis 
of hypertension11-13, 15, 39. One of the underlying mechanisms in blood pressure 
reduction by H2S is its direct effect on vascular smooth muscle cells by sulfhydration 
and subsequent activation of KATP-channels11. The effects of H2S on proteinuria are 
described less clearly and not in a rectilinear fashion40, 41. The antiproteinuric effects 
of H2S in our model, as structurally evidenced by preservation of podocytes, can be 
partially explained by the reduction of systemic and intrarenal pressures. Mechanistic 
evidence for this comes from our ex vivo isolated perfused kidney (IPK) experiments 
in which we observed a reduction in intrarenal pressure by NaHS. Blockage of the 
KATP-channels partly decreased the vasodilatory potency of NaHS, suggesting that 
other mechanisms are involved as well. One of these might be crosstalk between H2S 
and NO, since the vasorelaxant effects of H2S are partly NO-dependent. Inhibition of 
NO using NG-nitro-L-arginine methyl ester (L-NAME) decreased the potency of H2S in 
aortic rings42. The in vivo effects of STS were unmistakable, but could not be related to 
direct changes in intrarenal pressure in our IPK setup. Since it is known that TS can be 
converted to H2S in vivo, we suggest that the IPK setup lacks the proper physiological 
conditions necessary for this conversion. 

H2S directly affects the RAAS, as shown by its capacity to inhibit renin activity and ACE 
activity16. Since we infused ang II, the contribution of this mechanism is probably low or 
undetectable because of the existing negative feedback loop between ang II and renin. 
Indeed we found low mRNA levels of renin in all the ang II treated groups. Furthermore, 
H2S can decrease ang II-induced activation of mitogen-activated protein kinases and the 
binding affinity of the angiotensin-1 (AT-1) receptor in a dose-dependent manner43.

Although it is plausible that blood pressure regulation is the primary mechanism of 
action of H2S in our model, it is known that renal injury in ang II-induced hypertension 
can be independent of an elevated blood pressure. This suggests additional protective 
modes of action of H2S. Since we did not include a group receiving conventional 
antihypertensive drugs during ang II infusion, we can not determine whether the 
protective effects of H2S are solely mediated by blood pressure reduction. 

Inflammation is one of the major consequences of renal exposure to hypertension 
and proteinuria4. STS completely prevented ang II-induced influx of interstitial 
macrophages, whereas NaHS only showed a trend. H2S is widely known for its anti-
inflammatory properties and its role in modulation of leukocyte influx19, 44-48. Since 
proteinuria causes tubular damage and subsequent production of chemokines 
and attraction of macrophages49, the anti-inflammatory effects of H2S can also be 
explained by a reduction in proteinuria and a subsequent decline in tubular damage, 
as evidenced by decreased KIM-1 mRNA and protein levels. 

Treatment with H2S influences renal fibrotic pathways as evidenced by a reduction 
in collagen 3 mRNA and protein, and a downregulation of TGFȬ mRNA in both 
treatment groups. The attenuation of fibrosis by H2S treatment is in concordance with 
literature showing decreased fibrosis in various organs following H2S exposure46, 50-52. 
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Figure 8 – Effect of NaHS and STS on renal fibrosis. (A) In rats infused with ang II and treated with 
vehicle, renal TGF-Ȭ mRNA levels were upregulated. Treatment with NaHS and STS prevented the 
upregulation of TGF-Ȭ. Ang II infusion caused upregulation of (B) ȫSMA mRNA and (C) ȫSMA protein 
expression. STS, but not NaHS, decreased the levels of ȫSMA protein and mRNA. (D) Representative 
photomicrographs of ȫSMA stained renal sections. (E) Collagen 3 mRNA and (F) Collagen 3 protein 
levels were increased in ang II-infused rats treated with vehicle. In NaHS and STS treated rats the 
formation of Collagen 3 was decreased. (G) Representative photomicrographs of Collagen 3 stained 
renal sections. (#p<0.05, ###p<0.001 vs. control, *p<0.05, **p<0.01, ***p<0.001 vs. Ang II + NaCl)
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STS outperformed NaHS with regard to decreased ȫSMA levels, which might be 
related to the lower level of interstitial macrophages in the former. Other studies 
showed an inhibiting effect of H2S on ȫSMA formation53, 54. 

Another functional property of H2S relates to the inhibition of ROS production. 
Ang II induces oxidative stress by activating NADPH oxidases via the AT-1 receptor55. 
We found diminished ROS production in H2S treated animals as evidenced by lower 
urinary MDA levels. This might be related to the prevented upregulation of NOX2 
in both H2S treated groups, which is in line with literature showing the effect of H2S 
on NADPH oxidases56. H2S can also directly scavenge ROS, increase the intracellular 
glutathione levels, and reduce the amount of ROS produced through modulation of 

Figure 9 – Treatment with NaHS and STS restored the expression of CSE, CBS and 3-MST mRNA. After 
three weeks of ang II infusion, renal mRNA levels of (A) CSE, (B) CBS and (C) 3-MST are decreased. 
Treatment with NaHS and STS partially prevented this down regulation. (##p<0.01, ###p<0.001 vs. 
control, *p<0.05 vs. Ang II + NaCl)
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mitochondrial ROS production14, 23, 24. Loss of endogenous H2S-production causes 
increased susceptibility to renal ischemia14. roduction of ROS plays an important role 
in the development of hypertension57 and treatment with antioxidants reduces blood 
pressure in experimental models for hypertension58, 59. 

Interestingly, we observed a decline in CSE, CBS and 3-MST mRNA levels in the 
ang II-infused animals treated with vehicle. Considering the vasorelaxing properties 
of H2S we expected a compensatory increase in these enzymes. However, levels of 
H2S and/or its producing enzymes were also decreased in other models of disease in 
which one might expect compensatory upregulation14, 25, 60-62. There is a concordance 
between progression of renal disease and the decline in H2S producing capacity of renal 
tissue 25, suggesting that depleted levels of endogenous H2S production enhance renal 
damage. We have not measured H2S since the reliability of the available techniques is 
controversial. Treatment with NaHS and STS restored the expression of CSE, CBS and 
3-MST which is probably related to a reduction in proteinuria and subsequent salvage 
of tubular cells, which are major producers of these enzymes. These expression data 
suggest that there is a shortage in renal endogenous H2S production in hypertensive 
renal disease, which implies that intervention in the H2S producing pathway might be 
valuable to increase renal levels of sulfide. 

One detailed study on the production of H2S from thiosulfate showed that the 
amount and rate of H2S production varies significantly between species and organs. 
Interestingly, the magnitude and rate of H2S production was greatly amplified by the 
reducing agent DTT in the presence of tissue, with the most notable effects occurring 
in the liver. H2S production was influenced by the amount of oxygen present, with 

Figure 10 – NaHS lowered intrarenal pressure partly via activation of KATP-channels. In an IPK setup 
a stable pre-constriction pressure of 200-250 mmHg was induced by perfusion with 1-2 µM PE. 
Administration of 1 and 5 mM NaHS lowered intrarenal pressure. Simultaneous perfusion with 1 mM 
Glibenclamide reduced the vasodilatory properties of 1 mM NaHS significantly. Concentrations of NaHS 
below 1 mM and all concentrations of STS had no effect on intrarenal pressure. (#p<0.05, ###p<0.001 
vs. baseline pressure, *p<0.05 vs. NaHS) 
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increased H2S production in hypoxic circumstances29. These interesting results give 
us a small clue on the relative H2S production from thiosulfate. However, absolute 
values must be interpreted with caution because of the lack of a reliable measurement 
method for H2S. The observation that STS as a major H2S metabolite27-29 has similar 
protective effects as NaHS, provides us with exciting possibilities for the translation 
into clinical use. While short term treatment with STS is well tolerated, the long 
term side effects should be further explored. One of the drawbacks for long term 
administration to renal patients is the currently available route of delivery. To date, 
STS is only given intravenously to patients with calciphylaxis because oral forms of the 
compound with a validated intestinal uptake have not been developed. It is unknown 
whether the observed effects of STS are solely mediated by conversion to H2S or 
by unknown direct effects of STS itself. Animals treated with STS had significantly 
increased sulfate levels, indicating that conversion to H2S and sulfite took place before 
forming sulfate28. Effects of STS on blood pressure in humans have not been described 
extensively; however there are indications that STS exhibits vasodilating effects and 
antioxidant properties32, 35, 63, probably via the conversion to H2S

27-29 but also direct 
effects of STS have been suggested32. 

Taken together, our data reveal novel protective modalities of H2S treatment in 
experimental renal disease. Therefore, intervention in H2S related pathways may have 
therapeutic potential in hypertension and hypertensive renal damage and deserves 
further exploration for clinical application. 
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ABSTRACT
Background and purpose: Hypertension is an important mediator of cardiac damage 
and remodelling. Hydrogen sulfide (H2S) is an endogenously produced gasotransmitter 
with cardioprotective properties. However, clinical use is not within reach. We therefore 
investigated the protective effects of sodium thiosulfate (STS), a clinically applicable H2S 
donor substance, in Angiotensin II (Ang II)-induced hypertensive cardiac disease in rats. 

Experimental approach: Male Sprague Dawley rats were infused with Ang II (435 
ng/kg/min) or saline (control) for three weeks via subcutaneously placed osmotic 
minipumps. During these three weeks rats received intraperitoneal injections (n=7/
group) with STS (Na2S2O3, 1 g/kg/day), NaSH (5.6 mg/kg/day) or vehicle (0.9% NaCl). 

Key results: Compared to controls, Ang II infusion caused an increase in systolic and 
diastolic blood pressure with associated cardiac damage as evidenced by cardiac 
hypertrophy, an increase in ANP mRNA, cardiac fibrosis, and increased oxidative 
stress. Treatment with NaSH and STS prevented the development of hypertension and 
the increase in ANP mRNA levels. Furthermore, the degree of cardiac hypertrophy, the 
extent of histological fibrosis in combination with the expression of pro-fibrotic genes, 
and the levels of oxidative stress were all significantly decreased. 

Conclusions and Implications: Ang II-induced hypertensive cardiac disease can be 
attenuated by treatment with STS and NaSH. Although blood pressure regulation is 
the most plausible mechanism of cardiac protection, the anti-fibrotic and anti-oxidant 
properties of released sulfide may also be present. Our data show that H2S might be a 
valuable addition to the already existing antihypertensive and cardioprotective therapies.
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INTRODUCTION
Hypertensive heart disease is a major global health problem and a considerable cause 
of cardiovascular (CV) morbidity and mortality. Hypertension is a key contributory 
factor in CV disease, especially cerebrovascular disease and heart failure.1 The heart’s 
response to increased stress such as hypertension is captured by the term “cardiac 
remodelling”, which encompasses myocyte hypertrophy, formation of cardiac fibrosis 
and vascular rarefaction. Remodelling is associated with activation of various stress 
responses including the induction of neurohormonal and inflammatory pathways. 
Progressive remodelling may perpetuate into left ventricular dysfunction and heart 
failure.2,3 Angiotensin II (Ang II) is a well-established mediator in the pathogenesis 
of hypertensive heart disease. In addition to its hypertensive effect, Ang II induces 
cardiac remodelling by directly exerting pro-hypertrophic effects through enhancing 
inflammatory responses and activation of several pro-fibrotic factors via a number of 
signalling pathways.4,5 Blockade of the renin-angiotensin-aldosterone system (RAAS) 
is able to regress cardiac remodelling and has evolved into the cornerstone of CV 
disease management. Despite the use of RAAS intervention and other antihypertensive 
treatments, many patients with hypertensive heart disease still develop heart failure.6 

Therefore, additional modes of intervention are warranted. 
Hydrogen sulfide (H2S) is recognized as a biologically important gaseous signalling 

molecule with a myriad of physiological functions.7 H2S is endogenously produced from 
the degradation of L-cysteine by cystathionine Ȭ-synthase (CBS) and cystathionine ȭ–
lyase (CSE)8,9 and from D-cysteine by 3-mercaptopyruvate sulfurtransferase (3-MST).10 
H2S is serially oxidized to persulfide, thiosulfate (TS, S2O3), sulfite and sulfate.11,12 Similar 
to nitric oxide (NO), H2S functions as an endothelial cell-derived relaxing factor via 
direct activation of ATP-sensitive potassium (KATP) channels.13 Accordingly, deprivation 
of endogenously produced H2S contributes to the development of hypertension.14,15 
Furthermore, H2S has beneficial effects on oxidative stress,16 inflammation and fibrosis.17 
In various cardiovascular disease states a reduction in H2S plasma and tissue levels was 
observed, suggesting a possible role for H2S in its pathogenesis.18-21 Exogenous treatment 
with H2S is cardioprotective in various experimental models of cardiac injury. The pathways 
implicated in the cardioprotective actions of H2S are multiple. While most of the studies 
focus on acute myocardial protection, there are some elegant studies investigating the 
protective effects of H2S in experimental models for chronic heart failure.22 The effects of 
H2S on Ang II-induced hypertensive heart disease have not been investigated. 

For the administration of H2S in experimental models, soluble sulfide salts such as 
NaSH and Na2S are often used. Other ways of delivery include H2S gas or slow-release H2S 
donors. A novel approach is the use of sodium thiosulfate (STS, Na2S2O3), an endogenous 
actor in the enzymatic pathways of H2S production in mammalian cells. Increasing evidence 
grounds the idea that a dynamic conversion exists between STS and H2S.23,24 In humans, the 
short term therapeutic use of STS has been proven safe for the treatment of calciphylaxis,25 
providing us with the possibility of using H2S related therapies in a clinical setting.

113



6

CHAPTER 6

The vasodilating and cytoprotective features of H2S make it an attractive candidate 
for therapeutic reduction of the cardiovascular alterations associated with hypertension. 
We investigated the protective properties of sulfide releasing compounds in Ang II-
induced hypertensive heart disease in rats.

MATERIALS AND METHODS
Animals
Male Sprague Dawley rats (240-280 gram, Harlan, Zeist, the Netherlands) were housed 
under standard conditions with a 12 hour light-dark cycle at the animal research facility 
with ad libitum access to food and water. Experimental procedures were in agreement 
with institutional and legislator regulations and approved by the local committee 
for animal experiments (DEC 6412B). With regard to the execution of our animal 
experiment we followed the ARRIVE guidelines.

Ang II infusion and NaSH or STS treatment
Osmotic minipumps (model 2004, Alzet, Cupertino, CA, USA) were placed 
subcutaneously under general anaesthesia (2% Isoflurane/O2) for continuous 
administration of Ang II (435 ng/kg/min, n=7/group; Bachem, Weil am Rhein, Germany) 
or vehicle (0.9% NaCl, n=6). Post-operatively, all rats received a subcutaneous 
injection of 50 μg/kg buprenorphin (Schering-Plough, Houten, the Netherlands) for 
analgesic purposes and were allowed to recover from surgery at 37°C in a ventilated 
incubator. At placement of the pumps Ang II-infused rats were randomized to either 
STS (1 g/kg/day; Sigma, Zwijndrecht, the Netherlands), NaSH (5.6 mg/kg/day; Sigma, 
Zwijndrecht, the Netherlands) or 0.9% NaCl treatment. Rats receiving 0.9% NaCl via 
osmotic minipumps received treatment with 0.9% NaCl. During the three weeks of 
infusion rats received intraperitoneal injections with one of the compounds twice a 
day. At baseline, blood was collected via orbital puncture. On a weekly basis body 
weight was measured. After three weeks blood pressure was measured under general 
anaesthesia (2% Isoflurane/O2) via an intra-aortic probe (Cardiocap/5, GE Healthcare, 
Little Chalfont, Buckinghamshire, UK). Subsequently, rats were sacrificed and blood 
was collected. Hearts were perfused with 0.9% NaCl and weighed after sacrifice. The 
hearts were dissected and mid-papillary slices were fixed in 4% paraformaldehyde and 
paraffin embedded for immunohistochemical analysis, upper parts were immediately 
snap frozen in liquid nitrogen and stored at -80°C for molecular analysis.

Cardiomyocyte size
To investigate cardiac hypertrophy, we visualized the membrane of the cardiomyocytes 
and measured its size. After deparaffinization, mid-papillary cardiac sections were 
incubated with wheat germ agglutinin (WGA)-FITC (1:100, L4895-2 mg, Sigma, 
Zwijndrecht, the Netherlands) for 30 minutes in room temperature. Nuclei were 
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stained with 4,6-diamino-2-phenylindole (6-H-1200, Vector Laboratories). Images 
were captured with a fluorescence microscope. Per slide the size (short axis) of 75-100 
WGA-stained cardiomyocytes was measured with NIH ImageJ software.

Cardiac fibrosis
To investigate cardiac fibrosis Masson’s Trichrome staining was used on paraffin 
embedded mid-papillary cardiac sections. Subsequently, cardiac sections were 
scanned using an Aperio Scanscope GS (Aperio Technologies, Vista, CA, USA). The 
extent of collagen deposition was determined using the Aperio positive pixel analysis 
v9.1 algorithm. The ratio between the fibrotic surface area and the total cardiac surface 
area was calculated. Histopathological analysis was performed in a blinded fashion.

Qualitative Real-time Polymerase Chain Reaction
Rat cardiac tissue was homogenized in lysis buffer and total RNA was extracted 
using the TRIZOL method (Invitrogen, Carlsbad, USA). cDNA was synthesized using 
Superscript II with random hexamer primers (Invitrogen, Carlsbad, USA). Gene 
expression (Applied Biosystems, Foster City, CA, USA) was determined by qualitative 
realtime-PCR (qRT-PCR) based on the Taqman methodology. GAPDH was used as a 
housekeeping gene. The primers of atrial natriuric peptide (ANP) and Cybb (NOX2) 
were obtained from Applied Biosystems as Assays-on-Demand (AOD) gene expression 
products. The AOD ID’s used were: Cybb (NOX2) Rn00576710_m1 and Nppa (ANP) 
Rn00561661_m1. The primers used for Fibronectin and galectin-3 were (both from 
Sigma, Zwijndrecht, the Netherlands): 

FN1 (Fibronectin) 
Forward – GTACCACTGGCCACACCTAC 
Reverse – TGTCAGCCTGCACGTCCAAC; 

Lgals3 (galectin-3) 
Forward – CCCGCTTCAATGAGAACAAC 
Reverse – ACCGCAACCTTGAAGTGGTC 

For Cybb (NOX2) and ANP, the qRT-PCR reaction mixture contained 20 ng cDNA 
template and 5µl PCR-mastermix. Nuclease free water was added to a total volume 
of 10 µl. For fibronectin and galectin-3, qRT-PCR was performed in a volume of 20 µl 
containing 10 ng cDNA and 15 µl PCR mastermix (SYBR GREEN Applied Biosystems; 
5 ml P/N 4309155). All assays were performed in triplicate. The thermal profile was 2 
minutes at 50°C, 15 minutes at 95°C, followed by 40 cycles of 15 sec at 95°C and 1 
min at 60°C. The average Ct values for target genes were subtracted from the average 
housekeeping gene Ct values to yield the delta Ct. Results were expressed as 2-∆Ct.
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Plasma nitrite and nitrate (NOx)
Measurement of combined nitrite and nitrate (NOx) was used as a marker for NO 
production. We colorimetrically measured plasma NOx applying the Griess reaction 
after reduction of nitrate to nitrite.

Urinary Malondialdehyde measurements
Malondialdehyde (MDA) is a major breakdown product of lipid peroxides and generated 
after oxidative stress. Twenty µL of urine was incubated with 90 µL of 3% SDS and 10 
µL of 0.5 M butylated hydroxytoluene followed by addition of 400 µL 0.1 N HCl, 50 µL 
10% phosphotungstic acid and 200 µL 0.7% 2-Thiobarbituric acid. The reaction mixture 
was incubated for 30 minutes at 95 °C. After adding 800 µL of 1-butanol, the samples 
were centrifuged at 960 g for 10 minutes. Two hundred µL of the 1-butanol phase was 
fluorescently measured using 530 nm excitation and 590 nm emission wavelengths.

Plasma and urinary calcium measurements
Plasma and urinary calcium levels were determined by standard assays (Roche 
Diagnostics GmbH, Mannheim, Germany) in our clinical chemical laboratory. 

Statistical analysis
Data were analyzed and graphed using GraphPad Prism 5.0 software (GraphPad, 
San Diego, CA, USA). All data are expressed as the mean ± standard error of the 
mean (SEM) unless otherwise indicated. Normality was tested using the Kolmogorov-
Smirnov test. Statistical analyses were performed using t-tests, Mann-Whitney U 
tests, two-way ANOVA, one-way ANOVA or Kruskal-Wallis tests where appropriate. 
Bonferroni or Dunn’s postcorrection was applied where multiple comparisons where 
made. Statistical significance was accepted at p<0.05. 

RESULTS
STS and NaSH treatment attenuates Ang II-induced hypertension
Infusion with Ang II significantly increased systolic (211 ± 9 mmHg vs. 143 ± 2 mmHg 
p< 0.001) and diastolic (127 ± 10 mmHg vs. 84 ± 2 mmHg, p<0.01) blood pressure 
compared to controls. Simultaneous treatment with either STS or NaSH decreased 
systolic blood pressure (SBP) by 18% (173 ± 7 mmHg, p<0.001) and 22% (164 ± 3 
mmHg, p<0.001), and diastolic blood pressure (DBP) by 30% (89 ± 7 mmHg, p<0.01) 
and 26% (93 ± 8 mmHg, p<0.05), respectively (Figure 1, Table 1). 

Effects of STS and NaSH on cardiac hypertrophy
After 3 weeks, Ang II-infused rats treated with vehicle had a lower body weight compared 
to NaCl-infused controls (p<0.001). Treatment with NaSH, but not with STS, resulted in 

116



SULFIDE AND HYPERTENSIVE HEART DISEASE

6Figure 1 – Treatment with STS and NaSH reduces Ang II-induced hypertension. Three weeks of Ang II 
infusion caused hypertension in the vehicle treated animals (n=7). Systolic blood pressure was increased 
by 48% and diastolic blood pressure by 51%. Treatment with STS (n=7) and NaSH (n=6) prevented the 
development of hypertension by Ang II. (SBP: ###p<0.001 vs. control, ***p<0.001 vs. Ang II + NaCl; 
DBP: $$p<0.01 vs. control, &&p<0.01 vs. Ang II + NaCl, &p<0.05 vs. Ang II + NaCl). 

Table 1 – Overview of all measured parameters

NaCl (%) Ang II + NaCl (%) Ang II + NaSH (%) Ang II + STS (%)

SBP 100 (1) 148 (6) ### 115 (2) *** 121 (5) ***

DBP 100 (2) 146 (11) ## 108 (9) * 103 (10) **

BW week 3 100 (7) 70 (2) ### 88 (5) * 85 (5) 

Heart-to-BW ratio 100 (2) 160 (3) ### 125 (9) ** 134 (7) *

Cardiomyocyte size 100 (1) 139 (4) ### 104 (2) *** 101 (3) ***

ANP mRNA 100(10) 928 (255) ## 332 (103) * 274 (63)*

NOx plasma 100 (2) 171 (13) ### 119 (25) ** 140 (6) *

Fibrosis 100(20) 222 (43) # 108 (11) * 107 (9) **

Fibronectin mRNA 100(12) 429 (33) ### 229 (57) ** 230 (59) *

Galectin-3 mRNA 100(16) 320 (27) ### 178 (29) ** 228 (22) *

NOX2 mRNA 100 (7) 201 (26) ## 121 (17) ** 140 (11) *

MDA excretion 100(14) 237 (18) ### 154 (25) * 167 (10) *

Plasma calcium 100 (4) 104 (6) 103 (5) 109 (3)

Calcium excretion 100 (44) 567 (44) # 342 (110) 698 (150)

Percentage of change relative to control (NaCl). ###p<0.001, ##p<0,01, #p<0.05 vs. NaCl; 
***p<0.001, **p<0.01, *p<0.05 vs. Ang II + NaCl. (SEM)

a higher bodyweight compared to treatment with vehicle (NaSH: p<0.01; (Figure 2A). 
The heart-to-body weight ratio of vehicle treated Ang II-infused rats was significantly 
increased compared to 0.9% NaCl-infused controls (p<0.001) (Figure 2B), suggesting 
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that these animals developed hypertrophy subsequent to Ang II infusion. To confirm 
this, we investigated the cardiomyocyte size by analyzing WGA stained cardiac sections. 
Indeed, we observed cardiomyocyte hypertrophy in the vehicle treated Ang II-infused 
rats as evidenced by an increased cardiomyocyte size (p<0.001) (Figure 2C and D). 

Figure 2 – Attenuated cardiac hypertrophy by treatment with STS and NaSH. (A) Ang II-infused vehicle 
treated animals (n=7) had a lower bodyweight than controls (n=6). Simultaneous treatment with NaSH 
(n=6), but not with STS (n=7), resulted in a higher bodyweight compared with Ang II-infused vehicle 
treated animals. (B) After three weeks of Ang II infusion the heart-to-body weight ratio was increased in 
vehicle treated rats (n=7) compared to 0.9% NaCl-infused controls (n=6). Treatment with STS (n=7) and 
NaSH (n=6) attenuated the increase in heart weight. (C) To confirm this finding we measured the average 
cardiomyocyte size in WGA stained cardiac sections. STS (n=7) as well as NaSH (n=6) prevented the Ang 
II-induced increase in cardiomyocyte size. (D) Representative photomicrographs of WGA stained cardiac 
sections. (###p<0.001 vs. control, ***p<0.001, **p<0.01, *p<0.05 vs. Ang II + NaCl). 
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Treatment with STS and NaSH prevented the development of cardiac hypertrophy as 
evidenced by a preserved heart-to-body weight ratio (STS: p<0.05, NaSH: p<0.01) and 
cardiomyocyte size (p<0.001) (Figure 2A, B, C and D, Table 1).

Treatment with STS and NaSH reduces ANP mRNA levels
ANP mRNA expression, a hallmark of the re-activation of the fetal gene program, was 
significantly increased in hearts of Ang II-infused rats treated with vehicle compared 
to 0.9% NaCl-infused controls (p<0.01). In hearts of STS and NaSH treated rats the 
relative ANP expression was significantly reduced compared with vehicle treated rats 
(p<0.05) (Figure 3, Table 1).

Rise in plasma NOx after infusion with Ang II
After three weeks of infusion with Ang II, plasma NOx levels were increased by 71% 
compared to 0.9% NaCl-infused control animals (23.2 ± 1.7 μmol/L vs. 13.6 ± 0.3 
μmol/L, p<0.001). In the STS and NaSH treated groups, plasma NOx levels were lower 
compared to NOx levels in Ang II-infused rats treated with vehicle (STS: 19.0 ± 0. 9 
μmol/L, NaSH: 16.3 ± 1.2 μmol/L) (Figure 4, Table 1).

Protective effects of STS and NaSH against cardiac fibrosis
Fibrosis, as measured by collagen deposition in Masson stained sections 3 weeks after 
Ang II infusion, was markedly increased in animals treated with vehicle compared to 

Figure 3 – Reduced cardiac mRNA levels of ANP in STS and NaSH treated rats. Cardiac mRNA levels 
of ANP were 9-fold increased after three weeks of Ang II infusion (n=7) compared to 0.9% NaCl-infused 
controls (n=6). Treatment with STS (n=7) and NaSH (n=6) reduced ANP mRNA expression by 70% and 64%, 
respectively. (##p<0.01 vs. control, *p<0.05 vs. Ang II + NaCl). ANP mRNA levels were normalized to GAPDH.
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0.9% NaCl-infused controls (p<0.05). Treatment with STS or NaSH reduced collagen 
deposition by 52% for both compounds (STS: p<0.01, NaSH: p<0.05) (Figure 5A and 
B, Table 1). Cardiac mRNA levels of the pro-fibrotic genes fibronectin and galectin-3 
were assayed. Fibronectin was massively increased in Ang II-infused animals treated 
with vehicle (p<0.001), while only a moderate increase was detected in animals of the 
STS and NaSH treated groups (Figure 6A, Table 1). Galectin-3 mRNA expression was 
increased 3.2-fold in hearts of vehicle treated Ang II-infused rats compared to control 
(p<0.001). In hearts of STS and NaSH treated mice the relative galectin-3 expression 
was reduced by 29% (p<0.05) and 44% (p<0.01), respectively (Figure 6B, Table 1).

Treatment with STS and NaSH reduces oxidative stress
Cybb (NOX2) is a member of the NADPH oxidase family that is responsible for 
the formation of reactive oxygen species (ROS). Cybb (NOX2) mRNA expression is 
increased 2-fold after Ang II infusion (p<0.01) (Figure 6A). Also, the urinary excretion 
of MDA, which is considered a biomarker of oxidative stress, is increased more than 
2-fold in Ang II rats treated with vehicle (p<0.001) (Figure 6B). Simultaneous treatment 
with either STS or NaSH resulted in a decrease in Cybb (NOX2) mRNA expression by 
30% (p<0.05) and 40% (p<0.01), and urinary MDA levels by 30% (p<0.05) and 35% 
(p<0.05), respectively (Figure 7A and B, Table 1). 

Unchanged plasma and urinary calcium levels
No significant differences between groups were observed in plasma calcium levels. 
Urinary excretion of calcium was increased in Ang II-infused rats treated with vehicle 

Figure 4 – Ang II infusion causes a rise in plasma NOx levels. Plasma NOx levels were increased in Ang 
II-infused animals treated with vehicle (n=7). In STS (n=7) and NaSH (n=6) treated animals we observed no 
significant increase in plasma NOx levels. (###p<0.001 vs. control, **p<0.01, *p<0.05 vs. Ang II + NaCl). 

120



SULFIDE AND HYPERTENSIVE HEART DISEASE

6

compared to 0.9% NaCl-infused controls (p<0.05). In both STS and NaSH treated 
groups, urinary calcium levels were not different from vehicle treated Ang II-infused 
animals (Figure 8A and B, Table 1). 

DISCUSSION
In the present study we demonstrated that exogenous administration of STS and 
NaSH attenuates the development of hypertension and associated hypertensive 
heart disease. Blood pressure reduction is the probable mechanism of action, but 
secondary effects such as reducing oxidative stress and fibrosis might also play a role. 
Furthermore, we are the first to show in a hypertensive rat model that the clinically 
applicable compound STS has promising cardioprotective properties.

For the administration of H2S in experimental models soluble sulfide salts are 
often used, while occasionally gaseous H2S is administrated. Recently, slow release 
H2S donors such as GYY4137 are becoming more popular. TS is an old player in the 
field, but recently rediscovered as H2S producing substance. TS is an intermediate 
of sulfur metabolism and a metabolite of H2S that can also lead to the production 
of H2S.23,24 In this study, we used STS because this is a non-toxic substance that is 
associated with the production of H2S. A recent study showed that inhalation of H2S 
markedly increased TS levels during endotoxemia in mice. In addition, administration 
of STS dose-dependently improved survival after LPS challenge in mice.26 The dosage 
of STS used in this study is based on previous experimental studies26-28 and STS usage 
in humans.29,30 The dosage range of STS in experimental studies is 0.5-2 g/kg given 
daily till 3 times a week; in humans even 12.5 g and 25 g of STS have been infused 
without adverse effects. In humans, the effect of intravenous STS infusion on plasma 
TS concentrations has been studied.30 In our rat study we did not measure plasma TS 
concentrations, to our knowledge there are no studies available that have done so in 
rats. It has to be taken into account that in our rat model STS was given intraperitonealy 
and not intravenously, the kinetics of this route is not known. The clinical use of H2S 
is not within reach, but STS has been used in clinical practice for decades. To date, 
short term treatment with intravenous STS is safely used in patients for the treatment 
of calciphylaxis.25 However, one of the disadvantages for long-term administration 
might be the route of delivery, since orally administrated STS is quickly degraded in 
the stomach and a validated oral form of the compound has not been developed yet. 
Furthermore, the long term effects of STS administration should be further explored.

A substantial body of literature demonstrates the cardioprotective effects of H2S. Many 
of these studies focused on the beneficial effects of H2S in acute myocardial infarction 
induced by coronary artery ligation.22 There is only one study describing beneficial effects 
of STS in a hypotensive high cardiac output model.31 In humans, effects of STS on blood 
pressure have not been described extensively; however there are indications that STS 
exhibits vasodilating effects.32-34 We observed that STS has similar protective effects as 
NaSH thereby providing us with exciting possibilities for the translation into clinical use.
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The reduction in blood pressure observed in this study is in line with previous 
literature showing the vasorelaxing capacities of H2S. Homozygous CSE knockout and 
heterozygous CBS-deficient mice both develop hypertension,14,15 suggesting a role 
for endogenous H2S production in the pathogenesis of hypertension. Furthermore, 

Figure 5 – STS and NaSH treatment prevented the development of cardiac fibrosis. (A) The relative 
fibrotic area was 2.2-fold increased in hearts of Ang II-infused animals treated with vehicle (n=7) 
compared to 0.9% NaCl-infused control animals (n=6). Treatment with STS (n=7) and NaSH (n=6) 
attenuated the deposition of collagens. (B) Representative photomicrographs of Masson stained 
cardiac sections. (#p<0.05 vs. control, **p<0.01, *p<0.05 vs. Ang II + NaCl). 

Figure 6 – Treatment with STS and NaSH prevents the upregulation of fibronectin and galectin-3. 
(A) Fibronectin and (B) galectin-3 mRNA levels were 4.3-fold and 3.2-fold increased in Ang II-infused 
animals treated with vehicle (n=7), respectively. In STS (n=7) and NaSH (n=6) treated animals, no 
increase in fibronectin and galectin-3 mRNA levels were observed. (###p<0.001 vs. control, **p<0.01, 
*p<0.05 vs. Ang II + NaCl). Fibronectin and galectin mRNA levels were normalized to GAPDH.
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Figure 7 – Treatment with NaSH and STS reduces oxidative stress. (A) Cardiac levels of Cybb (NOX2) mRNA 
and (B) urinary MDA levels were increased in vehicle treated animals after three weeks of Ang II infusion 
(n=7). Simultaneous treatment with either STS (n=7) or NaSH (n=6) prevented the development of oxidative 
stress, as evidenced by near-control Cybb (NOX2) mRNA and urinary MDA levels. (###p<0.001, ##p<0.01 
vs. control, **p<0.01, *p<0.05 vs. Ang II + NaCl). NOX2 mRNA levels were normalized to GAPDH.

Figure 8 – Unchanged urinary clacium levels upon STS treatment. (A) Plasma calcium levels were 
unaltered upon infusion with Ang II (n=7) and simultaneous treatement with NaSH (n=6) and STS (n=7). 
(B) After three weeks of Ang II infusion (n=7) the calcium excretion was increased compared to controls 
(n=6). Urinary calcium levels from STS (n=7) and NaSH (n=6) treated animals were not different from 
Ang II-infused animals treated with vehicle. (#p<0.05 vs. control).

exogenous administration of H2S causes vasodilation in experimental models for 
hypertension.13,35,36 A proposed mechanism is the activation of KATP channels through 
sulfhydration,13 but it is also suggested that the increased bioavailability of NO 
might play a role in the vasodilative effects of H2S.37 However, we observed that the 

123



6

CHAPTER 6

antihypertensive effect of H2S is not accompanied by an increase in plasma NOx as 
compared to Ang II-infused animals suggesting that the vasodilating effects of H2S 
are not related to an increased bioavailability of NO in our model. The increased NOx 
plasma levels in the Ang II-infused animals treated with vehicle might be compensatory 
and due to the high blood pressure. The ability of H2S to reduce renin and the activity 
of angiotensin converting enzyme also contributes to its blood pressure reducing 
effects.38 However, the contribution of this mechanism in this particular model is 
probably low or undetectable due to continuous Ang II infusion and its negative 
feedback on the production of renin. 

In our model the prevention of hypertension by STS and NaSH is likely the ground 
for the attenuation of cardiac hypertrophy. In the STS and NaSH treated groups we 
observed a concordant smaller cardiomyocyte size and a lower heart-to-body weight 
ratio compared to untreated animals. The lower expression of ANP mRNA in these 
groups further supports the unloading of the heart. In overload-induced models 
for heart failure, treatment with H2S attenuated the development of hypertrophy. 
Conversely, CSE knockout mice with little endogenous H2S production showed an 
increase in cardiac hypertrophy compared to wild type mice.19 

Although we postulate that blood pressure regulation is the primary mechanism of 
action in our model, it is known that Ang II causes damage independent of an elevated 
blood pressure.39 This enables additional protective modes of action of H2S. We 
observed that treatment with H2S influences cardiac fibrotic pathways as evidenced 
by a reduction in fibronectin mRNA and Masson positive surface area. It is not certain 
if H2S has any direct effects in fibrosis. Recent studies have demonstrated a potential 
link between the Ang II-associated fibrotic response and NADPH oxidases in cardiac 
fibroblasts.40 Therefore the anti-fibrotic effects of H2S might be related to the reduction 
in Cybb (NOX2) we observed in this study. However, we also observed a reduction 
in galectin-3 mRNA, a protein with established fibrotic properties.41 Recently it was 
shown that genetic and pharmacological inhibition of galectin-3 prevents cardiac 
remodeling by interfering with myocardial fibrogenesis.42 Ang II-induced cardiac 
fibrosis was significantly decreased in galectin-3 knockout mice.42

Ang II induces oxidative stress by activating NADPH oxidases via the angiotensin-1 
receptor.43 H2S is a known anti-oxidant and can directly scavenge ROS, increase 
intracellular glutathione levels and reduce the amount of ROS produced through 
modulation of mitochondrial ROS production.16,44,45 In concordance with previous 
literature, we observed that treatment with NaSH reduced oxidative stress as evidenced 
by low Cybb (NOX2) mRNA and urinary MDA levels. These anti-oxidant effects may 
also have contributed to the protective effects of STS and NaSH in this study. The 
production of reactive oxygen species due to the abundant presence of Ang II causes 
endothelial dysfunction and can therefore also contribute to the development of 
hypertension.46 Accordingly, treatment with anti-oxidants is able to reduce blood 
pressure in experimental models for hypertension.47,48
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From our data we are unable to discriminate whether the protective effects of STS 
can be completely attributed to the conversion of H2S or if there are direct effects of 
STS. One of the proposed direct effects of STS is calcium chelation based on the fact 
that there are studies showing that calcium chelation inhibits some effects of Ang 
II.49,50 However, in contrast to what has been published repeatedly, other studies show 
that STS is not a strong calcium chelator.51,52 Our data indicate that calcium chelation 
did not play a major role in the protective effects of STS in this model. However, the 
calcium excretion measurements (Figure 8B) are possibly underpowered, so we must 
be careful drawing firm conclusions from these data.

In this model the beneficial effects are likely related to a reduction in blood 
pressure, but also the attenuation of oxidative stress and fibrosis may contribute to 
the protection against cardiac remodelling. We have extended these findings by 
demonstrating that STS has marked protective properties, which brings us closer to 
translation into clinical use. Whether the protective effects of STS are solely mediated 
by the conversion to H2S or by additional direct effects of STS, is currently not known. 
H2S is a promising agent in the battle against hypertensive heart disease and might be 
a valuable addition to the already existing cardioprotective therapies. 
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ABSTRACT
Spinocerebellar ataxia type 3 (SCA3) is a polyglutamine (polyQ) disorder caused by 
a CAG repeat expansion in the ataxin3-gene resulting in toxic protein aggregation. 
There is no cure that halts or reverses the symptoms of this devastating disease. 
The transsulfuration pathway has been implicated in crucial physiological processes, 
including those in the central nervous system. Activation of this pathway leads to 
the biosynthesis of the physiologically active gas hydrogen sulfide (H2S), which is 
endogenously produced by cystathionine ȭ-lyase (CSE). H2S has anti-oxidative and 
anti-inflammatory properties, making it an attractive candidate to intervene in the 
pathogenesis of SCA3. We investigated a possible modifying role of CSE in SCA3. 
We demonstrated that CSE is expressed in vascular endothelium, neurons and 
astrocytes of human pontine tissue. The CSE localization pattern is not affected in 
SCA3 patients, however CSE expression levels are decreased, suggesting a possible 
mediating role of CSE in SCA3 induced neurodegeneration. We demonstrated that 
CSE overexpression in Drosophila suppresses SCA3-associated degeneration. This 
decrease in degeneration does not coincide with decreased levels of insoluble protein 
aggregates but is associated with reduced oxidative stress and a dampened immune 
response. Treatment of SCA3-bearing flies with the endogenous H2S donor sodium 
thiosulfate, a clinically used compound, resulted in similar protective effects. Our 
data indicate that the beneficial effects of CSE overexpression are due to protection 
against effects downstream of toxic protein aggregates and because of an increased 
production of H2S. Together, the data implicate a modifying role of the CSE/H2S-axis 
in SCA3 induced tissue degeneration. 
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INTRODUCTION
Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease, is a 
progressive neurodegenerative disease and the most common dominantly inherited 
ataxia worldwide. SCA3 is a polyglutamine (polyQ) disease caused by a CAG-
trinucleotide repeat expansion encoding glutamine within the sequence of the 
ATXN3 gene. Expansion of the glutamine repeats results in aggregation of the ataxin3 
protein leading to neuronal dysfunction and cell death.1-3 The pathophysiological 
sequel of neurodegeneration in SCA3 is not fully understood, although proteotoxic 
stress, transcriptional dysregulation, mitochondrial dysfunction, oxidative stress and 
inflammation have been previously implicated.4-6 To date in the clinic, there are no 
disease-modifying treatments for polyQ diseases like SCA3.

The transsulfuration pathway has been increasingly linked to aging and age-related 
pathologies.7-10 Alongside cystathionine Ȭ-synthase (CBS) and 3-mercaptopyruvate 
sulfurtransferase (3-MST), cystathionine ȭ-lyase (CSE) is one of the important enzymes 
in the sulfur production pathway (Fig. 1). A key biological product of CSE is hydrogen 
sulfide (H2S), an antioxidant and neuroprotectant small molecule gaseous transmitter. 
It is synthesized from L-cysteine and D-cysteine by CSE, CBS and 3-MST.11-13 H2S is then 
serially oxidized to persulfide, thiosulfate (TS, S2O3), sulfite and sulfate (Fig. 1). TS is an 
intermediate of sulfur metabolism from cysteine and a metabolite of H2S that can also 
lead to the production of H2S through the action of thiosulfate reductase14 (Fig. 1). H2S 
can act as an endogenous modulator of oxidative stress either by direct scavenging 
of reactive oxygen species (ROS), or through increasing the intracellular glutathione 
(GSH) pool.15,16 H2S also confers cytoprotection via suppression of inflammation and 
apoptosis,17 and by protecting mitochondrial function and integrity.17,18 Decreased 
levels of H2S in brain tissue are associated with neurodegenerative age-related diseases 
like Parkinson’s19 and administration of H2S has been shown protective in experimental 
models for this disease.20,21 Decreased levels of CSE have recently been observed 
in Huntington’s disease tissues and in a mouse Huntington model.22 A possible link 
between SCA3 and CSE and potential neuroprotective effects of overexpressing the 
CSE enzyme directly remain to be determined. 

The beneficial effects of H2S on inflammation and oxidative stress together with its 
connection to age-related neurodegenerative diseases, led us to investigate a possible 
role of CSE in SCA3. First we showed that CSE is present in brain areas affected 
in SCA3 patients and in the latter CSE levels are decreased. Next, we investigated 
the protective effects of induction of the transsulfuration pathway in a SCA3 disease 
model. Because the H2S-producing pathway is highly conserved in Drosophila 
melanogaster and expression of a truncated version of the pathogenic human ATXN3 
gene containing a multiple CAG repeat (further referred to as SCA3 flies) in this 
organism recapitulates key features of SCA3 disease,23,24 we used this fly model to 
investigate the protective effects of CSE overexpression. We found that transgene-
mediated increased gene expression of CSE and addition of an endogenous donor 
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of H2S partially rescued the phenotype of SCA3 in Drosophila downstream of protein 
aggregate formation. Rescue is associated with decreased levels of oxidative proteins 
and a dampening of the immune response. Last, we present and discuss a possible 
clinical relevance of CSE in SCA3 disease. 

RESULTS
Levels of CSE are reduced in brain tissue of SCA3 patients 
In order to investigate a possible role of CSE in SCA3 pathogenesis we investigated 
expression levels and localization of CSE in healthy tissue and in SCA3 disease tissue. To 
determine the presence and localization of CSE, we performed immunohistochemistry 
for CSE on post-mortem pontine tissue from patients without a neurodegenerative or 
neuropsychiatric disease (Supplementary Table 1, n=7). CSE protein expression was 
observed in vascular endothelium, neurons and astrocytes (Fig. 2A-2F). This localization 
pattern was not affected in pontine tissue of SCA3 patients (Supplementary Table 1, 
n=6) To enable quantification of the amount of CSE, we performed qPCR and Western 

Figure 1 – Schematic representation of endogenous H2S production by CSE. Part of the transsulfuration 
pathway is presented. CSE converts cystathionine to L-cysteine and L- cysteine to H2S. L-cysteine and 
D-cysteine are converted to 3-MP (3-mercaptopyruvate), which is then transformed to H2S by 3-MST. 
Subsequently, H2S is metabolized into thiosulfate. Thiosulfate is converted to H2S by TSR (thiosulfate 
reductase) or can be oxidized to sulfite and then to sulfate. H2S reacts with proteins and sulfhydrates 
them to form a bound sulfur pool. CAT, cysteine aminotransferase; DAO, D-aminoacidoxidase.
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blot analyses for CSE on pontine samples of SCA3 patients and control samples. qPCR 
data revealed decreased mRNA levels of CSE in the pontine tissue from SCA3 (n=6) 
patients compared to control tissue (n=7) (Fig. 2G). Likewise, Western blot analysis 
showed reduced CSE protein levels in pontine tissue from SCA3 patients (n=4) (Fig. 2H). 
These results show that CSE is present in human brain tissue from SCA3 patients and 
that SCA3 is associated with reduced levels of CSE. Recently decreased levels of CSE 
were also observed in stratal brain samples from patients with Huntington’s disease.22 

Generation and characterization of various CSE transgenic lines
To further investigate a possible modulating role of CSE in SCA3 pathogenesis we used 
the model organism Drosophila melanogaster. Drosophila has been used in a wide 
variety to understand basic principles of human diseases.25,26 Eip55E is a Drosophila 
ortholog of the human CSE gene.27 Six different fly lines overexpressing Eip55E (further 
referred to as CSE) under a GAL4-inducible promoter were created. CSE expression 

Figure 2 – CSE levels are decreased in brains of SCA3 patients. Immunohistochemistry revealed that 
in human pontine tissue, CSE is localized in (A and E) neurons of the pontine nuclei, (B and F) the 
vasculature and (C and G) astrocytes. Black arrows indicate the mentioned structures. No differences 
in staining pattern were observed between control and SCA3 brain tissue. Negative controls showed 
no staining, representative images are shown (D, H). Scale bar indicates 150 μm in all images. (I) CSE 
mRNA (control n=7 (lane 1-4); SCA3 n=6) and (J) protein levels were decreased in pontine tissue of 
SCA-3 patients compared to control brain tissue, 4 representative SCA3 samples are visualized (lane 
5-8) and quantified. *p<0.05, error bars indicate SEM.
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Figure 3 – Increased CSE mRNA levels in CSE overexpression flies in two different genetic 
backgrounds. (A and B) CSE overexpression was confirmed with qPCR in all three transgenic lines. In 
both genetic backgrounds CSE mRNA levels were increased in the CSE overexpressing lines (CSE-1A, 
CSE-2B, CSE-3B) compared to their isogenic controls. *p<0.05, error bars indicate SEM.

levels of each line were determined in the presence of a daughterless driver resulting in 
ubiquitous expression of the protein. All six lines showed increased expression of CSE 
compared to the in-house control w1118 strain (Supplementary Fig. 1A). As the genetic 
background of Drosophila plays an important role in the severity of specific phenotypes,28 
all transgenic overexpressing lines were backcrossed for at least 6 generations to create 
isogenic controls. As an isogenic control, one strain (strain 1, Supplementary Fig. 1) was 
backcrossed with the w1118 control strain that was used to generate the transgenic lines. 
The CSE strain 1 overexpressing line is further referred to as CSE-1A and its isogenic non-
CSE-expressing control line is further referred to as w1118-A. Other lines (CSE-2 to CSE-6) 
were backcrossed with the in-house w1118 strain to generate an isogenic control line. 
From these, two lines were selected: one line overexpressing CSE to a lower level (further 
referred to as CSE-2B) and one line overexpressing CSE to a higher level (further referred 
to as CSE-3B) (Supplementary Fig. 1). The isogenic control of these lines is further referred 
to as w1118-B. This approach allowed us to compare the effect of CSE overexpression 
in 2 genetic backgrounds, to investigate the effect of variations in overexpression levels, 
and to compare this to isogenic controls. By using qPCR, we demonstrated that CSE-1A 
showed a 2.1-fold induction of CSE compared to its isogenic control, and that CSE-2B and 
CSE-3B showed a 2.2-fold and a 5.3-fold increased expression of CSE compared to their 
isogenic control, respectively (Fig. 3A and 3B).

Overexpression of CSE partially rescues the phenotype of SCA3  
in Drosophila 
Previously, it has been shown that flies bearing UAS-SCA3trQ78 – a truncated version 
of the human ATXN3 gene containing 78 CAG repeats – under the control of the glass 
multiple reporter (GMR) driver (also referred to as SCA3 flies) develop progressive 
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cellular eye degeneration. These flies develop a ‘rough eye’ phenotype and a certain 
percentage of the rough-eyed flies possess a variable amount of patches with increased 
degeneration.23,24 Rough eyes containing these degenerative patches (further referred 
to as degenerated rough eyes) are considered to be more affected compared to the 
rough eyes only, and are a useful tool to study enhancers or suppressors of the SCA3-
induced toxicity.29 To visualize these phenotypic differences at a higher magnification, we 
performed correlative light microscopy and scanning electron microscopy on the eyes of 
wild type flies (Fig. 4A) and flies overexpressing human ATXN3 (Fig. 4B-C). It appeared 
that at the rough eyes ommatidia and bristle structures can be observed (Fig. 4B-B”) 
and, in contrast, the degenerative patches consist of an undefined structure and bristles 
are absent (Fig. 4C-C”). These results confirm that degenerative patches can indeed be 
classified as more severely affected. In the SCA3 background, CSE-overexpressing flies 
showed a significant decrease in the percentage of degenerative rough eyes. As a control, 
SCA3 flies were crossed with the isogenic wild type control lines. For quantification, 
we scored the number of degenerated eyes at day 1 after eclosion. Suppression of 
the SCA3 phenotype was observed in all CSE-overexpressing lines compared to their 
isogenic control lines. Similar results were obtained in both genetic backgrounds (Fig. 
4D and 4E). The CSE-3B line with the highest level of CSE overexpression reduced 
the number of degenerative eyes to a greater extent than the CSE-2B line (Fig. 4E). 
To further strengthen the rescue potential of CSE, we pharmacologically inhibited 
CSE with propargylglycine (PPG) as previously described.7 Supplementation of PPG 
to the fly food reversed the protective effect of CSE overexpression as evidenced by 
an increased percentage of degenerated rough eyes (Fig. 4D and 4E). These results 
further indicate that the rescuing potential is mediated by CSE. To exclude that the 
suppression of SCA3 in the CSE transgenic lines is due to a GAL4 titration effect using 
multiple UAS constructs in one genotype,30 we crossed the GMR-GAL4-UAS-SCA3 flies 
with a fly line containing a UAS green fluorescent protein (UAS-GFP) construct and two 
fly lines containing a different yellow fluorescent protein (UAS-YFP) construct. If the 
suppression of eye degeneration as observed in the CSE-overexpressing SCA3 flies 
was due to the titration of GAL4, the percentage of degenerated eyes would also be 
reduced in the progeny of these crosses. However, in the crosses with the GFP line and 
both YFP lines a similar degree of eye degeneration was observed as compared to the 
isogenic wild type controls line of these lines (Supplementary Fig. 2). This indicates 
that the suppression of the SCA3-induced degeneration is CSE-specific and is not just 
caused by expression of a UAS-bearing construct. 

Treatment with sodium thiosulfate reduces eye degeneration  
in SCA3 flies
To further investigate the protective mechanism of CSE overexpression, we treated 
GMR-GAL4-UAS-SCA3 flies with increasing concentrations of sodium thiosulfate (STS). 
Thiosulfate (TS) is an endogenous intermediate of the sulfur metabolism, which can 
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be enzymatically converted to H2S (Fig. 1).14,31,32 STS is a stable non-toxic compound 
that is used in clinical practice for decades to treat caliciphylaxis, extravasations during 
chemotherapy or cyanide poisoning.33 In the offspring of w1118-B flies crossed with 
SCA3-overexpressing flies, a dose-dependent rescue effect of the SCA3 phenotype 
was observed upon supplementation of STS. A concentration above 120 mM STS 
induced lethality (Fig. 5A). Therefore, the concentration of 80 mM was selected, 
and the results were further confirmed in both w1118-A and w1118-B backgrounds 
(Fig. 5B). These data show that the suppression of SCA3-associated degeneration is 

Figure 4 – Overexpression of CSE partly rescues the phenotype of SCA3 in Drosophila. Representative 
(A, B, C) light microscopy pictures with correlative (A’, A”, B’, B”, C’, C”) scanning electron microscopy 
pictures of eye phenotypes. (A, A’, A’’) Normal wild type eye phenotype. (B, B’, B”) SCA3 expressing fly 
with an eye phenotype classified as rough eyes. (C, C’, C”) SCA3 expressing fly with an eye phenotype 
classified as degenerative eye. (D and E) In all three transgenic CSE overexpression lines the degree of 
eye degeneration was decreased compared to isogenic control lines. Inhibition of CSE by 2 mM PPG 
diminished this effect. For quantification, the number of rough and degenerated eyes in at least three 
independent experiments (n=100-300 per experiment) were counted. (E) The transgenic line with the 
highest degree of CSE overexpression rescued the phenotype of eye degeneration to the greatest 
extend. ***p<0.001, error bars indicate SEM.
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achieved not only by activation of the transsulfuration pathway, but also by treatment 
with stable components of the transsulfuration pathway.

Overexpression of CSE does not induce a change in levels  
of insoluble proteins 
Rescue of SCA3-induced tissue degeneration by CSE overexpression can be mediated 
by improved solubility of the aggregation-prone truncated human ATXN3 protein or by 
decreasing toxic effects downstream of the insoluble protein aggregates. In order to 
discriminate between these two possibilities, we determined ratios of insoluble versus 
soluble fractions of ATXN3 proteins in SCA3 flies in the absence and presence of CSE 
overexpression as described previously.34 An increased insoluble/soluble ratio indicates 
an increase in protein aggregation. Overexpression of CSE did not significantly alter the 
insoluble/soluble ratio (Fig. 6, Supplementary Fig. 3), suggesting that protective effects 
of CSE overexpression are downstream of the formation of toxic protein aggregates. 

Overexpression of CSE prevents SCA3-promoted immune induction
Several findings suggest that inflammation contributes to the multifaceted pathogenesis 
of SCA3 disease.35 In Drosophila, Dif-Dorsal and Relish pathways are equivalent to the 
nuclear factor ȴB (NFȴB) signaling in mammals, and are key factors in the induction 

Figure 5 – Treatment with STS suppresses SCA3-associated degeneration in Drosophila. Eye 
degeneration was investigated with light microscopy. The number of rough and degenerated eyes was 
counted in three independent experiments (n=100-300 per experiment). (A) Increasing concentrations 
of sodium thiosulfate (STS) resulted in a reduced percentage of degenerated rough eyes in a w1118-B 
background. (B) Addition of 80 mM STS to the food of both different wild type lines partly rescued the 
phenotype of eye degeneration in the SCA3 background. *p<0.05, error bars indicate SEM.

137



7

CHAPTER 7

of the innate immune response.36 To investigate whether CSE mediated protection 
against SCA3 is associated with reduced inflammation, we performed a qPCR analysis 
for antimicrobial peptides that can be activated by both immune pathways. In the 
Dif-Dorsal pathway immune-induced molecule 1 (IM 1), immune-induced molecule 
2 (IM 2) and Drosomycin were analyzed;37,38 in the Relish pathway, Attacin, Cecropin 
and Diptericin were analyzed.36 Overexpression of the human SCA3 gene increased 
the immune response in both pathways. Additional CSE overexpression significantly 
influenced all investigated players of the Dif-Dorsal pathway (Fig. 7). A comparable 
effect was seen for only a subset of investigated players in the Relish pathway 
(Supplementary Fig. 4). As for the Dif-Dorsal pathway, the initial raise in IM 1, IM 2 
and Drosomycin mRNA levels caused by SCA3 was reversed in all CSE-overexpression 
lines (Fig. 7). The decrease in IM 1 and IM 2 expression was associated with the 
degree of CSE overexpression (Fig. 7). This shows that the suppressive effect of CSE 
overexpression on eye degeneration in SCA3 flies is associated with a dampening of 
the Dif-Dorsal innate immune response pathway.

Overexpression of CSE reduces levels of oxidative damage  
of proteins in SCA3 flies 
Oxidative stress is associated with the pathogenesis of SCA3 disease.39,40 Previously, we 
have shown that CSE deficiency is linked to increased levels of oxidative stress.41 Here, we 
investigated whether CSE overexpression was able to reduce increased levels of oxidative 
stress in a SCA3 background by using Oxyblot assays (Fig. 8). SCA3 flies showed increased 
levels of oxidized proteins compared with their isogenic non-SCA3 control lines. The level 
of oxidized proteins was strongly reduced in all three CSE overexpression lines in the 
SCA3 background as compared to the isogenic controls in the SCA3 background.

Figure 6 – Overexpression of CSE is not associated with the changes in production or aggregation of 
SCA3tr-Q78 protein. Heads of SCA3-overexpressing flies were analyzed for the amount of SCA3tr-78 
protein and the level of its aggregation using anti-HA antibody. Tubulin was used as a loading control. 
In the SCA3 flies, both soluble and aggregated protein fractions could be detected. Additional CSE 
overexpression did not significantly alter the solubility of the SCA3 protein.
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Figure 7 – Overexpression of CSE prevents SCA3-related immune induction. mRNA levels were 
determined by qPCR and in SCA3 expressing flies immune induction was observed. In CSE-1A flies, 
no induction of (A) IM 1, (B) IM 2 and (C) Drosomycin was observed compared to isogenic wild type 
flies in the SCA3 background. Similar results were observed in the other genetic backgrounds. In both 
the CSE-2B and CSE-3B line, there was no upregulation of (D) IM I, (E) IM 2 and (F) Drosomycin. In 
the CSE-3B line the mRNA levels of IM 1 and IM 2 were lower compared to the CSE-2B line. *p<0.05, 
**p<0.01 and ***p<0.001, error bars indicate SEM.

DISCUSSION
The current study revealed that in control human brains, CSE is present in vascular 
endothelium, neurons and astrocytes in pontine tissue and in SCA3 patients’ pontine 
tissue CSE localization is unaltered but the levels are reduced. Overexpression of CSE and 
treatment with the H2S donor STS is protective against SCA3-related tissue degeneration 
in Drosophila. CSE overexpression in Drosophila is associated with reduced expression of 
players of the innate immune Dif-dorsal pathway and decreased levels of oxidative stress. 
The protective effects of CSE do not affect the formation of insoluble protein aggregates 
and therefore CSE-induced protection acts most likely downstream of these toxic entities. 

Our data show decreased levels of CSE in pontine tissue of SCA3 patients (Fig. 
2I and J). Recently, decreased levels of CSE were also demonstrated in striatal brain 
samples from patients with Huntington’s disease.22 It was also demonstrated that 
CSE-/- mice show impaired locomotor functions, therefore it is possible that low levels 
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of CSE negatively influence the development of neurodegenerative phenotypes 
in Huntington’s disease and in SCA3. This is consistent with our findings that CSE 
overexpression is beneficial in the Drosophila SCA3 model. 

CSE is an essential enzyme in the transsulfuration pathway and contributes to the 
endogenous production of H2S.11,12 Therefore, overexpression of CSE in our experiments 
may result in increased H2S levels, and this may act protective against degeneration 
associated with protein aggregation induced by SCA3. TS, an intermediate in the 
transsulfuration pathway, can dynamically converted to H2S.14,31,32 Treatment of SCA3 
flies with STS resulted in similar protective effects as CSE overexpression. This points 
to the possibility that the beneficial effects of CSE as demonstrated in the SCA3 flies 
are related to increased levels of H2S. 

Figure 8 – Increased levels of oxidized proteins in SCA3 flies are rescued by CSE overexpression. (A and B) 
Oxyblot analysis revealed that SCA3 flies have higher total levels of oxidized proteins compared to wild type 
flies. CSE overexpression in the SCA3 background results in reduction of oxidative damage to the proteins. 
Total levels of oxidized proteins were normalized to tubulin. *p<0.05, **p<0.01, error bars indicate SEM.
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To our knowledge, protective effects by CSE overexpression in neurodegenerative 
animal models have not been described before. However, neuroprotective effects of 
the gasotransmitter H2S have been reported previously in experimental models for 
Parkinson’s disease,21 vascular dementia42 and homocysteine induced neurotoxicity,43 
but also in in vitro models for oxidative stress in neurons44 and Alzheimer’s disease.45 
In an experimental model for Parkinson’s disease, inhalation of H2S prevents the 
development of neurodegeneration and movements disorders.20 Although the exact 
neuroprotective action of increased levels of CSE and H2S can not be explained yet in 
these models and in ours, several candidate mechanisms may contribute. 

We show evidence that overexpression of CSE in flies does not suppress the 
formation of insoluble protein aggregates but does dampen the immune response 
and this in turn is protective against increased tissue loss in SCA3 expressing eyes. 
Firstly, inflammation has been implicated as a critical mechanism responsible for the 
progressive nature of neurodegeneration35,46 and there is an inverse link between an 
activated transsulfuration pathway and the immune response. In experimental models, 
H2S exerts anti-neuroinflammatory effects via inhibition of p38/Jun nuclear kinase 
and NFȴB signaling pathways.47 The inhibition of CSE by PPG leads to increased 
inflammation.48 Further investigations are required to confirm whether this order of 
events explains the observed association between increased expression of CSE, a 
decreased immune activation and tissue loss protection in the presented SCA3 model.

Besides a modulating effect on the immune response, H2S is able to facilitate the 
production of the chief regulator of cellular redox homeostasis GSH and scavenges ROS in 
mitochondria.15,16 Furthermore, CSE has been shown to be a modulator of oxidative stress 
in mice.41 SCA3 is associated with oxidative stress because mutant ATXN3 is associated 
with a significantly reduced capability to counteract oxidative stress that contributes to 
neuronal cell death in SCA3.49 Based on this and on our observations, it is possible that 
overexpression of CSE results in neutralization of ROS, thereby preventing further tissue 
loss induced by SCA3. Protective interventions by overexpressing the molecular chaperone 
HSP70 also resulted in suppression of neurodegeneration in Drosophila overexpressing 
poly Q expansions without modifying protein aggregation.24 These data and ours indicate 
that the modulation of effects downstream of protein aggregate formation is a possible 
therapeutic target. Protein S-sulfhydration is a novel posttranslational mechanism that is 
regulated by CSE and is involved in the modulation of protein activity.50,51 For example, 
the activity of neuroprotective ubiquitin ligase parkin is regulated by sulfhydration. Parkin 
sulfhydration is markedly depleted in the brains of patients with Parkinson’s disease.52 This 
suggests that boosting of the transsulfuration pathway may contribute to neuroprotection 
via increased sulfhydration of specific proteins. 

Our data show that CSE is endogenously expressed in SCA3 affected brain regions, 
therefore it may be possible to increase CSE expression by pharmacological inventions 
to protect against tissue degeneration in SCA3. Little is known about the regulation of 
CSE, but there are some substances that are able to influence CSE activity or transcription. 
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There is evidence that myeloid zinc finger 1 and specificity protein 1 transcription 
factor affect the transcription of CSE.53 Furthermore, studies suggest that CSE can be 
upregulated by bacterial endotoxin53,54 and by nitric oxide.55 S-adenosylmethionine and 
pyridoxal-5’-phosphate stimulate CSE activity to increase H2S production.56,57 

Our data indicate a modifying role of the transsulfuration pathway in SCA3. The 
presence of CSE in SCA3-relevant brain regions in humans, together with the protective 
effects of CSE overexpression in Drosophila, indicates the relevance for future research 
on developing clinically applicable activators of CSE or the transsulfuration pathway.

MATERIALS AND METHODS
Below we provide a brief overview of the methods used for experiments presented 
in this article. For further details, please see Supplementary Materials and Methods.

Drosophila stocks
As wild-type control the y1w1118 Drosophila line was used. Eip55E (Drosophila CSE)-
overexpressing lines were generated in the laboratory. The GMR-GAL4 SCA3trQ78 fly 
stock was a kind gift from Prof. Bonini.24,29 The detailed description of the Drosophila 
lines and flies food, backcrossing and supplementation of chemical compounds 
information can be found in Supplementary Materials and Methods.

Eye degeneration assay
To evaluate relative degeneration, we used an eye scoring method that was previously 
described.58,59 Irregularly-structured depigmented eyes without dark patches were 
defined as rough. The presence of one or more black patches along with the irregular 
structure and depigmentation was considered a degenerated rough eye. Each eye 
of one-day-old flies was scored as a singular entity. We scored the total amount of 
degenerated eyes as opposed to the total amount of eyes (rough + degenerated). 
Total count of eyes scored per condition was between 100 and 1000 depending on 
the number of progeny of a particular phenotype.

Molecular biology techniques
For the detailed description of quantitative RT-PCR, Western blot and Protein 
oxidation analyses, Immunohistochemistry that are used in the current study, please 
see Supplementary Materials and Methods. 
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Supplementary Figure 1 - CSE mRNA levels of different CSE overexpression lines and schematic 
representation of backcrossing of relevant CSE lines. (A) Relative CSE mRNA levels in fly lines received 
from Genetic Services and (B) in lines after backcrossing for 6 generations into the in-house w1118 
strain expressed under control of the daughterless driver. Below: scheme of crosses to isogenize fly 
lines with 2 different w1118 control strains.
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Supplementary Figure 2 – Suppression of SCA3 by CSE overexpression is not caused by a titration 
of GAL4. (A) The GFP line and both YFP lines have comparable and, if not, lower levels of CSE mRNA 
compared to their isogenic wild type control. (B) In a SCA3 background, the level of eye degeneration 
in the GFP line and both YFP lines is similar or higher compared to their isogenic wild type control line.

Supplementary Figure 3 – Overexpression of CSE in a SCA3 background is not associated with a 
decrease in insoluble/soluble fraction ratio of SCA3tr-78 protein. Quantification of ratio between the 
relative intensity of the protein in the stacking gel and SCA3tr-78 monomer band. There is no significant 
change in the protein solubility upon the overexpression of CSE in a SCA3 background.
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Supplementary Figure 4 – Inflammation genes that are variously affected by CSE overexpression in a 
SCA3 background. Expression of inflammation genes from the Relish pathways upon the overexpression 
of SCA3 alone or in combination with CSE. (A and B) Attacin is induced by SCA3 but not differently 
expressed in the CSE-1A line. (B) In the CSE-3B line Attacin mRNA levels are reduced compared to 
w1118-B SCA3. (C and D) Cecropin is not significantly influenced by CSE overexpression. (E) Diptericin 
is significantly induced in the w1118-A background but not in the (F) w1118-B background. (E and F) In 
all CSE overexpression lines mRNA levels of Diptericin are not different from the isogenic control lines.

145



7

CHAPTER 7

REFERENCES
1 Zoghbi HY, Orr HT: Glutamine repeats and 

neurodegeneration. Annu. Rev. Neurosci. 23: 
217–247, 2000

2 Hageman J, Rujano MA, van Waarde MAWH, 
Kakkar V, Dirks RP, Govorukhina N, Oosterveld-
Hut HMJ, Lubsen NH, Kampinga HH: A DNAJB 
chaperone subfamily with HDAC-dependent 
activities suppresses toxic protein aggregation. 
Mol. Cell 37: 355–369, 2010

3 Dueñas AM, Goold R, Giunti P: Molecular 
pathogenesis of spinocerebellar ataxias. Brain 
129: 1357–1370, 2006

4 Lee S-J, Lim H-S, Masliah E, Lee H-J: Protein 
aggregate spreading in neurodegenerative 
diseases: problems and perspectives. 
Neurosci. Res. 70: 339–348, 2011

5 Takahashi T, Katada S, Onodera O: 
Polyglutamine diseases: where does toxicity 
come from? what is toxicity? where are we 
going? J Mol Cell Biol 2: 180–191, 2010

6 Seidel K, Meister M, Dugbartey GJ, Zijlstra 
MP, Vinet J, Brunt ERP, van Leeuwen FW, Rüb 
U, Kampinga HH, Dunnen den WFA: Cellular 
protein quality control and the evolution of 
aggregates in spinocerebellar ataxia type 3 
(SCA3). Neuropathol. Appl. Neurobiol. 38: 
548–558, 2012

7 Kabil H, Kabil O, Banerjee R, Harshman 
LG, Pletcher SD: Increased transsulfuration 
mediates longevity and dietary restriction in 
Drosophila. Proc. Natl. Acad. Sci. U.S.A. 108: 
16831–16836, 2011

8 Zhang Y, Tang Z-H, Ren Z, Qu S-L, Liu M-H, 
Liu L-S, Jiang Z-S: Hydrogen sulfide, the next 
potent preventive and therapeutic agent in 
aging and age-associated diseases. Mol. Cell. 
Biol. 33: 1104–1113, 2013

9 Chen Y-H, Yao W-Z, Geng B, Ding Y-L, Lu M, 
Zhao M-W, Tang C-S: Endogenous hydrogen 
sulfide in patients with COPD. Chest 128: 
3205–3211, 2005

10 Miller DL, Roth MB: Hydrogen sulfide 
increases thermotolerance and lifespan in 
Caenorhabditis elegans. Proc. Natl. Acad. Sci. 
U.S.A. 104: 20618–20622, 2007

11 Singh S, Padovani D, Leslie RA, Chiku T, Banerjee 
R: Relative contributions of cystathionine beta-
synthase and gamma-cystathionase to H2S 
biogenesis via alternative trans-sulfuration 
reactions. J. Biol. Chem. 284: 22457–22466, 
2009

12 Abe K, Kimura H: The possible role of hydrogen 
sulfide as an endogenous neuromodulator. J. 
Neurosci. 16: 1066–1071, 1996

13 Shibuya N, Kimura H, Koike S, Tanaka M, 
Ishigami-Yuasa M, Kimura Y, Ogasawara Y, 
Fukui K, Nagahara N: A novel pathway for the 
production of hydrogen sulfide from D-cysteine 
in mammalian cells. Nat Commun 4: 1366, 2013

14 Kolluru GK, Shen X, Bir SC, Kevil CG: Hydrogen 
sulfide chemical biology: pathophysiological 
roles and detection. Nitric Oxide 35: 5–20, 2013

15 Kimura Y, Goto Y-I, Kimura H: Hydrogen 
sulfide increases glutathione production and 
suppresses oxidative stress in mitochondria. 
Antioxid. Redox Signal. 12: 1–13, 2010

16 Kimura Y, Kimura H: Hydrogen sulfide protects 
neurons from oxidative stress. FASEB J. 18: 
1165–1167, 2004

17 Bos EM, Leuvenink HGD, Snijder PM, 
Kloosterhuis NJ, Hillebrands J-L, Leemans 
JC, Florquin S, van Goor H: Hydrogen sulfide-
induced hypometabolism prevents renal 
ischemia/reperfusion injury. J. Am. Soc. 
Nephrol. 20: 1901–1905, 2009

18 Fu M, Zhang W, Wu L, Yang G, Li H, Wang 
R: Hydrogen sulfide (H2S) metabolism in 
mitochondria and its regulatory role in energy 
production. Proc. Natl. Acad. Sci. U.S.A. 109: 
2943–2948, 2012

19 Hu L-F, Lu M, Tiong CX, Dawe GS, Hu G, Bian 
J-S: Neuroprotective effects of hydrogen 
sulfide on Parkinson’s disease rat models. 
Aging Cell 9: 135–146, 2010

20 Kida K, Yamada M, Tokuda K, Marutani E, 
Kakinohana M, Kaneki M, Ichinose F: Inhaled 
hydrogen sulfide prevents neurodegeneration 
and movement disorder in a mouse model of 
Parkinson’s disease. Antioxid. Redox Signal. 
15: 343–352, 2011

21 Xie L, Hu L-F, Teo XQ, Tiong CX, Tazzari V, 
Sparatore A, Del Soldato P, Dawe GS, Bian 
J-S: Therapeutic effect of hydrogen sulfide-
releasing L-Dopa derivative ACS84 on 
6-OHDA-induced Parkinson’s disease rat 
model. PLoS ONE 8: e60200, 2013

22 Paul BD, Sbodio JI, Xu R, Vandiver MS, Cha 
JY, Snowman AM, Snyder SH: Cystathionine 
ȭ-lyase deficiency mediates neurodegeneration 
in Huntington’s disease. Nature 2014

23 Warrick JM, Paulson HL, Gray-Board GL, Bui 
QT, Fischbeck KH, Pittman RN, Bonini NM: 
Expanded polyglutamine protein forms nuclear 
inclusions and causes neural degeneration in 
Drosophila. Cell 93: 939–949, 1998

24 Warrick JM, Chan HY, Gray-Board GL, Chai 
Y, Paulson HL, Bonini NM: Suppression of 
polyglutamine-mediated neurodegeneration 

146



CSE RESCUES SCA3 PHENOTYPE

7

in Drosophila by the molecular chaperone 
HSP70. Nat. Genet. 23: 425–428, 1999

25 Lessing D, Bonini NM: Maintaining the brain: 
insight into human neurodegeneration from 
Drosophila melanogaster mutants. Nat. Rev. 
Genet. 10: 359–370, 2009

26 Freeman MR, Rowitch DH: Evolving concepts 
of gliogenesis: a look way back and ahead to 
the next 25 years. Neuron 80: 613–623, 2013

27 Andres AJ, Fletcher JC, Karim FD, Thummel 
CS: Molecular analysis of the initiation 
of insect metamorphosis: a comparative 
study of Drosophila ecdysteroid-regulated 
transcription. Dev. Biol. 160: 388–404, 1993

28 Burnett C, Valentini S, Cabreiro F, Goss M, 
Somogyvári M, Piper MD, Hoddinott M, 
Sutphin GL, Leko V, McElwee JJ, Vazquez-
Manrique RP, Orfila A-M, Ackerman D, Au C, 
Vinti G, Riesen M, Howard K, Neri C, Bedalov 
A, Kaeberlein M, Soti C, Partridge L, Gems D: 
Absence of effects of Sir2 overexpression on 
lifespan in C. elegans and Drosophila. Nature 
477: 482–485, 2011

29 Bonini NM, Lessing D: Polyglutamine 
genes interact to modulate the severity 
and progression of neurodegeneration in 
Drosophila. PLoS Biol. 6: e29, 2008

30 Li Q, Johnston SA: Are all DNA binding 
and transcription regulation by an activator 
physiologically relevant? Mol. Cell. Biol. 21: 
2467–2474, 2001

31 Sen U, Vacek TP, Hughes WM, Kumar M, 
Moshal KS, Tyagi N, Metreveli N, Hayden 
MR, Tyagi SC: Cardioprotective role of 
sodium thiosulfate on chronic heart failure 
by modulating endogenous H2S generation. 
Pharmacology 82: 201–213, 2008

32 Olson KR, Deleon ER, Gao Y, Hurley K, 
Sadauskas V, Batz C, Stoy GF: Thiosulfate: a 
readily accessible source of hydrogen sulfide 
in oxygen sensing. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 305: R592–603, 2013

33 Farese S, Stauffer E, Kalicki R, Hildebrandt 
T, Frey BM, Frey FJ, Uehlinger DE, Pasch 
A: Sodium thiosulfate pharmacokinetics in 
hemodialysis patients and healthy volunteers. 
Clin J Am Soc Nephrol 6: 1447–1455, 2011

34 Bilen J, Bonini NM: Genome-wide screen for 
modifiers of ataxin-3 neurodegeneration in 
Drosophila. PLoS Genet. 3: 1950–1964, 2007

35 Evert BO, Vogt IR, Kindermann C, Ozimek L, 
de Vos RA, Brunt ERP, Schmitt I, Klockgether 
T, Wüllner U: Inflammatory genes are 
upregulated in expanded ataxin-3-expressing 
cell lines and spinocerebellar ataxia type 3 
brains. J. Neurosci. 21: 5389–5396, 2001

36 Lemaitre B, Hoffmann J: The host defense 
of Drosophila melanogaster. Annu. Rev. 
Immunol. 25: 697–743, 2007

37 Fullaondo A, García-Sánchez S, Sanz-Parra A, 
Recio E, Lee SY, Gubb D: Spn1 regulates the 
GNBP3-dependent Toll signaling pathway in 
Drosophila melanogaster. Mol. Cell. Biol. 31: 
2960–2972, 2011

38 Boutros M, Agaisse H, Perrimon N: Sequential 
activation of signaling pathways during innate 
immune responses in Drosophila. Dev. Cell 3: 
711–722, 2002

39 Kazachkova N, Raposo M, Montiel R, Cymbron 
T, Bettencourt C, Silva-Fernandes A, Silva S, 
Maciel P, Lima M: Patterns of mitochondrial 
DNA damage in blood and brain tissues of a 
transgenic mouse model of Machado-Joseph 
disease. Neurodegener Dis 11: 206–214, 2013

40 Yu Y-C, Kuo C-L, Cheng W-L, Liu C-S, Hsieh 
M: Decreased antioxidant enzyme activity 
and increased mitochondrial DNA damage in 
cellular models of Machado-Joseph disease. 
J. Neurosci. Res. 87: 1884–1891, 2009

41 Bos EM, Wang R, Snijder PM, Boersema M, 
Damman J, Fu M, Moser J, Hillebrands J-L, 
Ploeg RJ, Yang G, Leuvenink HGD, van Goor 
H: Cystathionine ȭ-lyase protects against renal 
ischemia/reperfusion by modulating oxidative 
stress. J. Am. Soc. Nephrol. 24: 759–770, 2013

42 Zhang L-M, Jiang C-X, Liu D-W: Hydrogen 
sulfide attenuates neuronal injury induced by 
vascular dementia via inhibiting apoptosis in 
rats. Neurochem. Res. 34: 1984–1992, 2009

43 Kamat PK, Kalani A, Givvimani S, Sathnur 
PB, Tyagi SC, Tyagi N: Hydrogen sulfide 
attenuates neurodegeneration and 
neurovascular dysfunction induced by 
intracerebral-administered homocysteine in 
mice. Neuroscience 252: 302–319, 2013

44 Luo Y, Yang X, Zhao S, Wei C, Yin Y, Liu T, 
Jiang S, Xie J, Wan X, Mao M, Wu J: Hydrogen 
sulfide prevents OGD/R-induced apoptosis 
via improving mitochondrial dysfunction and 
suppressing an ROS-mediated caspase-3 
pathway in cortical neurons. Neurochem. Int. 
63: 826–831, 2013

45 Liu Y-Y, Bian J-S: Hydrogen sulfide protects 
amyloid-Ȭ induced cell toxicity in microglia. J. 
Alzheimers Dis. 22: 1189–1200, 2010

46 Block ML, Hong J-S: Microglia and 
inflammation-mediated neurodegeneration: 
multiple triggers with a common mechanism. 
Prog. Neurobiol. 76: 77–98, 2005

47 Xuan A, Long D, Li J, Ji W, Zhang M, Hong 
L, Liu J: Hydrogen sulfide attenuates spatial 
memory impairment and hippocampal 

147



7

CHAPTER 7

neuroinflammation in Ȭ-amyloid rat model of 
Alzheimer’s disease. J Neuroinflammation 9: 
202, 2012

48 Wang X-H, Wang F, You S-J, Cao Y-J, Cao 
L-D, Han Q, Liu C-F, Hu L-F: Dysregulation of 
cystathionine ȭ-lyase (CSE)/hydrogen sulfide 
pathway contributes to ox-LDL-induced 
inflammation in macrophage. Cell. Signal. 25: 
2255–2262, 2013

49 Araujo J, Breuer P, Dieringer S, Krauss S, Dorn 
S, Zimmermann K, Pfeifer A, Klockgether T, 
Wuellner U, Evert BO: FOXO4-dependent 
upregulation of superoxide dismutase-2 in 
response to oxidative stress is impaired in 
spinocerebellar ataxia type 3. Hum. Mol. 
Genet. 20: 2928–2941, 2011

50 Mustafa AK, Gadalla MM, Sen N, Kim S, 
Mu W, Gazi SK, Barrow RK, Yang G, Wang 
R, Snyder SH: H2S signals through protein 
S-sulfhydration. Sci Signal 2: ra72, 2009

51 Paul BD, Snyder SH: H2S signalling through 
protein sulfhydration and beyond. Nat. Rev. 
Mol. Cell Biol. 13: 499–507, 2012

52 Vandiver MS, Paul BD, Xu R, Karuppagounder 
S, Rao F, Snowman AM, Ko HS, Lee YI, 
Dawson VL, Dawson TM, Sen N, Snyder SH: 
Sulfhydration mediates neuroprotective 
actions of parkin. Nat Commun 4: 1626, 2013

53 Ishii I, Akahoshi N, Yu X-N, Kobayashi Y, 
Namekata K, Komaki G, Kimura H: Murine 
cystathionine gamma-lyase: complete cDNA 
and genomic sequences, promoter activity, 

tissue distribution and developmental 
expression. Biochem. J. 381: 113–123, 2004

54 Li L, Bhatia M, Zhu YZ, Zhu YC, Ramnath 
RD, Wang ZJ, Anuar FBM, Whiteman M, 
Salto-Tellez M, Moore PK: Hydrogen sulfide 
is a novel mediator of lipopolysaccharide-
induced inflammation in the mouse. FASEB J. 
19: 1196–1198, 2005

55 Eto K, Kimura H: A novel enhancing 
mechanism for hydrogen sulfide-producing 
activity of cystathionine beta-synthase. J. Biol. 
Chem. 277: 42680–42685, 2002

56 Kimura H, Eto K: The production of hydrogen 
sulfide is regulated by testosterone and 
S-adenosyl-L-methionine in mouse brain. J. 
Neurochem. 83: 80–86, 2002

57 Kimura H: Hydrogen sulfide as a neuro-
modulator. Mol. Neurobiol. 26: 13–19, 2002

58 Carra S, Boncoraglio A, Kanon B, Brunsting 
JF, Minoia M, Rana A, Vos MJ, Seidel K, Sibon 
OCM, Kampinga HH: Identification of the 
Drosophila ortholog of HSPB8: implication 
of HSPB8 loss of function in protein folding 
diseases. J. Biol. Chem. 285: 37811–37822, 
2010

59 Vos MJ, Zijlstra MP, Kanon B, van Waarde-
Verhagen MAWH, Brunt ERP, Oosterveld-Hut 
HMJ, Carra S, Sibon OCM, Kampinga HH: 
HSPB7 is the most potent polyQ aggregation 
suppressor within the HSPB family of 
molecular chaperones. Hum. Mol. Genet. 19: 
4677–4693, 2010

148



CSE RESCUES SCA3 PHENOTYPE

7

SUPPLEMENTARY MATERIALS AND METHODS
Collection of human pontine tissue
Brains from 7 genetically confirmed SCA3 patients and 7 controls without medical 
histories of neuropsychiatric diseases were analyzed (table S1). Immediately after brain 
autopsy samples (15x15x5mm) of the base of the pons were snap frozen. Informed 
consent was obtained from all SCA3 patients. Control cases were anonymized 
and  coded according to the National Code for Good Use of Patient Material. All 
procedures were approved of and in accordance with the Medical Ethical Committee 
of the University Medical Center Groningen.

Immunohistochemistry for CSE
For immunostaining, frozen human pontine sections were dried and fixed in acetone. 
Subsequently, sections were incubated at room temperature with the primary 
antibody (Proteintech rabbit polyclonal CSE antibody 11217-1-AP (1:500)) for 60 
minutes. Endogenous peroxidase was blocked with H2O2 in phosphate buffered saline 
(PBS, pH 7.4) for 30 minutes. Binding was detected using sequential incubation with 
a peroxidase-labeled secondary antibody (Dakopatts, Glostrup, Denmark) for 30 
minutes. All antibodies were diluted with PBS supplemented with 1% BSA. At the 
secondary antibody dilution, 1% human AB serum was added. Peroxidase activity was 
developed using filtered 3-amino-9-ethylcarbazole for 15 minutes containing H2O2. 
Counterstaining was performed using Mayer’s hematoxylin. Appropriate isotype and 
PBS controls were consistently negative.

Drosophila stocks
For overexpression of the genes, the UAS-GAL4 binary system for targeted gene 
expression was used (1). Eip55E (Drosophila CSE) cDNA was cloned into the pUAST 
vector and verified by sequencing. Transgenic CSE fly lines were generated by 
Genetic Services Inc. (Sudbury, USA) in a w1118 (y1w1118) background by random 
insertion into the genome. Fly stocks bearing the CSE transgene were backcrossed 
into control lines for six generations. CSE-1A was isogenized with the w1118-A line; 
and CSE-2B and CSE-3B were isogenized with the w1118-B line. Transgenes were 
selectively overexpressed in the eyes by using GMR-GAL4 driver flies (stock #1104) 
and ubiquitously using the daughterless driver flies (stock #8641). To test whether 
a titration effect existed, a UAS-GFP (stock #6658) and two UAS-YFP (stock #6659; 
#6660) lines were used. The driver stocks and stocks bearing fluorescent proteins 
under the control of UAS were ordered from Bloomington Drosophila stock center 
(Indiana University, USA). The GMR-GAL4 SCA3trQ78 fly stock was a kind gift from 
Prof. Bonini. All crosses were performed at 25°C according to standard protocols. For 
all the experiments only male flies were used.
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Fly food and supplementation of PPG and STS
Fly strains were raised and crossed on Nutri-Fly Bloomington food (Brewer’s Yeast, 
Sucrose, Agar Type II, Glucose, Yeast Extract, MgSO4 x 6H2O, Peptone, CaCl2 x 2H2O; 
Genesee Scientific). For inhibition of CSE, fly crosses were set up on propargylglycine 
(PPG)- supplemented food. PPG (Sigma, Zwijndrecht, the Netherlands) was added to 
freshly prepared fly food to a final concentration of 2 mM as previously described (2). 
In the same manner, STS (Sigma, Zwijndrecht, the Netherlands) was administered to 
the fly food reaching final concentrations of 20 mM, 80 mM and 120 mM. Every two 
days, the relevant concentration of STS dissolved in distilled water was added to the 
vials during development of the flies. 

Light and electron microscopy
To enable correlative analysis, the same fly for each condition was used in both light 
microscopy (LM) and scanning electron microscopy (SEM). One-day-old flies were 
decapitated, heads were dehydrated through ethanol series, and after acetone as an 
intermediate step, air dried from tetramethylsilane (Sigma-Aldrich). Light microscopy 
images of fly eyes were taken with a Leica M165 FC stereo microscope followed by 
focus  stacking using Adobe Photoshop. For the scanning electron microscopy,  the 
same eyes were gold/paladium-coated (3 nm) and analyzed with a Zeiss Supra 55 SEM 
at 2KV using the SE2 detector.

Quantitative RT-PCR
Human pontine tissue was homogenized in lysis buffer and total RNA was extracted using 
the RNeasy Mini Kit (Qiagen). To verify CSE overexpression in transgenic Drosophila lines, 
total RNA was isolated from 10-15 one-day old flies using RNeasy Mini Kit (Qiagen). For 
each genotype/treatment, at least three independent extractions were prepared. cDNA 
was synthesized using Superscript II with random hexamer primers (Invitrogen, Carlsbad, 
USA). Gene expression was determined by quantitative real time-PCR (qPCR) using a 
SYBR green mastermix (iQ SYBR GREEN Supermix; Bio-Rad). Rp49 and TBP were used as 
normalization reference house-keeping genes for Drosophila and human pontine tissue, 
respectively. The PCR profile consisted of 15 min at 95°C, followed by 40 cycles with 
heating of 95°C for 15 s and cooling to 60°C for 1 min. To detect mRNA levels of immune 
response genes, the same procedure was followed with the exception that ten-day-old 
flies were used. All samples were normalized to their house-keeping gene, the average Ct 
values for target genes were subtracted from the average housekeeping gene Ct values 
to yield the delta Ct. Results were expressed as 2-∆Ct. The following primers were used:

Western blot analysis
Human pontine tissue was homogenized in RIPA buffer (Sigma, Zwijndrecht, the 
Netherlands) supplemented with protease inhibitor cocktail (Sigma, Zwijndrecht, the 
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Netherlands). Protein concentrations were determined using the pyrogallol red molybdate 
method (3). Equal amounts of protein were loaded onto 12.5% SDS-polyacrylamide 
gels. Proteins were transferred from the gels onto nitrocellulose membranes and 
immunostained. Aspecific binding of the antibodies was prevented using 5% milk in 
Tris-buffered saline-0.1% Tween-20 (TBST). Membranes were incubated with the primary 
antibody solution in 5% milk in TBST overnight at 4 °C (for CSE: Proteintech rabbit 
polyclonal CSE antibody 11217-1-AP (1:1000), for GAPDH: mouse monoclonal GAPDH 
antibody, Fitzgerald Industries (1:50 000)). Afterwards, membranes were incubated with 
a secondary antibody (for CSE: goat anti-rabbit IgG horseradish peroxidase (1:500) 
(Dakopatts, Glostrup, Denmark), for GAPDH: anti-mouse IgG horseradish peroxidase 
(1:5000), (GE Healthcare UK Limited)) in 5% milk in TBST. All antibody incubations were 
followed by washing with TBST. The membranes were incubated for 4 minutes with 
ECL western blot substrate (Pierce, Rockford, USA) and placed in an autoradiography 
cassette and developed in a dark room. The films were placed in the developer (Sigma, 
Zwijndrecht, the Netherlands) for 2 minutes and subsequently washed in water and fixed 
in the fixer (Sigma, Zwijndrecht, the Netherlands). Intensity of CSE bands was measured 
using ImageJ and normalized to the intensity of GAPDH bands. 

Supplementary table 1 - Primers used in the experiments

Gene Primer

Drosophila CSE (Eip55E) For - TGAACGGTCATACGGATGTG

Rev - ACCTGATAGCAGTCGAATGG

Drosophila rp49 For - GCACCAAGCACTTCATCC

Rev - CGATCTCGCCGCAGTAAA

Drosophila IM1 For - TGCCCAGTGCACTCAGTATC

Rev - GATCACATTTCCTGGATCGG

Drosophila IM2 For - AAATACTGCAATGTGCACGG

Rev - ATGGTGCTTTGGATTTGAGG

Drosophila Drosomycin For - GTACTTGTTCGCCCTCTTCG

Rev - GATTTAGCATCCTTCGCACC

Drosophila Diptericin For - ACCGCAGTACCCACTCAATC

Rev - ACTTTCCAGCTCGGTTCTGA

Drosophila Attacin For - GCTTCGCAAAATAAACTGG

Rev - TCCCGTGAGATCCAAGGTAG

Drosophila Cecropin For - GAACTTCTACAACATCTTCGT

Rev - TCCCAGTCCCTGGATTGT

Human CSE Assay-on-Demand Applied Biosystems ID: Hs00542284_m1

Human TBP For - GCCCGAAACGCCGAATAT

Rev - CCGTGGTTCGTGGCTCTCT
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For the SCA3tr-78 insoluble/soluble fraction analysis, one-day-old flies were 
directly frozen in liquid nitrogen and decapitated. Twenty-five heads per condition 
were homogenized in Laemmli Sample Buffer (62,5 mM Tris/HCL pH 6,8; 2% SDS; 
10% glycerol; bromophenol blue) containing 2% beta-mercaptoethanol. Ten ul of 
each sample was loaded onto 12.5% SDS-polyacrylamide gels. Further procedures 
were similar to those for human CSE protein detection. As a primary antibody to 
detect SCA3tr-78 rat monoclonal high affinity anti-HA-peroxidase (1:500) (clone 3F10; 
Roche, Indianapolis, USA) was used. For tubulin detection mouse anti-tubulin (Sigma, 
Zwijndrecht, the Netherlands) was used. Goat anti-rat IgG horseradish peroxidase 
(1:5000) (GE Healthcare UK Limited) was used as a secondary antibody for SCA3tr-78 
detection. As a secondary antibody for tubulin detection, sheep anti-mouse IgG 
horseradish peroxidase (1:4000) (GE Healthcare UK Limited) was used. To calculate 
the ratio between the SCA3tr-78 insoluble and soluble fraction, the total intensity of 
the signal in the stacking gel normalized to tubulin was divided by the intensity of 
SCA3tr-78 monomer band normalized to tubulin. Western Blots from three independent 
experiments with unique sets of samples were used for quantification using ImageJ.

Protein oxidation detection 
Ten-days-old flies were directly frozen in liquid nitrogen and decapitated. Per condition, 
15 heads were homogenized in RIPA buffer containing 2% beta-mercaptoethanol. 
Protein oxidation was assessed with OxyBlot Protein Oxidation Detection Kit 
(Millipore, Billerica, USA) according to manufacturer’s instructions. As a loading 
control, blots were immunostained with a rabbit alpha-tubulin (Sigma, Zwijndrecht, the 
Netherlands) antibody. The amount of oxidized proteins was measured by comparing 
chemiluminescence of the samples normalized to alpha-tubulin levels.

Statistical analysis
Data were analyzed using GraphPad Prism 5.0 and IBM SPSS 20.0 software. Normality 
was tested using the Kolmogorov-Smirnov test. The unpaired Student’s t-test was 
used for comparisons between 2 groups with normal distribution. Non-parametric 
data were compared using the Mann-Whitney U-test. For comparisons between 
three groups, an ANOVA with Bonferroni post-test was used for parametric data 
and a Kruskal Wallis with Dunnett’s post-test was used for non-parametric data. For 
the analysis of the number of degenerated eyes, a logistic regression was used. The 
number of replications of each experiment was at least three. Statistical significance 
was accepted at p<0.05. All data are expressed as the mean ± standard error of the 
mean (SEM) unless indicated otherwise.
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Hydrogen sulfide (H2S), historically regarded as a poisonous gas, is generated 
endogenously in mammals. With its antioxidant, anti-inflammatory, vasodilating 
and many other functions, it has the potential to provide many health benefits. The 
interest in the field of H2S research has grown markedly in recent years, with increased 
attention for the many physiological functions of H2S and its protective role in various 
disease models. The present work on H2S in diseases with underlying oxidative stress 
and inflammation was instigated after the discovery that H2S induces a reversible 
hypometabolic state that resembles hibernation. This led to our general hypothesis 
that exogenous administration or endogenous activation of H2S is protective in 
cardiac, renal and neurodegenerative disease.

Since it has become apparent that crosstalk between the three known gasotransmitters 
- nitric oxide (NO), carbon monoxide (CO) and H2S - is important in cytoprotection, we 
reviewed the literature on gas-mediated cytoprotection in renal transplantation in chapter 
2. H2S has been examined extensively as a potential therapeutic agent in the setting of 
ischemia-reperfusion injury (IRI) in the heart, brain, lungs, and liver. The majority of in 
vitro and in vivo studies thus far have reported beneficial actions of H2S administration. 
We show that H2S has significant protective effects in the setting of predictable ischemia, 
where treatment can be instigated before the onset of hypoxia. We show this in chapter 
3, where H2S-induced hypometabolism reduces cardiac ischemic damage. Most of the 
studies investigating the protective effect of H2S use soluble sulfide donors such as NaHS 
and Na2S. The unique concept of our study in cardiac ischemia relates to the application of 
gaseous H2S to induce a hypometabolic state. In the setting of cardiac IRI, the cytoprotective 
actions of H2S are thought to result from its antiapoptotic, anti-inflammatory, antioxidant, 
and mitochondrial properties. The mechanisms behind these protective effects are 
likely a combination of various simultaneously occurring effects, such as modulation of 
metabolism and sustaining the balance between oxygen demand and oxygen availability 
during hypoxia. To gain more insight in the protective effect of H2S in cardiac IRI, we 
compared hypometabolic and sub-hypometabolic concentrations. Our results indicate 
that H2S- induced hypometabolism was associated with significantly more protection than 
sub-hypometabolic concentrations of H2S. However, lower concentrations of gaseous 
H2S did modulate several aspects of ischemic damage, indicating the protective effects 
of H2S cannot be completely attributed to H2S-induced hypometabolism. Furthermore, 
hypometabolism-inducing concentrations of H2S may have hemodynamic effects that can 
be related to the reduction in damage by reducing cardiac load during ischemia. We have 
focused on the effects of H2S on predictable ischemic damage, while others have also 
shown beneficial effects of H2S administration after the ischemic event. The observation 
that post-treatment with H2S is also advantageous significantly increases its value as a 
therapeutic agent, since there are many settings with unpredictable onset of ischemia.

Although many aspects of endogenously produced H2S still have to be elucidated, 
several physiological functions have now been uncovered. The development of CBS 
and CSE deficient mice has tremendously contributed to our knowledge on the function 
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of H2S produced by these enzymes. The development of CSE-/- mice has confirmed the 
vasodilator function of H2S and has given us insight in the vasorelaxation-, signaling-, 
antioxidative- and angiogenic properties. The role of endogenously produced H2S 
has been investigated in chapter 4, where genetic modulation of CSE expression 
is associated with the amount of oxidative stress. The absence of CSE resulted in 
increased renal damage after ischemia-reperfusion and eventually led to a higher 
mortality rate. Inversely, overexpression of CSE in vitro potently reduced the amount 
of reactive oxygen species in a model of oxidative stress. We show that H2S produced 
by CSE is an endogenous modulator of oxidative stress. Furthermore, CSE expression 
prior to human renal transplantation is positively associated with renal function shortly 
after transplantation, which might indicate a role for CSE in human transplant related 
oxidative stress. Others have shown that cardiac specific overexpression of CSE is 
protective in the setting of myocardial infarction by protecting cardiac mitochondrial 
function. This suggests that pharmacological activation or upregulation of CSE might 
be beneficial in the transplant setting. Little is known about the regulation of CSE, 
but there are some substances that are able to influence CSE activity or transcription. 
There is evidence that myeloid zinc finger 1 and specificity protein 1 transcription 
factor affect the transcription of CSE. Furthermore, studies suggest that CSE can 
be upregulated by bacterial endotoxin and by NO. Last, S-adenosylmethionine and 
pyridoxal-5’-phosphate stimulate CSE activity to increase H2S production.

Hypertension and IRI are both initiated by damaging processes like oxidative stress 
and inflammation. Because of the potent protective effects of H2S in IRI we investigated 
its beneficial effects in hypertension related renal and cardiac disease in chapter 5 and 
6. In these studies we used a unique approach by administrating sodium thiosulfate 
(STS) as a donor of H2S. Thiosulfate is an intermediate of sulfur metabolism from 
cysteine and a metabolite of H2S that can also lead to the production of H2S through 
the action of thiosulfate reductase. Since STS is a more steady substance than H2S, 
its use in experimental- as well as clinical settings is simpler. STS was almost equally 
effective as NaSH in reducing cardiac and renal damage caused by angiotensin II-
induced hypertension. Since thiosulfate is safely used to treat calciphylaxis in humans 
for decades, our results provide an interesting bridge between experimental research 
and clinical application. Recent literature more and more includes STS as an important 
player in H2S related processes. Urinary thiosulfate excretion was found to associate 
with a favorable cardiovascular risk profile and even improved survival in renal transplant 
recipients. These results further strengthen the presumed beneficial effects of STS. 

In our model of angiotensin-II-induced hypertension, it is difficult to discriminate 
between several contributing protective mechanisms. Since administration of H2S causes 
hemodynamic changes, the protective effects might be attributed to the reduction in 
blood pressure. However, it seems likely that H2S has secondary effects because of 
its wide range of actions. Unfortunately, there are no studies using antihypertensive 
compounds in combination with H2S to discriminate between hemodynamic and other 
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protective effects. Another interesting approach would be using a compound that is 
able to only block the vasodilatory effects of H2S. Recent findings of our group show 
a positive correlation between sulfhydration and survival in renal transplant recipients. 
These findings indicate that sulfhydration is one of the protective mechanisms of H2S.

Until now we and several other groups have shown the protective effects of H2S 
against the detrimental effects of oxidative stress in different in vitro and animal models. 
The known role of oxidative stress in aging related neurodegenerative diseases instigated 
a project leading to the results described in chapter 7. Overexpression of CSE was 
protective against neurodegeneration in a Drosophila model for spinocerebellar ataxia 
type 3 (SCA3). These effects are associated with a reduction in inflammation and oxidative 
stress. We found no effect of CSE overexpression on the formation of aggregates; therefore 
its protective effects are most likely downstream of these toxic entities. Since we observed 
reduced levels of CSE in brain tissue of SCA3 patients, CSE might be an interesting 
target in reducing the damaging effects of the SCA3 mutation, and thereby slowing the 
progression of the disease. Recently, it was demonstrated that CSE deficient mice show 
impaired locomotor functions, therefore it is possible that low levels of CSE negatively 
influence the development of neurodegenerative phenotypes in Huntington’s disease and 
in SCA3. This is consistent with our findings that CSE overexpression is beneficial in the 
Drosophila SCA3 model. Treatment of SCA3 flies with STS resulted in similar protective 
effects to CSE overexpression. This leads to the possibility that the beneficial effects of 
CSE as demonstrated in the SCA3 model are related to increased levels of H2S. Other 
studies also describe neuroprotective effects of H2S in models for Parkinson’s disease. 
The amount of research on H2S has exploded the past few years with rising enthusiasm to 
develop therapeutic applications that can be used in human medicine. 

FUTURE PERSPECTIVES
Given the widely described beneficial effects of H2S in ischemia-reperfusion related 
injury, organ transplantation is a promising clinical setting for H2S therapy. One of the 
advances in this setting is the predictable onset of ischemia, providing us with several 
options for administration of H2S such as adding H2S to preservation solutions to protect 
organs from ischemic injury. Another option is gaseous administration of H2S to brain 
dead organ donors. Because these patients are intubated and mechanically ventilated 
by definition, the addition of H2S to the gas mixture is relatively straightforward. These 
patients are strictly monitored in the intensive care unit, reducing the risks for negative 
side effects. Another promising setting for further development of H2S treatment is 
neurodegeneration. For many neurodegenerative diseases, there is no cure that halts 
the devastating course of symptoms. To date, the first steps of H2S treatment in this 
setting have been made and show very promising results. 

A challenge for the H2S field is the development of clinically relevant therapeutic 
agents. Our group has moved forward in investigating STS as a potential compound 
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to bridge the gap between experimental and clinical use of H2S- based therapy. 
Treatment of hypertensive human patients with STS will learn us whether STS can 
be added to the already existing antihypertensive and reno-protective therapies. A 
randomized controlled trial that investigates STS as a treatment option in patients 
suffering from a myocardial infarction is currently initiated. 

Aside from the recent development of a long-acting donor with controlled H2S 
release, developing a drug that can specifically target an organ system would alleviate 
unwanted side effects. The mechanisms of site-specific delivery remain challenging; 
however, targeted H2S delivery to myocardial microvasculature was achieved using 
ultrasound to release encapsulated H2S from perfluorocarbon-filled microbubbles. 
In addition, mitochondria-targeted H2S donors are in development and contain a 
mitochondria-targeting moiety aimed to mediate oxidative stress and cell injury. Use 
of these substances in cardiac ischemia might be promising.

The fear of toxicity is a major hurdle for acceptance of H2S in the clinical setting. 
Therefore, it is critical to measure H2S levels accurately in blood and tissue samples 
from patients and quantifying its bioavailability in vivo. Future research must focus on 
optimizing existing and developing new measurement techniques. 

More knowledge is required to develop effective therapeutics. Specifically, function and 
signaling relating to the enzymes responsible for the endogenous production of H2S 
are worthy of further study. Understanding localization and activity of these enzymes 
in particular disease states would help direct gene therapy or localized drug delivery. 
Understanding these mechanisms could identify what tissues can be affected and what 
pathological conditions are most responsive to H2S therapy. Mastering these issues 
would drastically advance H2S research and further translate it into clinical relevance.
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SUMMARY

Hydrogen Sulfide (H2S) is a gas with the classic smell of rotten eggs. In high 
concentrations toxic effects can be observed. Recently, this pungent gas was 
discovered to be synthesized enzymatically in mammalian and human tissues in 
low concentrations, which positively transformed the apparent image of H2S into a 
promising therapeutic compound. In recent years it has drawn more and more attention 
from scientists because of the discovery of several physiological characteristics. H2S 
is important in blood pressure regulation, posttranslational modification of several 
proteins, decreasing inflammation and decreasing oxidative stress. This thesis 
addresses the protective effects of H2S in several models of disease where similar 
damaging processes are important. Furthermore, we investigated different dosages 
and modes of administration to pave the way for clinical use of H2S-based therapy. 

Gasotransmitters like nitric oxide (NO), carbon monoxide (CO) and H2S have similar 
characteristics. Recent literature shows that they influence one another by enhancing 
or reducing each others effect. This complex interaction seems important in cellular 
protection. Chapter 2 describes gas-mediated cytoprotection in renal transplantation 
and the importance of complex crosstalk between NO, CO and H2S. 

H2S can induce a hypometabolic, hibernation-like state that is characterized 
by reduced oxygen consumption and carbon dioxide production. In chapter 3 
we investigated whether this hypometabolic state induced by H2S is protective in 
cardiac ischemia where oxygen demand exceeds oxygen availability. We show that 
treatment with gaseous H2S protects hearts from transient myocardial infarction. In 
this experiment we used hypometabolic as well as non-hypometabolic concentrations 
to separate the effects caused by reduced metabolism from the other effects of H2S. 
The results show that non-hypometabolic concentrations of H2S have protective 
effects in the setting of fibrosis and inflammation. Necrosis could only be prevented 
by hypometabolic concentrations of H2S. In vitro, NaHS treatment effectively reduced 
the formation of reactive oxygen species. 

Since we found that exogenous administration of H2S is protective in cardiac 
ischemia-reperfusion injury, we hypothesized that endogenously produced H2S also 
plays a role in cellular protection. In chapter 4 we demonstrate that cystathionine 
ȭ-lyase (CSE), one of the major enzymes responsible for endogenous H2S production, 
acts as an endogenous modulator of oxidative stress in the kidney. First, we assessed 
the localization of CSE in normal human kidneys, showing expression in a large 
proportion of endothelial cells – glomerular as well as vascular – in addition to tubular 
and mesangial cells. In CSE-/- mice with reduced renal H2S production ischemic damage 
is increased compared to control littermates, showing increased mortality and necrosis, 
and reduced renal function. CSE-/- mice could be rescued by pretreatment with NaHS 
injection prior to ischemia. In vitro, overexpression of CSE reduces the amount of 
antimycin-induced oxidative stress in cytoplasm and mitochondria. The expression of 
CSE mRNA in human kidneys prior to transplantation is associated with renal function 
14 days after transplantation, indicating a possible protective effect of pre-transplant 
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CSE levels in transplantation related ischemia. These results render CSE as an enzyme 
that is involved in the response to oxidative stress, likely through the production of H2S.

With the aim to clinically use H2S-based therapy, we investigated the protective 
properties of sodium thiosulfate. Thiosulfate is a major metabolite of H2S. Increasing 
evidence grounds the idea that a dynamic conversion exists between the two substances. 
STS is a more stable substance than H2S and therefore its use in experimental- as well 
as clinical settings is much simpler. In chapter 5 and 6 we investigated the protective 
effects of thiosulfate in hypertensive renal and cardiac disease. STS was almost equally 
effective as NaSH in reducing cardiac and renal damage caused by angiotensin II-
induced hypertension. Since thiosulfate has been safely used to treat calciphylaxis in 
humans for decades, our results provide an interesting bridge between experimental 
research and clinical application.

We have shown the protective effects of H2S against the detrimental effects of 
oxidative stress in different in vitro and animal models. The known role of oxidative 
stress in aging related neurodegenerative diseases instigated a project leading to 
the results described in chapter 7. Overexpression of CSE was protective against 
neurodegeneration in a Drosophila model for spinocerebellar ataxia type 3 (SCA3). 
These effects are associated with a reduction in inflammation and oxidative stress. 
Furthermore, treatment of SCA3 flies with thiosulfate also decreased SCA3 related 
damage. Since we observed reduced levels of CSE in brain tissue of SCA3 patients, 
CSE might be an interesting target in reducing the damaging effects of the SCA3 
mutation, and thereby slowing the progression of the disease.

In chapter 8 the results of our studies are discussed and recommendations for future 
research are given. Our overall conclusion is that H2S is protective against detrimental 
effects of oxidative stress and inflammation in several models of disease. By showing similar 
protective effects of thiosulfate we are a step closer to clinical use of H2S-based therapy.
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Waterstofsulfide (H2S) is een sterk ruikend gas dat het meest bekend is van de geur 
van bedorven eieren. Het ontstaat tijdens de rotting van zwavelhoudende organische 
stoffen, zoals cysteïne en methionine houdende eiwitten. Hoewel de geur van H2S 
al in zeer lage concentraties kan worden waargenomen, gaat de geurgevoeligheid 
snel achteruit bij langdurige blootstelling of hoge concentraties. Bij mensen kan 
blootstelling aan hoge concentraties van het gas zorgen voor irritatie aan de ogen, 
reukproblemen, ademhalingsmoeilijkheden en uiteindelijk bewustzijnsverlies en de 
dood. Deze effecten hebben voor een belangrijk deel te maken met de remming van 
de energieproductie in de mitochondriën. Het mechanisme van deze blokkering van 
de mitochondriën is echter tot een bepaald punt omkeerbaar. H2S wordt in kleine 
hoeveelheden in het lichaam gemaakt en kan geclassificeerd worden als gasotransmitter. 
Omdat er de afgelopen jaren een aantal natuurlijke functies van H2S in het lichaam 
ontdekt zijn, is het gas in de afgelopen jaren steeds meer onder de aandacht van 
wetenschappers gekomen. Bij toediening in subtoxische concentraties heeft H2S zelfs 
beschermende effecten. Dit proefschrift richt zich op deze beschermende effecten 
in verschillende ziektemodellen waarin identieke pathofysiologische schadeprocessen 
centraal staan. Tevens hebben we verschillende doseringen en toedieningswegen 
onderzocht om zo een brug naar klinische toepassingte slaan.

H2S wordt in veel celtypen in het lichaam gemaakt door drie enzymen: cystathionine 
Ȭ-synthase (CBS), cystathionine ȭ-lyase (CSE) en 3-mercaptopyruvaat sulfurtransferase 
(3-MST). In het lichaam is H2S betrokken bij een aantal belangrijke fysiologische processen 
zoals het reguleren van de bloeddruk, het afremmen van ontstekingsprocessen, het 
verminderen van schadelijke zuurstofradicalen en het modificeren van de activiteit 
van verschillende eiwitten. Twee andere belangrijke gasotransmitters, stikstofoxide 
(NO) en koolstofmonoxide (CO), delen een aantal eigenschappen met H2S. Recente 
onderzoeken tonen aan dat gasotransmitters elkaar kunnen beïnvloeden en zo elkaars 
effect kunnen versterken of juist remmen. Er zijn steeds meer aanwijzingen dat deze 
interactie in de cellulaire fysiologie van het lichaam belangrijk kan zijn. In hoofdstuk 
2 introduceren we de verschillende werkingsmechanismen van de drie belangrijkste 
gasotransmitters, NO, CO en H2S. Tevens beschrijven we de beschermende effecten 
en de complexe interacties van deze drie gassen bij nierschade als gevolg van een 
afgesloten bloedtoevoer (ischemie-reperfusie schade) en niertransplantatie. Tijdens 
het afsluiten van de bloedtoevoer, maar ook tijdens het weer herstellen ervan treedt 
schade op in organen. In deze fase is het aanbod van zuurstof laag, terwijl de vraag nog 
steeds hoog is. Hierdoor treedt weefselschade op. H2S is in staat op de zuurstofvraag 
in het lichaam te verlagen. Het kan namelijk een winterslaap-achtige staat te 
induceren, waarbij het oxidatieve metabolisme met meer dan 90% wordt verminderd. 
Een aantal jaren geleden is ontdekt dat muizen die aan H2S in gasvorm worden 
blootgesteld binnen enkele minuten 60% minder zuurstof verbruiken en evenzoveel 
minder koolstofdioxide produceren. Tijdens dit proces daalt de lichaamstemperatuur 
langzaam naar slechts twee graden boven de omgevingstemperatuur. Dit effect van 
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H2S is omkeerbaar, als de toediening wordt gestopt herstelt het metabolisme en de 
temperatuur van deze muizen snel zonder schadelijke effecten op de lange termijn. 
Deze toepassing hebben wij in hoofdstuk 3 gebruikt om het hart te beschermen 
tegen ischemie-reperfusie schade. Uit dit experiment bleek dat wanneer er H2S 
wordt gegeven tijdens de periode van zuurstofgebrek, er zeer sterke beschermende 
effecten zijn op het hart. We hebben in dit experiment ook onderzocht of H2S het 
hart beschermt tijdens een periode van zuurstofgebrek in een concentratie die geen 
winterslaap-achtige staat induceert, om zo te bepalen of ook andere effecten van 
H2S een rol spelen in de bescherming. We vonden dat een lagere concentratie H2S, 
een concentratie die geen winterslaap-achtige staat induceert, ook beschermende 
effecten had, maar minder uitgesproken. Deze bevindingen passen bij het idee dat 
het remmen van de zuurstofvraag door H2S bescherming kan bieden in situaties van 
zuurstofgebrek, zoals bijvoorbeeld transplantatie.

H2S wordt ook door het lichaam zelf geproduceerd met behulp van een aantal 
enzymen. Daarom rees de vraag of deze endogene productie mogelijk ook een rol 
zou kunnen spelen bij bescherming van cellen en organen tijdens zuurstofgebrek. In 
hoofdstuk 4 hebben we daarom onderzocht of CSE, één van de H2S producerende 
enzymen, effect heeft op zuurstofgebrek. Wij hebben dit onderzocht in een model 
van zuurstofgebrek in de nier. In dit model hebben we muizen gebruikt die het 
CSE-gen missen en deze vergeleken met normale, gezonde muizen. Muizen die het 
CSE-gen missen produceren slechts een fractie van de hoeveelheid H2S die gezonde 
muizen produceren. Na het afklemmen van de bloedtoevoer naar de nier bleek 
dat muizen zonder CSE meer nierschade hadden dan de normale muizen met CSE. 
Wanneer de dieren zonder CSE-gen behandeld werden met een H2S injectie waren 
er geen verschillen meer. In gekweekte cellen hebben wij vervolgens aangetoond dat 
overproductie van CSE sterk beschermende effecten heeft tegen zuurstofradicalen. 
Als laatste is gekeken bij mensen naar de relatie tussen CSE productie en nierfunctie 
in getransplanteerde nieren. Het bleek dat er een verband was tussen de hoeveelheid 
CSE en de werking van de nier na transplantatie; meer CSE betekent een betere 
nierfunctie 14 dagen na de transplantatie. Dit betekent dat H2S die in het lichaam 
wordt geproduceerd door CSE een rol speelt in de bescherming tegen zuurstofgebrek, 
bij dieren en waarschijnlijk ook bij mensen.

Om een brug te slaan naar klinische toepassing van H2S hebben we in hoofdstuk 
5 en 6 onderzoek gedaan naar de beschermende effecten van thiosulfaat. Thiosulfaat 
wordt in het lichaam geproduceerd en is een belangrijke schakel in het H2S-
metabolisme. Het is een stabiel eindproduct van H2S, maar kan zelf ook weer worden 
omgezet naar H2S. Thiosulfaat wordt al in de kliniek gebruikt voor de behandeling 
overmatige calciumneerslag in de bloedvaten van dialyse patiënten. Ook wordt het 
gebruikt als antidotum voor cyanide vergiftiging. In een diermodel van hoge bloeddruk-
geïnduceerde nier- en hartschade hebben we gevonden dat dagelijkse injecties met 
thiosulfaat dezelfde mate van bescherming bieden als dagelijkse injecties met H2S.
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Zuurstofgebrek en de schade die vervolgens optreedt als gevolg van vrije 
zuurstofradicalen staat centraal bij veel schadeprocessen in ziekten. In onze 
experimenten hebben we laten zien dat H2S beschermt tegen oxidatieve stress en 
schade als gevolg van vrije zuurstofradicalen. Oxidatieve stress speelt een belangrijke 
rol in ouderdomsziekten zoals neurodegeneratie. Dit heeft geleid tot hoofdstuk 
7 waarin we de beschermende effecten van het H2S-producerende enzym CSE 
onderzoeken in spinocerebellaire ataxie type 3 (SCA3). SCA3 is een aandoening waarbij 
neurodegeneratie optreedt als gevolg van celschade door onder andere oxidatieve 
stress en ontsteking.  Fruitvliegjes worden veel gebruikt voor dit type onderzoek en 
het model voor SCA3 vormt een goede representatie voor de ziekte in mensen. We 
vonden dat een grotere hoeveelheid CSE beschermt tegen de schadelijke effecten van 
SCA3 waarbij een vermindering van ontsteking en oxidatieve stress gevonden werd in 
deze vliegjes. Vervolgens zagen we dat toevoeging van thiosulfaat aan het voer van de 
vliegjes met minder CSE beschermend werkt. Bij mensen met de ziekte SCA3 vonden 
we een verminderde hoeveelheid van het CSE eiwit in de hersenen. Deze resultaten 
suggereren dat CSE een rol speelt bij het verminderen van de schadelijke effecten 
van SCA3 en zo mogelijk de progressie van deze ziekte kan vertragen. Onderzoek 
naar stoffen of medicamenten die de hoeveelheid of activiteit van CSE in het lichaam 
verhogen biedt perspectief en is veelbelovend. 

In hoofdstuk 8 bespreken we de resultaten van onze studies en geven we 
aanbevelingen voor toekomstig onderzoek.

De conclusie van dit proefschrift is dat H2S beschermende effecten heeft in 
ziektemodellen waarin ontsteking, zuurstofgebrek en daarmee de productie van vrije 
zuurstof radicalen centraal staan. Tevens heeft thiosulfaat soortgelijke effecten als het 
toedienen van H2S zelf, waardoor we een stap dichter bij de klinische toepassing van 
H2S gerelateerde therapieën komen.
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Leuvenink. Een duo dat elkaar in alle opzichten complementeert. Beste Harry, jouw 
enthousiasme, vindingrijkheid en optimisme hebben me enorm geholpen tijdens dit 
promotietraject. Je hebt me geleerd te onderzoeken en dat niets onmogelijk is als 
je er maar in gelooft. Ik heb bewondering voor je ambitie en neus voor innovatie 
en vooruitgang. Bijzonder vind ik het dat ik deel heb mogen uitmaken van de 
allereerste H2S experimenten als een van de weinigen in Nederland, wat uiteindelijk 
tot samenwerking met de groten in het vakgebied heeft geleid. Ik ben dankbaar voor 
je vertrouwen op de momenten dat we moesten schakelen bij tegenslagen. Jouw 
deur staat altijd open voor serieus overleg, maar ook voor flauwe grappen. Ik realiseer 
me de waarde daarvan en dat dat niet altijd vanzelfsprekend is. Jouw pragmatiek en 
voortvarendheid zijn ongeëvenaard. Dank dat je me de ruimte hebt gegeven mezelf 
te ontwikkelen, dank voor je vertrouwen.

Beste Henri, jouw vindingrijkheid, humor en praktische instelling zijn zeer waardevol 
geweest voor het tot een succesvol einde brengen van mijn promotietraject. Je hebt 
me geleerd altijd vragen te stellen, je te blijven verwonderen en dat wetenschap 
nooit absoluut is. Ik heb bewondering voor je creativiteit en scherpheid waarmee 
je me geholpen hebt ogenschijnlijk onmogelijke experimenten met futuristische 
opzet toch uit te voeren. De momenten waarop we samen geklust hebben aan 
opstellingen bestaande uit flowmeters, drukventielen, airchambers, veel slangen met 
verscheidene diameters, heel veel piefjes en nog meer piefjes waardeer ik enorm. De 
aanvankelijk bedachte opstelling werd tijdens dit proces beter en beter, maar vaak ook 
ingewikkelder. Jouw credo op elk slangetje past een piefje bleek meer dan waar. Dank 
voor alle vrijheid om te ontdekken wat nog onontdekt is, dank voor je vertrouwen.

Leden van de beoordelingscommissie, Prof. dr. H. Moshage en Prof. dr. R. 
Goldschmeding, hartelijk dank voor het lezen en beoordelen van mijn proefschrift. 
Prof. dr. A. Papapetropoulos, thank you for your willingness to review my thesis.

Mijn paranimfen Welmoet Westendorp en Anne-Roos Frenay, wat ben ik trots dat jullie 
op deze bijzondere dag naast me willen staan. Lieve Wellie, dank dat je niet alleen 
vandaag, maar ook alle andere dagen naast me staat. Zoveel hebben we samen gedeeld, 
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zowel tijdens onderzoek als daarbuiten. Van huisgenoten tot samen onderzoeken op het 
lab. Dank voor de talloze keren dat je naar me luisterde of gewoon samen even stil wilde 
zijn, dank voor je onvoorwaardelijke steun. Met jou kan ik dansen op hitjes tot we er bij 
neervallen en wordt een lange reis naar Groningen meer een rit met de disco train. Jouw 
lijst met ‘hot spots’ heeft ons al meerdere malen behoed voor misstappen in menige 
grote city. Jouw moed en doorzettingsvermogen zijn een voorbeeld. Ik bewonder je om 
je authenticiteit en nuchtere kijk op het leven. Je ben een mooi mens en ik ben trots 
op alles wat je hebt bereikt. You’re fierce. Love you to the moon and back. Lieve Anne-
Roos, doornroosje, dank voor het extra kleur geven aan mijn onderzoeksperiode. We 
hebben gelachen, tranen gelaten en nog meer gelachen met als kers op de taart het 
PAURO project waarin we tot in de kleinste details hebben samengewerkt. Daarnaast 
waardeer ik het enorm dat we elkaar ook konden aanscherpen om zo nog beter te 
worden. ‘s Avonds, tegen het nachtelijke uur samen dansend op hitjes onderweg naar 
het CDP, knuffelend met onze geliefde beestjes (one especially) al discussiërend met 
begeleiders, waren alle ingrediënten voor ons master piece. Jouw vermogen mensen 
te lezen is bewonderingswaardig. De intensiteit waarmee je beleeft maakt je tot een 
prachtig mens. Dank voor je trouwe ondersteuning. 

Op de afdeling Pathologie en Medische biologie heb ik mijn basis gelegd voor het 
doen van fundamenteel onderzoek. Zowel intellectueel als praktisch zijn een aantal 
mensen onmisbaar geweest. Beste Prof. dr. J.L. Hillebrands, beste Jan-Luuk, heel veel 
dank voor je scherpe blik en waardevolle adviezen. De gedrevenheid en enthousiasme 
waarmee je onderzoek doet zijn aanstekelijk. Je betrokkenheid heb ik zeer gewaardeerd. 
Dr. Marcory van Dijk, dank voor het kunnen raadplegen van jouw expertise tijdens 
verscheidene H2S bijeenkomsten. Ook dr. Wilfred den Dunnen wil ik graag bedanken 
voor de waardevolle adviezen en de creatieve inbreng in het SCA3 project. 

De praktische kant van mijn onderzoek had ik nooit kunnen volbrengen zonder de 
hulp van Marian Bulthuis. Als geneeskunde student heb je me wegwijs gemaakt in de 
wondere wereld van pipetten, coupes, kleuringen en nog veel meer. Jouw optimisme 
en vrolijkheid maakten samen uren graven naar samples in de krochten van het UMCG 
en het pipetteren van daadwerkelijk honderden urines een feestje. Jouw toewijding en 
geduld zijn ongekend. Je hebt, soms samen met mij maar vaak ook alleen, ontzettend 
veel werk verricht om de data in dit proefschrift rond te krijgen, om maar niet te 
spreken over de mislukte projecten die dit proefschrift niet hebben gehaald. Hiernaast 
is Sippie Huitema ook onmisbaar geweest voor de uitvoering van vele moleculaire 
analyses. Doelgericht en op hoog tempo wist jij in drukke perioden en bij naderende 
deadlines alles gisteren in plaats van vandaag af te hebben. 

De afdeling Pathologie bestaat uit veel verschillende mensen en disciplines, iedereen 
vaak even bereid tot helpen, bespreken van protocollen en uitwisselen van antilichamen. 
Lydia Visser en Hans Vos, dank voor jullie hulp op het lab. Verder wil ik graag Theo 
Borghuis, Wierd Kooistra, Sharon Brouwer, Lisette den Boef en Marinda Dekker 
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verder gaat met H2S onderzoek en dat jouw proefschrift nu in de maak is. Ik wens jullie 
alle succes voor de toekomst. Graag wil ik alle behulpzame analisten van het lab O&O, 
het DNA lab en de histologie bedanken. Alle pathologen, onderzoekers, stafleden, het 
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betreft zowel studie als cultuur. Een ding had iedereen gemeen, niemand was te beroerd 
elkaars snelcode voor automaatkoffie of -thee uit het hoofd te leren. Het feit dat sommigen 
van ons het aantal passen naar alle koffieautomaten uit het hoofd kende was slechts een 
bonus. Wynand, helaas hebben we veel te kort samengewerkt, maar gelukkig heb ik 
geen afscheid hoeven nemen van jouw intelligente en frisse kijk op zaken. Gemma, jouw 
nuchterheid en droge humor zijn een uitstekende combinatie. Joris, zoals je zelf al schreef, 
je bent het kantoormaatje van het eerste uur. Van jouw biologie achtergrond en daarmee 
soms kritische blik op mijn klinische aanpak heb ik veel geleerd, maar gelukkig was je 
ook altijd in voor enkele ‘after work beers’. Graag wil ik ook de volgende collega’s en 
kamergenoten bedanken voor de gezelligheid, betrokkenheid en ondersteuning: Mirjan 
van Timmeren, Inge Hamming, Jelena Kamilic, Henrike Jekel, Niels Huizing, Chen Cheng, 
Fariba Poosti, Jill Moser, Anne Koning, Kim Holwerda, Gerda Noordmans, Yuan Huang, 
Sylvana Della Penna, Cyril Luman, Sihoban Conroy, Johannes Wedel en Rik Mencke. Dankzij 
jullie werd onderzoek doen nog leuker. Ik wens iedereen alle geluk voor de toekomst.

Aan het begin van mijn promotietraject heb ik ook veel experimenten uitgevoerd op 
het Chirurgisch Onderzoekslaboratorium. Ook later kon ik daar altijd binnenvallen 
voor advies en ondersteuning. Jacco Zwaagstra, waar zou het lab zijn zonder een 
hoofdanalist als jij. Nu weet ik beter, geen jassen van anderen lenen, een geldig 
naamkaartje en een dichte labjas zijn de key tot succes. Ik wil je bedanken voor je 
alom geprezen nuchterheid en je snelle en praktische aanpak. Petra Ottens, Janneke 
Wiersema-Buist en Susanne Veldhuis, dank dat ik gebruik mocht maken van jullie 
ervaring en expertise en dank voor het werk dat jullie hebben verricht. Verder gaat 
mijn dank uit naar Jelle Adelmeijer, Jeffrey Damman, Astrid Klooster, Greg Hugenholtz, 
Edwin Dierselhuis, Michael Sutton, Lyan Koudstaal en Tan Hongtao.

Voor de uitvoering van mijn dierproeven heb ik het CDP regelmatig blauw gezet met 
H2S en de daar onlosmakelijk mee verbonden geur van rotte eieren. Voor deskundige 
hulp bij de voltooiing van mijn dierproeven wil ik Pieter Klok bedanken. Een ding 
wist ik zeker, als je als onderzoeker punctueel ten tonele verscheen, voorzien van 
een strakke planning en alle benodigde materialen dan verscheen er een extra grote 
glimlach op je gezicht. Mijn eerste dierproef had ik nooit kunnen uitvoeren zonder de 
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excellente hulp van Niels Kloosterhuis. Ik vergeet nooit meer hoe we in het oude CDP 
met het winterslaap inducerende 5-AMP aan de slag gingen, onontgonnen terrein. 
Het microchirurgisch team bestaande uit Michel Weij, Annemieke Smit- van Oosten 
en Andre Zantvoort ben ik dankbaar voor de hulp en adviezen omtrent operaties en 
experimenten. In het kader van al deze proeven gaat mijn dank ook uit naar Catriene 
Thuring, Miriam van der Meulen – Frank, Flip Klatter, Alex Kluppel, Arie Nijmeijer en 
natuurlijk alle dierverzorgers en andere medewerkers van het CDP.

Een van de prachtige dingen aan mijn onderzoeksproject was, dat ik de mogelijkheid 
had samen te werken met veel verschillende afdelingen en labs. Niets was gekaderd, 
mogelijkheden te over. Van advies tot apparatuur tot slangen en piefjes, tot reagentia 
en antilichamen en tot hele experimenten op een andere afdeling. Wat heb ik veel 
geleerd van de vele contacten en samenwerkingsverbanden. Iedereen die ik in meer 
of mindere mate ben tegen gekomen tijdens mijn omzwervingen, heel erg bedankt. 
Een aantal personen wil ik hier graag in het bijzonder noemen. 
Zo heb ik een van mijn eerste projecten in samenwerking met de experimentele 
cardiologie verricht. Inge Baudoin-Vreeswijk, dankzij jou is het project een succes 
geworden. Uren, dagen, weken en letterlijk maanden hebben we elke dag samen 
in de OK doorgebracht. Dankzij de hoeveelheid H2S gas die passeerde worden we 
heel wat jaren (gezond) ouder, ik weet het zeker. Ik heb veel van je geleerd, zeker op 
microchirurgisch gebied. Daarnaast hebben we ook gewoon heel veel lol gehad. Dank 
voor je steun, precisie en bereidheid om heel hard door te werken. Rudolf de Boer, 
dank voor je scherpe en creatieve adviezen. Willem-Peter Ruifrok, dank dat je me 
wegwijs hebt gemaakt in de wondere wereld van de MILLAR metingen en analyses. 
Ook binnen het Kidney Center heb ik veel inspiratie op gedaan. De volgende mensen wil 
ik bedanken voor hun geweldige hulp, adviezen en of inspiratie: Gerjan Navis, Stephan 
Bakker, Willem van Son, Jaap van den Born, Marc Seelen, Titia Lely, Else van den Berg en 
Arjan Kwakernaak. De mooie congressen waren een prachtige ervaring en hebben mooie 
herinneringen geproduceerd. Veel dank aan Femke Waanders, Esther Meijer, Ferdau 
Nauta, Maartje Slagman, Hilde Tent, Jan Krikken, Kirankumar Katta en Pramod Agarwal.
Tijdens de laatste periode van mijn promotietraject had ik de geweldige mogelijkheid 
om in samenwerking met Prof. dr. Ody Sibon en Madina Baratashvili me te verdiepen in 
de wereld van de Drosophila oftewel de fruitvlieg. Gefascineerd was ik, en ben ik nog 
steeds, welke prachtige vertalingen van humane ziekten naar Drosophila modellen er 
mogelijk zijn. De combinatie met H2S onderzoek was een prachtige uitdaging. Madina, 
de hoeveelheid vliegenogen die wij onder een microscoop hebben bekeken is amper 
in cijfers uit te drukken. Wat heb ik veel van je geleerd op het gebied van vliegenwerk, 
kruisingen, voer maken, werken met kwastjes en genetica. Gelukkig hebben we ook 
veel gelachen als de stoof weer eens blank stond met thiosulfaat dampen (voor ons 
gewoon proof dat het direct werd omgezet naar H2S). Dank voor alles. Ody, dank voor 
de kans om onder jouw hoede onderzoek met Drosophila te doen. Ik heb veel geleerd 
van jouw expertise en zowel scherpe als zorgvuldige aanpak. Naast Ody en Madina, 
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Kanon, Jan Vonk, Nicola Grzeschik, Balaji Srinivasan, Pascal Dijkers, Harrie Kampinga, 
Lucas Kuijpers, Xian Li, Onno Schaap, Ben Giepmans en Jeroen Kuipers.
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Wesseling en Jaap Joles uit het UMC Utrecht dank voor de bevlogen congressen 
en H2S meetingen. Dear dr. Pasch, Prof. dr. Szabó and Prof. dr. Whiteman, thank 
you all very much for your valuable advice and expertise in the fascinating world of 
H2S. The thesis was elaborated with COST action BM1005 (European Network on 
Gasotransmitters), thank you for this opportunity.

Mijn coschappen waren een gedenkwaardige tijd, mede dankzij de organisatie van 
het LOCA congres met Reinoud Krol, Wouter Berger, Djurre de Waard en Fleurtje van 
der Valk en de organisatie van het Benefietdiner in Zwolle met Ingrid Birker, Maaike, 
Boute, Bregtje, Huijbers en Charlotte Hoogstins.

Na mijn onderzoekstijd in Groningen had ik me geen warmer welkom kunnen wensen 
dan in het Maasstad Ziekenhuis bij de kindergeneeskunde. Graag wil ik alle kinderartsen, 
arts-assistenten, verpleegkundigen en verpleegkundig specialisten heel erg bedanken 
voor de leerzame en mooie afgelopen paar maanden. Ik kijk uit naar wat er komen gaat.

Lieve Michelle Bentlage, ik ken je van af toen we nog heel klein waren. Ik vind het 
bijzonder dat we al die jaren vriendinnen zijn gebleven. Dank voor je steun.

BEATjes, dank voor alle steun de afgelopen jaren. Met jullie kon ik af en toe even 
ontsnappen aan alle dagelijkse drukte, hectiek en bovenal het serieuze leven. Dank voor 
alle lol om zin en onzin, dank voor alle afleiding. Joya, Maart, Lot, Go, Mari, Lou, Ari, 
Dees, Fem, Coobs, Juul en Chris, ik bewonder jullie stuk voor stuk om jullie creativiteit, 
vrolijkheid, ondernemerschap en ambitie. Lieve Li, geweldig vind ik je altijd vrolijke en 
positieve kijk op het leven. Mar zo trouw als jij bent is bijzonder waardevol. Lieve Mik, 
naast samen studeren, hebben we ook jaren lang heel fanatiek samen gehockeyd. We 
deden in die tijd alles samen met een onverminder de dosis passie en plezier, heel 
bijzonder. Ik waardeer onze vriendschap enorm. Jouw hang naar avontuur en buitenland 
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Trots ben ik op hoe je alles combineert en natuurlijk op de twee kleine mannetjes. Dank 
voor je alomtegenwoordige steun die voor mij van onschatbare waarde is. 
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Lief, lief huis, lieve HDP, wat moest ik zonder jullie? Jullie waren er altijd en wisten 
altijd precies de juiste dingen te zeggen. Met jullie steun en vertrouwen voel ik me de 
gelukkigste persoon op aarde. Lieve Riek en Loes dankzij jullie voelde ik me snel thuis 
in Groningen. Lieve Hoop, dank voor de vele goeie adviezen die je me hebt gegeven. 
Lieve Ien, dank voor de nuances en inzichten uit vele verschillende gezichtspunten. 
Lieve Puck we delen de liefde voor sport en prachtig hoe je iets voor elkaar krijgt 
als je je zinnen er op zet. Lieve Jellie, jouw vrolijkheid is aanstekelijk. Dank voor je 
zorgzaamheid. Lieve Nellie, wat bewonder ik jouw levenslust en moed. Je bent slim 
en kan de wereld aan. Lieve Lo, jou kende ik al heel wat jaren voordat we samen 
in Groningen zouden belanden. Ik ben trots op de paden die je kiest, ze getuigen 
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Dank voor de onvoorwaardelijke steun, ik ben trots op alles wat je hebt bereikt. 
Lieve Pien, jouw reislustige leven getuigt van moed. Lieve Lot, jouw scherpe kijk 
op de wereld is bewonderenswaardig, zo knap wat je allemaal hebt bereikt. Jouw 
weelderige movement met armen en benen vrolijken elke ruimte op. Lieve Eve, waar 
te beginnen. Jij hebt mijn resterende Groningen tijd kleur gegeven. Jouw humor en 
steun zijn onmisbaar voor me geweest (nog steeds). Je bent er altijd en je beseft niet 
half hoe lief je bent. Kleine Jollebol, gelukkig heb ik nog even met je gewoond, had 
ik niet willen missen. Jullie zijn stuk voor stuk karaktervolle, getalenteerde, elegante, 
levenslustige en ondernemende personen, jullie inspireren mij.

Lieve Anke, dank voor de tijd die we samen hebben gehad, ik ben blij dat ik je nog 
heb leren kennen. Lieve Jan, Marjo, Sjoerd, Meike, Joël en Zoë, dank voor jullie steun. 
Kleine Isa, welkom op de wereld.

Lieve familie, dank voor jullie interesse en alle mooie momenten, dansend in 
de woonkamer met kerst of gewoon netjes zittend op een stoel voor een veel te 
uitgebreid diner.

Lieve pap en mam, dankzij jullie ben ik wie ik ben. Trots ben ik, mam, op jouw 
doorzettingsvermogen en optimisme, werkelijk niets kan jou omver krijgen. Pap, je bent 
een van meest lieve en integere mensen die ik ken, je kent me als geen ander. Jullie 
hebben me alles geleerd wat ik moet weten om alles uit het leven te kunnen halen en te 
genieten. Jullie hebben de omgeving gecreëerd om in volle vrijheid te bereiken en te 
dromen. Dank voor jullie onvoorwaardelijke steun en vertrouwen. Lieve Roel en Eveline, 
lief broertje en zusje, jullie betekenen alles voor me. Ik ben trots op jullie; voor nu, voor 
altijd, onvoorwaardelijk. Lieve Laura en Maarten dank voor jullie lieve steun.

Wat te zeggen tegen iemand die mij onbegrensde mogelijkheden heeft geboden en 
me de beste versie van mezelf laat zijn. Lieve Eelke, de enige juiste woorden heb je 
zelf al eens geschreven: ik sta hier dankzij jou. Je bent mijn alles.
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