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Cardiovascular disease

Cardiovascular disease is the leading global cause of death, and its prevalence is still 

increasing.1 Hypertension is an important contributor to the induction of cardiovascular 

events. Additionally, patients with metabolic syndrome (i.e. obesity, hypertension, type 2  

diabetes and high cholesterol),2,3 type 1 diabetes, or patients with (diabetic) chronic 

kidney disease4,5 have an increased risk for developing cardiovascular diseases.

The underlying cause of cardiovascular disease is often atherosclerosis, a systemic 

vascular disease. Development of atherosclerosis is a process still not fully understood. 

However, arterial stiffness and calcification, neo-intima formation, smooth muscle cell 

proliferation and migration, and inflammation are important features.6 Atherosclerotic 

plaques are classically divided into stable or vulnerable (also referred to as non-stable). 

Stable plaques contain a lot of connective tissue and smooth muscle cells, collectively 

responsible for the formation of the so called fibrous cap). Stable plaques mainly cause 

luminal narrowing, whereas vulnerable plaques are prone to rupture with risk of stroke or 

infarction.7 A large lipid/necrotic core, a thin fibrous cap, a high density of microvessels, 

a large amount of inflammatory cells, and intraplaque hemorrhage are associated with 

increased atherosclerotic plaque vulnerability (Figure 1).8,9

Figure 1 - Schematic overview of a stable and a vulnerable plaque.
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Diabetes

Diabetes mellitus is characterized by insulin resistance (type 2) or insulin deficiency (type 

1) both resulting in high blood glucose levels (hyperglycaemia). Type 1 diabetes is an 

autoimmune disease in which destruction of pancreatic beta cells has taken place. Beta cells 

are responsible for insulin production, hence type 1 diabetes results in insulin deficiency 

with concomitant hyperglycaemia. Insulin therapy is the cornerstone of treatment for type 

1 diabetic patients. Type 1 diabetes accounts for up to 10% of all diabetes cases;10 the 

vast majority (90%) of diabetes patients suffer from type 2 diabetes. Type 2 diabetes is a 

metabolic disorder and lacks the autoimmune component. Its pathogenesis is related to 

sedentary lifestyle (overweight and obesity) and other lifestyle factors such as smoking. In 

type 2 diabetes, there is a relative insulin deficiency which is the result of insulin resistance. 

Increasing insulin sensitivity with dietary and lifestyle interventions and oral medication (e.g. 

metformin, sulfonylureas, gliptins [dipeptidyl peptidase 4 inhibitors]) forms the main goal 

of therapy for type 2 diabetes. When oral antidiabetic drugs are not sufficiently effective in 

lowering blood glucose levels, subcutaneous insulin treatment is considered.11

Diabetes is within the top 10 of global causes of death; its prevalence has reached 

epidemic proportions and is currently estimated to be 9% among adults.1,12 Both type 1 -  

and type 2 diabetes are important risk factors for cardiovascular diseases, with a 2- to 4-fold 

increased risk when compared to non-diabetic individuals.13 Although the pathophysiology 

of type 1 - and type 2 diabetes is different, the underlying mechanism leading to vascular 

complications seems to be similar, and is thought to be related to and incited by endothelial 

dysfunction14,15 and the formation of reactive oxygen species (ROS).16

Diabetes-associated vascular disease

Diabetes-associated vascular complications are divided into microvascular and macro-

vascular complications (cerebrovascular-, coronary artery- and peripheral arterial disease). 

Microvascular complications comprise of retinopathy, neuropathy and nephropathy. 

Diabetic retinopathy is the main cause of blindness in adults. The prevalence among 

diabetic patients worldwide is approximately 35%.17 Diabetic neuropathy is defined as a 

disturbance of function in peripheral nerves. Diabetic peripheral polyneuropathy affects up 

to 50% of all diabetes patients.18 Diabetic nephropathy is the major cause of end stage 

renal disease in the Western world, occurring in ~30% of both type 1 and type 2 diabetes 

patients, and accounts for about 40% of new cases of end stage renal disease.19
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Gasotransmitters

Gasotransmitters are small signaling molecules which are endogenously produced. Until 

now, three gasotransmitters have been identified, i.e. nitric oxide (NO), carbon monoxide 

(CO), and hydrogen sulfide (H2S).

NO was recognized as an endothelium-derived relaxing factor more than 25 years ago.20 

It is endogenously produced by different nitric oxide synthase enzymes (nNOS, eNOS, and 

iNOS) using L-arginine as substrate. NO acts as vasodilator, stabilizes atherosclerotic plaques, 

and inhibits platelet aggregation.21 Interventions, based on NO-release, are already applied 

in humans. Anti-anginal organic nitrates like nitroglycerin or isosorbide dinitrate function as 

NO-donors,22 and non enzymatic NO-donors Molsidomine and Linsidomine are registered 

in several European countries and used as maintenance therapy in case of angina pectoris.

The second identified gasotransmitter is CO which is produced by the different 

heme oxygenase (HO) enzymes as a product of heme metabolism.23,24 CO has numerous 

physiological functions, among others vasodilatation and inhibition of platelet aggregation. 

CO-releasing molecules (CORMs) are not clinically used. However, some preliminary data 

suggest that the vasculoprotective effects of acetylsalicylic acid and statins are associated 

with an induction of endogenous CO production (i.e. induction of HO-1).25,26

Besides NO and CO, a third gasotrasmitter was discovered by Abe and Kimura in 

the nineties; hydrogen sulfide (H2S).27,28 Because of its beneficial effects in experimental 

cardiovascular disease (see below) and the possibilities for interventions, our interest 

goes to this most recently discovered gasotransmitter.

Hydrogen sulfide

H2S is known for a long time because of its pungent smell and toxicity. However, H2S 

was recently discovered as an endogenously produced gaseous signaling molecule. 

H2S production takes place via three different enzymes. The pyridoxal-5’-phosphate 

dependent enzymes cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) are 

the major H2S producing enzymes. 3-mercaptopyruvate sulfurtransferase (3MST) is the 

third H2S producing enzyme which uses 3-mercaptopyruvate (3MP) as substrate. 3MP is 

derived from L-cysteine by cysteine aminotransferase (CAT), or D-cysteine by D-amino acid 

oxidase.29 H2S is oxidized into thiosulfate, which is further metabolized into sulfite and 
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eventually oxidized by sulfite oxidase (SO) into the metabolic end product sulfate (Figure 

2). Thiosulfate itself can be reused for the formation of H2S through enzymatic reduction 

by thiosulfate reductase (TSR, also referred to as thiosulfate:thiol sulfurtransferase).30

H2S is physiologically very active. It is a regulator of blood pressure by causing 

vasodilatation via several mechanisms.31,32 By direct interference with the mitochondrial 

respiratory chain, H2S is able to inhibit the formation of reactive oxygen species (ROS). 

H2S furthermore exerts anti-inflammatory properties,33 and is an endogenous stimulator 

of angiogenesis.34

Figure 2 - Schematic representation of the H2S production of oxidation pathway 3MST,  
3-mercaptopyruvate sulfurtransferase; CAT, cysteine aminotransferase; CBS, cystathionine 
β-synthase; CSE, cystathionine γ-lyase; DAO, D-amino acid oxidase; SO, sulfite oxidase; TSR, 
thiosulfate reductase.

Homocysteine

Cystathionine

L-Cysteine D-Cysteine3-Mercaptopyruvate

H2S

ThiosulfateSulfite

Sulfate

CBS

CSE CAT DAO

CSE CSE

TSR

SO

3MST



Chapter 1

16

Hydrogen sulfide in the course of (diabetes-associated) cardiovascular disease

In mice, CSE deficiency with subsequently lowered H2S levels is accompanied by hyper-

ten sion, hyperhomocysteinemia, and impaired vasorelaxation.35 Exogenous administration  

of H2S, or H2S donors, has shown protective properties in cardiac injury,36-38 stroke,39 and 

atherosclerosis.40-43 H2S has shown to be an important factor in blood pressure regulation, 

and parallel to its blood pressure lowering effects, H2S attenuates organ damage. In 

humans, the role of H2S is cardiovascular disease is barely investigated and therefore not 

fully understood. The expression of H2S producing enzymes has been evaluated in various 

human diseases, however, not in human atherosclerosis. Moreover, as an endogenous 

pro-angiogenic substance, the production of H2S within an atherosclerotic plaque could 

contribute to plaque vulnerability by promotion of intraplaque angiogenesis. Additionally, 

the long-term effects of H2S in cardiovascular disease have yet to be explored. Only 

in a few human cohorts, H2S, or H2S metabolites, are measured without follow-up on 

cardiovascular outcomes.

In various animal models of diabetes, lower bioavailability of H2S and H2S-producing 

enzymes is observed.44-46 This finding was confirmed in human studies, where lower 

plasma H2S levels were measured in patients with type 2 diabetes compared to 

healthy individuals.46,47 On the contrary, CSE deficiency in mice delayed the onset of 

streptozotocin (STZ)-induced type 1 diabetes,48 and showed lower plasma glucose levels 

as a result of reduced gluconeogenesis.49 In various models of diabetic nephropathy44,50,51 

and retinopathy52, exogenous administration of H2S seems to be protective. However, 

in experimental diabetic neuropathy, H2S treatment is associated with an increase of 

neuropathic pain symptoms.53,54 Human data is scarce in the field of H2S-related diabetes 

research, especially longitudinal studies are lacking.

All in all, the role of H2S in cardiovascular disease is interesting and promising, 

but human data are scarce and a lot needs to be investigated. Expression levels of H2S 

producing enzymes in atherosclerotic plaques, with concomitant plaque vulnerability 

risk, is yet unknown. Additionally, whether lower H2S bioavailability predisposes for 

cardiovascular events, or results from is a reduced cardiovascular health status is unclear 

either. The latter is cardinal in determination whether the prevention of cardiovascular 

disease could benefit H2S therapy.
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Aim of the thesis

The aims of the thesis are to investigate the role of hydrogen sulfide (H2S) in the 

development and progression of cardiovascular disease (part 1), and the role of H2S in the 

course of diabetes-associated microvascular complications (part 2). To elucidate this, we 

studied H2S metabolites and H2S-producing enzymes in different (patient) cohorts with 

cardiovascular diseases. Experimental animal studies were performed to further explore 

the therapeutic effect of exogenously administered H2S in cardiovascular diseases, and to 

determine the effects of hyperglycaemia on endogenous renal H2S production in a model 

of STZ-induced diabetes.

Part 1: The role of H2S in the development of cardiovascular disease

The role of blood pressure regulation in cardiovascular risk management is evident.55 

Chapter 2 describes the role of H2S in blood pressure regulation and subsequent effects 

on cardiovascular disease. This comprehensive review article provides an outline of H2S 

research, especially experimental studies performed in the context of hypertension and 

cardiovascular disease.

Ideally, we want to measure H2S levels in subjects to determine its predictive pro-

perties for all-cause mortality, cardiovascular and renal diseases. However, H2S is very 

volatile and therefore difficult to measure accurately. The currently available methods to 

measure H2S directly56 are not without controversy. H2S is metabolized into thiosulfate, 

sulfite and eventually sulfate,57-59 which are excreted via the urine. A previous study 

performed in renal transplant recipients showed that higher urinary sulfur metabolites 

are associated with a more beneficial cardiovascular risk profile and a reduced risk of all-

cause mortality.60 However, association studies between urinary H2S metabolites and risk 

of cardiovascular disease and all-cause mortality in the general population have never 

been performed. Therefore, as described in chapter 3, we measured excretion of H2S 

metabolites sulfate and thiosulfate in a large cohort based on the general population, 

containing 6,855 subjects. In this study, we wanted to determine the predictive properties 

of H2S metabolites on survival and cardiovascular events in healthy individuals.

Exogenous H2S administration showed major benefical effects in experimental 

models of cardiovascular disease.35,40 The stimulation of angiogenesis is one of the 

physiological effects of H2S. However, this pro-angiogenic effect contributes to the 

possible downside of H2S. Earlier, it has been shown that H2S could promote intra-
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tumor angiogenesis and promote tumor survival.61 Within an atherosclerotic plaque, the 

formation of microvessels is associated with a more vulnerable phenotype. However, the 

expression of H2S producing enzymes in atherosclerotic plaques, and its role in micro-

angiogenesis has not been elucidated. Therefore, to investigate the role of intraplaque 

endogenous H2S production in atherosclerosis, we obtained atherosclerotic plaques from 

19 patients who underwent carotid endarterectomy in the UMCG. In chapter 4, we 

investigated the expression pattern of CSE in these plaques. Next to that, we studied 

the role of CSE-derived H2S in micro-angiogenesis in vitro, as a proxy for intra-plaque 

micro-angiogenesis.

The beneficial properties of exogenous H2S as a therapeutic agent in myocardial 

infarction were investigated in chapter 5. Mice who underwent cardiac ischemia/

reperfusion injury as a model for myocardial infarction, received gaseous H2S or normal 

breathing air. High concentrations of H2S are able to extremely decrease the metabolism 

of mice.62 To investigate whether the potential protective effects of H2S were determined 

by hypometabolism, H2S was tested at two concentrations: at hypometabolic (100 ppm) 

and non-hypometabolic (10 ppm) levels.

Part 2: The role of H2S in diabetes and its vascular complications

In chapter 6, we review the role of the three different gasotransmitters (NO, CO and H2S)  

in the development of vascular complications in experimental diabetes models as well as in 

diabetic subjects. In this chapter, a comprehensive overview is given on gasotransmitters, 

their functions, their producing enzymes, and metabolites in the course of type 1 and 

type 2 diabetes. The role of the different gasotransmitters on the onset and progression 

of diabetes-related vascular complications is also extensively described.

As mentioned above, as a reflexion of H2S metabolism, urinary sulfur metabolites 

can be measured. The role of H2S in diabetic kidney disease is not fully understood, and 

especially in human patients with diabetes, large epidemiological studies are lacking. 

Urinary sulfate excretion has been associated with a reduction in renal failure in a small 

cohort of type 1 diabetes patients.63 However, since the vast majority of patients with 

diabetic nephropathy suffers from type 2 diabetes, studies on urinary sulfate excretion 

in type 2 diabetes are warranted. In chapter 7, we therefore measured sulfate (i.e. the 

metabolic end product of H2S-metabolism) concentration in the urine of patients with 

type 2 diabetes, and investigated its predictive properties for renal events in patients with 

diabetic nephropathy.
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The role of H2S in the development of diabetes and its vascular complications is not fully 

understood, and conflicting data have been reported. On one hand, exogenous H2S 

therapy is protective in diabetic vascular disease and diabetic renal disease.44,51 On the 

other hand, CSE deficient mice seem to be relatively resistant to STZ-induced diabetes,48 

and showed lower glucose levels through reduced gluconeogenesis.49 To study the 

role and mechanisms of H2S production in kidneys of diabetic animals, we investigated 

expression of the H2S-producing enzymes in streptozotocin (STZ)-induced diabetic mice  

in chapter 8. Next to that, we tested whether CSE, CBS or 3MST play a role in 

hyperglycemic memory. To this end, hyperglycaemia was reversed by transplantation of 

isogenic pancreatic islets of non-diabetic mice.

In chapter 9, the work described in this thesis is summarized and discussed. 

Additionally, future perspectives on H2S-related research and the possibilities of H2S-based 

interventions are provided.
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Abstract

Hypertension is an important determinant of cardiovascular disease, and strict blood 

pressure regulation is beneficially associated with risk for cardiovascular events or all-

cause mortality. However, intensive anti-hypertensive treatment is not always sufficient 

to reach normotension. Hydrogen sulfide (H2S) is a gaseous signalling molecule with 

anti-hypertensive properties. It is endogenously produced, but can also be administrated 

exogenously. The current review provides an overview on H2S research performed in the 

context of hypertension and cardiovascular disease.

H2S has been increasingly found to contribute to different (patho-)physiological processes 

such as blood pressure regulation and scavenging of reactive oxygen species. Deficiency of H2S 

producing enzymes results in hypertension, and administration of H2S donors lowers blood 

pressure and protects against organ damage in the experimental setting. Thiosulfate, a H2S 

metabolite, can act as H2S donor, and is already clinically used for treatment of calciphylaxis in 

patients with end-stage renal disease. Treatment of hypertensive rats with thiosulfate results 

in lower blood pressure and reduces organ damage.

Although human data on H2S and hypertension are scarce, experimental data 

indicate that elevation of H2S levels using dietary sulfate or exogenous H2S (donors) could 

be a promising therapeutic strategy in the setting of hypertension.
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Introduction

Systemic and organ blood pressures are tightly regulated to maintain organ perfusion at 

required levels. Low blood pressures may lead to poor organ perfusion and hypoxia, finally 

resulting in organ damage characterized by organ dysfunction and necrosis, while high 

blood pressure may lead to fibrotic and inflammatory vessel and organ damage. Blood 

pressure, a function of cardiac output and peripheral resistance, is regulated by genetic, 

environmental and demographic factors. The kidney is crucial for blood pressure regulation 

through the production of renin, vascular relaxing factors (nitric oxide, prostaglandins), 

and regulation of sodium reabsorption and volume status. Essential hypertension is most 

probably a complicated interplay between interactions of mutations or polymorphisms in 

gene loci, and a variety of environmental factors. Elevated blood pressure is a leading risk 

factor for death and disability adjusted life-years lost in 2010.1 The detrimental effects 

of hypertension often relate to cardiovascular complications such as atherosclerosis. 

The pathophysiology of atherosclerosis is complex, and arterial stiffness, neointima 

formation, calcification, smooth muscle cell proliferation and migration, inflammation, 

and production of reactive oxygen species (ROS) are all involved.2 Various clinical trials have 

shown that pharmaceutical intervention in hypertension reduces the risk of cardiovascular 

outcome, including myocardial infarction, heart failure and stroke. It is recently shown 

that targeting the systolic blood pressure to less than 120 mmHg, as compared to less 

than 140 mmHg, results in significantly lower rates of non-fatal cardiovascular events 

and all-cause mortality.3 Despite intensive treatment, normotension is often not achieved 

indicating that novel avenues for blood pressure reduction have to be explored. Gaseous 

signalling molecules such as nitric oxide (NO) and carbon monoxide (CO) have been shown 

to contribute to maintaining blood pressure and flow. More recently hydrogen sulfide 

(H2S), a recently recognized gaseous signalling molecule, has shown to be involved in 

blood pressure regulation as well. Treatment with hydrogen sulfide donors is effective in 

experimental hypertension and renal damage, and may therefore be a substantial addition 

to existing antihypertensive therapies.
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Physiological functions, regulation and expression of H2S

The endogenous production of H2S is catalyzed by three enzymes. The pyridoxal 5’-phosphate 

(PLP)-dependent enzymes cystathionine beta-synthase (CBS), cystathionine gamma-lyase 

(CSE) and 3-mercaptopyruvate sulfurtransferase (3MST). The major substrates for the 

production of H2S through CSE and CBS are homocysteine and cysteine. 3-Mercaptopyruvate 

sulfurtransferase produces H2S from 3-mercaptopyruvate, which is produced by cysteine 

aminotransferase and D-amino acid oxidase from L-cysteine and D-cysteine, respectively. CSE 

is mainly associated with vascular physiology, while CBS is considered to be more involved 

in the neuromodulatory system. The dogma that plasma H2S is mainly derived from the 

above enzymes has recently been challenged by data indicating that the gut also contributes 

considerably to the H2S plasma content through sulfate-reducing bacteria. Indeed, plasma 

H2S levels are found to be significantly lowered in germ-free mice.4 This suggests that dietary 

sulfate or sulfur-containing amino acids in combination with the gut microbiome modulates 

plasma levels of H2S. Gut microbiota have previously been associated with hypertension.5 

Endogenous and exogenous H2S production is schematically depicted in Figure 1.

The validity of the reported plasma levels of H2S is controversial because there is in-

tense debate on suitable techniques to measure H2S.6 Since H2S is enzymatically oxidized 

in mitochondria to thiosulfate and sulfate by specific enzymes, i.e. sulfide quinone 

oxido reductase, persulfide dioxygenase, rhodanese and sulfite oxidase, both sulfate and 

thiosulfate can be used as biomarker for the production of H2S.7 Our group recently 

demonstrated that thiosulfate and sulfate have predictive values for all-cause mortality in 

patients after renal transplantation.8 Sulfate was a better predictor than thiosulfate, again 

suggesting a role for gut bacteria in the modulation of sulfide levels. Interestingly, both 

sulfate and thiosulfate are inversely associated with a variety of cardiovascular parameters. 

The beneficial effects of H2S have been explained by a variety of mechanisms including 

vasodilatation and ROS scavenging. H2S-mediated signalling occurs not only through 

the intact compound but also through its oxidized form, i.e. the polysulfides. The major 

signalling route is, however, mediated by the reaction with protein thiol groups after 

which persulfides are produced (protein S-sulfhydration). H2S also reacts with NO and 

related species such as nitrosothiols forming thionitrous acid (HSNO), nitrosopersulfide 

(SSNO-) and nitroxyl (HNO).9 Last, H2S can react with haemoproteins.
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Figure 1 - Schematic overview of endogenous and exogenous H2S production and the H2S 
metabolites. 3MST, 3-mercaptopyruvate sulfurtransferase; CAT, cysteine aminotransferase; CBS, 
cystathionine beta-synthase; CSE, cystathionine gamma-lyase; DAO, D-amino acid oxidase; SO, 

sulfite oxidase; SRB, sulfate reducing bacteria.
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Hydrogen sulfide and physiological blood pressure regulation

Despite the dominance of CSE over CBS expression in kidney and vasculature, phar-

macological inhibition of CSE or CBS by respectively DL-propargylglycine (PAG) or 

aminooxyacetic acid (AOA) does not affect blood pressure in rats.10,11 However, in 

combination, PAG and AOA induced hypertension.10 H2S can have sympathoinhibitory 

effects in the rostral ventrolateral medulla (RVLM). Local H2S production stimulates ATP-

sensitive potassium (KATP) channels that inhibit renal sympathetic nerve activity. CBS is the 

dominant enzyme involved in neuromodulation, and micro-injection of CBS inhibitors in 

the RVLM reduced arterial pressure in normotensive rats.12 Deletion of CSE was reported 

to have a hypertensive effect,13 however, this could not be confirmed in another CSE 

knock out mouse on another genetic background.14 Additionally, CSE transgenic/

apolipoprotein E (ApoE) knockout mice did not have a different systolic pressure than 

wildtype/ApoE knockout mice.15 Based on the current data, blood pressure response to 

modulated endogenous H2S production is inconclusive.

The signalling pathways by which H2S modulates arterial tone are complex. H2S is 

known to dilate blood vessels in synergy with NO.16 KATP channels were suggested to 

be responsible for this effect, since the KATP channel antagonist glibenclamide blocked 

the blood pressure lowering effects of exogenous H2S in vivo.17 Mustafa and coworkers 

found that the vasodilatory effects of H2S depend on cysteine-S-sulfhydration of these 

KATP channels, and subsequent hyperpolarization of membrane potential.18 This may not 

occur directly via H2S, but via nitroxyl (HNO) formed by the reaction of NO and H2S.19 

Another possibility is the unexpected activation of protein kinase G1alpha by H2S.20 This 

is also an indirect effect through formation of polysulfides, which in turn oxidize and 

activate PKG by inducing the PKG disulfide dimer.21 The key role of oxidation was proven 

by administration of sodium hydrosulfide (NaHS) to wildtype and redox-dead PKG1alpha 

knock-in mice. Only wildtype mice showed lowering of night-time (active phase) blood 

pressure during NaHS exposure.22 Recently, the soluble guanylyl cyclase/cyclic GMP 

(sGC/cGMP) pathway was also suggested to be involved in H2S related vasodilation. H2S 

acts as endogenous inhibitor of phosphodiesterase-5 (PDE-5), thereby decreasing the 

breakdown of cGMP.23,24 Figure 2 shows the various alleged mechanisms of H2S in blood 

pressure regulation.



Hydrogen sulfide in hypertension and cardiovascular disease

33

2

Figure 2 - Possible mechanisms of H2S in blood pressure regulation. KATP, ATP-sensitive potassium 
channels; PDE-5, phosphodiesterase-5; PKG1α, Protein Kinase G1 α.

Hydrogen sulfide in hypertension

In humans, few studies have measured plasma H2S levels. In a small cohort of type 

2 diabetes patients, lower plasma levels of H2S were associated with higher systolic- 

and diastolic blood pressure.25 This negative association was also found for systolic- but 

not diastolic blood pressure in a study where urinary H2S metabolites were measured 

in patients after renal transplantation.8 In various experimental models, H2S has been 

proven to modulate blood pressure. Using the spontaneously hypertensive rat (SHR), 

several studies have shown reduction of arterial pressure after systemic treatment with 

NaHS,26-28 or after intracerebroventricular NaHS treatment.29 Similarly, systemic treatment 
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containing 8% NaCl.30 The latter observation is a typical example of a mixed genetic and 
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treatment with either NaHS or sodium thiosulfate completely prevented the development 

of hypertension.32 In Ang II-induced hypertertesive rats, intracerebroventricular treatment 

with NaHS also lowered blood pressure.29 Paradoxically, Ang II-induced hypertension was 

blunted (but not normalized) by concomitant administration of PAG.33 This unexpected 

observation suggests that inhibition of H2S production can mobilize another vasodilator. 

We have some evidence that this other vasodilator may actually be CO.11 In the NO synthase 

inhibition model of hypertension, treatment with either NaHS34,35 or diallyldisulfide,36 has 

been shown to ameliorate hypertension. In a similar model, inhibition of CSE with PAG 

paradoxically lowers systolic blood pressure even though H2S production in the kidney 

reaches undetectable levels. However, the increase in CO production in kidney tissue in 

these rats suggests a compensatory response.11

Hydrogen sulfide in cardiovascular damage

A decrease in blood pressure often coincides with beneficial effects on cardiovascular 

changes. Parallel to the drop in blood pressure induced by NaHS, renal function improved 

and oxidative stress decreased in SHR.26 Cardiac and aortic fibrosis also decreased in SHR 

treated with NaHS, while a similar antihypertensive action of hydralazine failed to improve 

cardiac and aortic morphology suggesting pressure-independent antifibrotic effects of H2S 

donors.27,28 In CSE deficient mice, lower H2S levels are accompanied with hypertension, 

hyperhomocysteinemia, and impaired vasorelaxation.13 The CSE deficit in these mice 

resulted in increased neointima formation, four weeks after carotid artery ligation; this 

effect was completely prevented by NaHS.37 In the NO synthase inhibition model of 

hypertension in rats, blood pressure lowering effects of NaHS and diallyldisulfide were 

accompanied by amelioration of left ventricular hypertrophy and fibrosis.34,36 Likewise, 

in Ang II-infused hypertensive rats, concomitant treatment with either NaHS or sodium 

thiosulfate ameliorated the development of left ventricular hypertrophy and fibrosis as well 

proteinuria and renal injury.32,38 The fact that thiosulfate can act as H2S donor by enzymatic 

reduction (by thiosulfate:thiol sulfurtransferase) is of particular interest, because thiosulfate 

is a drug which is already clinically used for the treatment of calciphylaxis and cyanide 

poisoning.39,40 Interestingly, CSE inhibition with PAG also had renoprotective effects during 

NO depletion and Ang II infusion.11,33 This may be due to mobilization of heme oxygenase-1 

(HO-1) and subsequent CO production as already mentioned above.

H2S is also a regulator in experimental models for cardiovascular disease without 

hypertension. Mice fed a high fat diet, predisposing to atherosclerosis, showed a 
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downregulated H2S metabolism, which was accompanied by upregulation of inflammatory 

cytokines.41 In a rat model of balloon-induced neointima hyperplasia, exogenous NaHS 

treatment decreased neointima formation, reduced smooth muscle cell proliferation and 

prevented impairment of balloon-induced vascular relaxation.42 Atherosclerotic plaque 

formation in ApoE knockout mice was altered by NaHS treatment together with reduced 

intercellular adhesion molecule 1 (ICAM-1) expression and decreased oxidized-LDL 

induced foam cell formation.43 Non-hemodynamic protection by H2S was also supported 

by the finding of reduced plaque size without affecting blood pressure in ApoE knockout 

mice with over-expression of CSE.15 Administration of gaseous H2S or H2S donors, has 

shown protective properties in cardiac injury as well. Either gaseous H2S or intravenous 

H2S donor sodium sulfide (Na2S) administration prior to myocardial ischemia, resulted in 

a reduced infarct size and improvement of ejection fraction.44,45 Even in a severe 2-hour 

middle cerebral artery occlusion model for stroke, inhalation of H2S in breathing air 

reduced infarct size, neurological deficits, and brain edema.46 All in all, H2S appears 

to attenuate cardiovascular damage in hypertensive and non-hypertensive conditions, 

revealing its broad spectrum of protective mechanisms.

Therapeutic interventions using H2S-based medication 

There are two fundamentally different approaches to support gasotransmitter function. 

One approach is to bypass the endogenous system and simply supply a precursor of the 

chosen gaseous molecule, e.g. NaHS for H2S. This method is attractive in its simplicity, 

but fails to take compartmentalization of the gas at either the tissue or subcellular level 

into consideration. Moreover, enhanced signalling induced by the exogenous product may 

down-regulate the endogenous system, which would be counterproductive. Alternatively, 

one can try to stimulate the endogenous system, for instance in the case of H2S by 

enhancing CSE activity. To this end, the precursors cysteine and methionine, the cofactor 

PLP, or a combination of these agents could be supplied.47 Similar approaches have been 

undertaken with arginine (as substrate for NO synthase),48 citrulline (as substrate for 

arginine succinate synthase),49 or tetrahydrobiopterin as cofactor for the NO system.50

Although H2S itself is nowadays not clinically in use, one phase I safety trial has 

been performed with H2S donor Na2S.51 This study revealed an increase in plasma 

H2S and thiosulfate levels within a few minutes after intravenous injection. The H2S 

oxidation product thiosulfate is also used as an H2S donor, by enzymatic reduction 

through thiosulfate:thiol sulfurtransferase.52,53 Thiosulfate is already in clinical use for 
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the treatment of calciphylaxis in patients with end-stage renal disease,54 and has also 

shown protective properties in different rat models of renal disease55,56 and hypertensive 

cardiac and renal injury.32,38 Prolonged treatment with thiosulfate is currently hampered 

by the fact that it has to be administrated intravenously. Oral administration results in 

rapid breakdown by gastric acids. A possible solution for this could be the use of gastric 

acid resistant capsules. H2S-releasing, as well as combined NO/H2S releasing nonsteroidal 

anti-inflammatory drugs (NSAIDs) are currently developed. New drugs like S-diclofenac,57 

S-naproxen,58 or NOSH-aspirin59,60 have been tested in different animal models of 

inflammation. Up to now, H2S-releasing NSAIDs have shown to be as effective as the 

usual NSAIDs in reduction of inflammation, but showed to have fewer and less severe 

side effects.60 Previous research reported additional beneficial effects of sulfhydrylated 

angiotensin-converting enzyme (ACE) inhibitors.61 Bucci and coworkers recently 

demonstrated that the beneficial effect of sulfhydrylated ACE inhibitors depends on 

H2S release.62 Finally, dietary addition of sulfate would be an interesting concept of H2S 

treatment. The intestinal microflora contains sulfate-reducing bacteria which produce 

H2S using dietary sulfate as substrate. In line with this, germ-free mice demonstrated 

significant lower H2S levels compared to conventional mice, indicating that dietary intake 

of sulfate or sulfur-containing amino acids can act as natural H2S donors.4

Concluding remarks

Hypertension is the results of a complicated interplay between g enetic and environmental 

factors making its adequate treatment challenging. Due to insufficient response to 

conventional antihypertensive treatment in a subset of patients, there is an ongoing 

need for new and additional therapies. Recently, the gaseous signalling molecule H2S 

has shown remarkable blood pressure lowering effects. Its therapeutic applications 

are multiple and may be achieved via various means, including H2S donors, enzyme 

precursors, and dietary interventions. H2S could well evolve as a novel additional therapy 

in the treatment of clinical hypertension and its devastating cardiovascular consequences.
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Abstract

Background. Hydrogen sulfide (H2S) is a gasotransmitter with multiple essential roles 

in human (patho-) physiology, including protective mechanisms against cardiovascular 

disease. Sulfate and thiosulfate are the metabolic end products of H2S metabolism which 

can be measured in the urine. In this paper, we investigate the association between 

sulfur metabolites and all-cause mortality and risk of cardiovascular disease in the general 

population.

Methods and Results. Of the Prevention of Renal and Vascular End-stage Disease 

(PREVEND) study, 6855 adults without signs of cardiovascular and kidney disease 

in 1997/1998 were prospectively followed. Excretion of sulfate and thiosulfate was 

measured in 24-hour urine samples at baseline. Median 24-hour sulfate and thiosulfate 

excretion were 15.7 mmol (IQR: 12.0 - 20.3 mmol), and 1.27 µmol (IQR: 0.89 - 2.37 µmol) 

respectively. Urinary sulfate, but not thiosulfate, excretion was independently associated 

with a reduced risk of all-cause mortality (adjusted hazard ratio, 0.68; 95% confidence 

interval, 0.55-0.83; P<0.001). Sulfate excretion was also independently associated with a 

reduced risk of cardiovascular events. In causal path analysis, however, the association of 

urinary sulfate excretion with cardiovascular events lost significance after adjustment for 

high sensitive C-reactive protein (adjusted hazard ratio, 0.91; 95% confidence interval, 

0.74-1.11; P = 0.34).

Conclusions. Urinary sulfate excretion is independently associated with a reduced 

risk of all-cause mortality and cardiovascular disease. The association with reduced 

risk of cardiovascular events seems mediated through an effect on chronic low-grade 

inflammation. No associations were found between urinary thiosulfate excretion and 

all-cause mortality or risk of cardiovascular events.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide.1 Despite all the 

effort in reducing risk factors, such as strict blood pressure regulation,2 the incidence of 

cardiovascular disease dramatically increases, indicating that novel pathways involved in 

cardiovascular risk-reduction have to be explored.

Hydrogen sulfide (H2S) is a gasotransmitter with several beneficial properties in 

human (patho-)physiology,3 including protective mechanisms against CVD.4-6 H2S is 

endogenously produced by different enzymes, of which cystathionine γ-lyase (CSE) is 

the most important in the vasculature.5,7 The beneficial effects of H2S in cardiovascular 

damage have been evidenced by various studies. In mice, CSE deficiency with subsequent 

lowered H2S levels, is accompanied by hypertension, hyperhomocysteinemia, and impaired 

vasorelaxation.5 Therapeutically, exogenous administration of H2S, or H2S donors, has 

shown protective properties in cardiac injury,8-10 stroke,11 and atherosclerosis.6,12-14 

H2S is metabolized into thiosulfate (S2O3
2-), sulfite (SO3

2-) and eventually sulfate (SO4
2-),15-17 

and is subsequently excreted via the urine. H2S measurements are not without controversy,18 

but the metabolic end products of the H2S metabolism sulfate and thiosulfate are relatively 

stable and can be measured in the urine.

We previously showed in high risk populations, such as renal transplant patients 

and diabetic patients,19,20 that the end products of the H2S pathway (i.e. thiosulfate 

and sulfate) are beneficially associated with all-cause mortality and GFR decline.19,20 The 

association with all-cause mortality and development of cardiovascular disease (CVD) 

has, however, not yet been investigated in the general population.

The aim of this study is to determine the association between H2S metabolites sulfate 

and thiosulfate excretion and all-cause mortality and risk of CVD in a large cohort based 

on the general population.
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Methods

Study population

Subjects of the Prevention of Renal and Vascular End-stage Disease (PREVEND) study 

were used for this analysis. The PREVEND-study is designed to prospectively investigate 

the natural course of albuminuria and its relation to renal and cardiovascular disease in 

a large cohort drawn from the general population, and has been described previously 

in detail.21 Briefly, from 1997-1998, a total of 85421 inhabitants of Groningen, the 

Netherlands were approached with a short questionnaire (regarding demographics, 

medication use, and pregnancy) and a vial to collect an early morning urine sample. 

Response rate was 40856 (47.8%) and urinary albumin concentration was determined 

in these subjects. A total of 6,000 participants with a urinary albumin concentration 

≥10mg/L enrolled the study. Additionally, 2592 of the randomly selected 3394 subjects 

with a urinary albumin concentration <10mg/L enrolled the study. The total PREVEND 

cohort consists of these 8592 individuals. Pregnancy and type 1 diabetes were exclusion 

criteria at the time of inclusion of the subjects.

For the present study, we selected urine samples from the second survey (2001-

2003) and considered this as baseline. Participants (n=6855) were aged 32 to 80 years. 

The PREVEND study has been approved by the medical ethics committee of the University 

of Groningen and was conducted according to the Declaration of Helsinki. Written 

informed consent was obtained from all participants.

Data collection

All subjects of the PREVEND study visited the outpatient research unit twice for baseline 

investigation. At the first visit, participant filled out a questionnaire on demographics, 

general health, cardiovascular disease history, medication, smoking habits and alcohol 

consumption. Height, weight and waist circumference was measured. In addition, a 

fasting blood sample was withdrawn and stored at -80 ºC until analysis. At the second 

visit, blood pressure was measured in supine position every minute for 8 minutes with 

an automatic Dinamap XL Model 9300 series device (Johnson-Johnson Medical, Tampa, 

FL), the mean of the last 2 recordings was used as blood pressure values. Additionally, 

participants collected 24-hour urine after written and verbal instructions. Urine samples 

were stored at -20 ºC until analysis.
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Laboratory measurements

Urea, creatinine, sodium and potassium were determined in urine samples with a MEGA 

clinical chemistry analyzer (Merck, Darmstadt, Germany). Urea was determined by 

a photometric test with the urease-GIDH method, sodium and potassium by indirect 

potentiometry. Serum glucose, cholesterol, creatinine, and urine creatinine were 

determined by Kodak Ektachem dry chemistry (Eastman Kodak, Rochester, NY). High-

density lipoprotein (HDL) cholesterol was determined with a homogenous method 

(direct HDL, Aeroset TM System, Abbott Laboratories, Abbott Park, IL). Urinary albumin 

concentrations and high sensitive C-reactive protein (hs-CRP) were determined by 

nephelometry (Dade Behring Diagnostics, Marburg, Germany). Urinary sulfate at 

baseline was determined by ion exchange chromatography (type 861; Metrohm, 

Herisau, Switzerland), using a Metrosep A Supp 4 - 250/4.0 column. Intra-assay and 

inter-assay variations were 2.0% and 4.3%, respectively. Urinary thiosulfate was 

measured by reverse-phase HPLC as previously described.19,22 In brief, 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) for 30 minutes. 

Derivatization was stopped by adding 50 µl of 65 mM methanosulfonic acid (Fluka, 

Buchs, Switzerland), and by recentrifugation, proteins were removed. Intra- and inter-

assay variations were 8.6% and 9.3%, respectively.

Definitions and Primary Outcome Definition

Hypertension at baseline was defined as a systolic blood pressure (SBP) >140 mmHg, 

and/or a diastolic blood pressure (DBP) >90 mmHg, and/or the use of antihypertensives. 

Diabetes mellitus at baseline of the study was defined according to the guidelines of the 

American Diabetes Association (1997), as a fasting glucose ≥7.0 mmol/L and/or the use 

of antidiabetic medication.23 Estimated glomerular filtration rate (eGFR) was calculated 

following the Chronic Kidney Disease Epidemiology collaboration equation (CKD-EPI) 

formula.24 Body surface area (BSA) was defined following the Dubois & Dubois formula; 

0.007184 x (Height0.725 x Weight0.425).25 Information on death, cardiovascular disease, 

and hospitalization for cardiovascular disease was obtained from the participant’s 

questionnaire, and the Dutch national registry of all hospital discharge diagnoses 

(Prismant). Data were coded according to the International Classification of Diseases, 

10th Revision (ICD-10), and the classification for interventions. All-cause mortality was set 

as primary endpoint. Cardiovascular event was set as secondary endpoint.
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Statistical analyses

Concentrations of urine variables were multiplied by 24-hour urinary volume to calculate 

24-hour urinary excretion. Distribution of variables was visualized with histograms and 

Q-Q plots. Skewed data were normalized for analyses by logarithmic transformation 

(glucose, triglycerides, high-sensitive C-reactive protein (hs-CRP), sulfate excretion, 

thiosulfate excretion, and albumin excretion). Sulfate and thiosulfate excretion were log-

transformed according to the base of two in order to allow for interpretation of hazard 

ratios (HR) per doubling of urinary sulfate and thiosulfate excretion. Univariable and 

multivariable regression analyses were performed at baseline. Multivariable associations 

at baseline were performed using linear regression with backward selection.

Several subjects had missing values for one or more baseline variables. Because bias 

can be introduced when subjects with missing values are excluded, multiple imputation 

was used to obtain 5 imputed datasets. Rubin’s rules were used to obtain pooled estimates 

of the regression coefficients and their standard errors across the imputed datasets.

Cox proportional hazard regression analysis was used to study the association 

between sulfate and thiosulfate excretion and survival or risk of cardiovascular events. 

Follow-up time was defined as the period from the date of urine collection until the 

date of death/cardiovascular event or end of follow-up (January 1, 2009). Participants 

were censored if they moved to an unknown destination or died of non-cardiovascular 

causes (for cardiovascular events only). HR are reported with 95% coincidence intervals 

(95% CI). The final adjusted Cox proportional hazard regression analysis model included 

age, sex, body mass index (BMI), smoking status (current, former, never), alcohol use 

(hardly ever, less than 1 per day, more than 1 per day), presence of diabetes, systolic 

blood pressure (SBP), total cholesterol, hs-CRP, eGFR, and urinary albumin and urea 

excretion. Cox regression analysis with restricted cubic splines (RCS) with 3 knots was 

used to test for potential non-linearity of the prospective associations of urinary sulfate 

and thiosulfate with all-cause mortality. In additional subgroup analyses, associations 

of urinary sulfate excretion with all-cause mortality were tested by Cox proportional 

hazards regression analyses in different subgroups.

Statistical analyses were performed with the Statistical Package for Social Sciences 

(IBM SPSS Statistics, IBM Corporation, Armonk, NY) version 22.0, STATA/SE software 

(Release 13; StataCorp, College Station, TX) and R version 3.0.1 (Vienna, Austria).
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Results

Cohort characteristics and baseline associations

The median 24-hour sulfate excretion was 15.7 mmol (IQR: 12.0 - 20.3 mmol), and the 

median 24-hour thiosulfate excretion was 1.27 µmol (IQR: 0.89 - 2.37 µmol). Baseline 

characteristics of the subjects are presented in gender-stratified tertiles of sulfate and 

thiosulfate excretion (Table 1 and Supplemental Table 1 respectively). The mean (SD) age 

was 53.4 (12.1) years and 3429 (50%) of the subjects were male. Participants with the 

highest sulfate excretion were younger and had a significant higher body surface area 

(BSA). Systolic blood pressure was significantly lower in subjects with the highest gender-

stratified tertile of sulfate excretion. More subjects had a history of cardiovascular (CV) 

events in the lowest tertile, this was accompanied by lower rates of antihypertensive use 

and use of lipid lowering treatments.

For the tertiles of thiosulfate excretion, the differences were a bit less pronounced. 

Subjects in the highest gender-stratified tertile of thiosulfate were younger, and had 

higher BSA values, like sulfate excretion. No differences were seen for blood pressure 

across the tertiles of thiosulfate. And, remarkably, more participants used anti-diabetic 

treatment in the highest gender-stratified tertile of thiosulfate excretion.

An overview of the studied associations of sulfate and thiosulfate excretion with 

different parameters, in univariable and multivariable regression analyses, is given in 

Table 2 and 3 respectively. For sulfate excretion, gender, age, BSA, systolic blood pressure, 

heart rate, history of CV events, diabetes, smoking, alcohol use high-density lipoprotein 

(HDL) cholesterol, glucose, thiosulfate excretion, urea excretion and albumin excretion 

showed the strongest association (model R2 =0.578). For thiosulfate, BSA, history of CV 

events, diabetes, smoking, sulfate excretion and urea excretion were highly associated 

(model R2: 0.107).



Chapter 3

48

Table 1 - Baseline Characteristics According to Gender Stratified Tertiles of Sulfate Excretion 

among 6855 Subjects of the PREVEND Study

Gender-stratified tertiles of Sulfate

Overall 
(n = 6855)

Tertile 1 
(n = 2279)

Tertile 2 
(n = 2280)

Tertile 3 
(n = 2280)

P-value

Urinary sulfate excretion 
(mmol/24 h)

15.7 
[12.0-20.3]

♀: <12.0 
♂: <15.2

♀: 12.0-16.2 
♂: 15.2-20.8

♀: >16. 
♂: >20.8

Demographics

Women, n (%) 3429 (50) 1140 (50) 1140 (50) 1140 (50) 1.0

Age (years) 53.4±12.1 55.1±12.8 53.4±12.1 51.3±11.0 <0.001

BSA (m2) 1.93±0.20 1.89±0.19 1.92±0.18 1.98±0.21 <0.001

BMI (kg/m2) 26.8±4.4 26.1±4.1 26.5±4.1 27.7±4.8 <0.001

Waist circumference (cm) 92±13 91±12 92±12 94±14 <0.001

Systolic blood pressure (mmHg) 126±19 128±20 126±19 125±18 <0.001

Diastolic blood pressure (mmHg) 73±9 74±9 73±9 73±9 0.03

Heart rate (bpm) 68±10 69±11 68±10 68±10 <0.001

History of cardiovascular 
disease (%)

4.8 6.3 4.5 3.5 <0.001

Smoking status (%) <0.001

 Never 29.1 26.1 30.6 30.7 ...

 Former 28.1 37.9 43.2 47.6 ...

 Current 42.8 36.0 26.2 21.7 ...

Alcohol consumption (%) <0.001

 None/hardly ever 26.3 32.3 24.0 22.7 ...

 Up to 1 drink/day 47.8 43.4 50.6 49.3 ...

 >1 drinks/day 25.9 24.2 24.4 27.9 ...

Medication

Anti-hypertensives, n (%) 1409 (21) 551 (25) 451 (20) 406 (18) <0.001

Lipid lowering treatment, n (%) 590 (9) 254 (11) 184 (8) 152 (7) <0.001

anti-diabetic treatment, n (%) 234 (4) 81 (4) 66 (3) 86 (4) 0.06

Laboratory measurements

Total cholesterol (mmol/L) 5.4±1.1 5.4±1.1 5.4±1.0 5.5±1.0 0.31

HDL cholesterol (mmol/L) 1.2±0.3 1.2±0.3 1.2±0.3 1.3±0.3 0.42

Triglycerides 1.12 
[0.81-1.62]

1.18 
[0.86-1.68]

1.10 
[0.79-1.58]

1.09 
[0.78-1.58]

<0.001

Glucose (mmol/L) 4.8 
[4.4-5.3]

4.8 
[4.4-5.3]

4.8 
[4.4-5.3]

4.8 
[4.5-5.4]

0.01

eGFR* (mL/min per 1.73 m2) 85±15 84±15 86±14 87±13 <0.001

hs-CRP (mg/L) 1.4 
[0.6-3.1]

1.5 
[0.7-3.5]

1.3 
[0.6-2.9]

1.3 
[0.6-2.9]

<0.001
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Table 1 - Continued

Urinary albumin excretion
(mg/24 h)

8.7 
[6.0-16.3]

7.9 
[5.4-15.2]

8.5 
[6.1-15.6]

9.6 
[6.7-18.2]

<0.001

Urinary thiosulfate excretion 
(µmol/24 h)

1.27 
[0.89-2.37]

1.09 
[0.77-1.66]

1.29 
[0.92-2.29]

1.60 
[1.05-3.43]

<0.001

Urinary urea excretion 
(mmol/24 h)

367±125 270±79 361±80 470±119 <0.001

Urinary creatinine excretion 
(mmol/24 h)

12.5±3.7 10.7±3.1 12.5±3.1 14.4±3.8 <0.001

Urinary sodium excretion 
(mmol/24 h)

146±61 117±48 144±53 176±66 <0.001

Urinary potassium excretion 
(mmol/24 h)

69±24 56±20 69±21 81±25 <0.001

Values are presented as mean ± standard deviations or median with IQR. BSA, body surface area; 
BMI, body mass index; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; 
hs-CRP, high sensitive C-reactive protein.

* The eGFR was calculated according to the Chronic Kidney Disease Epidemiology collaboration 
equation (CKD-EPI) formula.
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Table 2 - Assocations between Urinary Sulfate Excretion and Different Parameters in 

Univariable and Multivariable Regression Analyses

Sulfate excretion*
Univariable Multivariable

St. Beta P-value St. Beta P-value
Demographics
Female gender -0.27 <0.001 -0.03 0.002
Age (years) -0.11 <0.001 -0.05 <0.001
BSA (m2) 0.34 <0.001 0.02 0.11
BMI (kg/m2) 0.15 <0.001
Waist circumference (cm) 0.19 <0.001
Systolic blood pressure (mmHg) -0.005 0.69 -0.04 <0.001
Diastolic blood pressure (mmHg) 0.05 <0.001
Heart rate (bpm) -0.08 <0.001 -0.02 0.007
History of cardiovascular disease -0.03 0.007 -0.03 0.001
Diabetes 0.02 0.16 -0.02 0.09
Current smokers -0.15 <0.001 -0.06 <0.001
Alcohol consumption > 1 drink / day 0.06 <0.001 0.05 <0.001
Medication      
Anti-hypertensives 0.001 0.92  
Lipid lowering treatment 0.01 0.30  
anti-diabetic treatment 0.04 0.001  
Laboratory measurements
Total cholesterol (mmol/L) 0.01 0.26
HDL cholesterol (mmol/L) -0.08 <0.001 0.03 0.01
Triglycerides* 0.008 0.53
Glucose* (mmol/L) 0.06 <0.001 0.02 0.08
eGFR† (mL/min per 1.73 m2) 0.20 <0.001
CRP* (mg/L) -0.07 <0.001
Urinary albumin excretion* (mg/24 h) 0.12 <0.001 0.02 0.07
Urinary thiosulfate excretion* (µmol/24 h) 0.29 <0.001 0.09 <0.001
Urinary urea excretion (mmol/24 h) 0.74 <0.001 0.69 <0.001
Urinary creatinine excretion
(mmol/24 h)

0.59 <0.001

Urinary sodium excretion (mmol/24 h) 0.48 <0.001
Urinary potassium excretion (mmol/24 h) 0.50 <0.001

R2 of the model: 0.578

Values are presented as standardized beta values, meaning the number of standard deviations 
increase per increase of 1 standard deviation of urinary sulfate excretion. BSA, body surface area; 
BMI, body mass index; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; 
hs-CRP, high sensitive C-reactive protein.

* log-transformed for analysis

† The eGFR was calculated according to the Chronic Kidney Disease Epidemiology collaboration 
equation (CKD-EPI) formula.
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Table 3 - Assocations between Urinary Thiosulfate Excretion and Different Parameters in 

Univariable and Multivariable Regression Analyses

Thiosulfate excretion*
Univariable Multivariable

St. Beta P-value St. Beta P-value
Demographics
Female gender -0.12 <0.001 -0.007 0.67
Age (years) -0.02 0.11 -0.02 0.24
BSA (m2) 0.16 <0.001 -0.04 0.009
BMI (kg/m2) 0.11 <0.001
Waist circumference (cm) 0.13 <0.001
Systolic blood pressure (mmHg) 0.03 0.03 -0.002 0.87
Diastolic blood pressure (mmHg) 0.05 <0.001
Heart rate (bpm) -0.02 0.21 0.02 0.06
History of cardiovascular disease 0.02 0.06 0.03 0.009
Diabetes 0.07 <0.001 0.07 <0.001
Current smokers -0.17 <0.001 -0.13 <0.001
Alcohol consumption 
> 1 drink / day

0.008 0.52 -0.006 0.64

Medication
Anti-hypertensives 0.03 0.006
Lipid lowering treatment 0.03 0.03
anti-diabetic treatment 0.05 <0.001
Laboratory measurements
Total cholesterol (mmol/L) -0.02 0.05
HDL cholesterol (mmol/L) -0.04 <0.001 0.007 0.64
Triglycerides* 0.01 0.26
Glucose* (mmol/L) 0.08 <0.001 -0.008 0.63
eGFR† (mL/min per 1.73 m2) 0.07 <0.001
CRP* (mg/L) -0.02 0.14
Urinary albumin excretion* (mg/24 h) 0.04 <0.001 -0.014 0.29
Urinary sulfate excretion*
(mmol/24 h)

0.29 <0.001 0.19 <0.001

Urinary urea excretion (mmol/24 h) 0.26 <0.001 0.09 <0.001
Urinary creatinine excretion 
(mmol/24 h)

0.27 <0.001

Urinary sodium excretion (mmol/24 h) 0.19 <0.001
Urinary potassium excretion (mmol/24 h) 0.17 <0.001

R2 of the model: 0.107

Values are presented as standardized beta values, meaning the number of standard deviations 
increase per increase of 1 standard deviation of urinary sulfate excretion. BSA, body surface area; 
BMI, body mass index; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; 
hs-CRP, high sensitive C-reactive protein.

* log-transformed for analysis.
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Associations of urinary sulfate with all-cause mortality

Median follow-up was 8.2 years (IQR: 7.7 - 8.8 years; 53972 person-years) in which 445 

subjects died. Of these, 120 subjects died because of cardiovascular causes.

In the lowest gender-stratified tertile of sulfate excretion, 220 out of 2279 (9.7%) 

subjects died, in the middle tertile, 122 out of 2280 (5.4%) died, while in the highest 

tertile, 103 out of 2280 (4.5%) participants died (log-rank test, P<0.001 Figure 1). When 

dividing all participants in survivors (n=6394) and non-survivors (n=445), the survivor 

populations consists of 2059 (32%) subjects from the lowest tertile, 2158 (34%) subjects 

from the middle tertile and 2177 (34%) participants from the highest tertiles of urinary 

sulfate excretion. The non-survivor population comprises 220 (49%) participants from 

the lowest tertiles, 122 (27%) subjects from the middle tertile, and 103 (23%) subjects 

from the highest tertile of sulfate excretion (χ2 test, P<0.001, Figure 1).

Figure 1 - Higher urinary sulfate was associated with significant survival benefit. Distribution 
of gender-stratified tertiles of sulfate excretion amongst survivors and non-survivors, showing 
a significant difference in tertile distribution (χ2 test, P<0.001). Kaplan–Meier curve for patient 
survival according to urinary sulfate excretion, showing a higher mortality rate in the lowest gender-
stratified tertile of sulfate excretion (log-rank test, P<0.001).
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Cox proportional hazard regression analyses for the association between urinary sulfate 

excretion and all-cause mortality are shown in Table 4 for continuous data (per doubling 

of sulfate excretion) and for gender-stratified tertiles of sulfate excretion. Higher levels of 

sulfate excretion were significantly associated with a lower risk of all-cause mortality, also 

after adjustment for potential confounders (age, sex, eGFR, albuminuaria, Framingham 

risk factors [SBP, BMI, smoking, diabetes mellitus, cholesterol], hs-CRP, alcohol use and 

urea excretion)(final model; HR 0.68, 95% CI: 0.55-0.83, P<0.001). In multivariable 

analyses, significant deviances from linear associations of urinary sulfate excretion with 

all-cause mortality were found (Pnonlinearity=0.04) (Figure 2).

Figure 2 - Association between urinary sulfate excretion and the risk of all-cause mortality. 
Associations estimated by Cox proportional hazard regression analysis, based on restricted cubic 
splines (Pnonlinearity=0.10 and 0.04 in univariable and multivariable analyses respectively). Median 
sulfate excretion (15.7 mmol/24 hours) is the reference standard. Grey area indicate the 95% 
confidence interval. Model is adjusted for age, sex, eGFR, albuminuaria, Framingham risk factors 
[SBP, BMI, smoking, diabetes mellitus, cholesterol], hs-CRP, alcohol use and urea excretion.
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In additional stratified analyses across different subgroups for the association between 

urinary sulfate and all-cause mortality, the hazard ratios were consistent (Figure 3). The 

only significant interaction was for subjects with preserved kidney function versus kidney 

impairment (Pinteraction: 0.009).

Figure 3 - Associations between urinary sulfate excretion and all-cause mortality in different 
subgroups. Hazard ratios for all-cause mortality in different subgroups, showing consistent positive 
associations between sulfate excretion and survival. The only significant interaction was between 
subjects with preserved kidney function and kidney impairment (Pinteraction: 0.009).
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Table 4 - Cox Regression Analyses for All-Cause Mortality, based on Urinary Excretion of 

Sulfate and Thiosulfate

Continuous  
Sulfate Excretion,  
per doubling

Gender-stratified tertiles of Sulfate excretion,  
mmol/24 h

♀: <12.0 
♂: <15.2

♀: 12.0 - 16.2 
♂: 15.2 - 20.8

♀: >16.2 
♂: >20.8

No. Of cases 445 220 122 103

Person-years 53,972 17,391 18,168 18,288

Model 1 0.65 (0.57-0.74) 
P<0.001

1.91 (1.53-2.39) 
P<0.001

1.00 
(Reference)

0.85 (0.64-1.09) 
P=0.18

Model 2 0.67 (0.58-0.76) 
P<0.001

1.55 (1.24-1.93) 
P<0.001

1.00 
(Reference)

1.11 (0.86-1.45) 
P=0.43

Model 3 0.63 (0.55-0.73) 
P<0.001

1.58 (1.26-1.97) 
P<0.001

1.00 
(Reference)

1.04 (0.81-1.34) 
P=0.76

Model 4 0.68 (0.59-0.79) 
P<0.001

1.46 (1.16-1.82) 
P=0.001

1.00 
(Reference)

1.08 (0.94-1.23) 
P=0.59

Model 5 0.68 (0.55-0.83) 
P<0.001

1.29 (1.00-1.65) 
P=0.05

1.00 
(Reference)

1.21 (0.90-1.61) 
P=0.20

Continuous 
Thiosulfate 
Excretion, 
per doubling

Gender-stratified tertiles of Thiosulfate excretion, 
µmol/24 h

♀: <0.98 
♂: <1.05

♀: 0.98 - 1.61 
♂: 1.05 - 2.13

♀: >1.61 
♂: >2.13

No. Of cases 445 172 140 133

Person-years 53,972 17,939 18,047 17,755

Model 1 0.93 (0.86-1.01) 
P=0.10

1.22 (0.98-1.53) 
P=0.08

1.00 
(Reference)

0.98 (0.77-1.24) 
P=0.86

Model 2 0.91 (0.84-0.99) 
P=0.03

1.25 (1.00-1.56) 
P=0.05

1.00 
(Reference)

1.07 (0.85-1.36) 
P=0.57

Model 3 0.91 (0.84-0.99) 
P=0.04

1.24 (1.11-1.39) 
P=0.06

1.00 
(Reference)

1.07 (0.85-1.35) 
P=0.56

Model 4 0.95 (0.87-1.04) 
P=0.24

1.17 (0.93-1.48) 
P=0.16

1.00 
(Reference)

1.13 (0.89-1.44) 
P=0.32

Model 5 0.97 (0.89-1.06) 
P=0.56

1.11 (0.88-1.39) 
P=0.38

1.00 
(Reference)

1.14 (0.89-1.45) 
P=0.30

Hazard ratios and 95% confidence intervals derived from Cox proportional hazard regression 
analysis, are presented. Model 1: crude model. Model 2: adjusted for age and sex. Model 3: 
model 2 with additional adjustment for eGFR and urinary albumin excretion. Model 4: model 3 
with additional adjustment for Framingham risk factors (systolic blood pressure, body mass index, 
smoking status, diabetes and total cholesterol). Model 5: model 4 with additional adjustment for 
high sensitive C-reactive protein, alcohol use and urinary urea excretion. ♀, women; ♂, men
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Associations of urinary thiosulfate with all-cause mortality

In the lowest tertile of thiosulfate excretion, 172 out of 2266 (7.6%) subjects died, while 

in in the middle tertile 140 out of 2285 (6.1%), and in the highest tertile 133 out of 2275 

(5.8%) participants died (log-rank test, P=0.09 Figure 4). When dividing all participants in 

survivors (n=6381) and non-survivors (n=445), the survivor populations consist of 2094 

(33%) subjects from the lowest tertile, 2145 (34%) subjects from the middle tertile and 

2142 (34%) participants from the highest tertiles of urinary thiosulfate excretion. The 

non-survivor population comprises 172 (39%) participants from the lowest tertiles, 140 

(31%) subjects from the middle tertile, and 133 (30%) subjects from the highest tertile 

of thiosulfate excretion (χ2 test, P=0.04, Figure 4).

Cox proportional hazard regression analyses are shown in Table 5, and revealed no 

significant associations between thiosulfate excretion and all-cause mortality (final model; 

HR 0.97, 95% CI: 0.89-1.06, P=0.56). No significant deviances from linear associations 

of urinary thiosulfate excretion with all-cause mortality were found (for multivariable 

analyses: Pnonlinearity=0.40)(Supplemental figure 1).

Figure 4 - Higher urinary thiosulfate was not associated with all-cause mortality. Distribution of 
gender-stratified tertiles of thiosulfate excretion amongst survivors and non-survivors, showing a 
borderline significant difference in tertile distribution (χ2 test, P<0.04). Kaplan–Meier curve for 
patient survival according to urinary thiosulfate excretion, showing no significant differences in all-
cause mortality amongst gender-stratified tertiles of thiosulfate excretion (log-rank test, P<0.09).
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Table 5 - Cox Regression Analyses for Cardiovascular Events, based on Urinary Excretion of 

Sulfate and Thiosulfate

Continuous 
Sulfate Excretion, 
per doubling

Gender-stratified tertiles of Sulfate excretion,  
mmol/24 h

♀: <12.0 
♂: <15.2

♀: 12.0 - 16.2 
♂: 15.2 - 20.8

♀: >16.2 
♂: >20.8

No. Of cases 504 213 151 140

Person-years 53,972 17,391 18,168 18,288

Model 1 0.87 (0.76-0.99) 
P=0.04

1.51 (1.22-1.86) 
P<0.001

1.00 
(Reference)

0.91 (0.72-1.15) 
P=0.43

Model 2 0.85 (0.74-0.98) 
P=0.02

1.29 (1.05-1.59) 
P=0.02

1.00 
(Reference)

1.10 (0.87-1.39) 
P=0.42

Model 3 0.81 (0.671-0.93) 
P=0.003

1.32 (1.18-1.46) 
P=0.01

1.00 
(Reference)

1.05 (0.83-1.32) 
P=0.70

Model 4 0.85 (0.74-0.98) 
P=0.02

1.22 (0.99-1.51) 
P=0.07

1.00 
(Reference)

1.01 (0.80-1.28) 
P=0.91

Model 5 0.91 (0.74-1.11) 
P=0.34

1.13 (0.90-1.43) 
P=0.29

1.00 
(Reference)

1.09 (0.84-1.41) 
P=0.51

Continuous 
Thiosulfate 
Excretion, per 
doubling

Gender-stratified tertiles of Thiosulfate excretion, 
µmol/24 h

♀: <0.98 
♂: <1.05

♀: 0.98 - 1.61 
♂: 1.05 - 2.13

♀: >1.61 
♂: >2.13

No. Of cases 503 176 166 161

Person-years 53,972 17,939 18,047 17,755

Model 1 1.05 (0.97-1.13) 
P=0.26

1.06 (0.86-1.32) 
P=0.56

1.00 
(Reference)

0.98 (0.79-1.22) 
P=0.88

Model 2 1.02 (0.95-1.10) 
P=0.62

1.07 (0.86-1.32) 
P=0.55

1.00 
(Reference)

1.05 (0.85-1.31) 
P=0.64

Model 3 1.02 (0.95-1.10) 
P=0.54

1.07 (0.86-1.32) 
P=0.56

1.00 
(Reference)

1.06 (0.85-1.32) 
P=0.59

Model 4 1.05 (0.97-1.14) 
P=0.20

1.02 (0.82-1.26) 
P=0.88

1.00 
(Reference)

1.08 (0.87-1.33) 
P=0.51

Model 5 1.17 (0.99-1.16) 
P=0.10

0.98 (0.79-1.21) 
P=0.84

1.00 
(Reference)

1.07 (0.86-1.33) 
P=0.55

Hazard ratios and 95% confidence intervals derived from Cox proportional hazard regression 
analysis, are presented. Model 1: crude model. Model 2: adjusted for age and sex. Model 3: 
model 2 with additional adjustment for eGFR and urinary albumin excretion. Model 4: model 3 
with additional adjustment for Framingham risk factors (systolic blood pressure, body mass index, 
smoking status, diabetes and total cholesterol). Model 5: model 4 with additional adjustment for 
high sensitive C-reactive protein, alcohol use and urinary urea excretion. ♀, women; ♂, men
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Associations of urinary sulfate and thiosulfate with cardiovascular events

During follow-up, 504 cases of cardiovascular events occurred. Of these 504, 239 subjects 

suffered from myocardial infarction or ischemic heart disease, of which 36 participants 

died. Cerebrovascular event (including stroke) was present in 111 participants, of which 

4 subjects died.

Urinary sulfate excretion was associated with a reduced risk of cardiovascular events 

in Cox proportional hazard regression analysis (crude model: HR 0.87, 95% CI: 0.76-

0.99, P=0.04), which held true after adjustment for age, sex, eGFR, albuminuaria, and 

Framingham risk factors (SBP, BMI, smoking, diabetes mellitus, and cholesterol) (Model 4: 

HR 0.85, 95% CI: 0.74-0.98, P=0.02). Urinary sulfate lost its association after adjustment 

for hs-CRP, alcohol use and urea excretion (final model; HR 0.91, 95% CI: 0.74-1.11, 

P=0.34; Table 5).

Univariable of multivariable cox proportional hazard regression analysis for thio-

sulfate excretion and risk of cardiovascular events revealed no significant assocations 

(final model; HR 1.17, 95% CI: 0.99-1.16, P=0.10; Table 5).

Confounders vs. causal path analysis

In order to perform confounders analysis and causal path analysis, cox proportional 

hazard regression analysis was performed with adjustment for potential confounders 

(e.g. body size, protein and alcohol intake, drug usage) and potential variables in the 

causal path of H2S (e.g. eGFR, cholesterol, blood pressure, hs-CRP) separately.

Sulfate excretion is a beneficial predictor for all-cause mortality, hazard ratios and 

significance did not change after adjustment for potential confounders (Supplemental 

Table 2) or potential variables in the causal path. As a predictor for cardiovascular events, 

sulfate excretion lost its predictive properties after adjustment for smoking and alcohol 

use, with a further reduction after adjustment for drug use and urea excretion. In causal 

path analysis, sulfate lost its predictive properties after adjustment for hs-CRP (Table 6).

Urinary thiosulfate excretion did not have predictive properties for all-cause mortality 

of cardiovascular events. Additional adjustment for potential confounders (Supplemental 

Table 2) or causal path analysis did not change these properties considerably (Table 6).
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Table 6 - Cox Regression Analyses for All-Cause Mortality, based on Urinary Excretion of 
Sulfate and Thiosulfate, causal path analysis.

Continuous Sulfate Excretion,  
per doubling

Continuous Thiosulfate Excretion, 
per doubling

  All-cause 
mortality

Cardiovascular 
events

All-cause 
mortality

Cardiovascular 
events

No. Of cases 445 504 445 503

Person-years 53,972 53,972 53,972 53,972

Model 1 0.66 (0.58-0.76) 
P<0.001

0.82 (0.71-0.95) 
P=0.008

0.91 (0.84-0.99) 
P=0.04

1.01 (0.94-1.09) 
P=0.70

Model 2 0.62 (0.54-0.72) 
P<0.001

0.80 (0.69-0.93) 
P=0.003

0.92 (0.84-1.00) 
P=0.05

1.02 (0.94-1.10) 
P=0.64

Model 3 0.62 (0.54-0.72) 
P<0.001

0.79 (0.68-0.92) 
P=0.003

0.91 (0.84-1.00) 
P=0.05

1.03 (0.95-1.11) 
P=0.53

Model 4 0.63 (0.54-0.73) 
P<0.001

0.83 (0.72-0.96) 
P=0.01

0.92 (0.85-1.01) 
P=0.07

1.02 (0.94-1.10) 
P=0.61

Model 5 0.66 (0.56-0.76) 
P<0.001

0.90 (0.77-1.06) 
P=0.21

0.91 (0.83-1.00) 
P=0.05

1.06 (0.97-1.15) 
P=0.19

Hazard ratios and 95% confidence intervals derived from Cox proportional hazard regression 
analysis, are presented. Model 1: adjusted for age, sex and body surface area. Model 2: model 
1 with additional adjustment for eGFR and urinary albumin excretion. Model 3: model 2 with 
additional adjustment for dyslipidemia (total cholesterol and high-density cholesterol). Model 4: 
model 2 with additional adjustment blood pressure status (systolic blood pressure and diastolic 
blood pressure). Model 5: model 2 with additional adjustment for high sensitive C-reactive protein.

 
Discussion

In this large cohort, based on the general population, lower urinary sulfate excretion was 

associated with increased all-cause mortality and risk of CVD. These associations remained 

significant after adjustment for potential confounders. The association between sulfate 

excretion and risk of CVD lost significance after adjustment for hs-CRP. No associations 

were found between urinary thiosulfate excretion and all-cause mortality or risk of CVD.

Several mechanisms could underlie the associations between urinary sulfate excretion 

and reduced risk of all-cause mortality and CVD. Since sulfate excretion was determined 

in the urine, it might depend on renal function. In our study, higher eGFR is indeed 

associated with higher urinary sulfate excretion (Table 1), in accordance with previous 

studies, focusing on the association between urinary sulfate and renal function.19,26 Renal 

function is associated with a reduced risk of all-cause mortality and CVD.27,28 These data 
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underscore the importance of adjustment for eGFR. In our study, after adjustment for 

eGFR in the Cox proportional hazard regression analysis, sulfate was still a significant 

determinant for survival and cardiovascular events.

The dietary dependency of sulfate excretion is the second possible mechanism 

explaining the associations between urinary sulfate excretion and reduced risk of all-cause 

mortality and CVD. Subjects with a high-protein diet have a reduced risk of cardiovascular 

events.29-31 For the present study, the sulfur-containing amino acids (i.e. cysteine, methionine) 

are of particular interest. Higher dietary intake of cysteine is associated with a reduced risk 

of stroke,32 and dietary supplementation with cysteine derivate N-acetylcysteine in addition 

to other hypertensive therapies, reduces blood pressure and endothelial activation.33,34  

On the contrary, plasma cysteine levels were reported to have a U-shaped relation,35 a 

positive relation,36 or no relation at all37 with risk of cardiovascular disease. Dietary addition 

of methionine lowered blood pressure in hypertensive rats.38,39 In humans, however, higher 

intake of methionine was associated with increased systolic and diastolic blood pressure.40 

Taken together, protein intake, and in particular sulfur-containing amino acid intake is of 

importance in determination of cardiovascular risk. These data underline the importance of 

adjustment for protein intake in Cox proportional hazard regression analyses.

In conformity with the significance of dietary intake, it has been reported that H2S 

levels were reduced in germ-free mice.41 This suggests that dietary intake of sulfate or 

sulfur-containing amino acids can be a source for exogenous H2S production by various 

species of sulfate-reducing bacteria in the gut.

Last, and most interestingly, sulfate can be a reflexion of the endogenous production of 

H2S. Lower endogenous H2S bioavailability is associated with higher blood pressure and 

diabetes,42 and exogenous administration of H2S has been reported to be protective in 

cardiac injury,8-10 stroke,11 and atherosclerosis.6,12-14 Additionally, exogenous administered 

and endogenous produced H2S can extend lifespan of worms.43,44 This supports our 

hypothesis that the gasotransmitter H2S, either produced endogenously, or after exogenous 

administration, has protective properties in survival and cardiovascular disease.

From previous research, H2S is known to be involved in inflammation,9,45,46 blood pressure 

regulation,9,47,48 lipid metabolism,49,50 and renal function or proteinuria.45,51,52 Therefore, 

separate confounders’ adjustments and causal path analysis were performed. Thiosulfate 

excretion did not possess predictive properties at all. Urinary sulfate excretion is independently 

associated with a reduced risk of all-cause mortality. Interestingly, the predictive properties of 

urinary sulfate excretion for cardiovascular events were lost after adjustment for hs-CRP. This 
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indicates that the beneficial association between urinary sulfate excretion and cardiovascular 

events could be determined by interference of H2S with the inflammatory pathway. 

Our study has several limitations. First, the cohort is from a single center and contains 

almost only Caucasians. Therefore, these results may not be completely representative 

to other populations. Furthermore, the data in this cohort are observational, and it is 

therefore not possible to prove causality between sulfur metabolites and outcomes.

Strengths of our study are the long duration of follow-up and the large number of  

subjects. The extensive information of subject characteristics, allowing for extensive ad-

justment for potential confounders is another important feature of this cohort. The use of 

24-hour urine, and solid associations also after adjustment for multiple potential confounders, 

and in stratified analysis, endorses the robustness and reliability of our findings.

Conclusion

In this general population-based cohort, urinary sulfate, but not thiosulfate, excretion is 

associated with a reduced risk of all-cause mortality and cardiovascular disease. Sulfate lost its 

predictive properties for risk of cardiovascular disease after adjustment for hs-CRP, indicating 

that the inflammatory pathway accounts for the beneficial effects of sulfate. Our results are 

in accordance with the supposition that the gasotransmitter H2S has protective properties in 

cardiovascular disease.
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Supplemental Table 1 - Baseline Characteristics According to Gender Stratified Tertiles of 
Thiosulfate Excretion among 6855 Subjects of the PREVEND Study

Gender-stratified tertiles  
of Thiosulfate

Overall  
(n = 6855)

Tertile 1  
(n = 2266)

Tertile 2  
(n = 2285)

Tertile 1  
(n = 2275)

P-value

Urinary thiosulfate excretion 
(µmol/24 h)

1.27  
[0.89-2.37]

♀: <0.98 
♂: <1.05

♀: 0.98-1.61 
♂: 1.05-2.13

♀: >1.61 
♂: >2.13

Demographics
Women, n (%) 3429 (50) 1134 (50) 1141 (50) 1137 (50) 1.0
Age (years) 53.4±12.1 53.7±12.3 53.8±12.0 52.8±12.0 0.009
BSA (m2) 1.93±0.20 1.91±0.20 1.93±0.19 1.95±0.20 <0.001
BMI (kg/m2) 26.8±4.4 26.4±4.3 26.6±4.2 27.3±4.6 <0.001
Waist circumference (cm) 92±13 91±13 92±12 94±13 <0.001
Systolic blood pressure 
(mmHg)

126±19 127±19 126±19 126±19 0.90

Diastolic blood pressure 
(mmHg)

73±9 73±9 73±9 73±9 0.73

Heart rate (bpm) 68±10 69±10 68±10 68±10 0.63
History of cardiovascular 
disease (%)

4.8 5.1 4.0 5.3 0.08

Smoking status (%) <0.001
Never 29.1 26.3 27.6 33.7 ...
Former 28.1 36.6 45.3 46.6 ...
Current 42.8 37.1 27.2 19.7 ...
Alcohol consumption (%) <0.001
None/hardly ever 26.3 28.6 22.6 27.8 ...
Up to 1 drink/day 47.8 46.2 49.2 47.9 ...

 >1 drinks/day 25.9 25.2 28.2 24.3 ...

Medication
Anti-hypertensives, n (%) 1409 (21) 459 (21) 492 (22) 453 (21) 0.008
Lipid lowering treatment, 
n (%)

590 (9) 203 (9) 200 (9) 186 (8) 0.02

anti-diabetic treatment, 
n (%)

234 (4) 58 (3) 81 (4) 94 (4) <0.001

Laboratory measurements
Total cholesterol (mmol/L) 5.4±1.1 5.4±1.0 5.5±1.1 5.4±1.1 0.09
HDL cholesterol (mmol/L) 1.2±0.3 1.2±0.3 1.3±0.3 1.2±0.3 0.001
Triglycerides 1.12  

[0.81-1.62]
1.14  
[0.83-1.61]

1.11  
[0.80-1.62]

1.11  
[0.81-1.63]

0.44

Glucose (mmol/L) 4.8  
[4.4-5.3]

4.8  
[4.4-5.3]

4.8  
[4.4-5.3]

4.8  
[4.4-5.4]

0.65

eGFR*
(mL/min per 1.73 m2)

85±15 86±15 85±15 86±14 0.10

CRP (mg/L) 1.4 
[0.6-3.1]

1.4  
[0.7-3.1]

1.3  
[0.6-3.0]

1.5  
[0.6-3.1]

0.06
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Supplemental Table 1 - Continued

Urinary albumin excretion 
(mg/24 h)

8.7  
[6.0-16.3]

8.8  
[5.8-16.2]

8.2  
[5.9-16.0]

9.2  
[6.4-16.6]

<0.001

Urinary sulfate excretion 
(mmol/24 h)

15.7  
[12.0-20.3]

14.2  
[10.3-18.4]

15.5  
[12.1-19.9]

17.7  
[13.7-22.2]

<0.001

Urinary urea excretion 
(mmol/24 h)

367±125 234±116 375±122 393±129 <0.001

Urinary creatinine 
excretion (mmol/24 h)

12.5±3.7 11.7±3.5 12.4±3.6 13.3±3.8 <0.001

Urinary sodium excretion 
(mmol/24 h)

146±61 133±55 151±63 154±64 <0.001

Urinary potassium 
excretion (mmol/24 h)

69±24 62±22 72±24 71±25 <0.001

Values are presented as mean ± standard deviations or median with IQR. BSA, body surface area; 
BMI, body mass index; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; 
hs-CRP, high sensitive C-reactive protein.

* The eGFR was calculated according to the Chronic Kidney Disease Epidemiology collaboration 
equation (CKD-EPI) formula.

Supplemental Table 2 - Cox Regression Analyses for Prediction of Subjects All-Cause Mortality, 
based on Urinary Excretion of Sulfate and Thiosulfate, adjusted for potential confounders 

Continuous Sulfate Excretion,  
per doubling

Continuous Thiosulfate Excretion,  
per doubling

All-cause 
mortality

Cardiovascular 
events

All-cause 
mortality

Cardiovascular 
events

No. Of cases 445 504 445 504

Person-years 53,972 53,972 53,972 53,972

Model 1 0.66 (0.58-0.76) 
P<0.001

0.82 (0.71-0.95) 
P=0.008

0.91 (0.84-0.99) 
P=0.04

1.01 (0.94-1.09) 
P=0.70

Model 2 0.62 (0.54-0.72) 
P<0.001

0.80 (0.69-0.93) 
P=0.003

0.92 (0.84-1.00) 
P=0.05

1.02 (0.94-1.10) 
P=0.64

Model 3 0.67 (0.58-0.78) 
P<0.001

0.88 (0.76-1.01) 
P=0.08

0.96 (0.88-1.04) 
P=0.30

1.06 (0.98-1.15) 
P=0.15

Model 4 0.67 (0.58-0.78) 
P<0.001

0.89 (0.76-1.03) 
P=0.11

0.95 (0.87-1.04) 
P=0.27

1.06 (0.98-1.15) 
P=0.14

Model 5 0.64 (0.52-0.79) 
P<0.001

0.90 (0.73-1.11) 
P=0.31

0.98 (0.90-1.07) 
P=0.67

1.08 (0.99-1.17) 
P=0.07

Hazard ratios and 95% confidence intervals derived from Cox proportional hazard regression 
analysis, are presented. Model 1: adjusted for age, sex and body surface area. Model 2: model 
1 with additional adjustment for eGFR and urinary albumin excretion. Model 3: model 2 with 
additional adjustment for smoking status and alcohol use. Model 4: model 3 with additional 
adjustment for drug use (antihypertensive drug usage, antidiabetic drug usage and statins usage). 
Model 5: model 4 with additional adjustment for urinary urea excretion.
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Supplemental figure 1 - Association between urinary thiosulfate excretion and the risk of all-
cause mortality. Associations estimated by Cox proportional hazard regression analysis, based on 
restricted cubic splines (Pnonlinearity=0.08 in univariable analysis and Pnonlinearity=0.40 in multivariable 
analysis). Median thiosulfate excretion (1.27 μmol/24 hours) is the reference standard. Grey 
area indicate the 95% confidence interval. Model is adjusted for age, sex, eGFR, albuminuaria, 
Framingham risk factors [SBP, BMI, smoking, diabetes mellitus, cholesterol], hs-CRP, alcohol use 
and urea excretion.
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Abstract

Atherosclerotic plaques are classically divided into stable and vulnerable plaques. Vulnerable 

plaques are prone to rupture with a risk for Atherosclerotic plaques are classically divided 

into stable and vulnerable plaques. Vulnerable plaques are prone to rupture with a risk 

for infarction. High intraplaque microvessel density predisposes to plaque vulnerability. 

Hydrogen sulfide (H2S) is a proangiogenic gasotransmitter which is endogenously 

produced by cystathionine γ-lyase (CSE), and is believed to have vasculoprotective effects. 

However, due to its proangiogenic effects, H2S may result in pathological angiogenesis in 

atherosclerotic plaques, thereby increasing plaque vulnerability. The aim of this study was 

to determine CSE expression pattern in atherosclerotic plaques, and investigate whether 

CSE is involved in micro-angiogenesis in vitro.

Endarterectomy plaques were studied for CSE expression, and the role of CSE in 

micro-angiogenesis was studied in vitro. CSE is expressed in plaques with similar levels 

in both stable and vulnerable plaques. CSE co-localized with von Willebrand Factor-

positive microvessel endothelial cells and alpha-smooth-muscle actin-positive SMCs. In 

vitro, inhibition of CSE in HMEC-1 reduced tube formation, cell viability/proliferation, 

and migration which was restored after culture in the presence of H2S donor GYY4137.

CSE is expressed in intraplaque microvessels, and H2S is a stimulator of micro-

angiogenesis in vitro. Due to this pro-angiogenic effect, high levels of CSE in atherosclerotic 

plaques may be a potential risk for plaque vulnerability.
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Introduction

Cardiovascular diseases are the predominant cause of death in developed countries.1 

The main cause is atherosclerosis, a chronic vascular disease characterized by plaque 

formation. Depending on the cellular and matrix composition, plaques can be classified 

as stable or unstable.2 Stable plaques cause luminal narrowing but are less prone to 

rupture, whereas unstable/vulnerable plaques are prone to rupture, resulting in ischemic 

stroke and myocardial infarction. Intraplaque angiogenesis (i.e., high microvessel 

density) is associated with intraplaque hemorrhage and plaque vulnerability, resulting in 

symptomatology.3, 4 

Angiogenesis is stimulated by hydrogen sulfide (H2S), a gaseous signaling molecule.5, 6  

H2S is recognized as the third gasotransmitter next to nitric oxide (NO) and carbon 

monoxide (CO).7 H2S is endogenously produced by three enzymes cystathionine γ-lyase 

(CSE), cystathionine β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (3MST). 

In vascular tissue, CSE is considered the major H2S synthesizing enzyme. H2S induces 

vasodilatation, reduces inflammation, inhibits platelet aggregation and scavenges 

reactive oxygen species.8-11

The proangiogenic effects of H2S have been demonstrated in experimental model 

systems in vivo as well as ex vivo. Administration of the CSE inhibitor D,L-propargylglycine 

(PPG) resulted in inhibition of angiogenesis in chorioallantoic membrane.6 Moreover, 

VEGF-induced angiogenesis was absent in aortic ring explants from CSE-deficient mice 

indicating that angiogenesis is CSE-dependent in this model.12

Systemic administration of H2S donors is vasculoprotective in experimental models 

for cardiovascular disease.13 Administration of sodium hydrosulfide (NaHS) reduced 

atherosclerotic plaque size in ApoE-/- mice.14 Furthermore, CSE deficiency aggravated 

atherosclerotic plaque formation and smooth muscle cell proliferation, an effect which 

could be rescued by administration of NaHS.15-17 

In the early phase of plaque development (i.e. endothelial dysfunction and fatty 

streak formation) the CSE/H2S pathway is clearly vasculoprotective. However, during 

plaque progression, composition of the plaque becomes increasingly important in terms 

of vulnerability. Since H2S is a known pro-angiogenic molecule, we hypothesize that local 

intraplaque H2S production could aggravate plaque vulnerability by promoting intraplaque 

angiogenesis. To our best knowledge, no data exist about endogenous H2S production in 

human macrovasculature and atherosclerosis.
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The aim of the present study is to determine CSE expression in atherosclerotic plaques, 

and the role of CSE-derived H2S in micro-angiogenesis. To investigate this, we studied 

human carotid endarterectomy plaques for CSE protein expression. Furthermore, the 

effect of inhibition of CSE expression and activity, and subsequent rescue by exogenous 

H2S, on HMEC-1 micro-angiogenesis, proliferation and migration was studied in vitro.

Methods

Carotid endarterectomy specimens

Atherosclerotic plaques were obtained from patients undergoing carotid endarterectomy 

(CEA) for atherosclerotic carotid disease. Patients were referred to as symptomatic when 

suffering from stroke, transient ischemic attack or amaurosis fugax. CEA was performed 

when internal carotid artery stenosis was >70%. CEA specimens were divided into 

different parts that were either snap frozen at -80 ºC or fixed in formaldehyde and 

paraffin-embedded. The study was performed conform to the principles of the 

Declaration of Helsinki and approved by the Institutional Review Board. All patients 

provided informed consent.

Immunohistochemistry and immunofluorescence

Histochemical stainings were performed on paraffin sections of all plaques to assess 

general morphology (PAS staining), intraplaque hemorrhage and fibrous cap thickness 

(Martius, Scarlet and Blue; MSB staining).

For immunostaining, frozen sections were fixed in 100% acetone, and cultured 

HMEC-1 cells were fixed in 90% acetone/10% dH2O at -20 ºC for 10 minutes. Sections 

or cells were subsequently stained for human CSE (mouse IgG1 κ monoclonal, Abnova, 

clone S51), human vWF (rabbit polyclonal, Dako, ref: A0082), human αSMA (mouse 

IgG2a κ monoclonal, Dako, ref: M0851), human CD34 (mouse IgG1 κ monoclonal, Dako, 

clone QBEnd-10, code number M7165), or human CD68 (mouse IgG3 κ monoclonal, 

Dako, clone KP-1). Following incubation with primary antibodies (1 hr, room 

temperature), sections/cells were incubated with HRP-conjugated rabbit-anti-mouse IgG 

(CSE and αSMA) or goat-anti-rabbit IgG (vWF) polyclonal antibodies (Dako). 3-amino-

9-ethylcarbazole (AEC) or 3, 3’-diaminobenzidine (DAB) was used as chromogen, and 

nuclei were counterstained using hematoxylin.
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For CSE/vWF immunohistochemical double staining, frozen sections of plaques were 

fixed in 100% acetone, and incubated with mouse IgG1 anti-human-CSE for 1 hour at 

room temperature. Sections were subsequently incubated with goat-anti-mouse IgG1 

biotin labeled, and streptavidin-HRP. HRP-activity was visualized using AEC. Sections 

were then incubated with the rabbit anti-human-vWF for another hour, followed by 

incubation of goat-anti-rabbit-alkaline phosphatase and stained using FastBlue (Life 

Technologies, Bleiswijk, The Netherlands). For αSMA/CSE immunohistochemical double 

staining, frozen sections of plaques were fixed in 100% acetone, and incubated with 

mouse IgG2a anti-human-αSMA for 1 hour, followed by goat-anti-mouse IgG2a-HRP. HRP-

activity was visualized using DAB. After that, sections were incubated with the second 

primary antibody, mouse IgG1 anti-human-CSE for 1 hour, followed by incubated with 

goat-anti-mouse IgG1 biotin labeled, and streptavidin-alkaline phosphatase and stained 

using FastRed. Nuclei were counterstained using hematoxylin.

Immunofluorescent double labeling for CSE and vWF or CSE and αSMA was 

performed as described above using goat-anti-mouse-IgG1-TRITC (for CSE) and goat-

anti-rabbit-FITC (for vWF) or goat-anti-mouse-IgG2a-FITC (for αSMA) (SouthernBiotech) 

as secondary antibodies. Nuclei were counterstained with DAPI. Primary antibody was 

replaced by PBS in negative controls.

Plaque vulnerability score

All 19 carotid atherosclerotic plaque specimens were assessed for vulnerability. For 

plaque vulnerability score, the following criteria were taken into account: microvessel 

density, thickness of the fibrous cap, CD68+ macrophage infiltration and the presence of 

intraplaque hemorrhage. Intraplaque microvessel density was determined in two hotspots. 

A hotspot is defined as one field of view at 200x magnification. CD34+ microvessels were 

manually counted in two hotspots, and mean number of CD34+ microvessels per mm2 

was calculated. Microvessel density resulted in the following vulnerability score; (0) less 

then 10 microvessel per mm2, (1) between 10 and 20 microvessels per mm2, and (2) more 

then 20 microvessels per mm2. Fibrous cap thickness was based upon the MSB staining. 

The visually thinnest part of the fibrous cap was measured, and scored according to the 

Critical Cap Thickness criteria;18 (0) the thinnest part of the fibrous cap was >200 µm, and 

(1) the thinnest part of the fibrous cap was <200 µm. Inflammation in the plaque was 

assessed by measurement of CD68+ macrophages. CD68 stained sections were scanned 

using the NanoZoomer 2.0HT Digital slide scanner (Hamamatsu, Japan) and analyzed for 
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positive pixel area (CD68) using the Aperio Positive Pixel Analysis v9.1 algorithm. CD68 

staining resulted in the following vulnerability score; (0) less then 2% CD68 positive pixel 

area, and (1) more then 2% CD68 positive pixel area. Finally, intraplaque hemorrhage was 

determined, based on the MSB staining and resulted in the following vulnerability score; (0) 

no detectable intraplaque hemorrhage, and (2) detectable intraplaque hemorrhage. The 

total sum of the scores was calculated to a total vulnerability score. A score lower then 4 

was defined as stable plaque, and a score of 4 or higher was defined as vulnerable plaque. 

HMEC-1 cell culture

Human dermal microvascular endothelial cells (HMEC-1) were kindly provided by Dr. E.W. 

Ades (CDC, Atlanta, USA)19 via Prof. G. Molema and the UMCG Endothelial Cell Facility. 

Cells were cultured in M-199 medium (Lonza) supplemented with 10% (v/v) FCS (HyClone), 

10% (v/v) human serum (Lonza), 2 mM L-glutamine (Lonza) and 100 U/ml penicillin and 

100 µg/ml streptomycin (Lonza). Cells were expanded in T75 flasks (Corning) at 37 ºC and 

5% CO2 in a humidified atmosphere. For immunophenotyping, cells were cultured on 

coverslips. Tube formation assays were performed as described below.

CSE knockdown in HMEC-1

Endogenous H2S production by CSE was downregulated by transfection with small interfering 

RNA (siRNA). Two different CSE siRNAs were used for this purpose (Silencer® Select siRNA, 

s3710 and s3711, Life Technologies). Scrambled siRNA was used as a negative control (Silencer® 

Select Negative Control No. 1 siRNA 4390843). Experiments were performed following the 

user’s guide. Briefly, 200 µl opti-MEM reduced medium (Gibco®, Life Technologies) per well 

was added in a 12-well plate. To each well 4.8 µl siRNA (2.5 µmol/L) was added, as well as 

2 µl Lipofectamine RNAiMAX (Life Technologies). Next, 1 ml of cell-suspension was added 

per well, resulting in a final concentration of 10 nmol/L siRNA. After 24, 48, and 72 hours, 

cells were harvested for PCR analysis and western blot analysis. In order to accomplish more 

pronounced knockdown, double CSE knockdown with the 2 CSE siRNAs was performed. 

For double CSE knockdown experiments 200 µl opti-MEM reduced medium per well was 

added in a 12-well plate. To each well either 4.8 µl scrambled siRNA (2.5 µmol/L) and 2 µl 

Lipofectamine RNAiMAX was added per well, or 4.8 µl CSE siRNA 1 and 4.8 µl CSE siRNA 2 

and 4 µl Lipofectamine RNAiMAX was added per well. Next, 1 ml of cell-suspension was added 

per well, resulting in a final concentration of 10 nmol/L per siRNA. 12 hours after transfection, 

GYY4137 (30 mM) was administered to a final concentration of 300 µM GYY4137.
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HMEC-1 tube formation

A Matrigel tube formation assay was performed using HMEC-1 cells to study angiogenic 

capacity of microvascular endothelial cells. Ten μl growth factor-reduced Matrigel (BD 

Biosciences) was allowed to polymerize at 37 ºC for 30 minutes in Angiogenesis μ-slides  

(Ibidi GmbH). HMEC-1 cells were plated on the Matrigel surface (5000 cells/well in 50 μl 

serum-free medium). To inhibit CSE activity, DL-propargylglycine (PPG, Sigma-Aldrich) 

was used. Tube formation was performed in presence of CSE inhibitor PPG using various 

concentrations (0, 1, 2, 5 and 10 mmol/L) in order to inhibit CSE activity. To inhibit CSE mRNA 

expression two different siRNAs (single or in combination) were used as described above 

and tube formation was analyzed 40 hours after transfection. Slow release H2S compound 

GYY4137 (kindly provided by M. Whitemann, Exeter, UK) was used as an H2S donor in a 

concentration of 300 µmol/L.20 After 8 hours, images were taken from 5 selected areas 

per well in a standardized way. The total number of branching points in the 5 images was 

determined using Aperio Imagescope software (Aperio Technologies). The tube formation 

assay was repeated three times, in which each replicate was performed in triplicate.

MTT cell viability assay

To examine cell viability and mitochondrial activity of HMEC-1, a 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrasodium bromide (MTT) assay was used according to the 

manufacturer’s instruction. In short, HMEC-1 were transfected with siRNA and seeded 

into 96-well plates (2,500 cells per well). MTT reagent (10 µl) was added after one 

hour (t=0), after 24 hours (t=1), 48 hours (t=2) or 72 hours (t=3). Four hours after MTT 

administration, formazan crystals were formed, 100 µl isopropanol with 0.04 N HCl was 

added and thoroughly mixed to solubilize formazan. Directly after solubilization, the 

absorbance was measured at 570 nm and a reference wavelength of 630 nm (Varioskan, 

Thermo Scientific). The MTT assay was repeated three times.

HMEC-1 scratch assay

Migration activity of HMEC-1 cells was studied using the scratch assay. Cells were seeded 

in 24-well plates to confluence. 24 hours after transfection with siRNAs, a scratch was 

made with a pipette tip of a 200 µl pipette. The medium was directly changed into 

serum-free medium and photomicrographs were taken (t=0). Pictures were taken at 

4 hours (t=1), 8 hours (t=2), and 24 hours (t=3). Migration potential was expressed as 

percentage of scratch closure. Each condition in the scratch assay was repeated six times. 
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Western blot analysis

Protein was isolated from CEA cryosections (30x10µm) as well as from cultured HMEC-1 

cells using RIPA Buffer supplemented with 1% Halt Phosphatase inhibitor cocktail and 

1% Halt Protease inhibitor cocktail, 0.1 mmol/L phenylmethylsulfonyl fluoride (PMSF) 

and 20 µg/ml trypsin inhibitor. Total protein content of the lysates was determined with 

the pyrogallol red method as previously described.21 Briefly, 5 µl of sample was added 

in a 96-well plate (Corning), 300 µl pyrogallol red-molybdate complex was then added. 

After 10 minutes absorbance was measured at 600 nm (Varioskan, Thermo Scientific) 

and protein concentration was calculated against a calibration curve. Equal amounts 

of protein were boiled and electrophoretically separated in 10% SDS-PAGE gel and 

transferred to a nitrocellulose membrane. Aspecific binding of antibodies was blocked 

using 5% non-fat milk powder in Tris-buffered saline-0.1% Tween-20 (TBST) for 1 hour. 

Membranes were incubated with primary antibody overnight at 4 °C (for CSE; 1:500, 

mouse monoclonal IgG1κ, Abnova). β-actin (1:1000, mouse monoclonal IgG1, Santa 

Cruz Biotechnology) served as housekeeping protein. Horseradish peroxidase-labeled 

antibody was used as a secondary antibody. All antibody incubations were followed 

by short washing with TBST. Immunoreactions were visualized by ECL Western Blotting 

Substrate (Thermo scientific, Waltham, MA, USA) and images were taken with the Bio-

Rad-ChemiDoc MP system and quantified using ImageJ software.

Real-time PCR analysis

RNA was isolated from cultured HMEC-1 cells using TRIzol Reagent (Invitrogen). 1 ug RNA 

was converted to cDNA using SuperScript II reverse transcriptase and random hexamere 

primers (Life Technologies). CSE (assay Hs00542284_m1), CBS (assay Hs00163925_m1), 

3MST (assay Hs00560401_m1), VEGF-A (assay Hs00900055_m1) and VEGFR2 (assay 

Hs00911700_m1) mRNA expression was measured with a Taqman Gene expression  

assay (Applied Biosystems). For normalization, TATA box binding protein (TBP) was included 

as housekeeping gene using the following primers (FW: GCCCGAAACGCCGAATAT; REV: 

CCGTGGTTCGTGGCTCTCT) and probe (ATCCCAAGCGGTTTGCTGCGG) (Eurogentec). 

Reactions were performed on an ABI7900HT thermal cycler (Applied Biosystems).  

The comparative Ct method (2-ΔCt method) was used to calculate relative gene expression.
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ELISA

Human VEGF-A was measured in supernatant of cultured HMEC-1 48 hours after 

transfection with different siRNAs (Quantikine ELISA Kit, Catalog# DVE00; R&D Systems). 

Analysis was performed according to the user’s guide. In short; 50 µl Assay Diluent and the 

standards, blanks and samples (200 µl) were added to each well. After 2 hours incubation, 

wells were washed three times followed by addition of 200 µl Conjugate and incubation 

for 2 hours. After 3 times washing, 200 µl of Substrate Solution was added and incubated 

at room temperature in the dark. After 20 minutes, 50 µl Stop Solution was added per 

well and within 30 minutes absorbance was measured at 450 nm (Varioskan, Thermo 

Scientific). VEGF-A concentration was then calculated by using the calibration curve.

Statistical analysis

All data were analyzed with GraphPad PRISM 5.0 (GraphPad, San Diego, CA, USA). Data 

were analyzed using one-way ANOVA or Kruskal Wallis test where appropriate. Normality 

was tested using the Kolmogorov–Smirnov test. Bonferroni or Dunns post-hoc analysis was 

applied to correct for multiple comparisons. Data are shown as mean±SEM (Standard Error 

of the Mean). Differences were considered statistically significant when P<0.05.

Results

Patient characteristics

Patient characteristics (n=19) at time of carotid endarterectomy (CEA) are shown in  

Table 1. Most of the patients were male (79%). The mean age of all patients was 72.2 

± 8.1 yrs. According to the guidelines, 15 patients were overweight (BMI > 25 kg/m2), 

and 8 patients suffered from obesity (BMI > 30 kg/m2), with a mean BMI of 28.7 ± 3.5. 

Systolic blood pressure was 146 ± 14 mmHg, and diastolic blood pressure was 72 ± 12 

mmHg. 

Atherosclerotic plaque characteristics

The carotid plaque specimens were divided into either vulnerable or stable based on the 

criteria described in the Methods section. Criteria included the following parameters: 

fibrous cap thickness, CD68+ macrophage infiltration, density of intraplaque microvessels, 

and the presence of intraplaque hemorrhage. Fig.1 displays representative examples of 
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a vulnerable and stable plaque. Vulnerable plaques were characterized by cholesterol 

cleft abundance, intraplaque hemorrhage, macrophage infiltration and intraplaque 

angiogenesis. To validate our plaque classification, plaques depicted in Figure 1 were also 

classified according to the Oxford plaque classification.22 According to this classification 

the overall stability of the vulnerable plaque would be “unstable with ruptured cap” due 

to the presence of a thrombus. The fibrous cap in the stable plaque is >200 µm at the 

thinnest and therefore scored “stable” according the Oxford Plaque Classification.18 

Our classification and the Oxford Plaque Classification thus similar outcome with respect 

to plaque stability. Out of 19 CEA plaques, 8 were classified as vulnerable. No significant 

differences were observed in patient characteristics between patients with stable and 

vulnerable plaques (Table 1). However, 3 out of 4 plaques from asymptomatic patients 

were classified as stable, suggesting that in our patient cohort asymptomatology is 

associated with plaque stability.

Table 1 - Patient characteristics

Overall
n=19

Stable
n=11

Vulnerable
n=8

P-trend

Demographics

Age (years) 72.2 ± 8.1 73.4 ± 8.5 71.2 ± 7.3 0.56

Male gender 15 (79%) 9 (82%) 6 (75%) 0.72

BMI (kg/m2) 28.7 ± 3.5 29.5 ± 3.0 27.6 ± 4.0 0.25

Smoking* 8 (42%) 3 (27%) 5 (63%) 0.26

Symptomatology 15 (79%) 8 (73%) 7 (88%) 0.44

Symptoms - surgery interval (days)† 25 ± 14 23 ± 10 27 ± 18 0.64

Clinical parameters

SBP (mmHg) 146 ± 14 145 ± 15 147 ± 12 0.86

DBP (mmHg) 72 ± 12 75 ± 12 68 ± 10 0.18

Serum creatinine (µmol/L) 91 ± 17 88 ± 13 96 ± 22 0.36

Co-morbidity

Diabetes mellitus 5 (26%) 2 (18%) 3 (38%) 0.25

Hypertension 18 (95%) 11 (100%) 7 (88%) 0.39

Hyperlipidemia 16 (84%) 10 (91%) 6 (75%) 0.35

Data are presented as mean±SD or n (%). *Smoking is presented as current smokers including 
abstinence < 1 year. †Symptoms - surgery interval is presented as days from first symptoms until day 
of surgery (only in symptomatic patients).
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CSE is expressed in intraplaque microvessel endothelial cells

In all plaques (n=19), lumen narrowing, inflammatory cell infiltration, and microvessels 

were observed (Fig.1). To determine intraplaque CSE protein expression levels, western 

blot analysis on both stable and vulnerable plaques was performed (Fig.2A). No differences 

in CSE expression levels were observed between stable and vulnerable plaques. We also 

attempted to perform reproducible real time PCR analysis to determine intraplaque 

CSE mRNA expression levels. This was however not possible due to poor RNA quality 

with high A260/A280 ratio and low yields (data not shown), despite reproducible and 

reliable protein expression. To determine the localization of intraplaque CSE expression, 

immunohistochemistry was performed. 
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Figure 1 - Plaque morphology. Representative photomicrographs of a vulnerable plaque (A,C,E,G) 
and a stable plaque (B,D,F,H). Images show narrowed lumen (PAS staining) (A, B) and cholesterol 
clefts. Fibrous cap and connective tissue was visualized with MSB staining (blue) (C, D). Fibrin, 
indicating an intraplaque hemorrhage, is stained red. Inflammatory cells, identified by positive CD68 
staining are shown in panels E and F. Intraplaque microvessels were characterized by positive CD34 
staining (G, H). Scalebar 2 mm in overview photomicrographs and 200 µm in detailed pictures.
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As shown in Fig.2B and Fig.3A-C, CSE protein was localized within microvascular 

structures in CEA plaques. To confirm the endothelial phenotype of CSE-expressing 

cells, CSE/vWF immunohistochemical and immunofluorescence double labeling were 

performed. Double staining for CSE/vWF showed CSE expression in vWF+ endothelial 

cells (Fig. 3D,E,F,J) but also in cells of non-endothelial origin which appeared to be αSMA+ 

smooth muscle cells (Fig.3G,H,I,K). Conjugate controls, as well as IgG1 isotype controls, 

were consistently negative (Suppl.Fig.1).
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Figure 2 - Carotid endarterectomy plaques express cystathionine γ-lyase (CSE). Representative 
western blot showing (variable) CSE protein expression and its quantitative analysis (n=19 plaques) 
(A). No differences were observed between stable or vulnerable plaques. Photomicrograph of a 
CEA plaque showing positive immunohistochemical staining for CSE in microvascular structures 
(closed arrowheads), and elongated cells (open arrowheads) (B).
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Figure 3 - CSE is present in microvascular endothelial cells and αSMA+ cells. Representative 
photomicrographs of a plaque with CSE expression in intraplaque microvessels (A,B,C). 
Immunohistochemical double staining for CSE and vWF immunohistochemical staining, (D) 
showing double positivity in microvascular endothelial cells (E,F). CSE protein is visualized with AEC 
(red) and vWF with FastBlue (blue). Immunohistochemical double staining for CSE and αSMA (G), 
showing double positivity in intraplaque smooth muscle cells (H), but only CSE positivity in 
intraplaque microvessels (I). CSE protein is visualized with FastRed (red) and αSMA with DAB 
(brown). Scalebar: 2 mm (A,D,G); 100 µm (B,E,H); and 50 µm (C,F,I). Immunofluorescence double 
staining for CSE and vWF, showing co-localization in microvascular endothelial cells (closed 
arrowheads), 400x magnification, scalebar: 20 µm (J). Immunofluorescence double staining for CSE 
and αSMA, showing co-localization of CSE and αSMA in myofibroblast-like cells (open arrowheads), 
400x magnification, scalebar: 20 µm (K).
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CSE siRNA knockdown in HMEC-1 significantly reduces CSE mRNA expression

To study the effect of CSE on functional characteristics of HMEC-1 cells in vitro (i.e. tube 

formation, cell viability/proliferation, migration), CSE siRNA knockdown was established 

using two different CSE-specific siRNA’s. PCR analysis confirmed down-regulation of CSE 

mRNA in HMEC-1 cells 24, 48, and 72 hours after CSE mRNA knockdown. Both siRNA 

1 (s3710) and siRNA 2 (s3711) resulted in a significant down-regulation of CSE mRNA 

expression (P<0.001; Fig.4A). 
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Figure 4 - Confirmation of CSE knockdown with CSE siRNAs. HMEC-1 transfection with siRNA 1 
(s3710) resulted in a dowregulation of CSE mRNA of 83%, 80% and 84%, and siRNA 2 (s3711) 
resulted in a dowregulation of 75%, 71% and 69% after 24, 48 and 72 hours respectively (A), n=3, 
in which each replicate was performed in triplicate. Western blot analysis for CSE in HMEC-1 cells, 
showing a reduction of 26% (siRNA 1) and 51% (siRNA 2) of CSE protein expression (B), n=3. qRT-
PCR analysis for CSE in cultured HMEC-1 cells, 48 hours after transfection with two CSE siRNAs and 
addition of GYY4137, showing 88% (2x CSE siRNA) and 89% (2x CSE siRNA + GYY) knockdown of 
CSE mRNA expression compared to negative control. GYY4137 did not affect CSE mRNA expression 
(C), n=3, in which each replicate was performed in triplicate. Western blot analysis for CSE in HMEC-
1 cells, 48 hours after transfection with double CSE siRNA knockdown and addition of GYY4137, 
showing 45% (2x CSE siRNA) and 29% (2x CSE siRNA + GYY) knockdown of CSE protein expression 
compared to negative control (scrambled siRNA). GYY4137 did not affect CSE protein expression 
significantly (D), n=3. Data are expressed as mean±SEM of three independent siRNA transfection 
experiments. * P<0.05, **P<0.01, ***P<0.001 vs. control. ). Data were analyzed using one-way 
ANOVA. Normality was tested using the Kolmogorov–Smirnov test. Bonferroni post-hoc analysis was 
applied to correct for multiple comparisons.
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Western blot analysis performed after 48 hours confirmed CSE knockdown, and revealed 

a decreased CSE protein expression with siRNA 1 (n.s.) and siRNA 2 (P<0.05; Fig. 4B). In 

order to achieve more pronounced knockdown, double CSE knockdown was performed. 

To determine whether the potential effects of CSE knockdown resulted from reduced 

H2S production, exogenous H2S was added to the cultures by adding slow release H2S 

compound GYY4137. Double CSE knockdown resulted in 88% decreased CSE mRNA 

expression, which was unaffected by GYY4137 (Fig.4C). At the protein level, double 

CSE knockdown resulted in 45% decreased CSE expression, which was not significantly 

affected by GYY4137 (Fig.4D). CSE knockdown did not alter CBS or 3MST mRNA 

expression levels as evidenced by real-time PCR analysis. (Suppl.Fig.2)

Inhibition of CSE decreases tube formation

Cultured HMEC-1 cells were positive for vWF as well as CSE. Conjugate controls were 

consistently negative (Fig.5A). HMEC-1 started to form tubes and capillary networks 

one hour after seeding, with maximal tube formation observed after 8 hrs. PPG was 

used to inhibit CSE activity. PPG dose-dependently inhibited tube formation up to 34% 

(Fig.5B,D). PPG did not influence CSE mRNA expression (Suppl.Fig.3). Single (one siRNA) 

and double (two siRNAs) CSE mRNA knockdown resulted in reduced tube formation 

(P<0.001; Fig.5C,E), which was restored to 99% of control after culture in the presence 

of slow release H2S donor GYY4137. GYY4137 without CSE knockdown stimulated tube 

formation with 16% (P<0.05; Fig.5F).

Reduced CSE expression decreases cell viability

We next analyzed whether CSE knockdown also attenuated cellular processes related 

to angiogenesis, i.e. cell viability/proliferation and migration. Double (two siRNAs) CSE 

mRNA knockdown resulted in decreased cellular activity or viability compared to the 

scrambled siRNA control, as evidenced by lower absorbance in the MTT assay. Addition of 

GYY4137 significantly attenuated this effect. Administration of GYY4137 alone increased 

cell viability in HMEC-1 cells, compared to negative control (scrambled siRNA) (two-way-

ANOVA, P<0.001, Fig.6A). These data indicate that CSE-derived endogenous H2S increases 

cell viability. The effect of CSE knockdown can be overcome by exogenous H2S.
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Figure 5 - Inhibition of CSE in HMEC-1 cells reduces tube formation.Immunohistochemical staining 
of HMEC-1 cells for vWF and CSE. Conjugate controls were consistently negative. Scalebar: 100 
µm (A). Representative photomicrographs showing tube formation assay with HMEC-1 cells in 
the presence of increasing concentrations (0-10 mM) of the irreversible CSE inhibitor PPG (B), 
transfected with scrambled siRNA (negative control), CSE siRNA 1 (s3710) and CSE siRNA 2 (s3711) 
and/or with slow release H2S donor GYY4137 (C). PPG dose-dependently decreases tube formation 
by 6%, 25%, 29%, and 34% with 1 mM, 2 mM, 5 mM, and 10 mM PPG respectively (D). CSE 
knockdown with siRNA 1 and siRNA 2 resulted in decreased tube formation of respectively 26% 
and 33% (E). GYY4137 significantly increased tube formation by 16%, double CSE knockdown 
inhibited tube formation with 27%, which was recovered by GYY4136 to 99% of control (F). For 
all tube formation experiments: n=3, in which each replicate was performed in triplicate. Data are 
expressed as mean±SEM. * P<0.05, **P<0.01, ***P<0.001 vs. control ###, P<0.001 vs. 2x CSE 
siRNA. Data were analyzed using one-way ANOVA. Normality was tested using the Kolmogorov–
Smirnov test. Bonferroni post-hoc analysis was applied to correct for multiple comparisons.
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Figure 6 - Inhibition of CSE in HMEC-1 cell viability and migration. In the MTT assay, double CSE 
mRNA knockdown resulted in inhibition cell viability of HMEC-1, compared to negative control 
(scrambled siRNA), and addition of 300 µmol/L GYY4137 was able to temporarily diminish this effect. 
Addition of GYY4137 alone resulted in induced mitochondrial activity compared to negative control 
(A). The MTT assay was repeated three times. For the scratch assay, representative pictures for each 
condition are shown to visualize scratch-closure over time. After 24 hours, 53% of the scratch was 
closed in the negative control conditions. Addition of GYY4137 significantly increased scratch closure 
at 24 hours, up to 65%. Double CSE knockdown decreased migration of HMEC, with a scratch 
closure of 41%, an effect which was reversed by addition of GYY with a scratch closure of 52% 
after 24 hours (B). Each condition in the scratch assay was repeated six times. Data are expressed as 
mean±SEM. * P<0.05, *** P<0.001 vs. scr. siRNA; # P<0.05, ### P<0.001 vs. 2x CSE siRNA + GYY. 
Data were analyzed using two-way ANOVA. Normality was tested using the Kolmogorov–Smirnov 
test. Bonferroni post-hoc analysis was applied to correct for multiple comparisons.
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CSE knockdown inhibits HMEC-1 migration

Using a wound healing scratch assay double CSE mRNA knockdown decreased HMEC-1 

migration when compared to the scrambled siRNA control. After 24 hours, 53% of the scratch 

was closed in the scrambled siRNA control, whereas after double CSE mRNA knockdown this 

was significantly lower (41%, two-way-ANOVA, p<0.05). Addition of GYY4137 was able to 

diminish the effects of CSE knockdown (52% closure). GYY4137 alone resulted in increased 

cell migration (65% scratch closure) when compared with the scrambled siRNA control (two-

way-ANOVA, P<0.05, Fig.6B). Similar to HMEC-1 tube formation and viability, these data 

indicate that CSE-derived endogenous H2S increases cell migration.

CSE knockdown results in reduced expression of VEGFR2

To study a possible pathway of pro-angiogenic effects of H2S, VEGF-A and VEGFR2 

expression levels were analyzed in HMEC-1 cells. PCR analysis revealed significantly 

decreased VEGFR2 mRNA expression levels after CSE siRNA knockdown (Fig.7A). No 

differences were observed for VEGF-A mRNA expression levels (Fig.7B). Supernatant 

VEGF-A protein levels were below detection limit (Fig.7C).
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Figure 7 - VEGFR2 and VEGF-A expression during CSE knockdown. qRT-PCR analysis for VEGFR2 
in cultured HMEC-1 cells, showing 25% (CSE siRNA 1) and 10% (CSE siRNA 2) decreased VEGFR2 
mRNA expression (A), n=3, in which each replicate was performed in triplicate. qRT-PCR analysis 
revealed no differences in VEGF-A mRNA expression levels in HMEC-1 cells after transfection with 
different siRNAs (B), n=3, in which each replicate was performed in triplicate. ELISA revealed 
undetectable low VEGF-A concentrations in supernatant of transfected cells, and showed no 
differences in VEGF-A concentration in HMEC-1 cells after transfection with different siRNAs (C), 
n=3, in which each replicate was performed in duplicate. Data were analyzed using Kruskal Wallis 
test. Normality was tested using the Kolmogorov–Smirnov test. Dunns post-hoc analysis was 
applied to correct for multiple comparisons.
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Discussion

Major findings of this study are: 1) the detection of high levels of CSE in intraplaque 

microvessels in human CEA atherosclerotic plaques, 2) the stimulatory effect of CSE 

on angiogenesis of microvascular endothelium in vitro, and 3) CSE knockdown results 

in decreased expression levels of VEGFR2 mRNA after CSE knockdown. All together, 

these findings support a role for intraplaque H2S production as a risk factor for increased 

microvascular density, and thereby plaque vulnerability.

Unfortunately, we were not able to analyze intraplaque gene expression for CSE and 

the other H2S producing enzymes at the mRNA expression level. Due to large acellular 

areas of advanced plaques and degradation of RNA, the yield was very low and the mRNA 

quality rather poor. This is a technical issue, which has been described before.23

The tube formation assay with HMEC-1 cells was used as an in vitro model for 

micro-angiogenesis. Inhibition of CSE resulted in decreased tube formation, an effect 

that was rescued after adding GYY4137, a H2S donor. Similar results were obtained for 

HMEC-1 cell viability and migration. The observation that the functional phenotypes of 

CSE-deficient HMEC-1 cells can be rescued by exogenous H2S indicates that these CSE-

dependent processes are H2S-mediated. The anti-angiogenic effects of CSE knockdown 

are possibly mediated via the VEGFR2 pathway. H2S can directly target VEGFR224 but also 

indirectly is explained in more detail below. Our data indicate that human microvascular 

endothelial cell-mediated angiogenesis is, at least in part, regulated by H2S. Our results are 

in line with the previous reported pro-angiogenic actions of H2S.5, 6, 12 However, here we 

describe pro-angiogenic effects of H2S on human microvascular endothelial cells in vitro. 

Intraplaque microvessels are composed of microvascular endothelial cells which prompted 

us to use human microvascular HMEC-1 cells; we believe this in vitro assay would be the 

best approximation of the in vivo situation. Since our in vitro data are in line with previous 

reports,5, 6, 12 we assume that the underlying molecular mechanisms might also be similar. 

Although not determined by us in HMEC-1 cells, we propose that also in these cells H2S 

might promote angiogenesis involving pathways such as PI3K/AKT and MAPK pathways, 

as well as ATP-sensitive K-channels.6 Recently, microRNA miR-640 was identified as a key 

regulator of the proangiogenic effects of H2S.25 In response to H2S, expression of miR-640 

was reduced in HUVECs and HMEC-1 cells through the VEGFR2-mTOR pathway resulting 

in increased HIF1A expression. HIF1A is a known regulator of angiogenic growth factors 

that promote angiogenesis eventually.
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Composition of carotid atherosclerotic plaques, and its association with plaque rupture  

and cardiovascular events has been reported before.26 Based on previous research, 

plaque neovascularization is associated with a more rupture-prone plaque phenotype 

and is increased in ruptured atherosclerotic plaques.27 The predominant trigger for the 

development of plaque neovascularization are hypoxic conditions in the microenviron-

ment of the necrotic core.28. The intraplaque microvessels are presumed to originate 

from the adventitial vasa vasorum that infiltrate the damaged medial wall.29 Here we 

clearly demonstrated CSE expression in intraplaque microvessels, which supports the 

concept that intraplaque produced H2S may further promote angiogenesis. Based on 

our data we cannot draw firm conclusions as to whether intraplaque hypoxia increases 

microvascular CSE expression. However, there is ample evidence for a role of increased 

demand of H2S in ischemic conditions. For example, inhibition of CSE in rats subjected 

to bilateral renal ischemia and reperfusion worsened renal function, indicating that the 

endogenous production of H2S is crucial in the recovery period after ischemia.30 In mice 

subjected to ischemia and reperfusion, renal H2S production and plasma concentrations 

of H2S were increased after 24 hours, suggesting a reparative role for H2S after ischemia 

and reperfusion.31 In line with this, we previously showed that in CSE knock out mice 

mortality is significantly higher when compared to wild type mice after subjection to 

bilateral ischemia and reperfusion.11

Also in more direct cell-based assays it was reported that hypoxia modulates CSE 

expression trough (post-)transcriptional regulation which may result in increased CSE 

protein levels.32 We therefore propose that intraplaque hypoxia is likely to be responsible 

for preserved or even increased CSE expression in intraplaque microvessels.

Inhibiting microvessel formation in atherosclerotic plaques may be a strategy to 

reduce the risk for plaque rupture. Since angiogenesis is induced by CSE-derived H2S, 

this pathway seems a good candidate for targeted therapeutic inhibition. However, 

the therapeutic potential of systemic CSE inhibition is hampered by the fact that CSE 

and H2S have systemic anti-atherogenic effects, including the scavenging of reactive 

oxygen species, inhibition of vascular smooth muscle cell proliferation, and reduction of 

inflammation.15, 33 Overexpression of CSE,34 exogenous administration of NaHS (a fast H2S 

donor),14 or GYY4137 (a slow release H2S donors)35 showed reduction of atheros clerotic 

plaque size in ApoE-/- mice. In line with this, atherosclerosis is accelerated in CSE deficient 

mice.16 CSE deficiency is also accompanied by a lower vessel density in an ischaemic limb 

model in mice, an effect which was reduced with H2S donor diallyl trisulfide.36 Based on 
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these published data and our data presented here, local intraplaque CSE inhibition with 

preserved systemic CSE activity is required. It has been shown that CSE and VEGF both 

act via a common pathway in angiogenesis as VEGF-stimulated growth of microvessels 

in mouse aortic rings is dependent on the presence of active CSE.12 In addition, it has 

been shown that H2S could directly activate VEGFR224 as already eluded to above. Local 

treatment with soluble vascular endothelial growth factor receptor-1 (sFlt-1) as a VEGF 

inhibitor was shown to be a promising treatment modality against plaque development 

and progression in rabbits.37 However, systemic VEGF inhibition using the selective 

VEGFR2 blocker PTK787 in ApoE-/- mice augmented atherosclerotic plaque development 

compared to placebo treatment.38 These data underscore the importance of local vs. 

systemic inhibition of angiogenesis and should be taken into account when considering 

CSE as a potential target for intervention. As miR-640 is identified as a key regulator 

of the proangiogenic effects of H2S
25 also locally (intraplaque) increased expression of 

miR-640 (or miRs with similar effects) might be considered to reduced H2S-mediated 

angiogenesis.

Our hypothesis contrasts earlier described atheroprotective effects of the CSE/H2S 

pathway in atherogenesis. Based on our data we propose that the CSE/H2S pathway 

might be protective in the early phase of plaque formation by e.g. attenuating endothelial 

dysfunction and reducing inflammation. However, during plaque progression CSE/

H2S might actually promote plaque vulnerability due to its pro-angiogenic effects. One 

should be aware of this potential risk when considering H2S as treatment modality for 

atherosclerosis.

In conclusion, we here demonstrate microvessel-associated CSE expression in human 

atherosclerosis. Although microvessel formation might be beneficial for cells to survive 

hypoxia in the expanding plaque, it may actually increase plaque vulnerability. High levels 

of CSE in atherosclerotic plaques may be a potential risk for plaque vulnerability through 

the local production of H2S.
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Supplemental figure 1 - Negative control immunohistochemical and immunofluorescence 
stainings. Positive signal (intraplaque microvessel) and negative control of carotid endarterectomy 
plaque for CSE staining. First antibody was replaced by isotype control (mouse IgG1 monoclonal), 
normal staining protocol was further applied (A). Negative control staining of CSE/vWF double 
immunofluorescence staining (B) and CSE/αSMA double immunofluorescence staining (C) was 
performed, only vWF or αSMA antibody was used, and CSE antibody was replaced by PBS
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Supplemental figure 2 - No differences in CBS and 3MST mRNA expression with siRNA CSE 
silencing.Real-time PCR analysis revealed no differences in CBS (A) and 3MST (B) mRNA expression 
levels in HMEC-1 cells after siRNA silencing of CSE and addition of slow release H2S compound 
GYY4137. n=3, in which each replicate was performed in triplicate.

Supplemental figure 3 - No differences in CSE mRNA expression during inhibition of CSE activity 
with PPG.Real-time PCR analysis revealed no differences in CSE mRNA expression levels in HMEC-1 
cells with different concentrations of PPG treatment. n=3, in which each replicate was performed 
in triplicate.
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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).12It 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 
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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 appli-

cations 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 outcomes,1 we therefore investigated 

whether gaseous H2S-treatment attenuates myocardial IRI in mice and whether non-

hypometabolic concentrations exhibit similar protective properties.

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 
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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 

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.
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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.

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). b-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
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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 β-actin Ct-values and the average of β-actin 

and GAPDH Ct-values to yield the delta Ct. Results were expressed as 2-ΔCt.

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 37 ºC.

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, 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).



Chapter 5

104

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).  
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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).

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.
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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.

 

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). Exposure to 

10 ppm and 100 ppm H2S reduced granulocytes by 43% (P<0.05) and 60% (P<0.001), 

respectively (Figure 4).

A Sham 0 ppm 10 ppm 100 ppm

B
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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).

A Sham 0 ppm 10 ppm 100 ppm
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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; 100 pm 
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.



Gaseous H2S is protective in myocardial I/R injury

109

5

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 

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).

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.

B

A B

A
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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.

- Antimycin           +

-

+

N
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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 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 pulmonary,25 

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 

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 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 hours,31 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 
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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 

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 
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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 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 
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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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Abstract 

In the last decades three gaseous signaling molecules - so called gasotransmitters - have 

been identified: nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S).

These gasotransmitters are endogenously produced by different enzymes in various 

cell types, and play an important role in physiology and disease. Despite their specific 

functions, all gasotransmitters share the capacity to reduce oxidative stress, induce 

angiogenesis, and promote vasorelaxation. In patients with diabetes, a lower bioavailability 

of the different gasotransmitters is observed when compared to healthy individuals. As 

yet it is unknown whether this reduction precedes, or results from diabetes. The increased 

risk for vascular disease in patients with diabetes in combination with the extensive clinical 

and financial societal burden, calls for action to either prevent or improve the treatment 

of vascular complications. In this Perspectives in Diabetes, we present a concise overview 

of the current data on the bioavailability of gasotransmitters in diabetes, and their 

potential role in the development and progression of diabetes-associated microvascular 

(retinopathy, neuropathy, nephropathy) and macrovascular (cerebrovascular, coronary 

artery and peripheral arterial disease) complications. Gasotransmitters appear to have 

both inhibitory and stimulatory effects in the course of vascular disease development. 

This Perspective concludes with a paragraph on gasotransmitter-based interventions as 

therapeutic option.
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Diabetes and its complications

Diabetes mellitus is characterized by hyperglycemia and insulin resistance or deficiency. 

Diabetes is a top ten cause of death worldwide; its prevalence is increasing and currently 

estimated to be 9% among adults.1,2 Both type 1 - and type 2 diabetes are important 

risk factors for vascular diseases, with a 2- to 4-fold increased risk when compared to 

non-diabetic individuals.3 These vascular complications are divided into microvascular 

(retinopathy, neuropathy, nephropathy) and macrovascular (cerebrovascular-, coronary 

artery- and peripheral arterial disease) complications with respective clinical symptoms 

(Figure 1). Although the pathophysiology of type 1 - and type 2 diabetes is different, the 

proposed underlying mechanism leading to vascular complications seems to be similar 

and is thought to be related to endothelial dysfunction4,5 and the associated formation 

of reactive oxygen species (ROS). Chronic hyperglycemia promotes multiple biochemical 

pathways to overproduce ROS, either through mitochondrial overproduction or through 

enzymatic responses to high glucose.6

Diabetic retinopathy is the main cause of blindness in adults. The worldwide 

prevalence is approximately 35% in patients with diabetes.7 The essentials of diabetic 

retinopathy can be best characterized by the combination of increased vessel permeability 

and progressive vascular occlusion. While the clinical diagnosis of retinopathy is still made 

by the changes in small (early) and larger (later) vessels, it has become clear that almost 

every cell type in the retina can be subject to damage by complex metabolic changes, 

induced by chronic hyperglycemia.8-11.

Polyneuropathy is defined as a diffuse and bilateral disturbance of functions or 

pathological changes in multiple peripheral nerves. Diabetic peripheral polyneuropathy is 

very frequent in the course of diabetes mellitus and even in pre-diabetes, affecting up to 50% 

of all diabetes patients.12-14 However, although being frequent and severe, it is inadequately 

treated in most patients – 77% of those with chronic painful peripheral neuropathy report 

persistent pain over 5 years.15 Experimental studies suggest the importance of neurovascular 

vasodilation in diabetic neuropathy,16 however, the mechanisms remain poorly understood 

which may explain the current lack of adequate treatment in (diabetic) neuropathic pain. 

Diabetic nephropathy (DN) is the leading causes of end stage renal disease in the 

Western world, occurring in ~30% of both type 1 and type 2 diabetes patients, and 

accounts for about 40% of new cases of end stage renal disease based on US data.17 At 

the structural level the glomeruli are often affected as evidenced by basement membrane 
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thickening, mesangial lesions (Kimmelstein-Wilson lesions) and nodular sclerosis. 

Clinically, diabetic nephropathy is accompanied by proteinuria and chronic renal failure. 

In addition, arterioles are often affected as well. Mechanisms leading to renal changes 

include the metabolic defect, non-enzymatic glycation of proteins, and hemodynamic 

changes like hypertension leading to glomerular hypertrophy.18

Macrovascular complications are characterized by the development of atherosclerosis 

in arteries throughout the body. Atherosclerosis results from a pro-inflammatory state 

starting with endothelial dysfunction and culminating in narrowing of the arterial lumen 

as a result from atherosclerotic plaque formation. As opposed to stable plaques, vulne-

rable, non-stable plaques are prone to rupture causing downstream ischemic events such 

as TIA and stroke (Figure 1).

Figure 1 - Schematic overview of diabetes-associated microvascular (retinopathy, nephropathy, and 
neuropathy) and macrovascular (cerebrovascular-, coronary artery-, and peripheral arterial disease) 
complications and their clinical long-term manifestations. Abbreviation: TIA; transient ischemic attack.
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Gasotransmitters in microvascular disease

Nitric oxide and microvascular complications of diabetes

NO was first recognized as an endothelium-derived relaxing factor (EDRF).19 It is endo-

genously formed from its substrate L-arginine by three different nitric oxide synthase 

(NOS) enzymes. Endothelial nitric oxide synthase (eNOS) is predominantly associated with 

vascular tone. Inducible nitric oxide synthase (iNOS), although also present in the vascular 

system, is mainly active in the immune system under conditions of oxidative stress. It 

functions as a promoter of inflammation. Neuronal nitric oxide synthase (nNOS), present 

in neurons and skeletal muscle cells, is important for neuronal cell-cell interactions.20 NO 

acts as vasodilator, inhibits platelet aggregation and stabilizes atherosclerotic plaques.21 

In humans, NO-dependent vasodilatation is impaired in patients with type 2 diabetes, 

and lower eNOS expression and reduced NO production are the suggested underlying 

cause.22,23 Blockade of nitric oxide synthase causes insulin resistance in a rat model, 

indicating that in this model loss of NO synthesis precedes type 2 diabetes.24 In different 

animal models for diabetes, lower bioavailability of NO is observed. In spontaneous type 

1 diabetic BioBreeding (BB) rats 25 as well as streptozotocin (STZ)-induced type 1 diabetes 

in male Sprague–Dawley rats 26 reduced NO production was found. Also in mouse models 

of diet-induced obesity and type 2 diabetes, NO bioavailability is reduced, leading to 

endothelial dysfunction and impaired NO-mediated vasodilatation.27,28 In contrast to 

these protective effects of NO, iNOS-produced NO seems to play an important role in 

inducing nitrosative stress and inflammation, also in the course of diabetes. Thus, NO 

seems to play a dual role in the development and progression of diabetes as well as in 

the development of vascular dysfunction.29

Effects of NO depletion and supplementation on the development of microvascular com-

pli cations have been primarily studied in experimental models as summarized in Table 1  

and discussed below. 

Retinopathy. In the retina iNOS is sensitive to hyperglycemia and responsible for over-

production of NO.30,31 The resulting surplus of NO is either quenched by advanced 

glycation end products (AGEs) or leads, through the reaction with superoxide, to the 

formation of peroxynitrite with subsequent nitrosylation of proteins, lipids, and DNA. 

NO production is important in inflammatory signaling, and inflammation is thought to 

be important in incipient diabetic retinopathy.32 Increased reactive nitrogen species (RNS) 
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has been observed in diabetic rat retinae and in vitro, and these changes were corrigible 

by aminoguanidine, an inhibitor of NO synthases.33 Being also an inhibitor of AGEs, 

aminoguanidine reduced vascular cell damage in several animal models.33,34 Zheng et al. 

found that nitrosative stress was reduced in the retinae of iNOS-/- mice, together with an 

inhibition of vasoregression and retinal thinning 30. However, the essential role of iNOS 

for development of diabetic retinopathy seems not to be the case for other NOS isoforms, 

since deletion of eNOS exacerbates diabetic retinopathy.35 In STZ-induced type 1 diabetes,  

eNOS-/- mice developed more severe retinopathy compared to wildtype diabetic control 

mice. The worsened phenotype in these eNOS-/- mice was accompanied by an increased 

iNOS expression, further suggesting an important role for iNOS in the development of 

diabetic retinopathy. However, eNOS-/- mice suffer from higher blood pressure, so the 

worsened retinal phenotype can partly be explained by hypertensive injury. In essence, 

NO appears to have a dual role (i.e., protective and noxious effects) in the diabetic retina 

as schematically shown in Fig. 2a.

Neuropathy. Until now NO is the best characterized gasotransmitter contributing to 

noci ception and pain. Its downstream targets within the peripheral nervous system (PNS) 

include cyclic guanosine monophosphate (cGMP) production by activation of soluble 

guanylyl cyclase (sGC), and phosphorylation of membrane receptors and channels by 

cGMP-dependent protein kinases;36 mechanisms usually associated with increased 

nociception. Consistently, different members of the large family of transient receptor 

potential channels, several of which are known as nociceptive sensor molecules like 

TRPV1 and TRPA1, are activated by NO via cysteine S-nitrosylation.37 In contrast, several 

mechanisms were identified that may induce anti -nociception and analgesia and increase 

efficacy of analgesic compounds. In the central nervous system (CNS), NO interacts with 

the descending inhibitory control mechanisms of nociception.38 In type 2 diabetes patients 

suffering from painful diabetic neuropathy, treatment with the NO donors glyceryl trinitrate39 

and isosorbide dinitrate40 significantly improved pain symptoms, indicative of beneficial 

action of NO in diabetic neuropathy. Similar effects were observed when locally applying 

a NO-releasing cutaneous patch.41 These effects may however, also be indirectly explained 

by variations in local microcirculation: transient changes in sciatic nerve microcirculation 

were observed in response to NO in diabetic STZ-animals developing diabetic neuropathy.42 

In STZ-induced diabetic rats, NOS activity is increased in primary sensory neurons.43 The 

potent oxidant peroxynitrite, a product of superoxide anion radical reaction with NO, was 

suggested to play a role in the induction of peripheral diabetic neuropathy and neuropathic 
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pain via induction of reactive nitrogen species (RNS)44 including protein nitrosylation, lipid 

peroxidation, DNA damage and cell death29 Hyperglycaemia activates iNOS, and therefore 

generally increased nitrosative stress in the PNS.44,45 Absence of iNOS reduced nitrosative 

stress in peripheral nerve fibers displaying normal nerve conduction velocities; diabetic 

neuropathy was also less severe in diabetic iNOS-/- mice than in diabetic wildtype mice. 

Thus, diabetic neuropathy depends on nitrosative stress induced in axons and Schwann 

cells by NO produced from iNOS. In contrast, nNOS is required for maintaining PNS 

function and nerve fiber density, and contributes to a lesser extent to development of 

diabetic polyneuropathy.45 In summary, NO may play pivotal direct and indirect roles in the 

progression of diabetic neuropathy presumably via impairing microcirculation in PNS at 

pathophysiological levels, and contributing to oxidative stress and inflammation and tissue 

injury29 as schematically shown in Fig. 2b.

Nephropathy. There is still controversy regarding whether generation of NO is enhanced 

or decreased in DN. In the early stages of DN Chiarelli and coworkers46 found significantly 

higher concentrations of NO end-products (nitrite/nitrate) in serum of DN patients with 

microalbuminuria compared to healthy individuals. However, an association as such does 

not imply causality per se. This excess of NO can indicate an upregulated inflammatory 

response by iNOS, or a (protective) compensatory response against renal injury, mediated 

by eNOS. In experimental STZ-induced type 1 diabetes, renal NO production is decreased 

in the early phase of the disease.47 Deficiency of eNOS results in accelerated nephropathy 

in diabetic mice,48,49 also supporting a protective role for NO in DN.50 Supplementation 

of tetrahydrobiopterin (BH4), a co-factor of NOS, reduced proteinuria and renal damage 

in type 2 diabetic rats.51 Taken together, NO production is clearly modulated in DN and 

decrements in its expression point to a contributing role for this gasotransmitter in 

DN. Scavenging of ROS positively influences the redox status, and may mechanistically 

underlie these findings. The modes of action of NO in the development of DN are 

schema tically shown in Fig. 2c.

As discussed above, NO demonstrates both protective and damaging properties in 

the development of microvascular disease. 

The producing enzyme seems to play a major role in the contrasting actions of NO: 

eNOS- and nNOS-derived NO exerts the vast majority of its positive effects via upregulation 

of the production of cGMP by activation of sGC. On the other hand, iNOS produced NO is 

involved in inflammatory signaling and is an important contributor to the development of 

diabetic angiopathy. Next to that, the presence of ROS is important in the actions of NO.  
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An excess of NO in the presence of abundant ROS (superoxide) production leads to the 

formation of peroxynitrite with subsequent nitrosylation of proteins, lipids, and DNA. 

Next to nitrosylation, there is increasing evidence for harmful effects of NO in protein 

tyrosine nitration.52 Protein nitration is a post-translational modification which takes place 

in combined presence of oxidative stress and NO, which is the case in disease conditions 

such as diabetes.53 Based on the data available, we conclude that NO plays a dual role in 

the progression and maintenance of diabetic microvascular complications, and which is 

mostly driven by the expression of its producing enzymes (NOS) and the presence of ROS.

Table 1 - Effect of NO in diabetic microvascular disease 

Model Intervention  /  Outcome Reference

Retinopathy Mouse – 
STZ-induced 
diabetes

L-NAME, iNOS-/-  Reduced diabetic 
leukostasis and BRB 
permeability

31

eNOS-/-  Increased and 
accelerated 
retinopathy features

35

Rat –  
STZ-induced 
diabetes

Molsidomine  Prevented diabetes-
induced vascular injury

54

Neuropathy Human –  
type 2 
diabetes

NO donors 
(glyceryl trinitrate, 
isosorbide 
dinitrate)

 Reduced neuropathic 
pain

39,40

Mouse – 
STZ-induced 
diabetes

iNOS-/-  Improved nerve 
conduction velocities, 
less neuropathy

45

Nephropathy Mouse – 
Leprdb/db

eNOS-/-  Increased glomerulary 
injury, proteinuria and 
renal insufficiency

48

Mouse – 
STZ-induced 
diabetes

eNOS-/-  Increased vascular 
damage en renal 
insufficiency

49

Rat –  
OLETF

NOS cofactor BH4  Reduced glomerular 
injury and proteinuria

51

L-NAME  Increased glomerular 
injury, inflammation 
and proteinuria

50

 indicates increased NO;  indicates reduced NO.
Abbreviations: BH4: tetrahydrobiopterin; BRB: blood-retinal barrier; eNOS: endothelial nitric oxide 
synthase; iNOS: inducible nitric oxide synthase; L-NAME: L-NG-Nitroarginine methyl ester; NO: nitric 
oxide; OLETF: Otsuka Long Evans Tokushima Fatty; STZ: streptozotocin.
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Carbon monoxide and microvascular complications of diabetes

The second gasotransmitter, carbon monoxide (CO) is produced by the different heme 

oxygenase (HO) enzymes as a product of heme metabolism.55 Heme is converted to bili-

verdin, iron and CO by heme oxygenase (HO). Three different isoforms of heme oxygenase 

exist; the inducible form heme oxygenase-1 (HO-1), and the constitutive isoforms HO-2 

and HO-3. HO-1 and HO-2 are physiologically active, whereas the role of HO-3 in human 

physiology remains unclear.56 CO has numerous physiological functions, among others 

vasodilation and inhibition of platelet aggregation. In skeletal muscle biopsies and circulating 

leukocytes from patients with type 2 diabetes, mRNA expression of HO-1 was dramatically 

decreased compared to age-matched non-diabetic controls.57,58 In STZ-induced type 1 

diabetic rats a decreased vasorelaxant function of CO was demonstrated, despite higher 

HO-1 expression levels.59 In Zucker diabetic fatty (ZDF) rats CO-production was decreased 

in aortic tissue compared to non-diabetic controls. Increasing HO-1 activity with cobalt 

protoporphyrin resulted in higher levels of CO, lower glucose levels and increased insulin 

sensitivity.60 These data are in favor of reduced vascular risk in the presence of higher 

CO levels, which might be mediated via effects on insulin sensitivity.61 Taken together, 

reduced bioavailability of CO in the diabetic state is accompanied by insulin resistance and 

a reduction of endothelial health, indicating a potential role for the HO-1/CO pathway in 

the development of diabetes and its associated complications.

Effects of CO depletion and supplementation in diabetic mice and rats on the development 

of microvascular complications are summarized in Table 2 and will be discussed below. 

Retinopathy. Oxidative stress in the diabetic retina promotes the activation of heme 

oxygenases.54 In the diabetic retina, HO-1 is predominantly found in glial cells, in particular 

in Müller cells, and to some extent in the microvasculature.62 In vitro, HO-1 overexpression 

protects retinal endothelial cells from high glucose and oxidative/nitrosative stress.63 In 

a STZ-induced type 1 diabetes model in rats, HO-1 upregulation by hemin resulted in 

protection against the development of diabetic retinopathy.64 This protection is reflected 

by down-regulation of p53, VEGF, and HIF-1α and a reduction of diabetes-induced 

apoptosis in retinal ganglion cells (RGCs). On the contrary, HO-1-derived CO is pro-

angiogenic,65 and angiogenesis, causing increased retinal blood flow, is a key factor in 

development of diabetic retinopathy.66 This implies that the pro-angiogenic effects of CO 

may actually aggravate diabetic retinopathy. The effects of CO in the diabetic retina are 

schematically shown in Fig. 2a.
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Neuropathy. In the case of diabetic neuropathy, CO acts as a pain-modulating second 

messenger within the nervous system.67 Activation of HO/CO signaling reduced symptoms 

of neuropathic pain, presumably by activation of anti-inflammatory and anti-oxidant 

mechanisms.68 CO exerts anti-nociceptive effects and increases the anti-allodynic and 

anti-hyperalgesic efficacy of morphine in chronic inflammation and neuropathic pain69 

- the latter strictly depending on NO produced by nNOS and iNOS. Furthermore, CO 

relieves neuropathic pain symptoms via reducing expression of iNOS and nNOS as well as 

by reduced activation of spinal microglia.70 Interestingly, the constitutive isoform HO-2 is 

co-expressed with NOS in the PNS and CNS67 and CO - as NO - is also capable of activating 

the proalgesic cGMP-protein kinase pathway.70 In fact, there is a close interaction 

between the CO and NO systems in the course of neuropathic pain suggesting that 

they might act as co-transmitters in neuronal signaling transmission.67 In nociception, 

the more stable CO may set basal activity by tonic background stimulation and NO may 

transiently amplify nociceptive signaling. Substances increasing endogenous CO (e.g., 

CO-releasing molecules, or HO-inducers alone or in combination with analgesics) may 

thus be useful for the treatment of (diabetic) neuropathic pain. The effects of CO in 

diabetic neuropathy are depicted in Fig. 2b.

Nephropathy. In the kidney, HO-1 and HO-2 are important in cytoprotection and serve as 

physiologic regulators of heme-dependent protein synthesis during which CO is produced. 

Inducers of the HO pathway (like hemin) are protective against renal inflammation and 

ameliorate DN in type 2 diabetic ZDF rats and STZ-induced type 1 diabetic rats.71-73 The 

anti-oxidant effect of HO-1 is believed to play a role in renal protection in diabetic rats.74 

The opposite, deficiency of HO-2 results in higher superoxide anion levels and increased 

renal dysfunction after STZ-induced diabetes.75 Enhanced production of CO seems to be 

beneficial for the kidney in DN suggesting possibilities for therapeutic intervention. The 

effects of CO in diabetic nephropathy are shown in Fig. 2c. 

Besides the beneficial effects of CO, high CO concentrations are toxic because of 

the high affinity of CO to bind heme-proteins like hemoglobin. Due to high levels of CO 

bound to hemoglobin (forming carboxyhemoglobin [COHb]), O2 is not able to bind to 

that particular hemoglobin molecule and disrupted oxygen transport develops. However, 

endogenous production of CO by HO enzymes does obviously not result in toxic levels. 

In contrast to NO, the exact working mechanism and molecular targets of CO are mostly 

unknown. Nevertheless, one of the known pathways is that CO is able to increase cGMP 

production by activation of sGC albeit with lower affinity than NO. Moreover, CO is able 
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to bind to complex IV (cytochrome c oxidase) of the mitochondrial electron transport 

chain, and thereby regulating ROS production. In summary, CO is mainly protective in 

diabetic vascular disease via inhibition of ROS formation, via interaction with NO, and via 

the sGC/cGMP pathway.

Table 2 - Effect of CO in diabetic microvascular disease 

Model Intervention  /  Outcome Reference

Retinopathy Rat –  
STZ-induced 
diabetes

HO inhibitor SnPP  Prevented diabetes-
induced vascular 
injury

54

Hemin  Maintained RGCs, 
reduced ROS in retina

64

Neuropathy Mouse CORM-2, CORM-
3, HO-inducer 
CoPP

 Reduced neuropathic 
pain

70

Rat Hemin, CORM-2  Reduced neuropathic 
pain, inflammation 
and ROS/RNS

68

Nephropathy Mouse – 
STZ-induced 
diabetes

HO-2-/-  Enhanced renal injury 
and loss of renal 
function

75

HO inducer CoPP  Reduced glomerular 
injury and renal 
insufficiency

75

Rat –  
STZ-induced 
diabetes

HO inducers 
Hemin, CoPP

 Improved renal injury, 
inflammation, ROS 
and renal function

72-74

HO inhibitors 
SnMP, CrMP

 Enhanced renal injury 
and renal function. 
Counteracted the 
protective effects of 
hemin

72,73

Rat – ZDF Hemin  Improved renal injury, 
inflammation and 
renal function

71

HO inhibitor 
SnMP

 Enhanced renal 
injury and renal 
insufficiency

71

 indicates increased CO;  indicates reduced CO.
Abbreviations: CO: carbon monoxide; CoPP: cobalt protoporphyrin; CORM: CO-releasing 
molecule; CrMP: chromium mesoporphyrin; HO: heme oxygenase; RGC: retinal ganglion cell; ROS: 
reactive oxygen species; STZ: streptozotocin; ZDF: Zucker Diabetic Fatty
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Hydrogen sulfide and microvascular complications of diabetes

Next to NO and CO hydrogen sulfide (H2S) is the third gasotransmitter, and recognized 

as such in the nineties.76,77 It is endogenously produced by three different enzymes. 

The pyridoxal-5’-phosphate (PLP)-dependent enzymes cystathionine β-synthase (CBS) 

and cystathionine γ-lyase (CSE) are the two major H2S producing enzymes. The third 

H2S producing enzyme is 3-mercaptopyruvate sulfurtransferase (3MST). The main 

substrates for H2S production are homocysteine and cysteine. 3MST produces H2S from 

3-mercaptopyruvate (3-MP), which is produced by the enzymes cysteine aminotransferase 

(CAT) and d-Amino acid oxidase (DAO) from respectively L-cysteine and D-cysteine.78 H2S 

is a physiologically active compound, and is called endothelium-derived hyperpolarizing 

factor (EDHF)79,80 causing vasodilatation but also acts as scavenger of reactive oxygen 

species (ROS) and stimulating angiogenesis.81 Renal CSE and CBS expression and H2S 

production are markedly lowered in spontaneous diabetic Ins2Akita mice.82 In non-obese 

diabetic mice, another mouse-model of type 1 diabetes, it was also shown that diabetic 

mice had lower H2S levels compared to non-diabetic mice.83 And also in STZ-induced 

type 1 diabetes in rats, H2S levels were lower compared to aged matched non-diabetic 

rats.84 However, CSE deficiency delayed the onset of STZ-induced type 1 diabetes, and 

diabetes was accompanied by increased pancreatic H2S production without changes 

in pancreatic CSE of CBS protein expression.85 Another player in the development of 

vascular complications is insulin resistance. Insulin resistance is affected by H2S in a high 

fatty diet-induced obesity mouse model. Interestingly, both inhibition of H2S production 

by D,L-propargylglycine (PPG) and treatment with slow-release H2S donor GYY4137 

improved insulin resistance in these mice.86 This unexpected beneficial effect of PPG could 

be explained by an upregulation of HO-1 resulting in higher CO levels, an effect of PPG 

that was recently described.87 Next to that, this contradiction could be explained by the 

fact that PPG is an unspecific CSE inhibitor (based on its cofactor PLP), thereby potentially 

inhibiting other PLP-dependent enzymes as well.88 In humans, diabetes is associated 

with lower levels of H2S. In a small group of patients with type 2 diabetes, plasma H2S 

levels were reduced with 73% compared to healthy (lean) individuals.89 Interestingly, also 

obesity is correlated with lower levels of H2S compared to lean volunteers. Collectively, 

human and experimental diabetes is associated with reduced H2S bioavailability, which 

might be related to increased cardiovascular risk as observed in diabetic subjects. Effects 

of H2S depletion and supplementation in diabetic mice and rats on the development of 

microvascular complications are summarized in Table 3 and will be discussed below. 
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Retinopathy. H2S has recently received attention in research on diabetic retinopathy as 

some H2S-related changes are compatible with a significant role of H2S in the develop-

ment and propagation of diabetic retinopathy. Reduced H2S-mediated cell protection 

supposedly plays a role in retinal diseases as CBS expression is found in various eye 

compartments, including the retina, suggesting that the trans-sulfuration pathway is 

present in the eye.90 Many CBS deficiency-related eye disorders are associated with 

increased homocysteine levels, and the retinae of CBS+/- mice are characterized by 

ganglion cell loss, which is mediated by mitochondrial dysfunction.91 It is thus conceivable 

that H2S is neuroprotective, and there is indeed experimental proof for protective 

properties of H2S in the retina, as evidenced by a decreased retinal ganglion cell loss 

in H2S pretreated animals after retinal I/R.92 Si et al. investigated the effect of H2S in 

experimental retinopathy of STZ type 1 diabetic rats. They reported beneficial effects on 

neuronal dysfunction (based on electroretinography) and retinal structure (i.e., inhibition 

of diabetes-induced retinal thickening and extracellular matrix proteins), while others 

clearly showed a link to improved endothelial function such as tightened blood-retinal 

barrier and reduced vasoregression.93 H2S is a known pro-angiogenic signaling molecule, 

and can thereby also contribute to enhanced angiogenesis in the diabetic retina. In 

line with this, increased levels of H2S were observed in vitreous body of patients with 

proliferative diabetic retinopathy compared to patients with rhegmatogenous retinal 

detachment.94 The effects of H2S in the diabetic retina are schematically shown in Fig. 2a.

Neuropathy. H2S has mainly been reported to increase pain sensitivity via several 

proposed modes of action.95 These include sensitization of voltage-gated sodium and 

calcium channels,95-97 and/or suppression of potassium channels. Furthermore, the 

pronociceptive transient receptor potential channels TRPV1 and TRPA1,98,99 as well as 

NMDA receptors, were suggested to be sensitized by H2S. H2S displayed pro-nociceptive 

actions in inflammatory pain, both in STZ-induced type 1 diabetes and in non-diabetic 

control animals. Interestingly, when treated with antagonists of the H2S-producing 

enzymes, pain reduction was much more pronounced in diabetic than in non-diabetic 

animals indicative of an increased H2S sensitivity of the nociceptive system in rats suffering 

from diabetes.100 Vice versa, reduction of H2S reduced the tactile allodynia developed in 

course of diabetes. The T-type voltage-gated calcium channel CaV3.2 is sensitized by H2S 

leading to increased pain sensitivity.101 An increased H2S tissue content and hyperactivity 

of CaV3.2 were observed in chemotherapy-induced neuropathic hyperalgesia and 

pain that could be reversed by blocking H2S production.96 Painful peripheral diabetic 
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neuropathy is accompanied by an enhancement of CaV3.2 T-type calcium channels and 

neuronal excitability. Thus, CaV3.2 T-channels are thought to represent signal amplifiers 

in peripheral sensory neurons contributing to hyperexcitability that ultimately leads to 

the development of pain in diabetic neuropathy.102 Conversely, also anti-nociceptive 

effects have been reported for H2S. These effects were antagonized by ATP-sensitive 

potassium (KATP) channel blocker glibenclamide, and by NOS-inhibition.103 Inhalation of 

H2S reduced the development of neuropathic pain by reducing the resulting increase 

in IL-6 and chemokines – which was attributed to an inhibition of microglia activation 

in course of neuropathy.104 Furthermore, H2S functions as a neuroprotective agent 

by enhancing the production of glutathione, a major intracellular anti-oxidant that 

scavenges mitochondrial ROS.105 Collectively, these data indicate that H2S displays both 

pro- and anti-nociceptive actions in diabetic neuropathy. The effects of H2S in diabetic 

neuropathy are depicted in Fig. 2b. 

Nephropathy. In DN patients with atherosclerosis who are on dialysis, lower plasma 

levels of H2S were measured, which could indicate a loss of the supposed protective 

effects of H2S in these patients.106 This might be caused by endothelial damage or down-

regulation via other pathways of the enzymes producing hydrogen sulfide. Also, high 

urinary sulfate, as a proxy for H2S, is significantly associated with a slower decline in 

GFR in type 1 DN patients.107 In the experimental setting exogenous H2S reduces blood 

pressure and prevents the progression of DN in SHR rats.108 Renal protection via blood 

pressure reduction is also shown in AngII-induced hypertension and proteinuria in rats.109 

Other studies also suggest that H2S is a key modulator in renal remodeling and that 

its actions can be affected by the matrix-metalloproteinase MMP-9 which is shown to 

modulate CBS and CSE.82 In STZ-induced type 1 diabetic mice, the administration of 

H2S attenuated oxidative stress and inflammation, reduced mesangial cell proliferation 

and inhibited the renin-angiotensin-aldosterone system (RAAS).110 These data indicate 

that in DN H2S has predominantly beneficial effects and is therefore a promising target 

for intervention. Thiosulfate might be the perfect H2S donor since it is already in use in 

the clinic for patients with calcifylaxis with end-stage renal disease,111 and has shown to 

be beneficial in hypertensive renal disease in rats.109 The effects of H2S on the kidney in 

diabetic nephropathy are schematically shown in Fig. 2c.
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Figure 2 - Beneficial and deleterious effects of gasotransmitters in the development of microvascular 
complications in diabetes: (A) retinopathy, (B) neuropathy, and (C) (glomerular) nephropathy. 
In these schematic representations of the three target organs, gasotransmitters are depicted in 
green when having beneficial effects and depicted in red when having deleterious effects on the 
development of microvascular complications. Gasotransmitters may have different properties as 
indicated by numbers 1-14 in the cartoons and explanatory text box. As indicated with #8, NO and 
CO might activate the cGMP-pathway via sGC (e.g., via phophorylation by protein kinases, release 
of transmitters, synaptic plasticity).

Knowledge on working mechanisms of H2S is continuously increasing and summa-

rized below. H2S regulated vasodilatation acts partly via activation of KATP channels, and a 

rather new hypothesis is the interference of H2S with the cGMP pathway by inhibition of 

PDE-5 activity, a mode of action comparable with “natural Sildenafil”.112 ROS production 

is decreased by H2S through direct interference with the mitochondrial respiration 

chain. It binds to cytochrome c oxidase, thereby directly inhibiting the formation of 

ROS. Another important effect of H2S in terms of diabetic angiopathy is angiogenesis.  
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VEGFR2 is the natural target for H2S to achieve its proangiogenic effect.113 In diabetic 

retinopathy, the development of new vessels reflects the severity. However, increased 

angiogenesis might also have some protective effects; e.g. angiogenesis of vaso nervorum 

in diabetic neuropathy. The effects of H2S on different ion-channels is mainly important in 

diabetic neuropathy. Its interference with - for instance - TRPV1, TRPA1 and CaV3.2 channels 

contributes to increased nociception. Taken together, H2S exerts dual effects in diabetic 

angiopathy, positive effects via its vasodilatory actions, and unwanted detrimental effects 

via different ion-channels and angiogenesis. The effects of H2S in DN are depicted in Fig. 2c. 

Table 3 - Effect of H2S in diabetic microvascular disease 

Model Intervention  /  Outcome Reference

Retinopathy Mouse –  
STZ-induced 
diabetes

CBS+/-  Increased loss of RGCs 91

Rat –  
STZ-induced 
diabetes

NaHS  Prevented  
diabetes-induced 
vascular injury

93

Neuropathy Rat –  
STZ-induced 
diabetes

NaHS, 
L-Cysteine

 Increased neuropathic 
pain symptoms

100

CSE/CBS 
inhibitors PPG, 
BCA and HA

 Reduced neuropathic 
pain

96,100, 
101

Nephropathy Mouse –  
Ins2Akita

H2S donor 
N-acetyl-
cysteine

 Reduced ROS 82

Rat –  
STZ-induced 
diabetes

NaHS  Improved renal injury, 
inflammation,  
renal function  
and reduced ROS

108,110

 indicates increased H2S;  indicates reduced H2S.
Abbreviations: BCA: β-cyanoalanine; CBS: cystathionine β-synthase; CSE: cystathionine γ-lyase; 
HA: hydroxylamine; H2S: hydrogen sulfide; NaHS: sodium hydrosulfide; PPG: D,L-propargylglycine; 
RGC: retinal ganglion cell; ROS: reactive oxygen species; STZ: streptozotocin
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Gasotransmitters in macrovascular disease

Gasotransmitters have been studied in diabetes-associated macrovascular disease and 

therapeutically used (NO only, not yet CO and H2S) in clinical practice. Effects of gaso-

transmitters depletion and supplementation in human and experimental diabetes on the 

development of endothelial function and macrovascular disease are summarized in Table 

4 and briefly discussed below. Already in 1992 NO-donor sodium nitroprusside (SNP) was 

used to measure NO-dependent vasorelaxation in patients with type 1 diabetes. SNP-

stimulated vasodilatation was decreased in diabetes patients compared to non-diabetic 

subjects, indicating a lower NO sensitivity.114 In patients with type 2 diabetes, addition 

of NOS cofactor BH4 resulted in improved forearm blood flow, an effect which was 

nullified by NOS-inhibitor L-NG-monomethylarginine (L-NMMA).115 In patients with type 2  

diabetes and coronary artery disease, treatment with NO substrate L-arginine and NOS 

cofactor BH4 protected against I/R endothelial dysfunction in the forearm vasculature.116 

The important role of NO in the macrovasculature is also shown in animal models of 

diabetes. Leprdb/db eNOS-/- double knockout mice showed an aggravated vascular 

phenotype compared to diabetic leprdb/db or eNOS-/- single knockouts, as evidenced by an 

increased aortic wall thickness and reduced re-endothelialization after arterial injury.117 In 

ApoE-/- mice and mice with STZ-induced type 1 diabetes, treatment with bone marrow-

derived mononuclear cells overexpressing-eNOS resulted in reduced plaque progression 

and improved post-ischemic neovascularization, an effect which was completely inhibited 

by NOS-inhibitor NG-nitro-L-arginine methyl ester (L-NAME).118

Protective properties of CO in diabetes have been mainly investigated in STZ-induced 

type 1 diabetes in rats or mice. Exposure of the tail artery to CO ex vivo resulted in 

vasodilatation, an effect that was reduced in arteries of STZ-induced diabetic rats, 

indicating a reduced sensitivity for CO in diabetic animals.59 In a myocardial I/R model in 

HO-1-/- diabetic mice, infarct size and mortality were dramatically worsened compared 

to wildtype (HO-1+/+) diabetic mice, without affecting glucose levels.119 In diabetic rats, 

CO-releasing molecule 3 (CORM-3) or HO-1 inducer cobalt protoporphyrin (CoPP) 

preserved endothelial function and vascular relaxation, an effect which was reversed 

by HO-inhibitors chromium mesoporphyrin (CrMP) and tin mesoporphyrin (SnMP).120-122 

In a model of myocardial I/R injury, treatment with CO-releasing compound PEGylated 

carboxyhemoglobin bovine (PEG-COOH), reduced infarct size and troponin levels 

drastically in STZ-induced diabetic mice. Also in mice receiving PEG-COOH only during 
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reperfusion, infarct size was reduced, suggesting CO as a potential therapeutic agent for 

patients after myocardial infarction.123 In STZ-induced diabetes in rats, induction of HO-1 

with hemin, and treatment with CORM-2 to lesser extent, attenuated vascular damage 

and oxidative stress, and improved vascular relaxation compared to non-treated rats.124

H2S as a therapeutic agent in diabetic vascular disease is evaluated in both mice 

and rats. In STZ-induced diabetic Spraque-Dawley rats, treatment with H2S donor NaHS 

improved vascular relaxation and NO bioavailability. This indicates that H2S is a potential 

therapeutic agent in diabetic vascular disease via crosstalk with NO.26 Ex vivo administration 

of H2S substrate L-cysteine also resulted in dose-dependent vasorelaxation in rat middle 

cerebral arteries, which was reduced in diabetic animals.125 The vasorelaxant effects of 

NaHS are reduced with additional KATP blocker glibenclamide, demonstrating that NaHS-

induced vasorelaxation takes place via activation of KATP channels.126 Ex vivo overexpression 

of CSE improved vascular relaxation in hyperglycemic conditions and reduced ROS 

production, while CSE mRNA knockdown with siRNA resulted in a more pronounced ROS 

production.127 Beneficial properties of H2S have been shown in models for myocardial 

injury as well. Addition of NaHS in diabetic rats resulted in preserved cardiac function,128 

reduced infarct size, reduced ROS and inflammatory parameters such as TNF-α and IL-10, 

and inhibited expression of adhesion molecules as ICAM-1.129 In a model of myocardial 

I/R injury in diabetic leprdb/db mice, treatment with H2S donor Na2S either before I/R or only 

during reperfusion, both diminished infarct size, troponin levels and ROS.130,131

Although studies on the role of gasotransmitters in the development of macrovascular 

disease are limited to endothelial dysfunction rather than atherosclerosis, we propose 

that gasotransmitters may also modulate atherogenesis via different mechanisms as 

schematically depicted in Figure 3. Considering the data described above and summarized 

in Table 4, gasotransmitters seem to be promising targets for intervention in the course 

of diabetic macrovascular disease.
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Table 4 - Effect of gasotransmitters in diabetic macrovascular disease

Model Intervention  /  Outcome Reference
NO Mouse –  

Leprdb/db 
eNOS-/-  Increased arterial injury 117

Mouse – 
STZ-induced 
diabetes

eNOS 
overexpression of 
BM-MNCs

 Reduced atherosclerosis, 
inproved angiogenesis

118

Human –  
type 1 diabetes

NO donor SNP  Induced vasodilatation, but 
SNP induced vasodilatation is 
reduced in diabetes patients

114

Human –  
type 2 diabetes

NOS cofactor BH4  Improved forearm bloodflow 115

L-NMMA  Reduced forearm bloodflow 115

L-Arginine, BH4  Reduced endothelial 
dysfunction

116

CO Mouse – 
STZ-induced 
diabetes

HO-1-/-  Induced oxidative stress 
and increased infarct size in 
myocardial I/R model

119

CO donor PEG-
bHb-CO

 Reduced myocardial injury 
and oxidative stress in 
myocardial I/R model

123

Rat –  
STZ-induced 
diabetes

CO gas  Induced vasodilatation, but 
CO-dependent vasodilatation 
is reduced in diabetic rats

59

CORM-2, CORM-
3, biliverdin

 Improved vascular function, 
reduced endothelial damage

120-
122,124

HO inducers 
hemin, CoPP

 Improved vascular function, 
reduced oxidative stress

120,122, 
124

HO inhibitor 
SnMP

 Diminished protective effects 
of CORM-3

121

H2S Mouse –  
Leprdb/db

Na2S  Reduced myocardial injury in 
myocardial I/R model

130,131

Rat –  
STZ-induced 
diabetes

NaHS, L-Cysteine  Improved vascular function 
and reduced myocardial injury

26,125-
129

CSE 
overexpression

 Improved vascular function 
ex vivo

127

CSE inhibitor PPG  Increased myocardial injury 
and inhibited vasorelaxation 
ex vivo

125,129

 indicates increased gasotransmitter availability;  indicates decreased gasotransmitter availability.
Abbreviations: BH4: tetrahydrobiopterin; CO: carbon monoxide; CoPP: cobalt protoporphyrin; 
CORM: CO-releasing molecule; CSE: cystathionine γ-lyase; HO: heme oxygenase; eNOS: endothelial 
nitric oxide synthase; L-NMMA: L-NG-monomethyl Arginine citrate; Na2S: sodium sulfide; NaHS: 
sodium hydrosulfide; NO: nitric oxide; PPG: D,L-propargylglycine; ROS: reactive oxygen species; 
SnMP: tin mesoporphyrin; SNP: sodium nitroprusside; STZ: streptozotocin.
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Figure 3 - Beneficial and deleterious effects of gasotransmitters in the development of athero-
sclerosis in diabetes-associated macrovascular complications. In the cartoon, development of an 
atherosclerotic plaque (yellow layer) is schematically depicted. Gasotransmitters are depicted in 
green when having beneficial effects (numbers 1-4) and depicted in red when having deleterious 
(numbers 5 & 6) effects on the development of atherosclerosis as indicated in the cartoon and 
explanatory text. Ox LDL: oxidized low-density lipoprotein.

Protective mechanisms and  
mutual gasotransmitter interactions 

Although NO, CO and H2S have different molecular structures and routes of endogenous 

production, they do share various physiological properties such as the ability to bind to 

heme groups,132 and to promote vasorelaxation by stimulation the sCG/cGMP pathway. 

NO and CO stimulate cGMP production by targeting of sCG, and H2S by inhibiting 

phosphodiesterase type 5 (PDE-5) activity.133 NO as well as CO and H2S are direct ROS 

scavengers, partly by direct interaction with the mitochondrial respiratory chain. They all 

engage on the KATP channels to achieve this anti-oxidant effect, both in the vasculature 

and nervous system.134-136 In addition, they share several common intracellular pathways 

such as NF-κB, nuclear factor-like-2 (Nrf-2), and mitogen-activated protein kinases (MAPK), 

thereby exerting anti-apoptotic, anti-oxidant and anti-inflammatory effects.133 NO, CO and 

H2S inhibit expression of ICAM-1, VCAM-1, and E-Selectin, thereby promoting endothelial 

health and integrity. Finally, all three gasotransmitters act as pro-angiogenic substances via 

the vascular endothelial growth factor (VEGF)-pathway.113,137 Based on these functional 
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similarities, it is likely that gasotransmitters have mutual interactions. Such a relationship 

between CO and NO has been investigated intensively, and is mainly mediated via the 

sGC/cGMP pathway. These effects include blood pressure regulation and inflammation.138 

Cytoprotective effects of NO-donors in endothelial cells were abolished in the presence of 

the HO-inhibitor tin protoporphyrin.139 It has already been shown that H2S exerts its effects 

via NO production, since H2S promotes eNOS production and activity.140 Additionally, 

vasorelaxant effects of H2S were diminished when aortic rings were pre-treated with 

NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME).141 Reciprocally, NO-donor SNP 

stimulates endogenous H2S production via upregulation of CBS.142 Although CO and 

H2S share a lot of functional characteristics, the mutual relationship between these two 

gasotransmitters has barely been studied. In one report, in a myocardial I/R injury mouse 

model HO-1 expression was upregulated 24 hours after intravenous H2S treatment, which 

was accompanied by a protection against I/R-induced damage.143

Methods to measure gasotransmitters

In order to study the association of gasotransmitters and the development of diabetes-

associated vascular complications, reliable and sensitive assays to measure NO, CO 

and H2S are indispensable. Various methodologies are used to measure the different 

gasotransmitters and these will be briefly described. First of all, measuring NO is quite 

a challenge because of its instability. There are different methods of measuring NO. 

Most commonly used is the relatively simple Griess-method, which does not measure NO 

directly, but rather its oxidated products nitrite (NO2
-) and nitrate (NO3

-). However, nitrite 

and nitrate can be detected more precise by HPLC.144 NO can also be directly measured 

using gas phase chemiluminescence which involves the reaction of NO with ozone (O3) 

to form excited NO2. During relaxation to (unexcited) NO2, a photon is released which 

is then detected by chemiluminescence. Using this method NO release from different 

body fluids and tissues can be measured. Next to the aforementioned methods, different 

fluorescent probes and electrodes are currently available, with the possibility to measure 

NO in fluids, tissues, and intracellularly in cells in vitro.145

Alike NO, also CO levels can be measured using different methods. The most commonly 

used and relatively simple way to measure CO is in air using gas chromatography.  

In vivo, CO is generally measured in red blood cells by determining the percentage of 
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carboxyhemoglobin (COHb) relative to total hemoglobin concentration. Finally, some 

studies use [14C]Heme in vitro to measure endogenous 14CO production.146

When considering H2S as therapeutic target, reliable methods to determine H2S  

levels in body fluids and tissues are needed. However, measurements of H2S are difficult 

because of its volatility. For that reason, stable endproducts like sulfate or thio sulfate can 

be measured in serum or urine,147 although a few methodologies have been described 

to measure H2S itself. The methylene blue assay is the most commonly used technique. 

It is based on the oxidative coupling of H2S with two N,N-dimethyl-p-phenylenediamine 

molecules, forming the methylene blue dye which can be detected spectrophotometrically. 

However, this technique is extremely pH dependent and not very sensitive and reliable. A 

more sensitive method is based on monobromobimane, in which two monobromobimane 

molecules will form the stable sulfide dibimane in presence of H2S. Sulfide dibimane can 

be separated by reverse phase chromatography and detected by a fluorescence detector. 

Nowadays, fluorescent probes and sulfide selective electrodes are extensively used, 

however with different sensitivity and reliability.148 As yet, H2S measurements are difficult, 

with variable reliability, thereby complicating studies on the role of H2S and its use as 

therapeutic target in various diseases including diabetes-associated vascular disease.

Future perspectives and treatment options

Patients with diabetes have a 2-4 fold increased risk for cardiovascular disease, and adequate 

treatment and preventive strategies are still lacking. As discussed in this Perspective, the 

different gasotransmitters appear to be important mediators in development of diabetic 

angiopathy and therefore potential targets for intervention. As aforementioned, NO-based 

interventions are already applied in humans and readily available. SNP is clinically used and acts 

as direct NO-donor by releasing NO from the ferrous ion center without need for enzymatic 

action. The same counts for nitroglycerin and other organic nitrates, which are well established 

for their vasodilatory effects during angina. Organic nitrates act as NO-donors by enzymatic 

or non-enzymatic breakdown of nitrates into nitrite and NO.149 Molsidomine and Lisidomine 

are registered in several European countries as anti-anginal drug, and act as vasodilator by 

non-enzymatic release of NO. At last, also dietary products with high nitrate content can act as 

NO-donor. The intake of beetroot juice lowered blood pressure significantly, an effect which 

was accompanied by higher levels of urinary NO(x).150 CO administration or CO-releasing 
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molecules are not in clinical use yet, albeit that some of the vascular protective effects of 

acetylsalicylic acid and statins are attributed to induction of HO-1. In human endothelial 

cells in vitro a dose-dependent increase of HO-1 expression was seen after statin151,152 or 

acetylsalicylic acid153 treatment. However, this effect was not reproduced in human subjects 

since no differences in HO-1 expression were observed between acetylsalicylic acid-, statin- 

or placebo-treated patients.154 The anti-oxidative actions of polyphenol resveratrol are also 

partly attributed to HO-1 upregulation as shown by increased HO-1 expression levels in STZ-

induced type 1 diabetes in Sprague-Dawley rats.122 Although the HO-1-inducing effects of 

resveratrol have not yet been described in humans, this dietary supplement is readily available 

for human use. Alike CO, H2S is also not clinically used in humans yet although intravenous 

Na2S administration has been performed in a phase I safety study.155 This study revealed 

increased H2S and thiosulfate levels after Na2S administration indicating that circulating H2S 

levels can be achieved following parenteral administration. H2S metabolite thiosulfate can 

also act as H2S donor via enzymatic conversion by rhodanese (also known as thiosulfate 

sulfurtransferase).156 Thiosulfate is used as treatment for calcifylaxis in patients with end-

stage renal disease111 and has been described as a protective agent in hypertensive heart and 

renal disease in rats.109,157 Sulfhydrylated ACE inhibitors, such as zofenopril and captopril, 

show additional beneficial effects in different trials.158 Recently, it is demonstrated that the 

beneficial effects of sulfhydrylated ACE inhibitors are explained by H2S release.159 At last, H2S 

is also generated by various species of sulfate-reducing bacteria in the gut. Germ-free mice 

showed significant lower levels of H2S,160 indicating that addition of dietary sulfate or sulfur-

containing amino acids can act as natural H2S donors.

In conclusion, various gasotransmitter-based strategies are currently being studied as 

potential strategy to treat vascular dysfunction. So far, these strategies have not been 

explored in the context of diabetes-associated vascular disease. Because of the toxicity of 

gasotransmitters when exposed to high concentrations, as well as their potential deleterious 

effects on the development of vascular disease (as discussed in this Perspective), prudence 

is called for when considering exogenous administration of gasotransmitters. However, 

gasotransmitter-based interventions are relatively safe, mainly because these gases are also 

produced endogenously, and therefore highly promising candidate therapeutics.
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Abstract

Diabetes is associated with a high incidence of microvascular disease, including nephro-

pathy. Diabetic nephropathy is the most common cause of chronic kidney disease in the 

Western world. Sulfate in the urine is the metabolic end product of hydrogen sulfide 

(H2S), a recent discovered gaseous signaling molecule. Urinary sulfate has earlier shown 

beneficial predictive properties in renal transplant recipients. Based on the protective 

role of exogenous H2S in experimental models of diabetic nephropathy, we aimed to 

cross-sectionally investigate the association of sulfate with renal risk markers, and to 

prospectively investigate its predictive value for renal events in patients with diabetic 

nephropathy.

Post-hoc analysis on data of the sulodexide macroalbuminuria (Sun-MACRO) trial 

and the Prevention of Renal and Vascular End-Stage Disease (PREVEND) study was 

performed. A total of 1004 patients with type 2 diabetes were included. Urinary sulfate 

concentration was measured and cross-sectionally associated to renal risk markers by 

linear regression. Multivariable Cox regression analysis was performed to assess the 

prospective association of sulfate with renal events, which was defined as end stage 

renal disease or a doubling of baseline serum creatinine.

Mean age was 63±9 years, median sulfate concentration was 8.0 (IQR 5.8–11.4) 

mmol/L. Urinary sulfate positively associated with male gender, hemoglobin, and negatively 

associated with albuminuria at baseline. During follow-up for 12 (IQR 6–18) months, 

38 renal events occurred. Each doubling of urinary sulfate was associated with a 19% 

(95%CI 1% to 34%) lower risk of renal events, independent of adjustment for potential 

confounders, including age, estimated glomerular filtration rate (eGFR), and albuminuria.

To conclude, higher urinary sulfate concentration is associated with a more beneficial 

profile of renal risk markers, and is independently associated with a reduced risk for renal 

events in type 2 diabetes patients with nephropathy.
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Introduction

Diabetes is an important risk factor for cardiovascular disease.1 A high incidence of 

microvascular complications, including nephropathy has been found in the course of 

diabetes in patients. Diabetic nephropathy is also the most common cause of chronic 

renal failure in the Western world.2 Due to the aging population and Western lifestyle 

behavior, diabetes and its complications, are significantly increasing.3 The renal changes 

are suggested to be caused by the metabolic defect, nonenzymatic glycation of proteins, 

and hemodynamic changes. The latter leads to glomerular hypertrophy and subsequent 

glomerular fibrosis. At the renal level the endothelium is important in the initiation and 

progression of diabetic nephropathy. A family of gaseous molecules including nitric 

oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) is produced at the renal 

endothelial level and believed to play a beneficial role in oxidative stress, blood pressure 

regulation and inflammation.

Urinary sulfate is the end product of hydrogen sulfide (H2S), the most recently 

discovered gasotransmitter. H2S is produced enzymatically and non-enzymatically. Non-

enzymatic H2S-production takes place via reduction of bound sulfur.4 The enzymatic 

H2S-production is mediated by three different enzymes. The pyridoxal-5’-phosphate 

(PLP)-dependent enzymes cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) 

and the PLP-indendent enzyme 3-mercaptopyruvate sulfurtransferase (3MST). The main 

substrates for endogenous H2S formation are cysteine and methionine. 3MST produces 

H2S from 3-mercaptopyruvate (3-MP), which is produced by the enzymes cysteine 

aminotransferase (CAT) and d-Amino acid oxidase (DAO) from respectively L-cysteine 

and D-cysteine. H2S is further oxidized into thiosulfate and finally into sulfate. Small 

amounts of thiosulfate, the intermediate product of the H2S pathway, can be found in 

blood and urine.5,6 However, urinary sulfate and thiosulfate are not specific markers for 

endogenous H2S production, and can also be the products of exogenous H2S production 

by sulfate-reducing bacteria in the gut. H2S is believed to play a regulatory role in different 

(patho-)physiological processes such as angiogenesis, inflammation and blood pressure 

regulation.7,8 H2S bioavailability is reduced in experimental models of diabetes.9-11 

Previous research has shown that exogenous administration of H2S is protective in 

different renal disease models, including diabetic nephropathy.12-14 In streptozotocin 

(STZ)-induced diabetic spontaneously hypertensive rats (SHR), treatment with H2S-donor 

sodium hydrosulfide (NaHS) inhibits renal impairment and lowers blood pressure.10,15 
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Intraperitoneal treatment of NaHS for 12 weeks lowered renal production of reactive 

oxygen species (ROS) and proteinuria in STZ-induced diabetic Sprague-Dawley rats.16 

Additionally, in STZ-induced diabetic rats, 4 weeks NaHS treatment resulted in improved 

vascular function. Moreover, ex vivo overexpression of CSE reduced ROS production 

and improved vascular relaxation in hyperglycemic conditions.17 Like in experimental 

models of diabetes, H2S bioavailability is reduced in patients with type 2 diabetes when 

compared to healthy subjects,18,19 but the performance of H2S or its metabolite sulfate 

as a predictor of renal outcomes in patients with type 2 diabetes and nephropathy is not 

established.

Based on the above, we hypothesized that urinary levels of H2S, as measured by its 

metabolic end product sulfate, could serve as a predictor of renal outcome. We therefore 

aimed to cross-sectionally investigate the association of sulfate with renal risk markers in 

type 2 diabetes patients and to prospectively examine its predictive value for renal events 

in patients with diabetic nephropathy.

Materials and methods

Study population

This study is a post-hoc study of a prospective, randomized, controlled trial (Sun-MACRO), 

and a prospective population-based cohort-study (the Prevention of Renal and Vascular 

End-Stage Disease (PREVEND)-study).

Sun-MACRO

The Sun-MACRO (sulodexide macroalbuminuria) trial has been described in detail 

previously.20 Briefly, patients aged ≥18 years with a diagnosis of type 2 diabetes mellitus 

and marked proteinuria (urinary protein excretion ≥0.9 g/24 h or >0.9 mg per gram 

creatinine) and serum creatinine >1.3 mg/dL were included. Diabetic nephropathy was 

not biopsy proven, but nephropathy was assumed based on the high urinary protein 

levels and serum creatinine > 1.3mg/dL (>1.0 mg/dL in females) or eGFR < 60 ml/min/1.73 

m2. Patients with type 1 diabetes mellitus, patients with known additional nondiabetic 

renal disease and patients with the need for chronic immunosuppressive therapy were 

excluded. Eligible patients were randomly assigned to treatment with sulodexide 200 

mg/day or placebo. After randomization, patients were seen every 3 months and were 
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followed until the occurrence of a renal event which was defined as a confirmed doubling 

of serum creatinine, serum creatinine > 6.0 mg/dL, or end-stage renal disease. The study 

was conducted according to the Declaration of Helsinki, the institutional review boards 

of each center approved the trial, and all patients provided written informed consent. 

This trial was registered with ClinicalTrials.gov (NCT00130312). The trial was stopped at 

an early stage because of futility of the intervention.

PREVEND

The PREVEND study has been described in detail previously.21 Briefly, all participants  

(28-75 years) were inhabitants of Groningen, the Netherlands. The total PREVEND cohort 

consists of 8592 individuals, of which 6000 with urinary albumin concentration of ≥10 

mg/L. Pregnancy and type 1 diabetes were exclusion criteria at the time of inclusion 

of the subjects. Participants were seen every 3 years to evaluate blood pressure, renal 

function, albuminuria and general health via a questionnaire. For the purpose of our 

study we selected all patients with type 2 diabetes at baseline (n=265). The PREVEND 

study has been approved by the medical ethics committee of the University Medical 

Center Groningen and was conducted according to the Declaration of Helsinki. Written 

informed consent was obtained from all participants.

Renal Outcome definition

Primary endpoint of the analyses was a composite renal endpoint, composed of a 

sustained doubling of baseline serum creatinine or ESRD, defined as a sustained serum 

creatinine ≥6.0 mg/dl (530 µmol/L), renal transplantation or need for dialysis.

Urine and plasma parameters

All urine samples in both studies were stored at -80 ºC until analysis. Urine samples from 

the Sun-MACRO cohort and PREVEND study were morning void urine samples en 24-hour 

urine samples respectively. Sulfate concentration at baseline was measured by ion exchange 

chromatography (type 861; Metrohm, Herisau, Switzerland), using a Metrosep A Supp 4 - 

250/4.0 column. Intra-assay and inter-assay variations were 2.0% and 4.3%, respectively.

Clinical parameters

Serum and urine creatinine were determined using the modified Jaffe, rate-blanked, 

alkaline picrate method (Roche/Hitachi Modular System) (Sun-MACRO) or Kodak 
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Ektachem dry chemistry (Eastman Kodak, Rochester, NY) (PREVEND). Urinary albumin 

was determined by immunoturbidimetry (Roche, Montclair, NJ) (Sun-MACRO) or by 

nephelometry (BN™II Dade Behring Diagnostic, Marburg, Germany) (PREVEND). 

Statistical analyses

Data analysis was performed using STATA/SE software (Release 13; StataCorp, College 

Station, TX). Normality was tested with the Shapiro-Wilk and Shapiro-Francia test and 

visualized with histograms and Q-Q plots. Skewed data were normalized for analyses 

by logarithmic transformation. Urinary sulfate was log-transformed according to the 

base of two in order to allow for interpretation of hazard ratios (HR) per doubling of 

urinary sulfate concentration. Data are presented as mean ±SD, unless stated otherwise. 

Differences between sex-stratified tertiles of urinary sulfate or differences across strata 

of eGFR or ACR were tested with one-way ANOVA for normally distributed continuous 

data, Kruskal-Wallis for non-normally distributed data, or the chi-squared test for 

nominal data. Associations between eGFR or ACR and different determinants, including 

urinary sulfate, were analyzed using multivariable linear regression analysis at baseline. 

Regression coefficients are shown as standardized β values, referring to the number of SDs 

a dependent variable changes per SD increase of eGFR or ACR. As prospective analyses, 

we examined associations of urinary sulfate with first occurrence of the composite renal 

endpoint. Because of the relative healthy population of the PREVEND cohort, the lack 

of renal endpoints, and the differences in interval in outpatient clinic visits, the Cox 

proportional hazards regression analyses were performed on the Sun-MACRO database 

only. Patients who did not reach a renal event were censored at their last visit or when 

they died. The analyses included a crude model (model 1), a model with adjustment for 

age and sex (model 2), a model with additional adjustment for hemoglobin (Hb) and 

systolic blood pressure (SBP) (model 3), a model with additional adjustment for eGFR 

(model 4), and a final model with further adjustment for albumin/creatinine ratio (ACR) 

(model 5). In additional stratified analyses, associations of urinary sulfate concentration 

with renal endpoints were tested by Cox proportional hazards regression analyses in 

different subgroups stratified by the mean or median of the Sun-MACRO population. 

Finally, we also performed competing risk analysis using the Fine and Gray method.22 In 

the competing risk analyses, participants who experience a competing event (i.e. death) 

remain in the risk set for renal event (instead of being censored in the regular Cox 

regression analysis).
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Results

Patient characteristics

Patient (n= 1.004) characteristics at baseline are shown in table 1. The mean age of all 

patients was 63 ± 9 years and the median sulfate concentration was 8.0 (interquartile 

range 5.8-11.4) mmol/L. Renal function, BMI and Hb increased and albuminuria 

decreased across increasing sex-stratified tertiles of urinary sulfate (Table 1). Patients 

of the Sun-MACRO (n=739) trial were more often male, had a lower eGFR, a higher 

albumin/creatinine ratio (ACR), a higher BMI, lower cholesterol and a lower urinary sulfate 

concentration compared to the patients of the PREVEND-study (n=265) (Supplemental 

Table 1). Patient characteristics at baseline of all patients per strata of eGFR or ACR are 

shown in Supplemental Tables 2 and 3.

Cross sectional analyses at baseline

Patients with a higher sulfate concentration were more often male, had higher 

hemoglobin levels, higher eGFR, and a lower albumin creatinine ratio (ACR). Multivariate 

linear regression analyses were performed to identify the independent determinants of 

eGFR and ACR at baseline (R2 of the models: 0.746 and 0.795 respectively). The models 

included age, sex, cohort, hemoglobin, SBP, eGFR, ACR and urinary sulfate (Table 2 and 

3). When dividing patients in strata of baseline eGFR (<30, 30-45, 45-60, 60-90 and 

≥90 ml/min per 1.73 m2), higher urinary sulfate levels were associated with increasing 

eGFR (Figure 1A). Association of log2-transformed sulfate concentration with eGFR for 

the two cohorts separately, as determined with univariate linear regression analysis is 

shown in Figure 1B. Dividing patients in strata of baseline ACR (<30, 30-100, 100-300, 

300-1000, 1000-3000 and ≥3000 mg/g), lower urinary sulfate levels were associated 

with increasing ACR (Figure 1C). Association of log2-transformed sulfate concentration 

with log-transformed ACR for the two cohorts separately, as measured with univariate 

linear regression analysis is shown in Figure 1D. Distribution plot of urinary sulfate and 

log2-transformed urinary sulfate are shown in Figure 2.
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Table 1 - Patient characteristics according to sex-stratified tertiles of urinary sulfate 
concentration

Sex-stratified tertile of 
urinary sulfate

Overall 1 (lowest)
♂: < 6.8
♀: < 5.8

2 (middle)
♂: 6.8 – 10.5
♀: 5.8 – 9.1

3 (highest)
♂: > 10.5
♀: > 9.1

P-trend

Participants, n (%) 1004 334 (33%) 334 (33%) 336 (33%)

eGFR (ml/min per 1.73 m2) 44 ± 21 40 ± 19 43 ± 20 49 ± 23 <0.001

Sulfate (mmol/L)  
(median + IQR)

8.0
(5.8 - 11.4)

4.9
(3.7 – 5.8)

8.0
(7.1 – 9.0)

13.3
(11.4 – 16.1)

<0.001

Sex (% men) 730 (73) 243 (73) 243 (73) 244 (73) 1.000

Age 63 ± 9 63 ± 9 64 ± 9 63 ± 9 0.403

Systolic BP (mmHg) 138 ± 16 140 ± 16 137 ± 15 138 ± 16 0.081

Diastolic BP (mmHg) 74 ± 10 74 ± 9 73 ± 10 75 ± 10 0.152

Pulse (bpm) 70 ± 11 70 ± 12 70 ± 11 70 ± 11 0.803

BMI (kg/m2) 31 ± 6 31 ± 6 31 ± 6 32 ± 6 0.011

Albumin/creatinine ratio 
(mg/g) (median + IQR)

791
(101 - 1898)

1465
(466 – 2503)

717
(117 – 1743)

510
(24 – 1213)

<0.001

Laboratory parameters

 Glucose (mmol/L) 8.6 ± 3.4 8.7 ± 3.5 8.6 ± 3.2 8.6 ± 3.4 0.834

 Total cholesterol (mg/dL) 186 ± 51 182 ± 48 187 ± 48 190 ± 56 0.129

 Hemoglobin (g/dL) 13.0 ± 1.7 12.7 ± 1.6 12.9 ± 1.7 13.4 ± 1.7 <0.001

 HbA1c (%) * 8.0 ± 1.6 7.9 ± 1.6 7.9 ± 1.5 8.1 ± 1.6 0.575

Patients from SUN-MACRO 
study, n (% of group)

739 (74%) 274 (82%) 251 (75%) 214 (64%) <0.001

Patients from PREVEND study 
group, n (% of group)

265 (26%) 60 (18%) 83 (25%) 122 (36%) <0.001

* HbA1c was only available from Sun-MACRO patients
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Figure 1 - Higher urinary sulfate levels are associated with higher eGFR and lower ACR. (A) All 
1,004 patients, divided in eGFR categories, showing higher urinary sulfate in patients with higher 
eGFR at baseline. Data are shown as median and IQR (box) and 5th and 95th percentile (whiskers) and 
analyzed with Kruskal-Wallis test with Dunns post-hoc analysis to correct for multiple comparisons 
* P<0.05 vs. eGFR <30; *** P<0.001 vs. eGFR <30; $ P<0.05 vs. eGFR 30-45; $$ P<0.01 vs. 
eGFR 30-45. (B) Scatter plot of patients from the Sun-MACRO and PREVEND study, showing a 
significant positive association between eGFR and log2-transformed urinary sulfate concentration. 
(C) All 1,004 patients, divided in ACR categories, showing lower urinary sulfate in patients with 
higher ACR at baseline. Data are shown as median and IQR (box) and 5th and 95th percentile 
(whiskers) and analyzed with Kruskal-Wallis test with Dunns post-hoc analysis to correct for multiple 
comparisons * P<0.001 vs. ACR <30; $ P<0.001 vs. ACR 30-100; # P<0.001 vs. ACR 100-300; † 
P<0.001 vs. ACR 300-1000; & P<0.01 ACR 1000-3000. (D) Scatter plot of patients from the Sun-
MACRO and PREVEND study, showing a significant negative association between log-transformed 
ACR and log2-transformed urinary sulfate concentration in the Sun-MACRO patients, but not in 
the PREVEND patients.
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Figure 2 - Distribution plots of urinary sulfate and log2-transformed urinary sulfate (A) Distribution 
plot of urinary sulfate concentration, showing a positively (right) skewed distribution. (B) Distribution 
plot of log2-transformed urinary sulfate concentration, showing a normal distribution.
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Table 2 - Determinants of eGFR in a multivariate linear regression analysis

Determinant β 95% CI Standardized β P

eGFR

 Cohort 33.1 29.7 to 36.4 0.707 <0.001

 ACR -1.29 -2.00 to -0.59 -0.133 <0.001

 Hb 1.29 0.81 to 1.78 0.100 <0.001

 Age -0.23 -0.30 to -0.15 -0.099 <0.001

 Sex -3.83 -5.54 to -2.12 -0.081 <0.001

 Urinary sulfate* 0.18 -0.22 to 0.58 0.016 0.372

 SBP 0.020 -0.027 to 0.067 0.015 0.410

* Log-transformed for analysis

R2 of the model for eGFR: 0.746

Table 3 - Determinants of ACR in a multivariate linear regression analysis

Determinant β 95% CI Standardized β P

ACR

 Cohort -3.63 -3.91 to -3.34 -0.752 <0.001

 SBP 0.020 0.016 to 0.024 0.145 <0.001

 eGFR -0.011 -0.017 to -0.005 -0.108 <0.001

 Urinary sulfate* -0.089 -0.125 to -0.052 -0.075 <0.001

 Sex -0.27 -0.43 to -0.11 0.055 0.001

 Age -0.012 -0.020 to -0.005 -0.053 0.001

 Hb 0.004 -0.041 to 0.050 0.003 0.860

* Log-transformed for analysis

R2 of the model for ACR: 0.795
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Longitudinal analyses during follow-up

Median follow-up was 12 (IQR 6 - 18) months for Sun-MACRO patients (n=739). During 

follow up 38 patients (5%) reached a renal endpoint (event rate 5.28 per 100 patient-years).

In a univariate Cox proportional hazards regression analysis, the chance of reaching 

a renal endpoint decreased across increasing sex-stratified tertiles of urinary sulfate (HR 

0.78; 95% CI 0.38 - 1.60, P=0.502 for the middle tertile vs. the lowest tertile; HR 0.40; 

95% CI 0.17 - 0.96, P=0.039 for the highest tertile vs. the lowest tertile) (Figure 3A).

In a multivariate Cox proportional hazards regression analysis for urinary sulfate 

concentration as a continuous variable, each doubling of urinary sulfate concentration 

was associated with a 19% (95% CI 1% to 34%) lower risk of the renal endpoint, 

independent of age, sex, hemoglobin, systolic blood pressure, eGFR and ACR (Figure 3B); 

HR: 0.81 ([95% CI 0.66 to 0.99]; P=0.036). Additionally adjustment for the treatment 

arm (sulodexide or placebo) of the Sum-MACRO study did not change the hazard ratio 

considerably; HR: 0.80 (95% CI 0.65 to 0.98; P=0.031). In competing risk analysis using 

the Fine and Gray method, the results were virtually identical to take account of death as 

potential competing risk; HR: 0.82 (95% CI 0.68 to 0.97; P=0.025).

In additional stratified analyses, associations of urinary sulfate concentration 

with renal endpoints were tested by multivariate Cox proportional hazards regression 

analyses in different subgroups (male/ female, age<63/ age≥63, eGFR<33/ eGFR≥33 and 

ACR<1345/ ACR≥1345. Cut-off points for continuous variables were based on mean or 

median. Each doubling of urinary sulfate was consistently associated with a lower risk of 

the renal endpoint, without significant differences in subgroups (Figure 4). The number 

of death during follow-up was 22. The number of deaths was not equally distributed 

over the sex-stratified tertiles of urinary sulfate concentration. Surprisingly, the highest 

tertile urinary sulfate consist the most deaths. This difference was significant (P=0.03).
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Figure 3 - Prospective analyses of urinary sulfate as a determinant of reaching a renal endpoint. (A) 
KapIan-Meier curves comparing different sex-stratified tertiles of urinary sulfate and the probability 
of not reaching the renal endpoint; P=0.037 (log-rank test). (B) In a multivariate Cox regression 
analysis for urinary sulfate as a continuous variable, each doubling of urinary sulfate concentration 
was associated with a lower risk of the renal endpoint. The analyses included a crude model (model 
1), a model with adjustment for age and sex (model 2), a model with additional adjustment for 
hemoglobin (Hb) and systolic blood pressure (SBP) (model 3), a model with additional adjustment 
for eGFR (model 4), and a final model with further adjustment for albumin/creatinine ratio (ACR). 
In the final model (model 5), hazard ratio was 0.81 ([95% CI 0.66 to 0.99]; P=0.036), independent 
of age, sex, hemoglobin, systolic blood pressure, eGFR and ACR.
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Figure 4 - Prospective analyses of urinary sulfate as a determinant of reaching a renal endpoint, 
stratified by different subgroups In a multivariate Cox proportional hazards regression analysis 
for urinary sulfate as a continuous variable, each doubling of urinary sulfate concentration was 
associated with a lower risk of the renal endpoint, independent of age, sex, hemoglobin, systolic 
blood pressure, eGFR and ACR (Overall). In additional stratified analyses, associations of urinary 
sulfate concentration with renal endpoints were tested in different subgroups (male/female, 
age<63/ age≥63, eGFR<33/ eGFR≥33 and ACR<1345/ ACR≥1345. Cut-off points for continuous 
variables were based on mean or median. Each doubling of urinary sulfate was consistently 
associated with a lower risk of the renal endpoint, without significant
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Discussion

In this post-hoc study of type 2 diabetes patients from two cohorts, we showed that 

urinary sulfate is strongly correlated to eGFR and albumin/creatinine ratio. Higher urinary 

sulfate concentration was observed in patients with higher eGFR and lower ACR levels, 

a finding which is consistent with previous observations in a non-diabetic renal disease 

cohort.23 We also demonstrated that urinary sulfate is an independent determinant for 

renal events in a high risk population. In the current post-hoc analysis, we performed 

both regular Cox proportional hazard regression analysis and competing risk analysis to 

account for the potential competing risk of death. The importance of potential presence 

of competing risk when performing survival analyses for risk prediction in nephrology 

has been emphasized previously.24 

To study the cross-sectional correlation between sulfate concentration and eGFR with 

relevant power, we combined two cohorts of type 2 diabetic patients with a preserved 

renal function (PREVEND) and an impaired renal function (Sun-MACRO). These findings 

are in keeping with other clinical studies demonstrating that higher sulfate excretion is 

associated with preserved renal function.23,25 

To the best of our knowledge, this is the first report of an independent association 

of H2S metabolite sulfate and renal events in patients with type 2 diabetes. A prior 

study in a small cohort of 72 patients with type 1 diabetic nephropathy reported that 

a lower sulfate excretion significantly associated with a steeper decline in eGFR over 

time.26 Another study, with approximately 19% patients with diabetes, demonstrated 

the association between baseline sulfate excretion and all-cause mortality during follow-

up in renal transplant recipients.27 Our study adds significantly on these findings in a 

large cohort of patients with type 2 diabetes using clinically meaningful renal endpoints. 

Interestingly, in our study, urinary sulfate levels were associated with male gender. 

This finding is in line with a recent paper by Brancaleone et al.,28 which reported that ex 

vivo H2S production is increased after addition of testosterone. They additionally showed 

that both testosterone and H2S levels in male were significantly higher compared to 

female. This gender-specific H2S biosynthesis could partly explain the differences in urinary 

sulfate levels between men and women. In this post-hoc analysis, urinary sulfate levels 

also associated with hemoglobin (Hb). The predictive properties of anemia in survival and 

renal outcomes underscore the importance of adjustment for Hb in our Cox proportional 

hazard regression analyses. It has recently been shown that in vitro treatment of human 
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peripheral blood mononuclear cells with H2S significantly upregulates Hb expression. 

In critical ill patients, Hb upregulation was accompanied by higher plasma H2S levels.29 

Another explanation of the association between urinary sulfate and Hb is that red blood 

cells both contains Hb and produces H2S. Moreover, hemoglobin on red blood cells 

oxidizes H2S into thiosulfate,30 which can be further oxidized into sulfate. 

There are different explanations to account for the association of urinary sulfate with 

renal endpoints. First of all, sulfate can be a reflexion of endogenous H2S production. 

Exogenous H2S administration is protective in diabetic renal diseases,15,16 and higher levels 

of H2S result in higher urinary sulfate excretion. Furthermore, lower H2S bioavailability 

is associated with diabetic patients when compared to non-diabetic controls, both in 

experimental animal models and in humans.9,10,18,19 This supports our hypothesis that the 

gasotransmitter H2S, either produced endogenously, or after exogenous administration, 

has protective properties in diabetes. Second, sulfate is the end product of sulfur-

containing amino acids, which reflects dietary intake.27,31 Malnutrition of proteins will 

lead to lower levels of sulfur-containing amino acids, especially methionine and cysteine, 

which are incorporated in proteins.32 Protein malnutrition is a known contributor to 

muscle wasting in patients with diabetes and renal impairment.33,34 However, it is more 

likely that a high intake of sulfur-containing amino acids contributes to more endogenous 

H2S synthesis, and therefore favorably influences the renal and cardiovascular profile.27 In 

accordance with the importance of dietary intake, it has recently been shown that H2S 

levels were reduced in germ-free mice.35 This indicates that dietary intake of sulfate or 

sulfur-containing amino acids can be a source for endogenous H2S production by various 

species of sulfate-reducing bacteria in the gut. 

As previously stated, a prior study showed an association between lower urinary 

sulfate excretion and renal impairment, which was accompanied by higher levels of serum 

homocysteine.25 Additionally, higher homocysteine levels itself showed an association 

with increased renal decline.36 Despite the fact that hyperhomocysteinemia is mentioned 

as independent risk factor multiple times, lowering of homocysteine levels in the blood 

with vitamin products does not result in reduction of cardiovascular risk.37,38 H2S producing 

enzymes cystathionine CBS and CSE are involved in degradation of homocysteine in the 

transsulfuration pathway. So, hyperhomocysteinemia and lower urinary sulfate levels can 

both be the result of impaired H2S-producing enzyme activity, a link which was suggested 

before.39 As mentioned above, sulfate is also the end product of sulfur-containing amino 

acids. The absence of dietary information is therefore a limitation of this study since we 
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could not adjust for diet. However, we note that prior studies have shown that sulfate 

excretion remains a significant independent determinant of eGFR decline over time or 

all-cause mortality after adjustment for dietary intake in patients with type 1 diabetic 

nephropathy,26 or renal transplant recipients.27 Additionally, using two different types 

of urine samples (i.e. morning void and 24-hour urine) is a limitation of this post-hoc 

analysis. However, earlier reports show an equally divided sulfate excretion during the 

day.40,41 The short follow-up with subsequent relative low numbers of renal events is a 

limitation of this study as well. The patients in this post-hoc analysis have a slightly higher 

HbA1c, and therefore this cohort is possibly not fully representative for all patients with 

diabetes. A strength of our study is the large sample size of two well-defined cohorts of 

type 2 diabetic patients with a preserved renal function (PREVEND) and an impaired renal 

function (Sun-MACRO). However, because this study is an observational epidemiological 

study, we can not prove causality.

Conclusions

We have shown that urinary sulfate is strongly correlated to eGFR and albuminuria 

in patients with type 2 diabetes. In addition, urinary sulfate concentration is inversely 

correlated with the risk for renal events in patients with diabetes and nephropathy, 

independent from gender, age, eGFR and albuminuria. To assess the causality of these 

associations, prospective intervention studies are needed. Elevation of H2S levels using 

dietary sulfur-containing amino acids or exogenous H2S (donors) in a setting of diabetic 

nephropathy would be a promising therapeutic strategy.
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Supplemental Table 1 - Patient characteristics in the different cohorts

Cohort SUN-MACRO study PREVEND study P-trend

Participants, n (%) 739 265

eGFR (ml/min per 1.73 m2) 33 ± 9 73 ± 15 <0.0001

Sulfate (mmol/L) (median + IQR) 7.5
(5.6 - 10.7)

9.3
(6.5 - 12.8)

<0.0001

Sex (% men) 577 (78) 153 (58) <0.0001

Age 63 ± 9 63 ± 10 0.577

Systolic BP (mmHg) 139 ± 14 137 ± 20 0.044

Diastolic BP (mmHg) 74 ± 10 75 ± 9 0.016

Pulse (bpm) 70 ± 12 70 ± 11 0.359

BMI (kg/m2) 32.9 ± 17.6 29.7 ± 4.9 <0.0001

Albumin/creatinine ratio (mg/g) 
(median + IQR)

1345
(652 - 2346)

13
(6 - 42)

<0.0001

Laboratory parameters

Glucose (mmol/L) 8.8 ± 3.7 8.2 ± 2.4 0.010

Total cholesterol (mg/dL) 178 ± 50 207 ± 46 <0.0001

Hemoglobin (g/dL) 12.6 ± 1.7 13.9 ± 1.1 <0.0001

HbA1c (%) 8.0 ± 1.6 - -

* HbA1c was only available from Sun-MACRO patients
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Abstract

Diabetic nephropathy is the leading cause of chronic renal failure in the Western world, 

and a major clinical and financial health burden. Strict glycemic control can reduce the 

development of micro- and macrovascular complications, including diabetic nephropathy, 

and the inverse holds true for dysregulation of glycemic control. Hyperglycemic stress 

persists, even when glucose is normalized. This phenomenon is referred to as ‘’hyperglycemic 

memory’’. Bioavailability of gasotransmitter hydrogen sulfide (H2S) is lowered in patients 

with diabetes. Additionally, exogenous administration of H2S is protective in (diabetic) 

renal disease. The effect of hyperglycemic memory on the expression of H2S-producing 

enzymes after reversing the diabetic state into normoglycemia is as yet unkown. The 

aim of the present study is to determine renal H2S-producing enzyme expression in the 

diabetic state and hyperglycemic memory conditions, and whether renal H2S production is 

associated with progress of diabetic kidney disease. To investigate this, expression of H2S-

producing enzymes was studied in kidneys of streptozotocin (STZ)-induced diabetic mice, 

and subsequent reversal of diabetes by isogenic pancreatic islet transplantation.

Glomerulosclerosis and interstitial inflammation were studied, as markers for renal 

damage after STZ-induced diabetes. Renal expression of H2S-producing enzymes were 

evaluated both at mRNA and protein level.

STZ-induced diabetes induced renal damage, as evidenced by increased glomerular 

αSMA-positivity, reduced podocin expression, and increased influx of interstitial 

macrophages. The expression of renal H2S-producing enzymes at mRNA level was not 

significantly altered by induction of diabetes. At protein level, renal CBS expression was 

drastically reduced after STZ-induced diabetes, which was partly restored after islet 

transplantation. Diabetes-induced renal expression of CSE en 3MST were less pronounced, 

although also renal CSE protein expression was lower in 6-weeks diabetic mice, which was 

not restored after islet transplantation.

To conclude, STZ-induced diabetes profoundly reduced renal CBS expression. Reversal 

of diabetes by isogenic pancreatic islet transplantation normalized renal CBS protein levels 

but did not improve renal damage markers. This suggests that renal CBS expression can 

be partly dependent on glucose or insulin levels, and that restored CBS expression is not 

able to restore diabetes-induced renal damage. This implicates that CBS would not be a 

therapeutic target to reduce diabetic kidney injury.
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Introduction

Diabetes mellitus is characterized by hyperglycemia and insulin deficiency (type 1) or 

resistance (type 2). Diabetes is a worldwide health burden; its prevalence is increasing up 

to epidemic proportions and currently estimated to be 9% among adults.1,2 Both type 

1 - and type 2 diabetes are important risk factors for cardiovascular diseases, with a 2- to 

4-fold increased risk when compared to non-diabetic individuals.3 Moreover, based on US 

data, diabetic kidney disease (i.e. diabetic nephropathy) is the leading cause of chronic 

renal failure in the Western world, accounting for about 40% of new cases of end stage 

renal disease.4 Clinically, diabetic nephropathy is accompanied by proteinuria and chronic 

renal failure. At histological level, both glomeruli and interstitium are affected.5,6

Several large clinical trial on type 1 and type 2 diabetes have demonstrated that 

strict glycemic control can reduce the development of micro- and macrovascular 

complications.7-9 Interestingly, the advantageous effects of strict glycemic control persist 

in the long term (i.e. also in the presence of later less strict glycemic control). Even several 

years after the trials ended, subjects from the intensive glycemic control arm of the study 

continued to have a deceased risk for developing renal impairment and cardiovascular 

disease.10,11 The Diabetes Control and Complications Trial and Epidemiology of Diabetes 

Interventions and Complications (DCCT/EDIC) collaboration group first described this 

phenomenon as ‘’metabolic memory’’. Interestingly, also the reciproce holds true for 

dysregulation of glycemic control. Previous research demonstrated that hyperglycemic 

stress in the past persists despite normalized glycemic control.12-14 This phenomenon is 

described as ‘’hyperglycemic memory’’.

Hydrogen sulfide (H2S) is a small gaseous signaling molecule which is endogenously 

produced. H2S is member of the gasotransmitter family, which also includes nitric oxide (NO) 

and carbon monoxide (CO). H2S is endogenously produced by three different emzymes 

in the mammalian body: the two pyridoxal-5’-phosphate (PLP)-dependent enzymes 

cystathionine-γ-lyase (CSE) and cystathionine-β-synthase (CBS), and 3-mercaptopyruvate 

sulfurtransferase (3MST). H2S is physiologically active, causing vasodilation, inducing 

angiogenesis, and scavenging of reactive oxygen species (ROS).15,16

In the diabetic state, the role of H2S is still controversial though.17 In human subjects 

with diabetes mellitus, H2S bioavailability is lower compared to non-diabetic healthy 

subjects.18-20 In non-obese type 1 diabetic mice H2S levels are lower compared to non-

diabetic control mice despite higher vascular levels of CSE and CBS.21 The authors 
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explain this contradiction as compensatory response upon lower H2S-bioavailability, but 

it shows that measured patterns of H2S levels and expression of H2S-producing enzymes 

do not a priori correspond. In spontaneous diabetic Ins2Akita mice, renal CSE and CBS 

were considerably lowered compared to healthy control mice, which was accompanied 

by lower H2S production levels in the kidney.22 Also in streptozotocin (STZ)-induced 

type 1 diabetes male Sprague–Dawley rats, lower plasma levels of H2S were observed 

compared to non-diabetic littermates.19 Exogenous administration of H2S donor NaHS 

prevented progression of diabetic renal damage in STZ-induced diabetes in rats.23,24 On 

the contrary, CSE deficiency significantly delayed the development of STZ-induced type 1 

diabetes, which was accompanied by lower levels of apoptotic β-cells.25 H2S was found 

to be involved in glucose synthesis in hepatocytes in vitro,26 and CSE-deficient mice 

showed decreased gluconeogenesis with concomitant lower levels of plasma glucose.27 

Taken together, the role of H2S in diabetes and diabetic renal disease is not completely 

understood and it is of interest to investigate whether renal H2S production is associated 

with progression of diabetic kidney disease.

It is reported before that insulin treatment could normalize diabetes-induced changes 

in H2S-producing enzymes.28 However, it is unknown what occurs to the expression of 

H2S-producing enzymes when the diabetic state is completely reversed, and animals 

are strictly normoglycemic after a period of hyperglycemia. Therefore, the aim of the 

present study is to determine renal H2S-producing enzymes in the diabetic state and 

hyperglycemic memory conditions. To investigate this, H2S-producing enzymes, both at 

mRNA and protein level, were studied in kidneys of STZ-induced diabetic mice, and 

subsequent reversal towards normoglycemia by isogenic pancreatic islet transplantation.

Material and Methods

Animals

Male C57Bl/6J mice (Charles River, Germany) were housed with a 12-/12-h light/dark 

cycle with ad libitum access to standard rodent chow and water. All procedures were in 

agreement with institutional and legislator regulations and approved by the Committees 

on the Ethics of Animal Experiments of the Universities of Giessen and Heidelberg/

Mannheim.
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Experimental groups

The experiment consists of 4 experimental groups (Figure 1). Group 1, healthy control 

mice (Control); group 2, STZ-induced diabetic mice, terminated after 6 weeks of diabetes 

induction (6W DM); group 3, STZ-induced diabetic mice which received isogenic pancreatic 

islet transplantation after 6 weeks of diabetes induction and terminated 6 weeks after 

islets transplantation (Islets Tx); group 4, STZ-induced diabetic mice, terminated after 12 

weeks of diabetes induction (12W DM).

Figure 1 - Schematic overview of experimental set up. STZ, streptozotocin.

Diabetes induction by streptozotozin

Streptozotocin (STZ) (Sigma-Aldrich) was freshly prepared in 0.05 M citratebuffer,  

pH 4.4 – 4.6, and was administered once to 8-week-old C57Bl/6J mice at a dose of  

160 mg/kg via intraperitoneal injection. Blood glucose levels were measured regularly via 

venous blood sampling from the tail. Diabetes was defined as a sustained elevation of 

fasting blood glucose >14 mmol/l.
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Islet isolation and transplantation

Islet isolation and transplantation was performed in the University of Giessen. Islets were 

isolated from 8-week-old male C57Bl/6J mice (Janvier Labs, France). Pancreata were 

dissected, minced, and subsequently incubated with 1.6 to 2.0 mg/mL collagenase in HBSS 

in a shaking water bath at 37°C. Islets were handpicked and subsequently suspended 

in CMRL-1066 Medium supplemented with 10% FBS, 100µg/mL streptomycin, and 

20 µg/mL ciprofloxacine. Free-floating pancreatic islets were cultered overnight under 

standardized conditions, and tested for viability with the propidium iodide assay and by 

glucose stimulated insulin secretion. Recipient mice were anesthetized, and the kidney 

was assessed by an incision of the left flank. Pancreatic islets were transplanted under the 

left kidney capsule of recipient C57Bl/6J mice on week 6 after induction of diabetes. To 

ensure normoglycemia, islet transplanted mice also received subcutaneous insulin pellets 

(Linbit, LinShin Canada), that slowly release insulin over time (~0.1 U/24 hr/implant). The 

amount of insulin releasing pellets was determined by blood glucose levels (<14 mmol/l). 

All animals were terminated under general anesthesia, blood and kidneys were collected 

and snap-frozen for biochemical and histological analysis.

Polymerase Chain Reaction

RNA was isolated from frozen kidney samples using TRIzol Reagent (Invitrogen). The RNA 

concentrations were measured on a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific). 1 ug RNA was converted into cDNA using SuperScript II reverse transcriptase and 

random hexamere primers (Life Technologies). CSE (Cth) (assay Mm00461247_m1), CBS 

(assay Mm00460654_m1), 3MST (Mpst) (assay Mm00460389_m1), and Podocin (Nphs2) 

(assay Mm01292252_m1) mRNA expression was measured with Taqman Gene expression 

assays (Applied Biosystems). For normalization, Tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein ζ (Ywhaz) (assay Mm03950126_s1) was included as 

housekeeping gene. Reactions were performed on an ABI7900HT thermal cycler (Applied 

Biosystems). The comparative Ct method (2-ΔCt method) was used to calculate relative gene 

expression.

Immunohistochemical Stainings

Frozen sections of 4 µm were stained with PAS staining to assess general morphology. For 

immunohistochemistry, frozen sections were fixed for 10 minutes in acetone. Sections were 

subsequently stained for αSMA (mouse monoclonal anti-αSMA, clone ASM-1, ProGen), 
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F4/80 (rat anti F4/80, clone BM8 (ab16911), Abcam), or podocin (rabbit polyclonal anti-

Podocin, clone P0372 Sigma). Following incubation with primary antibodies (1 hr, room 

temperature), sections were incubated with HRP-conjugated rabbit-anti-mouse IgG (αSMA), 

rabbit-anti-rat IgG (F4/80), or goat-anti-rabbit IgG (Podocin) polyclonal antibodies (Dako). 

3-amino-9-ethylcarbazole (AEC) was used as chromogen, and nuclei were counterstained 

using hematoxylin after which the sections were coverslipped. 

Western Blot

Protein was isolated from mouse kidney cryosections (30x10µm) using RIPA Buffer 

supplemented with 1% Halt Phosphatase inhibitor cocktail and 1% Halt Protease inhibitor 

cocktail. Total protein content of the lysates was determined with the pyrogallol red method 

as previously described.29 Briefly, 5 µl of sample was added in a 96-well plate (Corning), 

after which 300 µl pyrogallol red-molybdate complex was added. After 10 minutes 

incubation, absorbance was measured at 600 nm (Varioskan, Thermo Scientific) and protein 

concentration was calculated against a calibration curve. Equal amounts of protein (20 µg) 

were boiled and electrophoretically separated in 10% SDS-PAGE gel and transferred to a 

nitrocellulose membrane. Aspecific binding of antibodies was blocked using 5% non-fat 

milk powder in Tris-buffered saline-0.1% Tween-20 (TBST) for 1 hour. Membranes were 

incubated with primary antibody overnight at 4°C. The following antibodies were used: 

CSE; 1:2000, mouse monoclonal IgG1κ, Abnova clone M03), CBS; 1:500, (polyclonal 

rabbit anti-CBS, clone AV45746, Sigma), 3MST; 1:2000 (polyclonal rabbit anti-MPST, clone 

HPA001240, Sigma), and Podocin; 1:500 (polyclonal rabbit anti-Podocin, clone P0372, 

Sigma). Appropriate horseradish peroxidase-labeled antibody was used as a detection 

antibody. HRP-conjugated β-actin; (1:5000, monoclonal mouse anti-β-actin, clone sc-47778 

HRP, Santa Cruz Biotechnology), served as housekeeping protein. All antibody incubations 

were followed by washing with TBST. Immunoreactivity was visualized by ECL Western 

Blotting Substrate (Thermo scientific, Waltham, MA, USA), and images were taken with the 

Bio-Rad-ChemiDoc MP system and quantified using ImageLab software.

Statistical analyses

All data were analyzed with GraphPad PRISM 5.0 (GraphPad, San Diego, CA, USA). 

Normality was tested using the Kolmogorov–Smirnov test. Normally distributed data were 

analyzed using one-way ANOVA, and non-parametric distributed data were analyzed using 

Kruskal Wallis test. Bonferroni (one-way ANOVA) or Dunns (Kruskal Wallis) post-hoc analysis 
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was applied to correct for multiple comparisons. Data are shown as mean±SEM (Standard 

Error of the Mean). Differences were considered statistically significant when P<0.05.

Results

Glucose levels and body weight

After β-cell destruction with STZ, glucose levels increased to levels above the detection limit 

(>33.3 mmol/L) in 6 week and 12 week diabetic animals. In healthy mice, mean (±SD) blood 

glucose was 11.2 ± 1.5 mmol/L. Islet transplantation lowered blood glucose with 78% to 7.3 

± 1.2 mmol/L (P<0.01). Blood glucose over time for the islet transplanted group is shown in 

Figure 2. Healthy control mice, 12 weeks after start of the study, weighed 32.3 ± 3.1 gram. 

Diabetic mice had a lower body weight of 23.2 ± 1.3 gram after 6 weeks, and 23.6 ± 2.3 

gram after 12 weeks of diabetes (P<0.05). Islet transplantation significantly increased body 

weight compared to 6 weeks and 12 weeks diabetic mice (33.2 ± 1.3 gram; P<0.05). Glucose 

levels and body weight data of all the groups at the time of termination is depicted in Table 1.

STZ-induced diabetes results in glomerular injury

Glomerulosclerosis, as measured by αSMA-positivity within the glomerulus, was increased 

in STZ-induced diabetic mice. 6 weeks (P<0.05) and 12-weeks diabetic mice (P<0.01) had 

a 4-fold increase in the number of affected glomeruli compared to healthy controls. This 

glomerular damage was not attenuated after isogenic transplantation of pancreatic islets 

as evident from the same number of affected glomeruli in the islet Tx group compared 

to the 12-weeks diabetic mice (Figure 3A). To investigate podocyte injury as a hallmark 

of diabetic kidney disease, podocin expression was analyzed. Podocin protein expression 

was visualized by immunohistochemistry and quantified by western blot analysis. Podocin 

expression was significantly lower in diabetic mice (both at 6 and 12 weeks diabetes), 

which was not altered by islet transplantation (Figure 3B). In the serial sections used for 

western blot analysis, glomeruli were counted. The number of counted glomeruli was 

not different across the groups, indicating that the number of glomeruli per cross section 

does not account for the difference in podocin expression as determined by western blot 

analysis (Supplemental figure 1). Diabetes did not significantly change renal function, 

measured by serum creatinine and blood urea nitrogen (Supplemental figure 2).



Renal H2S-producing enzymes in diabetes and hyperglycemic memory

185

8

Table 1 - Blood glucose and body weight at time of termination

Control 6W DM Islets Tx
(6W DM + 6W no DM)

12W DM

Glucose (mmol/L) 11.2 ± 1.5 >33.3 ± 0 7.3 ± 1.7**## >33.3 ± 0

Body weight (g) 32.4 ± 3.1 23.2 ± 1.3 33.2 ± 1.3*# 23.6 ± 2.3$

$ P<0.05 vs. Control; * P<0.05 vs. 6W DM; ** P<0.01 vs. 6W DM; # P<0.05 vs. 12W DM; ## P<0.01 
vs. 12W DM

Figure 2 - Blood glucose is drastically lowered by islet transplantation. Six weeks after STZ-induced 
diabetes, isogenic pancreatic islet transplantation was performed, in combination with insulin 
treatment, resulting in a reduction of blood glucose to physiological levels

Interstitial inflammation is increased in kidneys of STZ-induced diabetic 

mice

Macrophages were visualized and quantified by F4/80 immunohistochemistry. Macro-

phages were present in the interstitium, but not within the glomeruli. The number 

of macrophages was significantly increased by induction of diabetes. Compared to 

healthy controls, in 6-weeks and 12-weeks diabetic mice, interstitial macrophages were 

increased with 113% and 138% respectively (P<0.05). The number of macrophages was 

not significantly altered after islet transplantation, and remained significantly increased 

compared to healthy control (P<0.05, Figure 4). 
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Figure 3 - STZ-induced diabetes resulted in glomerular injury. STZ-induced diabetes resulted in 
increased glomerular injury as shown by increased αSMA positivity within the glomerulus (A) and 
decreased renal podocin expression (B). *P< 0.05 vs. control; ** P<0.01 vs. control; *** P<0.001 
vs. control. Bar indicates 60 µm.

Figure 4 - Interstitial inflammation in increased after STZ-induced diabetes. Number of interstitial 
macrophages were more than two-fold increased after STZ-induced diabetes in mice. No 
macrophages were present in the glomeruli, as shown in the high power inset. F4/80+ macrophages 
were quantified in 20 high power fields (HPF) at 40x magnification. *P< 0.05 vs. non-diabetic 
control. Bar indicates 100 µm.
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Renal mRNA levels of H2S producing enzymes

Renal mRNA expression levels of H2S-producing enzymes were not significantly altered 

by STZ-induced diabetes (Figure 5). Despite the fact that no significant differences were 

observed, there was a tendency of higher expression of CSE (A) and 3MST (C), and lower 

expression of CBS (B) after STZ-induced diabetes. These changes were normalized after 

transplantation of isogenic pancreatic islets.

Figure 5 - Renal mRNA expression levels of H2S-producing enzymes. Renal mRNA expression levels 
of H2S-producing enzymes were not significantly altered by STZ-induced diabetes. Although, there 
was a tendency of higher expression of CSE (A) and 3MST (C), and lower expression of CBS (B) after 
STZ-induced diabetes. These changes were normalized after transplantation of isogenic pancreatic 
islets.

Renal CSE and CBS protein expression levels are decreased after 

induction of diabetes

Representative results (of 2 mice/group) from renal protein expression levels of H2S-

producing enzymes, as quantified by western blot analysis, are shown in Figure 6A. 

CBS expression was drastically reduced after STZ-induced diabetes, which was partly 

but significantly restored after islet transplantation (Figure 6B). Renal CSE expression 

in 6-weeks diabetic mice was reduced compared to healthy controls. However, this 

reduction of CSE expression was slightly restored after 12 weeks of diabetes (Figure 

6C). 3MST expression in the kidney was slightly upregulated in 12-weeks diabetic mice, 

and significantly higher than renal 3MST expression is mice from the islets Tx group, 

indicating that islet transplantation prevents this increase in 3MST expression (Figure 6D).
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Figure 6 - renal protein expression levels of H2S-producing enzymes. Representative western blots 
for H2S-producing enzymes among the different groups are shown in panel A. CBS expression 
was more than 80% reduced after STZ-induced diabetes, which was partly normalized after islet 
transplantation (B). Renal CSE expression in 6-weeks diabetic mice was reduced compared to 
healthy controls. However, this reduction of CSE expression did not last until 12 weeks of diabetes 
(C). 3MST expression in the kidney was slightly upregulated in 12-weeks diabetic mice, but no 
significant differences were observed before that stage (D).
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Discussion

In this study, we report that STZ-induced diabetes in mice is associated with reduced renal 

expression of CBS. This reduction was altered after reversal of the diabetic, hyperglycemic 

state with islet transplantation in combination with insulin treatment. Changes in renal 

expression of CSE and 3MST were less pronounced, although also renal CSE protein 

expression was lower in 6-weeks diabetic mice, which was not restored after islet trans-

plantation. Diabetes increased renal 3MST expression after 12 weeks (but not after 6 

weeks) of diabetes. To our best knowledge, this is the first report on renal H2S-producing 

enzymes after STZ-induced diabetes and its associations with hyperglycemic memory. 

Our data are in line with previous reports which demonstrated lower bioavailability 

of H2S,19,22,23 and downregulated renal expression levels of H2S-producing enzymes in 

the diabetic state.22 It is reported before that insulin treatment could normalize diabetes-

induced changes in H2S-producing enzymes in liver and pancreas.28 However, in this 

particular study, STZ-induced diabetic rats still suffered from significant hyperglycemia 

after insulin treatment (mean glucose 17 ± 4 mmol/L), and no renal expression levels of 

H2S-producing enzymes were measured.

Hyperhomocysteinemia is an independent risk factor for cardiovascular disease, and 

especially in patients with diabetes.30 CBS and CSE are both involved in the transsulfuration 

pathway, where they both degrade homocysteine and cysteine to form H2S. Interestingly, 

elevated plasma homocysteine levels in human diabetic patients appear to depend on 

the presence of diabetic kidney disease rather than just diabetes.31 Diabetic patients 

with impaired renal function tend to have increased homocysteine level, in contrast to 

diabetic patients without diabetic kidney failure.32 These data emphasize the importance 

of the kidney in the transsulfuration pathway and the apparent central role of the kidney 

in circulating homocysteine levels.

The renal damage in this model was mild as indicated by the slight decrease in 

podocin levels and no significant changes in serum creatinine. The possible explanation 

could be the short follow-up of 12 weeks. It could well be that a longer follow-up is 

needed to study true diabetic nephropathy. However, we are interested in mild diabetes-

related renal damage instead of full-blown diabetic nephropathy, as we believe that this 

mild renal damage is representative for a large group of patients with diabetes and poor 

glycemic control, but without overt diabetic nephropathy. The lack of H2S measurements 

can be regarded as limitation of this study. However, the different H2S measurements33 
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are still in the developmental stage, not without controversy, and there is no consensus on 

the physiological levels of H2S in the blood. Therefore, we only measured H2S-producing 

enzymes. The discrepancy between renal mRNA and protein expression levels was an 

unexpected finding, but might be related to a high protein turnover in the diabetic 

state. Future studies to analyze the potential effects of diabetes on transcriptional and 

translational regulation of enzymes involved in H2S biosynthesis are therefore warranted. 

Changes in H2S-producing enzymes upon diabetic challenge are organ dependent. As 

earlier described, STZ-induced diabetes resulted in upregulated levels of hepatic and 

pancreatic CSE and CBS, but renal H2S-producing activity and plasma H2S levels were 

slightly (not significantly) lower.28 This report again suggests that the kidney contributes 

significantly to the plasma H2S levels.

Hyperglycemic memory on renal damage was not observed since renal damage 

did not progress after 6 weeks of STZ-induced diabetes. Islet transplantation did not 

reverse diabetic renal damage, but rather stabilizes it. However, in 12-weeks diabetic 

mice, renal damage was roughly similar to 6-weeks diabetic mice, indicating that the 

vast majority of renal damage already emerged within the first 6 weeks after induction 

of diabetes. Renal CBS expression was attenuated by islet transplantation in contrast to 

renal CSE expression. This indicates that CBS expression, and not CSE expression could 

be dependent on glucose or insulin levels. Higher renal expression of CBS were not 

accompanied by less damage in mice from the islet Tx group, indicating that restored H2S 

bioavailability is not able to restore diabetes-induced renal damage. This implicates that 

CBS would not be a therapeutic target to reduce diabetic kidney injury.

To conclude, renal expression of CSE and especially CBS is lowered in STZ-induced 

diabetic mice. Reversal of diabetes by isogenic pancreatic islet transplantation normalized 

CBS levels but did not improve renal damage markers. This indicates that renal CBS 

expression can be partly dependent on glucose or insulin levels. Additionally, higher CBS 

levels were not accompanied by less damage in islet Tx mice, indicating that restored H2S 

bioavailability is not able to restore diabetes-induced renal damage. Future long-term 

follow-up studies are needed to examine this premise.
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Supplemental Figures

Supplemental figure 1 - Number of glomeruli does not differ between groups. Number of 
glomeruli was counted per cross section. No significant differences were observed between groups.

Supplemental figure 2 - No significant differences in renal function between healthy control 
and 12-weeks diabetic mice. STZ-induced diabetes did not significantly change renal function 
although a tendency of higher serum creatinine (P=0.55) and blood urea nitrogen (P=0.31) levels 
in 12-weeks diabetic mice compared to healthy controls was observed.
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Hydrogen sulfide (H2S), formerly regarded as a toxic gas, is now recognized a gas also 

endogenously produced in mammals in low concentrations with beneficial properties. 

With its pro-angiogenic, vasodilating, anti-inflammatory, and antioxidant functions, 

H2S plays a considerable role in human (patho-)physiology. In this thesis, we therefore 

investigated the role of H2S in cardiovascular disease and diabetes-associated vascular 

disease.

Therapeutic role of H2S in blood pressure regulation 
and cardiovascular disease

The involvement of both exogenous and endogenous H2S in blood pressure regulation is 

demonstrated in this thesis. In a mouse model of cardiac ischemia/reperfusion (IR) injury, 

administration of gaseous H2S in a concentration of 100 parts per million (ppm) lowered 

blood pressure significantly, as shown in chapter 5. Additionally, higher urinary levels of 

the H2S metabolite sulfate was associated with a lower blood pressure in healthy subjects 

(chapter 3) and in patients with type 2 diabetes (chapter 7), suggesting that also in 

humans endogenously produced H2S is involved in blood pressure regulation. These two 

findings - the association of lower bioavailability of endogenous H2S with higher blood 

pressure, and the blood pressure lowering effects of exogenous H2S administration - 

opens up H2S-based treatment possibilities in the course of hypertension.

Although the exact mechanism of H2S in blood pressure regulation is not known, 

evidence is accumulating on the vasodilatory effects in H2S. H2S is capable of regulating 

vascular tone in several ways. The involvement of H2S in vasodilation is one of the first 

described functions of H2S in mammalian physiology.1 As comprehensively discussed in 

chapter 2, at least five mechanisms are known by which H2S plays a role in blood pressure 

regulation. First, H2S facilitates NO-mediated vasodilation through directly influencing 

eNOS activity by increasing serine 1177 phosphorylation (p-eNOSS1177).2 Second, H2S opens 

adenosine triphosphate (ATP)-sensitive potassium (KATP) channels.3 Through cysteine-S-

sulhydration of KATP channels and subsequent hyperpolarization of the cell membrane, 

L-type Ca2+ channels are inactivated, leading to vascular smooth muscle cell relaxation 

and blood vessel dilation.4-6 Third, H2S can have sympathoinhibitory effects in the rostral 

ventrolateral medulla. Local H2S production stimulates KATP channels that inhibit renal 

sympathetic nerve activity, causing vasodilation.7 Fourth, H2S activates protein kinase 
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G1alpha, with vascular relaxation as a consequence.8 Lastly, it was recently suggested 

that the soluble guanylyl cyclase/cyclic GMP (sGC/cGMP) pathway is also involved in H2S-

related vasodilation. H2S acts as endogenous inhibitor of phosphodiesterase-5 (PDE-5), 

thereby decreasing the breakdown of cGMP.9-11 Based on results of our own group, KATP 

channel-mediated blood pressure effects only accounts for a small proportion of the 

blood pressure-lowering effects of H2S.12 Inhibition of KATP channels by glibenclamide 

resulted in less than 30% reduction of the blood pressure-lowering effects of H2S in 

ex vivo perfused rat kidneys. This indicates that the other mechanisms account for the 

major part of H2S-mediated effects on blood pressure, most likely via NO-dependent 

vasodilatory mechanisms.

However, although being a major function of H2S, induction of vasodilation can not 

be held fully accountable for all the cardiovascular protective effects of H2S. In chapter 5, 

we demonstrated that administration of low dose gaseous H2S (10 ppm) in mice is - at 

least on the long term - as effective as a high dose (100 ppm) of H2S, without effects 

on blood pressure. This interesting finding indicates that even normotensive patients 

could benefit from H2S-treatment in the course of cardiovascular disease. It is earlier 

demonstrated that H2S is an endogenous antioxidant13,14 and inhibitor of inflammatory 

responses.15 In line with this, we were able to demonstrate that the antioxidant and anti-

inflammatory effects of H2S could be responsible for these blood pressure-independent 

beneficial effects. Exogenous treatment with H2S (both high and low dose) significantly 

lowered mRNA expression of the ROS-related genes nicotinamide adenine dinucleotide 

phosphate oxidase 2 and 4 (NOX2 and NOX4). Moreover, we showed that addition of 

H2S donor NaHS in vitro resulted in reduced antimycin A-induced ROS production over 

time in H9c2 cardiomyocytes. These findings underline the importance of ROS-related 

damage in cardiovascular disease, and ROS reduction as a therapeutic strategy.16

In chapter 5, we additionally demonstrated that administration of gaseous H2S 

results in reduced influx of granulocytes after one day of reperfusion of the ischemic 

heart, which emphasizes the important role of H2S in dampening the inflammatory 

response. In accordance with these anti-inflammatory effects of H2S, we showed in 

chapter 3 an inverse association between urinary excretion of H2S metabolite sulfate and 

serum high sensitive C-reactive protein (hs-CRP) levels at baseline in the PREVEND study, 

a cohort based on the general population. We additionally demonstrated that excretion 

of sulfate is inversely associated with all-cause mortality and risk of cardiovascular 

disease. However, sulfate lost its predictive properties for risk of cardiovascular disease 
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after adjustment for hs-CRP, indicating that the inflammatory pathway accounts for the 

beneficial effects of sulfate. CRP has earlier proven to be an independent risk factor of 

cardiovascular disease.17 With this in mind, it could well be that higher endogenous 

levels of H2S slow down the progress of atherosclerosis by dampening the systemic and/

or local inflammatory response, resulting in a reduced risk of cardiovascular events.

Systemic atherosclerosis is often the underlying cause of cardiovascular disease, and 

the result of a complex interplay between different factors such as high blood pressure, 

endothelial dysfunction, inflammation within the vessel wall, and the formation of 

reactive oxygen species (ROS).18

As discussed in the previous section, the role of H2S in blood pressure regulation, 

inflammation, and ROS scavenging, is demonstrated in this thesis as well as by others. 

Moreover, considering the beneficial effects of antihypertensives19 and antioxidants20 in 

cardiovascular disease, H2S could serve well as therapeutic agent in the development of 

atherosclerosis. In support of this, H2S was indeed shown to protect from endothelial 

dysfunction21 and development of atherosclerosis in experimental models.22-25

However, even though H2S exerts various beneficial vasculoprotective effects, the pro-

angiogenic effects26 might be a downside of H2S in cardiovascular disease progression. The 

formation of newly-formed microvessels within an atherosclerotic plaque is associated 

with a more vulnerable (i.e. rupture prone) phenotype, with subsequent increased risk of 

stroke or infarction.27,28 In chapter 4, we have demonstrated that H2S is expected to be 

locally produced in atherosclerotic plaque microvessels, as the H2S-producing enzyme CSE 

is expressed within intraplaque microvascular endothelial cells. Moreover, CSE inhibition 

in human microvascular endothelial cells in vitro drastically reduced micro-angiogenesis. 

These data implicate that H2S-based therapy might be potentially hampered by its pro-

angiogenic effects; atherosclerotic plaques could even benefit from local inhibition of 

H2S production. By allowing stable atherosclerotic plaques to form (more) intraplaque 

microvessels, H2S-stimulated angiogenesis could increase patient risk of plaque rupture 

with subsequent stroke or infarction. The proposed association between H2S-induced 

intraplaque angiogenesis and plaque vulnerability seems in contrast with the earlier 

described beneficial effects of H2S in atherosclerosis and cardiovascular disease. However, 

this contradiction can be explained by different stages of development of atherosclerotic 

plaques. We propose that H2S might be protective in the early phase of atherosclerosis 

by e.g. attenuating endothelial dysfunction, inhibiting ROS, and reducing inflammation. 

However during plaque progression H2S might actually promote plaque vulnerability of 
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advanced plaques due to its pro-angiogenic effects. We should be aware of this potential 

risk when considering H2S as treatment modality for cardiovascular disease.

The role of H2S in diabetes and  
its associated vascular disease

In this thesis, we measured urinary sulfate levels as a proxy for endogenous H2S-

metabolism. We demonstrated lower urinary sulfate levels in patients with type 2 diabetes 

and nephropathy (Sun-MACRO cohort, chapter 7), compared to non-diabetic subjects 

from the PREVEND cohort (chapter 3). Urinary sulfate concentrations were ~22% lower 

in diabetic patients with nephropathy compared to healthy subjects. Additionally, urinary 

sulfate concentrations were ~19% higher in patients with type 2 diabetes without 

nephropathy compared to patients with type 2 diabetes with diabetic nephropathy. 

These sulfate measurements were performed sequentially. For this variable measurement 

(inter-assay variation of 9.3%), it is important to measure sulfate consecutively to make 

a reliable comparison. Taken all the beneficial cardiovascular effects of H2S into account, 

this lower bioavailability of H2S could partly explain the high cardiovascular risk of 

patients with diabetes and renal disease.

The role of H2S in the development of diabetes is not fully understood, and 

present literature on this topic contains contradictory results. However, in line with 

our observations, in different diabetes animal models, lower bioavailability of H2S and 

H2S-producing enzymes is observed.29-31 Moreover, in human studies, lower plasma H2S 

levels were found in patients with type 2 diabetes compared to healthy individuals.30,32 

Interestingly, in non-diabetic subjects, obesity was associated with lower levels of 

plasma H2S. This suggests that lower H2S bioavailability is already present at a pre-

diabetic stage and predisposes for the development of diabetes. Additionally, exogenous 

administration of H2S donor NaHS resulted in improved vascular relaxation and reduced 

ROS production in STZ-induced diabetic mice.33 On the contrary, CSE deficiency in mice 

delayed the onset of streptozotocin (STZ)-induced type 1 diabetes,34 and showed lower 

plasma glucose levels as a result of reduced gluconeogenesis.35,36 Additionally, H2S 

treatment inhibits insulin secretion from pancreatic beta-cells in vitro.37-39 However, in a 

high-fat diet-induced model of type 2 diabetes in 6 months old mice, CSE deficiency is 

reported to have a deleterious effect on the development of diabetes.40 In this study, CSE 
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deficiency is accompanied by lower insulin sensitivity, higher glucose levels and lower 

insulin levels. The latter results are more in line with the lower H2S bioavailability in 

subjects with obesity or patients with type 2 diabetes, compared to healthy controls. 

These contradictive results of H2S in the development of diabetes in the experimental 

setting seem to be related to the age of the mice and the model of diabetes. The high-fat 

diet-induced diabetes has more pronounced insulin resistance and STZ-induced diabetes 

is characterized by beta cell destruction and subsequent insulin deficiency.

In chapter 8, we studied the renal expression of H2S-producing enzymes after STZ-

induced diabetes in mice. In kidneys from these diabetic mice, CSE and especially CBS 

protein expression were downregulated compared to healthy control mice. CBS expression 

was decreased with 82% in 6-weeks diabetic mice, compared to healthy controls. To 

study the progression or reversibility of diabetic renal damage, transplantation of isogenic 

pancreatic islets of non-diabetic mice was performed 6 weeks after STZ-induced diabetes. 

Glucose and body weight were normalized after islet transplantation. Diabetic renal damage 

was not reversed but rather stabilized i.e., it did not progress during the additional 6 weeks 

follow-up after islet transplantation and restoration of normoglycemia. Interestingly, the 

change in renal CBS expression was restored to 64% of the CBS expression obeserved 

in healthy control animals. This is in line with a previous report, where insulin treatment 

also attenuated diabetic changes in CSE and CBS expression.41 These data indicate that 

expression of CBS is dependent on glucose or insulin levels, and could also partly explain 

lower H2S bioavailability in patients with diabetes.

The presence of diabetes is associated with the development of different vascular 

complications. Diabetic vascular complications are divided into microvascular and macro-

vascular complications. Microvascular complications comprise of diabetic retino pathy,  

neuropathy and nephropathy, and macrovascular complications consist of cere bro-

vascular-, coronary artery- and peripheral arterial disease. The role of H2S, and the 

other gasotransmitters NO and CO, in the course of diabetic vascular complications is 

extensively reviewed in chapter 6. Moreover, the therapeutic potential of H2S in diabetic 

vascular disease in discussed. The beneficial effects of H2S as therapeutic compound 

in diabetic macrovascular disease has already been shown in experimental models 

of peripheral vascular disease33,42,43 and myocardial ischemia/reperfusion injury.44-47 

H2S therapy in the course of microvascular complications of diabetes results in both 

attenuating and aggravating effects, dependent on the complication. In STZ-induced 

diabetic retinopathy, heterozygous CBS deficiency resulted in increased loss of retinal 
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ganglion cells,48 which is a hallmark of diabetic retinopathy. Exogenous treatment with 

NaHS in STZ-induced diabetic rats prevented diabetes-induced vascular injury in the 

eye.49 In diabetic neuropathy, H2S treatment with either H2S donor NaHS or H2S substrate 

L-cysteine resulted in increased neuropathic pain symptoms in STZ-induced diabetic rats.50 

Inhibition of endogenous H2S formation by CSE or CBS inhibitors resulted in reduced 

neuropathic pain symptoms in these rats.51,52 In STZ-induced diabetic rats, treatment of 

NaHS improved renal function and diminished renal injury, inflammation, and ROS.53,54 

Based on these experimental data, H2S-based therapy is promising in diabetic vascular 

disease, but with a risk of aggravating diabetic neuropathy.

Lower H2S bioavailability in diabetic patients is described, and the beneficial effects 

of H2S supplementation in experimental renal disease is also known. However, the 

influence of endogenous H2S bioavailability on renal disease in patients with type 2 

diabetes is unknown. In chapter 7, we determined the predictive properties of urinary 

concentrations of H2S metabolite sulfate for progression of diabetic nephropathy. Urinary 

sulfate concentration was strongly associated with eGFR and albuminuria at baseline in 

these patients with type 2 diabetes. Moreover, urinary sulfate is inversely correlated with 

the risk of renal events in patients with diabetic nephropathy, independent of potential 

confounders (i.e. gender, age, eGFR and albuminuria). Our findings are consistent with 

the results of others, showing that in patients with type 1 diabetes and nephropathy, 

high levels of urinary sulfate, as a proxy for H2S levels, are associated with a slower 

decline in GFR.55 Additionally, in patients with diabetic nephropathy who are on dialysis, 

lower plasma levels of H2S were measured compared to non-diabetic patients who were 

on dialysis or compared to healthy control subjects.56 Although these association studies 

do not prove causality, these data suggest that patients with low endogenous H2S levels 

and accompanied high risk of renal events, could benefit from H2S-based therapy.

Future perspectives

Based on the work described in this thesis, combined with recent literature, H2S 

could serve well as a therapeutic in the course of cardiovascular disease. Endogenous 

bioavailability seems to be lowered in patients with cardiovascular disease, and probably 

even before that stage. However, as yet it is unclear whether this lower bioavailability 

precedes cardiovascular disease, or results from endothelial dysfunction (i.e. reduced H2S-
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production from damaged endothelial cells). Functional in vitro and in vivo experiments 

with induction of endothelial dysfunction and measurement of CSE and CBS might 

provide more insight into the role of H2S bioavailability in cardiovascular disease. 

Additional H2S-based therapy in in vivo experiments could answer the question whether 

patients with lower H2S bioavailability might benefit from restoration of their H2S levels.

Additionally, the role of H2S in diabetic vascular complications should be researched 

more rigorously. It would be worthwhile to study the expression levels of H2S-producing 

enzymes in different organs of a diabetic animal showing most of the features of diabetic 

vascular complications. Moreover, administrating H2S in these mice would allow us to 

analyze the effects of H2S-based therapy on different vascular complications simultaneously, 

and consider all the pros and cons of H2S supplementation in a single diabetic animal.

Exogenous treatment with H2S, or H2S donors, is beneficial in most experimental 

models of cardiovascular disease. In humans, H2S treatment is currently not yet 

available, although lots of effort is invested in the development of H2S-releasing drugs. 

Especially in the field of anti-inflammatory medicine, various H2S-releasing non-steroidal 

anti-inflammatory drugs (S-NSAIDs) are being developed.57,58 Moreover, according 

to ClinicalTrials.gov (accessed: January 26, 2016), nine trials related to H2S, both 

observational and intervention trials, are currently undertaken.

However, the therapeutic properties of H2S itself are hampered by some serious 

downsides. On the first place, the therapeutic window is quite small. Overdosage of H2S 

would be rather dangerous, since H2S is toxic in high concentrations. And besides the 

possible beneficial effects of H2S, it also has some potential side effects other than toxicity. 

As accounts for many antihypertensive drugs, the vasodilatory effects of H2S can result in 

(orthostatic) hypotension. Second, in experimental models, H2S-based therapy increased 

neuropathic pain symptoms. Third, the pro-angiogenic function of H2S can have some 

detrimental effects in patients with cancer or atherosclerosis.59 It has been shown that 

short hairpin RNA (shRNA)-mediated gene silencing of CBS on tumor xenograft drastically 

inhibited tumor volume, tumor growth and tumor neovascularization.60 Additionally, H2S 

therapy, with subsequent induction of angiogenesis could backfire as a treatment for 

cardiovascular disease by stimulating atherosclerotic plaque vulnerability that had initially 

caused the patients’ stroke or myocardial infarction.

Therefore, it would be better to be on the safe side when considering H2S-related 

therapies. Thiosulfate would serve well as H2S donor, and has already been proven to 

be safe. Thiosulfate can act as an H2S-donor via (glutathione-dependent) thiosulfate 
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reductase activity, where 2 molecules of glutathione (GSH) together with thiosulfate 

(S2O3
2–) is reduced to glutathione disulfide (GSSG), sulfite (SO3

2–) and H2S (chemical 

reaction 2GSH + S2O3
2– ↔ GSSG + SO3

2– + H2S).61 Thiosulfate is in clinical use for cyanide 

poisoning, where it forms the less harmful thiocyanate in the reaction CN– + S2O3
2– 

→ SCN– + SO3
2–.62 Additionally, thiosulfate is used for the treatment of calcific uremic 

arteriolopathy, also known as calciphylaxis.63 The exact working mechanism of thiosulfate 

is unknown, but vasodilation, calcium chelating properties, and induction of acidosis are 

proposed to contribute to its protective effects in vascular calcification.64 Additionally, 

diet can play a major role in H2S bioavailability. First, the intake of sulfur-containing amino 

acids such as cysteine or methionine contributes to formation of H2S.65 The endogenous 

production of H2S by CSE, CBS and 3MST is dependent on its substrates methionine, 

homocysteine, and cysteine. Second, several fruits and vegetables have been identified 

as dietary organopolysulfides, serving as H2S donors.66 Especially broccoli, cauliflower, 

onions, garlic and leek are vegetables with a high content of organosulfides. The tropical 

fruit durian (Durio zibethinus) is the only fruit containing lots of organosulfide content. 

Durian is a highly popular exotic fruit in Southeast Asia due to its distinct taste, texture, 

and sulfurous odor. Ironically, the latter characteristic is the reason why this fruit is 

prohibited in public transport and most hotels in Asia. At last, H2S is also generated by 

various species of sulfate-reducing bacteria in the gut. Germ-free mice showed significant 

lower levels of H2S,67 indicating that addition of dietary sulfate or sulfur-containing amino 

acids can act as natural H2S donors. Moreover, the gut microbiome has earlier shown its 

important role in blood pressure regulation68 and lipid metabolism.69

The current intensive and conventional treatment to reduce cardiovascular risk 

still leaves space for improvement, indicating that novel avenues for reduction of 

cardiovascular risk have to be explored. This holds true for especially those patients who 

are relatively resistant to conventional treatment. As described in this thesis, H2S-based 

therapies are highly promising, but with still some hurdles to be taken. The combination 

of clinical (observational) studies and experimental (intervention) studies will speed up to 

process to future clinical use of H2S-based therapy.
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Hart- en vaatziekten

Hart- en vaatziekten (HVZ) zijn doodsoorzaak nummer één over de hele wereld. 

Hypertensie (hoge bloeddruk), obesitas, diabetes (suikerziekte) en nierziekten zijn allemaal 

factoren die bijdragen aan een verhoogd risico op HVZ. Atherosclerose (aderverkalking) 

is vaak een belangrijk proces dat ten grondslag ligt aan HVZ. Atherosclerose is een 

systemische aandoening (door het hele lichaam), waarbij de bloedvaten langzaam 

dichtslibben met cholesterol en kalk (atherosclerotische plaque). Hoe dat proces precies 

verloopt, is nog niet helemaal opgehelderd, maar wel is duidelijk dat hypertensie, te 

hoog cholesterol, ontsteking in de vaatwand en zuurstofradicaalschade een belangrijke 

rol spelen. Atherosclerotische plaques kunnen worden onderverdeeld in stabiele plaques 

en kwetsbare plaques. Stabiele plaques worden langzaamaan steeds groter totdat 

het bloedvat helemaal dicht is en de bloedstroom wordt geblokkeerd. Kwetsbare 

plaques kunnen snel openscheuren waardoor kalk, cholesterol en stolselmateriaal in de 

bloedbaan komen en voor een infarct kan zorgen. Een dun kapsel om de plaque, veel 

ontstekingscellen en kleine bloedvaatjes in de atherosclerotische plaque zijn geassocieerd 

met kwetsbare plaques en vormen een risicofactor voor het krijgen van een hart- of 

herseninfarct.

Intermezzo: opbouw van bloedvaten

Bloedvaten worden verdeeld in vaten die bloed vervoeren van het hart af, de arteriën 

(slagaders), en vaten die bloed terugvoeren naar het hart toe, de venen (aders). Zowel 

de wand van arteriën als van venen bestaat uit 3 lagen. De tunica intima (binnenste 

laag) is de binnenbekleding van de bloedvatwand en bestaat gewoonlijk uit één cellaag, 

de endotheelcellen. Deze endotheelcellen hebben een belangrijke barrièrefunctie, 

omdat ze de eerste cellen zijn die voor de scheiding zorgen tussen bloed en weefsel. 

De endotheelcellen zijn onderling sterk met elkaar verbonden, zodat de intima een 

lekvrije cellaag kan vormen. De tunica media (middelste cellaag) bestaat vooral uit 

gladde spiercellen en omvatten de endotheelcellen uit de tunica intima. In bepaalde 

(musculaire) arteriën kunnen deze gladde spiercellen de diameter van het bloedvat 

bepalen en daardoor ook de bloeddruk regelen. Als gladde spiercellen die circulair om 

een bloedvat liggen samentrekken, wordt de diameter van een bloedvat kleiner en zal 

de bloeddruk toenemen. De derde laag is de tunica adventitia (buitenste laag) en bevat 

vooral bindweefsel. Deze laag zorgt voor stevigheid van het bloedvat en de verbinding 
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met het omliggende weefsel. In de adventitia bevinden zich zenuwen en vasa vasorum 

(kleine vaatjes in de vaatwand). Deze zenuwen geven informatie aan de vaatwand 

met betrekking tot de regulatie van de bloeddruk, en de vasa vasorum zorgen voor de 

bloedvoorziening van de gladde spiercellen in de vaatwand.

Diabetes

Diabetes mellitus (suikerziekte) wordt klassiek ingedeeld in 2 typen. Type 1 diabetes 

is een auto-immuunziekte waarbij bètacellen in de pancreas (alvleesklier) worden 

vernietigd en het hormoon insuline niet meer kunnen produceren. Als gevolg hiervan 

kan glucose (suiker) niet worden opgenomen vanuit het bloed in het lichaam en zijn 

glucosewaarden in het bloed verhoogd. De belangrijkste behandeling van type 1 diabetes 

is het toedienen van insuline. Type 2 diabetes is vooral het gevolg van leefstijlfactoren 

waarbij de ongevoeligheid voor insuline het belangrijkste kenmerk is. Doordat de 

gevoeligheid voor insuline verlaagd is, wordt er minder glucose uit het bloed opgenomen 

met hoge glucosewaarden als gevolg. Het verhogen van de insulinegevoeligheid is het 

belangrijkste doel van de behandeling van type 2 diabetes. Dit gebeurt met behulp van 

leefstijlinterventies en medicijnen (in tabletvorm). Wanneer deze strategie niet meer 

toereikend is om de glucosewaarden genoeg te laten dalen, kan ook bij type 2 diabetes 

patiënten insuline therapie worden overwogen.

Diabetes gerelateerde vaatschade

Patiënten met diabetes hebben een 2- tot 4 maal verhoogd risico op HVZ. Daarnaast 

is er nog een aantal typische vaataandoeningen die met diabetes zijn geassocieerd. 

Deze worden onderverdeeld in macrovasculaire complicaties (complicaties in grote 

vaten) en microvasculaire complicaties (complicaties in kleine vaten). De microvasculaire 

complicaties bestaan uit diabetische retinopathie, diabetische neuropathie en diabetische 

nefropathie (respectievelijk de beschadiging van de retina [netvlies], neuronen [zenuwen] 

en nieren door diabetes).
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Waterstofsulfide
Kleine gasvormige signaalmoleculen die in het lichaam zelf worden geproduceerd 

worden ook wel gasotransmitters genoemd. Tot nu toe zijn er drie gasotransmitters 

bekend: stikstofoxide (NO), koolstofmonoxide (CO) en waterstofsulfide (H2S). Omdat 

H2S als behandeling in HVZ erg veelbelovend lijkt uit (dier)experimentele studies, èn 

omdat H2S mogelijkheden biedt als interventie, richt het onderzoek beschreven in dit 

proefschrift zich voornamelijk op deze derde en laatst ontdekte gasotransmitter. 

H2S is vooral bekend als stinkend gas, dat naar rotte eieren ruikt, en wat in hoge 

concentraties giftig is. H2S wordt geproduceerd door drie verschillende enzymen; 

cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS) en 3-mercaptopyruvaat 

sulfurtransferase (3MST). H2S-metabolieten sulfaat en thiosulfaat wordt uitgescheiden 

via de urine. H2S speelt een belangrijke rol bij de regulatie van de bloeddruk, stimulatie 

van angiogenese (vaatgroei), het moduleren van het afweersysteem en bieden van 

bescherming tegen zuurstofradicalen. Verminderde H2S productie door CSE deficiëntie 

resulteert in hypertensie in muizen. Daarnaast is toediening van H2S effectief gebleken in 

dierexperimentele studies bij hartschade, herseninfarct en atherosclerose.

Het onderzoek in dit proefschrift beschrijft de rol van H2S in hart- en vaatziekten en 

diabetes gerelateerde vaatschade.

De rol van H2S in bloeddrukregulatie  
en hart- en vaatziekten

In dit proefschrift wordt de rol van H2S (zowel endogeen en exogeen) in bloeddrukregulatie 

aangetoond. In hoofdstuk 5 laten we zien dat toediening van 100 ppm H2S via de 

inademingslucht de bloeddruk significant verlaagd in muizen. Daarnaast laten we zien dat 

hogere uitscheiding van sulfaat in de urine (als een maat voor de hoeveelheid H2S in het 

lichaam) is geassocieerd met lagere bloeddruk in de normale populatie (hoofdstuk 3) en 

in patiënten met type 2 diabetes (hoofdstuk 7). Deze twee bevindingen - de associatie 

van lagere endogene H2S waarden met hogere bloeddruk, en de bloeddrukverlagende 

effecten van exogeen toegediend H2S - bieden perspectief wat betreft H2S-gerelateerde 

therapieën in het kader van de behandeling van hypertensie. Het exacte mechanisme 

achter de bloeddrukregulerende werking van H2S is niet bekend, maar H2S kan de 
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vaatdiameter via een aantal mechanismen beïnvloeden. Tot nu toe zijn er in ieder geval vijf 

manieren gevonden waarop H2S de bloeddruk kan verlagen. In hoofdstuk 2 geven we 

een uitgebreid overzicht over de rol van H2S in bloeddrukregulatie, hypertensie en HVZ. 

Hoewel de bloeddrukregulerende mechanismen van H2S belangrijk zijn in de 

beschermende effecten tegen HVZ, zijn het niet de enige protectieve effecten van H2S. 

In hoofdstuk 5 laten we zien dat in een model van cardiale ischemie/reperfusieschade, 

behandeling met lage concentratie (10 ppm) H2S even effectief is als hoge concentratie 

H2S (100 ppm) zonder dat de lage concentratie de bloeddruk beïnvloedt. Deze interessante 

bevinding suggereert dat ook patiënten met een normale bloeddruk baat kunnen hebben 

bij H2S-gerelateerde behandeling ter voorkoming van de ontwikkeling van HVZ. We 

hebben aangetoond dat de beschermende effecten van H2S tegen zuurstofradicaalschade 

en ontsteking waarschijnlijk verantwoordelijk zijn voor deze bloeddrukonafhankelijke 

gunstige effecten van H2S. Genen die zijn geassocieerd met zuurstofradicaalschade (NOX2 

en NOX4) waren verlaagd na behandeling met H2S (zowel lage als hoge concentratie). Ook 

de instroom van ontstekingscellen werd, na een dag reperfusie, geremd door zowel de 

lage als de hoge dosis H2S. De belangrijke rol van H2S in het ontstekingsproces wordt ook 

duidelijk in hoofdstuk 3, waar we laten zien dat hogere sulfaat uitscheiding is geassocieerd 

met langere overleving en omgekeerd is geassocieerd met het ontstaan van HVZ. Sulfaat 

excretie in invers geassocieerd met hs-CRP (high sensitive C-reactive protein), wat een maat 

is voor systemische ontsteking. Van CRP is eerder al aangetoond dat het significant is 

geassocieerd met het risico op HVZ. Opvallend genoeg is sulfaat niet meer geassocieerd 

met het ontstaan van HVZ na correctie voor hs-CRP. Dit suggereert dat endogeen H2S via 

verlaging van de inflammatoire respons het risico op HVZ verkleint.

Atherosclerose is een belangrijk proces dat ten grondslag ligt aan HVZ en het 

resultaat van een complex samenspel van verschillende factoren waaronder hypertensie, 

endotheeldisfunctie, ontsteking in de vaatwand en de vorming van zuurstofradicalen.

Zoals hierboven al uitgebreid beschreven, heeft H2S een regulerende rol in 

bloeddruk, ontsteking en zuurstofradicalen. Deze beschermende effecten van H2S 

maken het tot een interessante behandeloptie in het kader van atherosclerose. Op basis 

van experimenteel onderzoek lijkt H2S inderdaad een beschermende werking te hebben 

op endotheeldisfunctie en atherosclerose.

Ondanks alle gunstige effecten van H2S, zou de stimulatie van vaatgroei wel eens 

een belangrijk nadeel van H2S kunnen zijn in de voortgang van atherosclerose. De 

vorming van nieuwe bloedvaatjes in een atherosclerotische plaque is geassocieerd met 
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een meer kwetsbare plaque, met een verhoogd risico op een hart- of herseninfarct. In 

hoofdstuk 4 laten we zien dat CSE aanwezig is in deze microvaatjes in een plaque, en 

dus dat H2S locaal wordt geproduceerd. Daarnaast laten we zien dat CSE-geproduceerd-

H2S angiogenese in vitro stimuleert. Het remmen van CSE zorgt voor een sterke remming 

van angiogenese van microvasculaire endotheelcellen in kweekflesjes. Dit impliceert 

dat H2S-gerelateerde behandeling wordt belemmerd door de pro-angiogene werking; 

atherosclerotische plaques zouden zelfs baat kunnen hebben bij locale remming van 

H2S-productie. Door in stabiele plaques angiogenese te stimuleren, kan H2S-therapie 

plaques kwetsbaarder maken en het risico op een hart- of herseninfarct vergroten. Deze 

observatie lijkt in contrast te staan met de eerder omgeschreven gunstige effecten van H2S 

op atherosclerose en HVZ. Deze schijnbare tegenstelling zou verklaard kunnen worden 

door de verschillende fases van atherosclerose waarin H2S een rol speelt. Onze hypothese 

is dat H2S in de vroege fase van atherosclerose een beschermende werking heeft tegen 

de afzetting van kalk en cholesterol in de vaatwand, maar in vergevorderde plaques kan 

H2S plaques juist kwetsbaarder maken door het stimuleren van micro-angiogenese in de 

plaque. Als we H2S-gerelateerde therapieën gaan overwegen is het belangrijk dat we ons 

bewust zijn van deze potentieel gevaarlijke bijwerking.

De rol van H2S in diabetes en  
diabetes-gerelateerde vaatschade

In dit proefschrift hebben we sulfaat excretie in de urine gemeten als maat voor het 

endogene H2S-metabolisme. We lieten zien dat sulfaat in de urine ongeveer 22% lager 

is in patiënten met type 2 diabetes en nefropathie (Sun-MACRO cohort, hoofdstuk 7) 

in vergelijking met niet-diabetische deelnemers van de PREVEND-studie (hoofdstuk 3). 

Bovendien zagen we ook dat sulfaat 19% hoger was in patiënten met type 2 diabetes 

zonder nefropathie in vergelijking met type 2 diabetes patiënten met nefropathie. Met 

alle gunstige effecten van H2S op HVZ in ons achterhoofd, zou het best zo kunnen zijn 

dat de lage endogene H2S-waarden een gedeeltelijke verklaring is voor het verhoogde 

cardiovasculaire risico van patiënten met diabetes. 

De rol van H2S in de ontwikkeling van diabetes en diabetes-gerelateerde vaatschade 

is nog niet volledig opgehelderd. In diverse dierexperimentele modellen van diabetes is, in 

lijn met onze bevindingen, een verlaagde beschikbaarheid van H2S en H2S-producerende 
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enzymen gevonden. Bovendien werden in patiënten met type 2 diabetes ook lagere H2S 

waarden in het plasma gemeten, vergeleken met gezonde controlepersonen. Interessant 

genoeg bleek ook dat mensen zonder diabetes, maar met obesitas, lagere H2S waarden 

hadden in vergelijking met slanke proefpersonen. Dit suggereert dat lagere H2S-waarden 

al aanwezig zijn in een pre-diabetisch stadium en misschien zelfs wel het risico vergroten 

op het ontwikkelen van diabetes. 

In hoofstuk 8 hebben we de renale expressie van H2S-producerende enzymen onder-

zocht in muizen na streptozotocine-geïnduceerde type 1 diabetes (streptozotocine is een 

stofje dat de bètacellen in de pancreas vernietigt). In de nieren van deze muizen was de 

eiwitexpressie van CSE en CBS verlaagd in vergelijking met gezonde controle muizen. CBS 

expressie was zelfs met 82% verlaagd 6 weken na inductie van diabetes. Om de progressie 

of omkeerbaarheid van diabetische nierschade te onderzoeken, werd bij een deel van de 

muizen - 6 weken na diabetes-inductie - een transplantatie uitgevoerd van eilandjes van 

Langerhans (EvL Tx). Deze eilandjes van Langerhans bevatten de bètacellen die insuline maken 

en zo diabetes weer kunnen genezen. Glucose en lichaamsgewicht waren genormaliseerd 

na EvL Tx. Diabetische nierschade was niet omkeerbaar, maar was meer gestabiliseerd (geen 

progressie van nierschade in de follow-up van 6 weken na de EvL Tx). De verlaging van CBS 

expressie was deels tenietgedaan door de EvL Tx (36% lager dan in controle dieren en dus 

46% hoger dan in de diabetische muizen). Dit is in overeenstemming met een eerder artikel 

waarin wordt beschreven dat CSE en CBS anders tot expressie komen in diabetische ratten, 

en dat insuline-behandeling de expressie van CSE en CBS kan moduleren. Deze data duiden 

erop dat de expressie van CBS afhankelijk is van glucose- en/of insulinewaarden in het bloed, 

en kunnen ook de lagere H2S-waarden in patiënten met diabetes deels verklaren.

De aanwezigheid van diabetes is geassocieerd met een verhoogd risico op het ont wikkelen 

van HVZ. Deze diabetische vasculaire complicaties worden onderverdeeld in macro vasculaire 

complicaties en microvasculaire complicaties. De microvasculaire complicaties bestaan uit 

diabetische retinopathie, diabetische neuropathie en diabetische nefropathie. De rol van H2S 

en de andere twee gasotrasmitters NO en CO in de ontwikkeling van diabetische vasculaire 

complicaties, wordt uitgebreid besproken in hoofdstuk 6. Daarnaast bediscussiëren we 

in dit hoofdstuk ook de therapeutische mogelijkheden van H2S in diabetisch vaatlijden. 

De gunstige effecten van H2S als geneesmiddel zijn al beschreven in dierexperimentele 

modellen van diabetisch perifeer vaatlijden en cardiale ischemie/reperfusieschade. De 

effecten van H2S-behandeling in het kader van microvasculaire complicaties zijn tweeledig: 

ze kunnen zowel gunstige als ongunstige effecten hebben, afhankelijk van de vasculaire 
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complicatie. Als H2S wordt gegeven als behandeling van diabetische neuropathie zijn de 

effecten ongunstig en zorgt H2S juist voor meer neuropathische pijn in diabetische ratten. 

Maar in het kader van retinopathie en nefropathie is het effect van H2S-behandeling gunstig 

en wordt de voortgang van de complicatie vertraagd. Op basis van deze experimentele data 

lijkt H2S behandeling veelbelovend, maar er moet rekening worden gehouden met het feit 

dat H2S de diabetische neuropathie mogelijk kan verergeren.

Patiënten met diabetes hebben lagere H2S-waarden in vergelijking met gezonde 

personen, en tevens zijn de gunstige effecten van H2S-behandeling beschreven in 

verschillende experimentele modellen van nierziekten. De rol van endogene H2S in de 

progressie van diabetische nefropathie in patiënten met type 2 diabetes is echter nog niet 

eerder onderzocht. In hoofdstuk 7 hebben we de associatie onderzocht tussen sulfaat - het 

eindproduct van het sulfide-metabolisme - en nierfunctieverslechtering in patiënten met type 

2 diabetes. De concentratie sulfaat in de urine was sterk geassocieerd met nierfunctie en 

albuminurie (eiwitverlies in de urine) bij aanvang van de studie. Bovendien was hoger sulfaat 

geassocieerd met minder nierfunctieachteruitgang in deze patiënten, onafhankelijk van 

potentiële verstorende variabelen of al bekende risicofactoren (geslacht, leeftijd, nierfunctie, 

albuminurie). Deze bevindingen zijn in overeenstemming met resultaten van anderen die 

lieten zien dat hoger sulfaat in de urine is geassocieerd met tragere nierfunctieverslechtering 

in patiënten met type 1 diabetes en nefropathie. Daarnaast is in een ander cohort aangetoond 

dat patiënten met diabetes die aan de dialyse zijn, lagere H2S-waarden in het bloed hebben 

in vergelijking met niet-diabetische patiënten die aan de dialyse zijn. Ook al kunnen deze 

associaties geen causaliteit (oorzaak-gevolg relatie) aantonen, bovenstaande observaties 

suggereren dat patiënten met lagere H2S-waarden en een hoog risico op nierproblemen, 

baat kunnen hebben bij H2S-gerelateerde therapie.

De huidige intensieve behandelopties om het cardiovasculaire risico te verlagen, laten 

nog steeds ruimte voor verbetering, wat aangeeft dat er nieuwe mogelijkheden moeten 

worden onderzocht om het cardiovasculaire risico te verlagen. Dit geldt voornamelijk 

voor patiënten die relatief resistent zijn voor de huidige behandelingen. Zoals in dit 

proefschrift omschreven, zijn H2S-gerelateerde behandelopties veelbelovend, maar er 

moeten nog wel enkele obstakels worden overwonnen. De combinatie van klinische 

(observationele) studies en experimentele (interventie) studies kunnen het proces 

versnellen om H2S-gerelateede therapie in de kliniek toe te passen.
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Abbreviations

αSMA  alpha smooth muscle actin

3MST  3-mercaptopyruvate sulfurtransferase

ACE   angiotensin converting enzyme 

ACR  albumin/creatinine ratio 

AGE  advanced glycation end product

Ang II  angiotensin II 

AOA  aminooxyacetic acid

ApoE  apolipoprotein E 

BH4  tetrahydrobiopterin

BMI  body mass index

BSA  body surface area 

CAT  cysteine aminotransferase

CBS  cystathionine β-synthase

CEA  carotid endarterectomy

cGMP  cyclic guanosine monophosphate

CKD-EPI  Chronic Kidney Disease Epidemiology collaboration equation

CO  carbon monoxide

CSE  cystathionine γ-lyase

CVD  cardiovascular disease

DAO  D-amino acid oxidase

DM  diabetes mellitus

eGFR  estimated glomerular filtration rate

eNOS  endothelial nitric oxide synthase

GYY4137 morpholin-4-ium 4 methoxyphenyl(morpholino) phosphinodithioate

H2S  hydrogen sulfide

HDL  high-density lipoprotein

HMEC-1  human microvascular endothelial cell-1

HO  heme oxygenase

HR  hazard ratio

hs-CRP  high-sensitive C-reactive protein

I/R  ischemia/reperfusion

ICAM-1  intercellular adhesion molecule 1
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iNOS  inducible nitric oxide synthase

IQR  interquartile range

KATP channel ATP-sensitive potassium channel

mRNA  messenger ribonucleic acid

Na2S  sodium sulfide

NaHS  sodium hydrosulfide

nNOS  neuronal nitric oxide synthase

NO  nitric oxide

NSAIDs  non-steroidal anti-inflammatory drugs

ox-LDL  oxidized low-density lipoprotein

PDE-5  phosphodiesterase-5

PKG1α  protein kinase G1 alpha

PLP  pyridoxal 5’-phosphate

PNS  peripheral nervous system

PPG  D,L-propargylglycine

ROS  reactive oxygen species

S2O3
2-  thiosulfate

SBP  systolic blood pressure

sGC  soluble guanylyl cyclase

SHR  spontaneously hypertensive rat

SNP  sodium nitroprusside

SO  sulfite oxidase

SO3
2-  sulfite

SO4
2-  sulfate

SRB  sulfate reducing bacteria

STZ  streptozotocin

VEGF  vascular endothelial growth factor

vWF  von Willebrand factor

WT  wildtype

ZDF  zucker diabetic fatty
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Talent is God given.  Be humble. 

Fame is man-given.  Be grateful. 

Conceit is self-given.  Be careful. - J.R. Wooden

Met het schrijven van het dankwoord komt er echt een einde aan de jaren dat ik met 

veel plezier promotieonderzoek heb gedaan. Maar dit proefschrift was niet tot stand 

gekomen zonder de hulp en ondersteuning van velen. Graag wil ik iedereen bedanken 

die hieraan heeft bijgedragen, maar een aantal personen wil ik hier in het bijzonder 

bedanken.

Professor Hillebands, beste Jan-Luuk, jouw enthousiasme voor onderzoek en niet-

aflatende drive om alles wetenschappelijk goed uit te zoeken, zijn altijd een voorbeeld 

voor mij geweest (en zullen dat ook blijven). Ik was heel blij dat ik in 2013 het H2S-

onderzoek mocht voortzetten op cardiovasculair gebied, mede onder jouw hoede. Je 

betrokkenheid bij het onderzoek, maar – minstens zo belangrijk – ook op persoonlijk 

vlak, heb ik bijzonder gewaardeerd! In tijden van (wetenschappelijke) tegenslag wist jij 

me weer een hart onder de riem te steken en gaf je me de benodigde aanmoediging om 

er weer tegenaan te gaan. Bedankt voor alles!

Professor Van Goor, beste Harry, jouw opportunisme en gedrevenheid in vooruit strevend 

nieronderzoek zal ik me nog lang blijven herinneren. Toen ik in november 2009 mailde 

voor een KPP-plek op een project over niertransplantatie, werd ik direct door geschoven 

naar een urgenter onderzoeksveld: H2S in hart en nieren. Na dit keuze project begon ik 

in 2010 met mijn stage wetenschap op een onderzoeksproject getiteld ‘’Beschermende 

effecten van H2S tijdens cardiale ischemie/reperfusie’’. Hetgeen vervolgens tot een 

publicatie leidde. Uiteindelijk bleek het onderzoek zo leuk, dat ik doorstroomde in een 

MD/PhD-traject over H2S in hart- en vaatzieken onder begeleiding van Jan-Luuk en jou. 

Zo zie je maar weer hoe bijzonder sommige dingen kunnen lopen. Ik zal ook nooit 

vergeten hoe we samen in een paar dagen een review hebben geschreven, geweldig! 

Bedankt voor alle leerzame momenten!



Appendices

224

De leden van de beoordelingscommissie, Prof. dr. Gaillard, Prof. dr. Henning, en Prof. 

dr. Pasterkamp wil ik graag hartelijk bedanken voor het lezen en beoordelen van mijn 

proefschrift.

Mijn paranimfen Rik Mencke en Siobhan Conroy, wat fijn dat jullie op deze bij zondere 

dag naast mij willen staan. In de afgelopen jaren zijn we veel samen opgetrokken, lief 

en leed werd gedeeld. Bedankt voor de fijne tijd met elkaar, wat uiteindelijk ook nog 

uitmondde in wetenschappelijke samenwerking!

Graag wil ik ook de afdeling Pathologie en Medische Biologie van het UMCG bedanken. 

De analisten van het O&O lab die altijd klaarstonden met gesneden coupes, de juiste 

reagentia, of passende secundaire antilichamen. Marian, bedankt voor alles wat jij me hebt 

geleerd! Coupes snijden, plakken, kleuren, noem maar op – zonder jou had ik het niet 

gekund. Bedankt Bea, Wierd en Geert voor jullie hulp bij het western blotten. Hans, van 

jou heb ik het kweken geleerd, een belangrijk onderdeel van de basaal wetenschappelijke 

stukken. Lisette en Marinda, bedankt voor het pipeteren en doormeten van zóóóveel urine 

en plasma samples. Weet je nog, Marinda, dat we samen in twee dagen heen-en-weer 

naar Bern zijn gereden om daar serum samples te brengen... En dat alles omdat een auto 

huren goedkoper was dan 8 dozen van 25kg opsturen via FedEx.

Marcory van Dijk, bedankt dat jij de tijd nam om me te leren hoe myocard ischemie 

eruit ziet en hoe ik dat het beste kon kwantificeren. Albert Suurmeijer, bedankt voor de 

adviezen wat betreft stabiele en instabiele atherosclerotische plaques.

Alle kamergenoten tijdens de onderzoekstijd; Anne, Anne-Roos, Cheng, Cyril, Eelke, 

Fariba, Gemma, Gerda, Huang, Joris, Kim, Pauline, Rik, en Siobhan – bedankt voor de 

koffiemomentjes, de VrijMiBo’s en de lunches met Cup-a-Soup! Ook de reisjes met 

verschillende collega’s zou ik niet snel vergeten: Capri, Heidelberg, Veldhoven, Bern of 

Kyoto, altijd beregezellig!

Tijdens mijn promotieonderzoek is er ook samengewerkt met andere afdelingen, zowel 

binnen als buiten het UMCG. Bij de afdeling vaatchirurgie wil ik graag Prof. Clark 

Zeebregts bedanken. Dankzij u mocht ik een jaar lang elke donderdag naar het OK-

complex om bij carotisdesobstructies de atherosclerotische plaques op te halen.
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van den Born, hoe handig is het als je eigen vader om de hoek zit! Even langs voor 
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Micro vascular Complications (DIAMICOM). I have appreciated the several meetings in 

Heidelberg and Groningen. And on top of that, it resulted in a fruitful collaboration 

and two chapters in this thesis! Special thanks to Prof. Hans-Peter Hammes, Wolfgang 

Greffrath, and Patrick Friedrichs.
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Gelukkig is er ook een leven buiten het ziekenhuis! Tijdens de onderzoeksperiode heb 

ik veel steun, afleiding en (on)begrip gekregen van goede vrienden. Koos, we kennen 

elkaar nu sinds het begin van onze geneeskunde studie in 2007, en inmiddels doe ook jij 

promotieonderzoek bij de pathologie; geweldig! De club van 6 – Alfred, Bart, Barthold, 

Jaap, Jan-Willem en ondergetekende – wat hebben we een fijne band! Ik waardeer 

onze vriendschap, de weekendjes weg en avondjes in Vinkhuizen. Jaap en Barthold, als 

huisgenoten van Huize Omnia Vanitas (hetgeen overigens ‘alles is ijdelheid’ betekent) 

hebben jullie een speciaal plekje in m’n hart.

Ik wil de familie en schoonfamilie bedanken voor de steun in de afgelopen jaren. Ook al 

begrepen jullie niet altijd waar ik precies mee bezig was, jullie bleven geïnteresseerd en 

jullie stonden altijd voor me klaar. 

Papa en mama, bedankt voor alles! Een belangrijk deel van wie ik nu ben, heb ik aan 

jullie te danken! Jullie hebben ons altijd geleerd je best te doen en kritisch te leren. 

De belangrijkste les was wel dat we de wijsheid niet zelf in pacht hebben, maar God 

dankbaar mogen zijn voor het intellect dat we van Hem hebben gekregen. Jullie leven 

dat voor, en dat vind ik geweldig! Bedankt voor de wijze lessen, de goede gesprekken 

en het feit dat jullie nu oppas opa en oma zijn! Daan, Geert en Bram; een gezin met 

vier jongens, kan het nog beter? Bedankt voor alles, de mooie verhalen, het keten en de 

goede gesprekken.

Lieve Janine, waar moet ik beginnen? We kennen elkaar nu 10 jaar. We groeiden samen 

op, ons leven is met elkaar vervlochten en ik zou niet zonder je kunnen. Jouw liefde en 

steun betekenen alles voor me. Daarnaast ben jij de coördinator van ons gezin, iets wat 

jij als de beste kan. Emma, ook al begrijp je nu nog niet veel van dit boekje, de laatste 

woorden zijn het meest belangrijk; ik houd van jullie!
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