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1. INTRODUCTION 
The aim of this thesis is to elucidate some aspects of sulfide biology, in particular 

its metabolism by the mitochondria of mammalian cells at different partial 

pressures of oxygen, in order to estimate the concentration range at which sulfide 

may be involved in oxygen sensing in-vivo. As a prerequisite, an innovative 

experimental technique based on high-resolution respirometry has been 

developed. 

Sulfide is a malodorous, colorless, flammable gas that until recently was mainly 

considered a toxic gas (Kabil and Banerjee 2010). In fact, sulfide intoxications 

have been described for more then 300 years and have been reported even at 

very low concentrations (Guidotti 1996). Intoxications are still a common 

occupational problem related to natural gas and oil extraction, most recently 

sulfide was implicated in a burst of apparent suicide episodes in Japan (Skrti 2006; 

Guidotti 1996; Kamijo et al. 2013). Nevertheless, sulfide has been found to be 

synthesized and metabolized by most living cells, including mammalian cells. It is 

produced mainly as a by-product of the metabolism of sulfur containing amino 

acids like cysteine and homocysteine. Once released, sulfide is degraded by a 

strictly aerobic pathway linked with the mitochondrial respiratory system 

(Hildebrandt and Grieshaber 2008; Lagoutte et al. 2010; Kabil and Banerjee 2010).  

The almost ubiquitous presence of sulfide suggests that this molecule is deeply 

involved into fundamental processes of life on earth. Accordingly, different 

scientists have proposed that sulfide could be associated with life since its 

beginning; for example, Lane (2009) suggested that sulfide is implicated in the 

formation of life itself in alkaline thermal vents. Furthermore, sulfide has been 

proposed to have had a fundamental role in the evolution of multi-cellular life; in 

fact, scientific evidence suggests that the engulfment of a sulfide reducing bacteria 

by an archea was an important step towards the formation of mitochondria and 

eukaryotic cells, from which multi-cellular organisms emerged (Lane 2005; 

Cavalier-Smith 1987; Scott et al. 2008; Wacey et al. 2011). 

As Lane (2009) pointed out, eukaryotes have been able to evolve into more 

complex systems through high-energy production (in form of adenosine 

triphosphate) provided by the mitochondria as consequence of aerobic respiration. 
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Seemingly, oxygen exposure forced eukaryotes to develop complex systems, first 

to avoid oxygen toxicity and later profiting from the vast availability into energy 

production. In the end, such mechanisms probably evolved into what is known now 

as oxygen sensing, with the scope of maintaining energy production by the 

mitochondria.  

A possible role for sulfide in oxygen sensing was first proposed by Olson and 

colleagues (2006). The authors reproduced specific hypoxic responses in the aorta 

and pulmonary vessels from different species (rat, lamprey and bovine) by titrating 

sulfide. In a subsequent work, using extracorporeal circulation and a complex 

system of self-made sulfide electrodes, Olson´s group demonstrated the oxygen 

dependency of sulfide metabolism, describing for the first time the possible role of 

sulfide in oxygen sensing mechanisms in vertebrates (Whitfield et al. 2008). 

Olson´s group proposed that sulfide can not be metabolized under hypoxic 

conditions and readily accumulates, triggering oxygen sensing mechanisms like 

cellular Ca+ influx, changes in the AMP/ADP ratio and activation of the hypoxia-

inducible factor 1-alpha (HIF-1α). Another interesting piece of evidence linking 

sulfie to oxygen sensing is the presence of endogenous sulfide producing 

enzymes (cystathionine-β-synthase and cystathionine-γ-synthase) in the glomus 

cells from the carotid body located near the bifurcation of the carotid artery (Peng 

et al. 2010). Notwithstanding, the degree in which sulfide accumulates under 

oxygen limitation conditions is still a matter of debate. Concentrations of sulfide in 

tissue and plasma cannot be reliably measured. Therewith, the supposed increase 

in concentration during hypoxia is yet speculative (Olson 2013). 

Albeit under low oxygen sulfide can still be cleared (stored as bound sulfane-sulfur 

clusters) avoiding cellular intoxications, the switch in sulfide metabolism may serve 

as an indicator for the decreasing oxygen concentration. Therefore, this work is 

aimed to elucidate the oxygen concentration range and sulfide concentration in 

which sulfide may work as an oxygen sensor in mammalian cells. For that end, a 

recently published experimental setup was adapted to sustain steady-state low 

oxygen concentrations throughout sulfide titration.  
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1.1. BIOCHEMISTRY OF SULFIDE 
Sulfide denotes the summed species in solution and will be used here as a generic 

term to refer to the total free sulfide pool (i.e. H2S + HS + S-2). In its gaseous form, 

sulfide is a malodorous gas with the pKa1 of 6.9 and the pKa2 of 12, the aqueous 

solubility is ~80mM at 37°C (Kabil et al. 2010; Vorbets et al. 2002). Sulfide can be 

found in equilibrium in two different forms: the first is gas soluble in water and 

lipids and the second is an anionic form, which forms HS- and S-2 (Kabil et al. 

2010; Schroeter 2006). 

The sources of endogenous synthesized sulfide in mammalian tissues are two 

enzymes in the transsulfuration pathway; cystathionine-β-synthase (CBS) and 

cystathionine-ɣ-lyase (CSE) and through the combined action of cysteine 

aminotransferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-MST) (Kabil 

and Banerjee 2008). Pyridoxal 5-phosphate (PLP) is required as cofactor by all 

sulfide-forming enzymes (CSE, CBS, CAT), exceptionally 3-MST that is zinc 

dependent. 

CBS catalyse the formation of sulfide through the PLP-dependent β-replacement 

of serine, in order to form cystathione, serine, lanthionine and sulfide (figure 1).  

CSE can form sulfide by various forms of reactions, including α and β replacement 

of cysteine to form pyruvate; α and ɣ elimination of homocyteine to form pyruvate 

and sulfide, and by ɣ-replacement of homocysteine by a second mole of 

homocysteine to form ketobutirate, homolanthoinine, cystathione, pyruvate and 

sulfide (figure 1).  

CAT catalyses the reaction of L-cysteine with keto-acids to form 3-

mercaptopyruvate, which is then dissulfurated by 3-MST to form sulfide. In addition 

to sulfide, sulfane-sulfur can also be generated.  
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Figure 1: Simplified schematic pathway for sulfide production through enzymatic activity of 

cystathionine-γ-liase (CSE), cystathionine-β-synthase (CBS) and 3-mercaptopyruvate 

sulfurtransferase (3-MST). Both, CSE and CBS act on homocysteine, CSE forms sulfide (H2S) and 

homolanthionine. CSB leads to the formation of cystathione, which will be transformed into sulfide 

by 3-MST, CSE and CBS, leading to the formation of serine, lanthionine, α-ketobutirate and 

pyruvate as main sub products. 
 

CSE is mainly found in the cardiovascular and respiratory system, additionally, this 

enzyme was already described in the liver, kidney, uterus, placenta and pancreas 

(Erickson et al. 1990; Zhao et al. 2001; Wang 2012; McCook et al. 2014). CBS is a 

heme-protein and primarily found in the nervous system (Ado and Kimura 1996; 

Robert et al. 2003). 3-MST have been reported to be intra-mitochondrial and also 

expressed in different tissues as central nervous system, smooth muscle cells, 

kidney, liver and heart (Srilatha et al. 2006; Nagahara et al. 1998). 

CSE and CBS are mainly cytosolic and the expression of the two enzymes is cell 

type dependent (Kabil and Banerjee 2014). Interestingly, Fu and others (2012) 

using vascular smooth-muscle cells demonstrated that CSE migrates from the 

cytosol to the mitochondria during stress states. After translocation, mitochondrial 

L-cysteine catabolism and ATP production are notably higher, suggesting that 
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sulfide production during stress may affect cellular bioenergetics (energy 

production). 

Accordingly, Modis and others (2013) showed that intra-mitochondrial 3-MST 

sulfide production is related with the maintenance of proper cellular bioenergetics 

in hepatoma cells. Intriguingly, oxidative stress was shown to block 3-MST activity 

in the same cell line. Such “sensitivity” to reactive oxygen species (ROS) could be 

relevant during hypoxic states, as ROS production is increased during low oxygen 

conditions, thus the impairment of this enzymatic pathway would avoid sulfide 

over-production and further cellular intoxication under hypoxia. In addition, 

McCook and others (2014) suggested that CBS is constitutively expressed in the 

kidneys and fundamental for maintenance of organ function during circulatory 

shock. The authors suggested that the up regulation of CBS and CSE, in particular 

in the liver and lung could be an adaptive response to stress.  

Altogether, these data suggests that sulfide is endogenously generated in 

mammalian cells, however, it is important to note that most data regarding sulfide- 

producing enzymes is derived from in-vitro experiments and may not reflect in-vivo 

physiology. 

In 2008, Hildebrand and Grieshaber provided scientific evidence of the existence 

of a mitochondrial sulfide degradation pathway. This pathway appears to occur in 

similar form in mammals and invertebrates. The authors described this metabolic 

pathway as follows (figure 4); 

i) quinone oxidoreductase converts sulfide into persulfide, reducing equimolar 

concentrations of decyl ubiquinone. This reaction yields two-electron oxidation 

from each sulfide molecule to the level of elemental sulfur during the oxidative 

step, which is linked to the electron transport system (ETS) by ubiquinone; 

ii) sulfur dioxygenase oxidase thiosulfate in the mitochondrial matrix in an oxygen 

dependent process, meaning that the dioxygenase uses the persulfites groups 

from the sulfide quinone oxidoreductase (SQR) reaction as a substrate to 

catalyse the oxidation of a sulfhydril group by incorporation of molecular oxygen. 

iii)sulfur transferase, which is essential for the production of thiosulfate from 

sulfane sulfur, uses the SQR as a persulfite donor to form sulfate. 
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Sulfide metabolism has been described for a great variety of tissues and cell lines 

(Goubern et al. 2007; Lagoutte et al. 2010; Gröger et al. 2012) with significant 

differences regarding the rate of metabolism. Furthermore, Lagoutte and others 

(2010) suggested that even low basal mitochondrial metabolism would be enough 

to keep endogenous, non-toxic sulfide levels. 

    
 

Figure 2: Mitochondrial sulfide degradation pathway through the sulfide-quinino-oxidoreductase 

system (SQR). Electrons are donated from sulfide (H2S) to the SQR and pass through the quinone 

pool (Q site); later thiosulfate is oxidized by the sulphur dioxygenase and later transformed in 

sulphate by the sulfite oxidize. This pathway exemplifies how sulfide donates electrons to the 

electron transfer system and contributes for adenosine triphosphate (ATP) production. 

 

Concurrently, sulfide is potent inhibitor of the terminal electron acceptor of the 

mitochondrial ETS, cytochrome c oxidase (COX) (Nicholls and Kim 1982). COX 

catalyses the oxidation of ferrocytochrome-c by oxygen, therefore sulfide impairs 

oxygen binding to cytochrome, blocking the ETS (figure 5). 

COX inhibition by sulfide has been reported to be reversible, in-vivo data 

suggesting such reversibility was first presented by Blackstone and others (2005). 

Blackstone´s group reported complete recovery of the animals (mouse) after 

sulfide washout. Later in 2010, Lagoutte and colleagues confirmed Blackstone´s 

data in-vitro. The authors reported that mitochondrial inhibition in colonocytes was 

reversed after sulfide washout. 
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Nicholls and Kim (1992) described in detail the capacity of sulfide to bind COX. 

Accordingly, three moles of sulfide are required for the inhibition of cytochrome 

aa3 (central redox component of cytochrome-c oxidase), additionally sulfide has 

been reported to inhibit ferrocytochrome a3.  

 
Figure 3: Simplified Electron transport system, where electrons are donated from the citric acid 

cycle and fat β-oxidation into the mitochondrial complexes pumping H+ in order to form a 

electrochemical potential that will be “exchanged” in order to form adenosine triphosphade (ATP) 

from adenosine diphosphate (ADP) at ATP-sythase. The electrons must flow to cytochrome-c 

oxidase (doted blue line), where they are transferred to oxygen and form water. Sulfide (H2S) 

blocks cytochrome-c oxidase (Cyt), impairing electron flow, consequently proton pump and 

formation of the electrochemical potential is impaired, blocking ATP formation.  
 

Moreover, COX interacts with different gaseous molecules beside sulfide, as 

carbon monoxide (CO) and nitric oxide (NO). The interactions between these 

molecules may affect the behavior of sulfide in regard to COX inhibition (Cooper 

and Brown 2008). 

CO is primarily produced by the catabolism of heme-containing proteins through 

the heme-oxygenase (HO). HO can be found in three different isoforms, HO-1, 

HO-2 and HO-3. HO-1 has been reported to be up-regulated during inflammatory 

processes, while HO-2 and HO-3 are suggested to be constitutively expressed in 

many tissues. Cooper and Brown (2008), using human muscle cells and 
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spectrophotometry reported that CO specifically and reversibly binds the reduced 

form of COX with an inhibition constant (Ki) value of 0.3nM.  

NO is synthesized from the amino acid L-arginine by a family of nitric oxide 

synthase enzymes (NOS). In addition, NO is non-enzymatically formed by the 

reduction of nitrite. NOS is presented in three different isoforms; endothelial NOS 

(eNOS), neuronal NOS (nNOS) and macrophage inducible (iNOS). The first two 

forms (eNOS and nNOS) are reported to be constitutive and important to organ 

function, whereas iNOS is induced during the inflammatory process (Gabbai et al. 

1997; Kröncke et al. 1998). All three molecules (NO, CO and sulfide) are 

suggested to act as physiological gasotrasmitters (Wang 2003); they permeate the 

cellular membrane freely, are endogenously and enzymatically generated and 

have physiological functions (Wagner et al. 2009; Hildebrandt and Grieshaber 

2008a; Wang 2002; Taylor 2008; Distrutti et al. 2010). 

The integrated effects of the gasotransmitters (CO, NO and sulfide) are complex 

and not yet fully addressed. These molecules have similar molecular targets and 

cellular actions and they all can inhibit mitochondrial respiration. Additionally, they 

may present cross interactions. For example, Oh and colleagues (2006) reported 

increased production of HO-1 in macrophages (RAW264.7) after sulfide exposure. 

Interestingly, the inhibition of HO was reported to increase CSE expression in 

aortic smooth muscle cells (Jin et al. 2006). Moreover, Shitani and others (2009), 

using CBS-deficient mice, reported that high levels of CO resulted in decreased 

levels of sulfide in the liver, indicating that CO may blunt sulfide production. 

The interactions of sulfide and NO remain unclear. For instance, data presented by 

Hosoki and others (2007) sustain that sulfide and NO may have synergetic 

vasoactive effects. In the same line, Chen and collaborators (2014) reported 

increased values of eNOS formation after sulfide treatment in endothelial cells. 

Interestingly, the authors observed increased values of AMPK and protein S-

nitrosylation in the sulfide treated group. In contrast, Zhao and colleagues (2007) 

presented data indicating that NO availability in the rat aorta is decreased after 

direct exposure to sulfide. 

 

 



INTRODUCTION 

 9 

1.3. MEASUREMENT OF SULFIDE   
Sulfur is present in biological systems in different forms, ranging from full-reduced 

divalent state (sulfide) to full-oxidized state (sulfate). Measurement of biologic 

sulfur has been focused primarily on sulfide; mainly because of experimental 

difficulties in accurately measure the other states. 

An important characteristic that may largely interfere in sulfide measurements is 

the presence of sulfide-pools. Kimura and others (2010) suggested that such pools 

are extremely important in the regulation of the amount of bio-available sulfur and 

that sulfide-pools could work in different cell signaling pathways. For example, 

sulfur bonds have been described to modulate hippocampal function through N-

methiyl-Daspartate (NMDA) receptors (Abe and Kimura 1996). Acid-labile sulfur 

and sulfane-sulfur are the main forms of stored sulfur in cells. In acidic conditions, 

acid-labile sulfur can be released and in reduced condition, bound sulfane sulfur is 

released. The absorption and release of free sulfide is cell specific and depends 

on sulfide -forming enzymes expression, pH and redox balance (Banerjee and Zou 

2005; Ogasawara et al. 1994).  

Different methodologies have been used to measure sulfide, including; 

spectrophotometric derivatization resulting in methylene blue formation, high-

performance liquid chromatography (HPLC), gas chromatography and HPLC 

combined with fluorimetric methods using monobromobimane (MBB) to derivatize 

free sulfide, polarographic electrodes and ion-sensitive electrodes  (Ubuka 2002; 

Chen et al. 2005; Withfield et al. 2008; Doeller et al. 2010; Levitt et al. 2011; Shen 

et al. 2011). Depending on the methodology used and the tissue analyzed, a broad 

range of physiologic concentrations has been reported. For example, 

concentrations in rat brain ranges from 56 µM (Hosoki et al. 1997) up to 160 µM 

(Mitchell et al. 1993). Outlined concentrations in rat kidney vary largely, from 40 

µM (Ogasawara et al. 1994) up to 200 µM (Mitchell et al. 1993). Further on, 

Whitfield and others (2008), using a polarographic sulfide electrode, reported that 

sulfide is essentially undetectable in blood (mouse, rat, pig and bovine). 

Controversially, Chen and collaborators (2005) and Zhong and others (2001) 

reported similar sulfide plasma concentrations (38 µM and 34 µM, respectively). In 

a more recent work, Furne and colleagues (2008) measured sulfide concentration 
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in brain and liver homogenate from mice by gas chromatography and reported 

concentrations about 15nM.  

The differences regarding sulfide concentrations stem, most probably, from the 

sensitivity of the used method and tissue analyzed. For instance, the method used 

by Whitfield and colleagues (2008) detects only free dissolved sulfide. In contrast, 

ion-selective electrodes used by Chen and others (2005) measure total sulfur 

concentration, including acid labile, bound and free form.  Additional factors may 

interfere with sulfide measurements; the existence of sulfide storage pools, tissue 

concentration of cysteine, sulfide spontaneous auto-oxidation and the effects of 

temperature and pH, making it extremely complex to reliably measure sulfide (Ken 

and Morris 1972; Furne et al. 2008; Kimura 2010). 

It is reasonable to think that physiological sulfide levels are in the low nanomolar 

level. As Lagoutte and others (2010) pointed out, in order to maintain sulfide 

concentrations at low ranges, sulfide is readily oxidized by the mitochondrion, thus 

avoiding cellular intoxication. Accordingly, Gröger and colleagues (2012) reported 

mitochondrial inhibition by sulfide in concentrations as low as 1 µM in alveolar 

macrophages derived cell line.  

The development of reliable techniques for sulfide measurement is essential for 

better understanding its biological effects. 

  

1.4. SULFIDE TOXICOLOGY 

Sulfide is a well-known toxic agent. Intoxications have been described for more 

then 300 years and still are an operational problem in oil and natural gas extraction 

pits (Guidotti 1994; Slater 1930). Sulfide blocks the final electron acceptor of the 

ETS (section 1.2) and interrupts ATP production, leading to a variety of symptoms 

and may cause death depending on the concentration and duration of exposure. 

In nature, sulfide is produced by decomposition of biologic materials, especially in 

anaerobic conditions, such as swamps and volcanoes. Most anthropogenic sulfide 

comes from industrial activities such as oil and natural gas extraction. Normal 

ambient levels in urban areas range from 0.11 to 0.33 ppb, while in rural areas the 

concentration can be as low as 0.02 ppb (Inserra et al. 2002). 
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About 90% of the population can smell sulfide at levels of 50 ppb (Reiffenstein et 

al. 1992). Nevertheless, due to its direct effect on the olfactory senses, sulfide is 

odorless at concentrations above 150 ppb. This characteristic is an important 

factor leading to possible intoxications, as one cannot “smell” sulfide at toxic 

concentrations (Reiffenstein et al. 1992).  

Kimura (1994) reported sulfide to be largely distributed among tissues after 

intoxication, detected blood sulfide levels after death varied from 0.1 to 0.8µg/g. 

Kohno and colleagues (1991) reported high concentrations (up to 30 µg/g) in 

different tissues (brain, lung, heart and kidney) after sulfide exposure (20 minutes). 

Apparently, urine is the primary route of elimination. Thiosulfate was reported in 

urine after sulfide exposure (45 minutes) in healthy volunteers exposed to different 

sulfide concentrations (up to 30 ppm) 

At levels between 100 and 150 ppm, sulfide was reported to cause 

keratoconjunctivitis, skin rash and respiratory irritation (Milby and Baselt 1999). 

Effects of sulfide intoxications such as vertigo, agitation, confusion, headache, 

somnolence, nausea, vomiting, convulsions, cyanosis, pulmonary edema and 

unconsciousness (”sulfide knock-down”) have also been reported (Kleinfeld et al. 

1964; Guidotti 1996).  

Sulfide is abundant in several marine environments (specially near thermal vents) 

and many vertebrate and invertebrate species (crabs, clams and tubeworms) have 

evolved strategies for dealing with high sulfide levels such as sulfide detoxification 

in the body wall, oxidation by blood components and by mitochondrial oxidation 

(Völkel and Grieshaber 1992). In fact, species like the long-worm Arenicola marina 

developed sulfide -insensitive and alternative COX, that are activated once the 

primary COX is blocked by sulfide (Hildebrandt and Grieshaber 2008). 
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1.5. PHYSIOLOGY OF SULFIDE  
The first article to describe sulfide in the regulation of cellular physiology of higher 

species was published in 1996 by Ado and Kimura. These authors demonstrated 

that the sulfide-producing enzyme CSB is highly expressed in the rat hippocampus 

and modulates the neuronal response of N-methy-d-aspartate receptors. 

Later, Dello Russo and others (2000) suggested a possible role of sulfide in the 

control of the function of the hypothalamo-pituitary-adrenal axis in rats. In this 

article, the authors claimed that sulfide is a modulator of the corticotropin-releasing 

hormone (CRH), as sulfide inhibited the release of stress-related glucocorticoid. In 

2004, Geng and collaborators described the presence of mRNA for CBS in the 

myocardial tissue, indicating that the heart can endogenously produce sulfide. 

Additionally the authors reported a negative inotropic effect after sulfide bolus 

administration. Interestingly, the active inotropic effect found after sulfide 

administration was abolished by glibenclamide, a known Katp blocker, suggesting 

that sulfide acts directly on Katp channels. Similar results were described by Geng 

and others (2004) in a rat model of myocardial ischemic injury model. Furthermore, 

Givvimani and others (2011), based on data originated from a mice model of 

cardiac overload, proposed that sulfide is essential for maintaining left ventricular 

function and that it can boost angiogenesis by stimulation of the endothelial growth 

factor (VEGF).  

In 2007, Wallace and collaborators, proposed that sulfide modulate gastric 

mucosal blood flow and may protect against gastric ulcer. In a subsequent work, in 

a colitis rat model, Wallace´s group illustrated the possible role of sulfide in the 

physiology of the small intestine and colon (Wallace et al. 2009). In this late work, 

the authors described the effects of the inhibition of sulfide synthesis that resulted 

in inflammation and mucosal injury, whereas a sulfide donor significantly reduced 

the severity of the colitis. 

Sulfide has been linked to other physiologic functions in different organs, for 

example the regulation of blood flow in the liver, kidney and spleen (Martin 2010; 

Jha et al. 2008; Beltowski 2010). In addition, the presence of CSE and CBS in the 

pancreas also indicates that sulfide may have physiological functions related with 

insulin and glucose metabolism (Yang et al. 2005). In fact, Ali and others (2007) 



INTRODUCTION 

 13 

reported sulfide to reduce insulin secretion in the insulin-secreting cell line HIT-

T15, suggesting that sulfide may interfere on glucose metabolism.  

Recently sulfide was linked to different pathways in the reproductive system. 

Sulfide-producing enzymes were found in Laydig cells as in Sertoli and germ cells 

and the inhibition of sulfide production affected the vasodilatation of the corpus 

carvenosum, in ex-vivo tissue acquired from rabbits (Srilatha 2007; Qiu et al. 2011; 

Villa Bianca et al. 2009; Ghasemi et al. 2012). 

The mechanism in which sulfide produces its physiologic effects is still yet to be 

elucidated. Nevertheless, vasodilatation produced by sulfide through modulation of 

K+ channels is one of the most described physiologic effects. Data supporting this 

hypothesis was first presented by Teague and colleagues (2001). The authors first 

reported the vasodilatation pertinent to sulfide exposure in the ileum of different 

species (rabbit, pig and rat) was abolished after Katp channel block with 

gibenclamide. Consistent with these data, Mustafa and colleagues (2011) 

demonstrated membrane hyperpolarization effects in rat mesenteric arteries 

exposed to sulfide, detected by voltage-sensitive dye. 

The vasodilatatory effects of sulfide has been supported by extensive data in 

various blood vessels such as aorta, portal vein and mesenteric artery from 

different animal species (rat, cow, sheep and humans) (Hosoki et al. 1997; Zhao et 

al. 2001; Teague et al. 2002; Cheng et al. 2004; Dombkowski et al. 2005; Olson et 

al. 2006). 

 

1.6. PHARMACOLOGICAL EFFECTS OF SULFIDE  
The response to exogenous sulfide administration has been broadly studied in the 

cardiovascular system and in different disease states as septic and hemorrhagic 

shock and ischemia/reperfusion injury (I/R) with contradictory results. 

Sulfide was described to have cardioprotective properties in different stress 

conditions. For example, Elrod and others (2007) reported an improvement of 

ventricular function and reduced infarct size after cardiac I/R injury in mice. Later in 

2010, the same group reported according results in isolated mitochondria from 

cardiomyocytes, where mitochondrial function was improved following sulfide 

treatment after I/R injury. In the same line, Yao and colleagues (2010) suggested 
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that sulfide improved rat cardiomyocytes viability after chemical hypoxic challenge 

(30 minutes of cyanide exposure). Furthermore, Geng and other (2004) reported 

improved left-ventricular function and decreased lipid peroxidation after myocardial 

ischemic injury in rats. The authors suggested that sulfide acts as a reactive 

oxygen species scavenger, effectively protecting cardiomyocytes from ischemic 

damage.   

During hemorrhagic shock, Distrutti and colleagues (2006) reported substantial 

decrease in leukocyte-mediated inflammation in rodents treated with sulfide. Later 

in 2010, Ganster and others reported similar results, where treated animals 

presented improved cardiac function, limited shock-induced metabolic acidosis 

and decreased inflammatory response. 

In contrast, Mok and others (2008) described the up-regulation of inflammatory 

mediators (TNF-α, IL-6 and iNOS) in mice treated with sulfide during hemorrhagic 

shock. The up-regulation of inflammatory markers was ameliorated by the 

inhibition of sulfide producing enzymes, suggesting that sulfide has pro-

inflammatory properties during hemorrhagic shock. In contrast, Bracht and others 

(2013) reported beneficial effects of sulfide during severe hemorrhage in a porcine 

model. The authors suggested that sulfide treatment leads to organ protection, but 

only when the treatment is initiated simultaneously with blood removal. 

During septic shock, Zhang and colleagues (2006) described sulfide to aggravate 

the inflammatory process. The authors suggested that sulfide further increased 

inflammation, whereas the inhibition of sulfide production by a CSE blocker 

alleviated the inflammatory response. Supporting this hypothesis, Steppan and 

others (2010) described the decrease in inflammatory mediators after sulfide 

producing enzymes blockage. Interestingly, Wagner and others (2011) reported 

anti-inflammatory effects through the modulation of NfκB after sulfide treatment in 

a cecal ligation-and-puncture mouse model. Wagner’s group reported that sulfide 

and hypothermia comparably decreased inflammatory mediators, whereas the 

combination of hypothermia and sulfide presented no additional effects, 

suggesting that at least in rodents, sulfide effects may be temperature dependent. 
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I/R injury is produced by the return of blood flow supply to an ischemic area and is 

characterized by inflammation and oxidative damage. Different authors reported 

beneficial effects of sulfide administration during myocardial I/R challenge.  

Treated animals presented improved cardiac function and smaller injury size 

compared with controls (Elrod et al. 2010; Jha et al. 2008; Johansen et al. 2006). 

Additionally, using a swine model of renal I/R injury, Simon and others (2011) 

suggested that sulfide ameliorates I/R injury and preserved renal function.  

Interestingly, some authors reported that the beneficial effects (reduced infarct size 

and improved hemodynamic) of sulfide largely reported in small animals (rodents) 

couldn’t be directly translated into larger animals (sheep and pig). For example, 

Drabek and others (2008), using a swine hemorrhagic shock model, reported that 

sulfide did not improved outcome or reduced cardiac damage. Similar results were 

reported by Haouzi and others (2008) using anesthetized sheep exposed to 60 

ppm for 30 minutes. 

To explain such contradictions, Li and others (2008) proposed that due to the high 

area/volume ratio, rodents are able to reduce temperature faster that larger 

animals and that sulfide effects could be, at least partially, temperature related. 

 

1.7. SULFIDE AND ENERGY METABOLISM 
The first indication that sulfide could be involved in energy metabolism was 

presented by Blackstone and others (2005). The authors could induce a 

hibernation-like state in mice (non-hibernating species) after sulfide exposure. 

Hibernation is an adaptive response to specific environmental factors such as 

sunlight exposure and ambient temperature. Many animal species demonstrate 

this kind of behavior, especially during winter season, i.e. bats, hamsters, badgers 

and bears. During hibernation, homoeothermic species get their energy through 

gluconeogenesis and are able to maintain core temperature constant independent 

of ambient temperature (Staples and Brown 2008). 

Blackstone´s group reported that mice exposed to 80 ppm of sulfide presented 

similar behavior as animals undergoing hibernation. The mice reduced metabolic 

rate by 50%, oxygen uptake was reduced by 90%, heart rate decreased form 120 

beats per minute (bpm) to 10 bpm and temperature fell as low as 15°C. Based on 
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the described reactions the authors suggested that the animals went into what 

they called “suspended animation” and could survive up to 6 hours of a hypoxic 

challenge in 5% O2. Impressively, all effects were completely reversed after sulfide 

washout. In 2006, Volpato and collaborators achieved similar results, sulfide pre-

treatment induced heart rate and cardiac output to drop by 50%, without 

alterations in the stroke volume, blood pressure or oxygen saturation. Worth note 

that in the later experiments (Volpato et al. 2006) core temperature was 

maintained, suggesting that sulfide effects are temperature independent.  

Aforementioned effects of sulfide are most probably related with the capacity of 

this molecule to block mitochondrial respiration, thereby diminishing oxygen 

demand and metabolic rate. Consequently, “suspended animation” was induced in 

non-hibernating mammals. During stress conditions this effect may be crucial to 

optimize the balance between oxygen supply and demand resulting in improve of 

survival. Interestingly, Goubern and colleagues (2007) suggested that sulfide 

might be oxidized under hypoxic conditions, donating electrons to the ETS through 

mitochondrial complex II that in this specific case would work in reverse mode. 

Supporting these data, Fu and others (2012) demonstrated that under hypoxia, 

CSE (sulfide producing enzyme) migrates from the cytosol to the mitochondria, 

supposedly increasing intra-mitochondrial sulfide concentration allowing ATP 

production under low oxygen conditions. In that case, sulfide oxidation would be 

coupled with the reduction of malate to succinate and sulfide would be degraded, 

contributing to energy production under stress conditions (Fu et al. 2012). 

 

1.8. HYPOXIA, OXYGEN SENSING AND SULFIDE 

Intracellular hypoxia can be defined as COX turnover decreasing in proportion to 

O2 availability (Solaini et al. 2010; Gnaiger 2001). Meaning that under hypoxia O2 

is the limiting factor for proper cellular function. Oxygen cellular concentration 

([O2]) requirements are determined by environmental oxygen levels, oxygen 

transport and mitochondrial metabolism condition (Zhdanov et al. 2010; Guzy and 

Schumacker 2006; Wenger 2000; Scandurra and Gnaiger 2010). 

In order to proper define cellular hypoxia, intracellular values for PO2 and PO250% 

(50% of mitochondrial maximum oxygen flux) are needed. PO2 and PO250% 
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values are not universal and need to be defined for each “system”, as individual 

cellular environments have different metabolic requirements. In that regard, 

Scandurra and Gnaiger (2010) published an extensive work reporting the different 

PO250% values for various cell lines. These values are below 1 kPa (7.5 mmHg) 

and ranges from 0.110 kPa in the rat coronary endothelial cell line down to 0.063 

kPa in the human umbilical vein cell line. The values described by Scandurra and 

Gnaiger (2010) were acquired using a very sensitive O2 electrode and are based 

on mitochondrial oxygen kinetic saturation and plausibly reflect in-vivo physiology. 

The extremely low values assumed for intracellular PO2 suggest that the 

mitochondrion is well protected from oxygen and is able to function in “limited” 

oxygen concentrations. Actually, Gnaiger and others (2000) suggested that under 

low O2 concentrations, the mitochondrion presents high phosphorylation efficiency 

and depressed ROS production. Essentially, this appears to be a protective 

mechanism in order to avoid oxidative stress and DNA damage produced by high 

oxygen concentrations (Scandurra and Gnaiger 2010). Further, Busuttil and others 

(2003) described the possible deleterious effects of high O2 concentrations. Using 

embryonic fibroblasts, the authors reported increased accumulation of DNA 

mutations and early senescence in cells cultured at 20% O2 compared with cells 

cultured at 3 % O2. Moreover, different authors suggested that experimental data 

acquired using high partial pressures of oxygen might not be relevant for in-vivo 

extrapolation, as cellular processes could be distorted (Clanton et al. 2013; 

Scandurra and Gnaiger 2010; Busutill et al. 2003; Katoh et al. 1999; Allen et al. 

1998). Hence, data regarding sulfide metabolism acquired in high [O2] could be 

misleading as sulfide tends to be oxidized by O2. In addition, O2 diffusion rate in-

vitro is by no means the one supposedly encountered in-vivo. This could be 

particularly important as the diffusion rate will directly interfere with O2 availability 

(Clanton et al. 2013).  Consequently, the use of physiologic relevant O2 tensions 

during in-vitro experiments is fundamental when performing translational research. 

In addition, cells can operate under different O2 concentrations by switching on 

and off specific pathways, depending on the severity of the hypoxic insult (Clanton 

et al. 2013). Mammalian cells for example cannot survive long time under hypoxia, 

because oxidative phosphorilation is not sufficiently effective due to the lack of 
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oxygen. Compensatory mechanisms like anaerobic ATP production are not 

enough to sustain cell viability for long periods (Ward 2006). Nevertheless, 

transient hypoxia is extremely common during the life of all animals, occurring for 

example during birth (umbilical artery blood have a saturation of 25% at birth) or 

during high impact exercise (transient muscle hypoxia) (D´Hulst et al. 2013). 

Therefore, eukaryotic cells that are subjected with transient hypoxia provide 

different mechanisms to withstand low oxygen challenges and preserve cellular 

viability. For instance, sodium and calcium cycling and cellular protein synthesis 

are reported to significantly drop during hypoxia (protein synthesis require high 

amounts of ATP). Another important adaptation that occurs during hypoxia is the 

switch from aerobic respiration to anaerobic ATP production. However, anaerobic 

metabolism is able to maintain ATP levels during short bursts of hypoxia 

(Hochachka et al. 1996; Kim et al. 2006). Therefore, the reduction in cellular basal 

metabolism observed during hypoxic states is mandatory under these conditions 

and must be initiated quickly enough to avoid cellular damage. 

The hypothesis that the mitochondria could be involved in oxygen sensing and 

hence, into mechanisms behind the switches from aerobic to anaerobic 

metabolism was first suggested by Dawson and colleagues (1993). The authors 

reported increased ROS formation after chemical induced hypoxia in hepatocytes. 

ROS formation was abolished after the inhibition of mitochondrial complex III, 

suggesting not only that mitochondria could be involved in oxygen sensing but that 

hypoxic mitochondrial ROS formation is fundamental for oxygen sensing. Later in 

1998, Duranteau and collaborators reported similar results in isolated chicken 

myocytes using fluorescence imaging.  

Mitochondrial ROS production is physiologic and occurs manly during the passage 

of electrons from complex I and III to the Q site in the course of ATP production 

During ATP production, L-γ-glutamyl-L-cysteinylglycine (GSH) and superoxide 

dismutase (MnSOD and CuZnSOD) transform the produced superoxide into H2O2 

that is later transformed in water by glutathione peroxidase or in oxygen by 

catalase, hence, preserving the cell from oxidative damage (figure 6) (Ott et al. 

2007; Han et al. 2003; Adler et al. 1999; Droge 2002; Forman and Torres 2002). 
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ROS have unpaired valence electrons or unstable bonds; they can be neutral, ions 

or radicals. ROS are further enzymatically produced by membrane nicotinamide 

adenine dinucleotide phosphate oxidase (NOX) located in the cellular membrane 

and by cytochrome P450 dependent oxygenases and non-enzymatically by direct 

electron transfer to oxygen from reduced groups (Babior 2000; Coon et al. 1992; 

Turrens 2003). NOX enzymes are divided into seven different complexes in 

mammals; Nox1 to Nox5 and Duox1 and 2 (Lamberth et al. 2008). The Nox sub-

family have been implicated in the formation of superoxide from oxygen, requiring 

superoxide dismutase to finally form H2O2
- The Duox sub-family apparently 

produce H2O2 through the SOD enzymes (Sumimoto et al. 2005). 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 4: Schematic examppliication of hypoxia leading to the increase in reactive oxygen species 

(ROS) formation. ROS can be transformed into H2O2 by superoxide-dismutase (SOD) enzymes and 

later into oxygen and water. When this pathway is over-saturated, ROS will lead to hypoxic 

adaptations and may produce DNA damage, protein alterations, and lipid peroxidation.  

 

The relevance of NOX enzymes and ROS formation in oxygen sensing was 

brought into attention after Weissmann and others (2006) reported the complete 

absence of hypoxic responses in knocked-out NOX mice. Indicating that ROS 

formation during hypoxia is essential for oxygen sensing initiation.  

In contrast, the possibility that ROS production through cytochrome P450 

contributed to hypoxic signaling was discarded after Chang and others (1992) 
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described that the inhibition of cytochrome P450 did not affect hypoxic pulmonary 

vasoconstriction.  

In 2005, Guzy and colleagues described the importance of mitochondrial ROS 

production for HIF-1α stabilization. The author exposed osteosarcoma cells to 

different levels of oxygen (21%, 1% and 0%) for 3 hours. Mitochondrial ROS was 

shown to impair HIF-1α proline hydroxylation performed by prolylhydroxylase 

(PHD), promoting HIF-1α stabilization, leading to hypoxic adaptations (figure 5).  

 

 
 

Figure 5: Mitochondria decrease adenosine triphosphate (ATP) production and increases reactive 

oxygen species (ROS) formation during hypoxia, leading to the inactivation of the prolylhydroxylase 

(PHD) and the hypoxia-inducible factor 1α (HIF-1α) stabilization and starting hypoxic sensing.   

 

HIF is a heterodimer formed by HIF-1α and HIF-1β and is regulated by oxygen 

availability (Wang et al. 1995; Prabhaker and Semenza 2012). Under normoxia, 

HIF-1α is ubiquitinated and subjected to proteosomal degradation following proline 

hydroxylation by PHD (Jaakkola et al. 2001; Ivan et al. 2001; Salceda and Caro 

1997). Three isoforms of PHD have been described (PHD1, PHD2 and PHD3), 

whereas only the PHD2 seams to be essential, especially for oxygen sensing 

(Berchner-Pfannschimidt 2008).  

It has been suggested that HIF-1α activation represents a link between sensing 

hypoxia and effector mechanisms. Semeza and others (2013) described HIF as 

essential for long-term hypoxia adaptations and classical hypoxic responses. In 

fact, erythropoiesis, anaerobic glycolysis, and iNOS-induced vasodilatation have 
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been described to be dependent of HIF activation. For example, using a HIF KO 

mouse model, Yoon and others (2006) reported the gene transcription mediated 

by HIF is correlated with increased erythropoiesis and VEGF expression in the wild 

type animals, whereas the HIF-KO group presented no gene transcription 

response to the hypoxic insult. NO also was reported to interfere with HIF-1α 

stabilization. Furthermore, as shown by Berchner-Pfannschmidt and collaborators 

(2007) the inhibition of mitochondrial COX by NO includes corresponding to a 

transient hypoxia.  

An additional mechanism theoretically related to oxygen sensing is based on the 

AMP-activated protein kinase pathway. Wyatt and colleagues (2007) first 

described this possible interaction, reporting that AMPK activation leads to typical 

signs of hypoxic adaptations as depolarization of K+ channels, influx of cellular 

Ca+, stimulation of anaerobic glycolysis, and fatty acid oxidation. 

5´-AMP-activated protein kinase (AMPK) is a heterodimer formed by a catalytic 

sub-unity and two regulatory sub-unities (β and α) (Ramaiah et al. 1964; Hardie et 

al. 1998). In normal conditions, AMP competes with ATP for binding the AMPK-

subunit β, therefore, decreased levels of ATP allow for the phosphorilation of the 

AMPK-subunit β and further activation of AMPK (Mitchelhill et al. 1997; Hawley et 

al. 1996; Hardie et al. 2012). This mechanism is very sensitive to ATP availability; 

therefore, AMP/ATP ratio is a responsive indicator of cellular energy status with 

probable integration into oxygen sensing mechanisms. (Ramaiah et al. 1964; 

Hardie et al. 1998; Hardie et al. 2012).  

Recently, sulfide was implicated in oxygen sensing (Olson et al. 2006). The 

hypothesis presented by Olson´s group is that sulfide accumulates under hypoxia 

based on the fact that sulfide metabolism is linked with the ETS and O2 availability 

(figure 6). Accordingly to Olson and others (2006) sulfide fulfills the basic 

requirements to be considered an oxygen sensor as perfectly mimic’s hypoxic 

effects. For instance, sulfide has been suggested to induce HIF-1α activation, to 

produce depolarization of KATP channels and cellular Ca+ influx (Olson et al. 2006; 

Budde and Roth 2009; Liu et al. 2010). 
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Figure 6: Scheme of the proposed mechanism in which sulfide (H2S) participate in oxygen sensing. 

Oxygen limitation impairs the electron transfer system (ETS) and consequently the sulfide-quinone-

oxidoreductase (SQR) (sulfide metabolizing pathway). Provide that the production remains 

constant; sulfide will accumulate and induce oxygen sensing mechanisms as hipoxia-incuble factor 

1α stabilization, depolarization of K+ channels, cellular Ca+ influx and activation of 5´-AMP-

activated protein kinase (AMPK). 

 

In particular, Olson and others (2006) observed specific hypoxic responses after 

sulfide exposure, as systemic vasodilatation and pulmonary vasoconstriction was 

initiated after sulfide exposure. The authors showed a large correspondence 

between hypoxic responses and the responses observed after sulfide exposure. 

Even multi-phase reactions (relaxation-contraction) could be equally reproduced. 

Additionally, hypoxic responses were eliminated by pre-exposure to sulfide, similar 

to the effects of a hypoxic pre-conditioning. Moreover, the responses achieved 

after sulfide exposure was not additive and inhibitors of sulfide synthesis could 

impair hypoxic-induced vasoconstriction (Olson et al. 2006; Olson 2013). Even 

further, under hypoxia metabolism is driven to a more reduced state by the 

inhibition of the ETS, this reduced state may strongly inhibit sulfide metabolism, 

leading to sulfide accumulation (Szabo et al. 2014). 

Sulfide accumulation under hypoxic states likely includes protein sulfhydration. 

This is an important process and provides a possible mechanism by which sulfide 

can modify different enzymatic reactions. For example, protein sulfhydration by 

sulfide has been already observed to increase the activity of glyceraldehyde-3-

phosphate dehydrogenase (GAPHD), a hepatic enzyme related with glycolysis 
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(Mustafa et al. 2009). Another important role linked with protein sulfhydration is the 

regulation of NFκB activation. NFκB is one of the nuclear factors responsible for 

gene expression during stress and inflammation and its regulation is important for 

cellular viability during stress responses where hypoxia is a factor.  For example, 

after sulfhydration NFκB is reported to have anti-apoptotic transcriptional activity 

(Sen et al. 2012). Recently, Chen and others (2014) reported that S-nitrosylation 

produced by sulfide treatment of rat endothelial cells produced eNOS activation 

through up-regulation of AMPK and protein kinase B, emphasizing the possible 

role of sulfide in oxygen sensing and its involvement in the inflammatory process. 

The role of sulfide during oxygen sensing is still a matter of great debate and 

emerging questions are still to be answered. Unfortunately, uncertainties as 

physiologic sulfide degradation rate, physiologic oxygen dependency of the 

degradation pathway and sulfide hypoxic accumulation can only be answered after 

a reliable method to measure sulfide in tissue and blood is developed.  

As sulfide cannot be properly measured, the supposed accumulation of sulfide 

during hypoxia can only be speculative. Furthermore, as already pointed by Olson 

(2013), the majority of experiments reporting physiologic sulfide effects were 

performed in “hyperoxia” (atmospheric O2 concentration), severe hypoxia or 

anoxia. Such limiting factors may lead to deceptive results. For instance, at 

“hyperoxia” the effects of sulfide auto-oxidation cannot be separated from 

mitochondrial degradation. Another important point to be mentioned is that at 

“high” O2 concentrations the formation of ROS and subsequent impairment of 

mitochondrial function have been reported (Andreyev et al. 2010; Turrens 1997). 

Thereafter, measurements done in high oxygen concentrations may not reflect in-

vivo physiology. 

In that line, conditions as severe hypoxia and anoxia do not reflect in vivo reality 

and do not mimic the conditions in which sulfide could possibly perform as an 

oxygen sensor. Hypoxia reflects gradual changes in oxygen bioavailability and 

should not be mistaken for anoxia. Consequently, experiments performed in 

anoxia, will probably refer to a state found after hypoxic adaptations are already in 

place. 
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Reliable measurements at low oxygen concentration are extremely challenging; O2 

is readily dissolved and can later diffuse back in to medium, thus the use of special 

non-O2 absorptive material is fundamental when working at low levels of O2.  

Further challenge is the formation of gas-aqueous phases in the medium by O2. 

Therefore, medium stirring is essential. And if using an O2 electrode, the cathode 

should be large enough to yield a linear stable signal and the residual oxygen 

back-diffusion must be calculated and corrected. 

Different methods have been used to measure cellular responses under specific 

low oxygen concentrations as for example O2 perfused tissue, flow cytometry, 

glove box anoxic chamber, metabolic chamber, electron paramagnetic resonance 

(EPR), gas-to-aqueous phase respirometry (GAP), fluorescent-based optical 

sensor, classical biochemistry and the Clark electrode (Carreau et al. 2011; 

Fercher et al. 2012; Zhdanov et al. 2010; Olson et al. 2006). 

The most common used method is the metabolic chamber (Fu et al. 2013). In this 

method a mixture of gases is flushed into a sealed chamber until the desired 

combination is achieved. This technique permits the maintenance of steady-state 

O2 concentrations during long periods, although further analysis is based on 

classical pathology or staining methods. In that sense, the dynamic evaluation of 

oxygen kinetics cannot be performed. Another important limitation of this 

methodology is the impossibility to control the O2 concentration in the experimental 

medium. It has been suggested that the oxygen concentration in the culture plates 

can take up to 3 hours to be in equilibrium Furthermore, no stirring is possible in 

order to avoid gas-aqueous phases (Allen et al. 2001). Moreover, when performing 

experiments in non-limiting O2 concentrations, cells will be re-exposed to room air 

for further evaluation, limiting the validity of the data collected.  

The traditional Clark electrode (Clark et al. 1953) is still considered the gold 

standard for measurement of O2 concentrations in experimental medium (Boehme 

et al. 2013). Recent technological advances resulted in high signal stability, 

minimal oxygen diffusion and back-diffusion, close air-tight safety and very 

sensitive high resolution sensors, enabling this system (high resolution 

respirometry) to out-perform other methodologies concerning experiments 

performed in very low oxygen concentrations.  
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1.9. HYPOTHESIS 
Clearly, sulfide is an important biological mediator and produces complex 

responses in different systems via multiple mechanisms. It is now recognized that 

sulfide production and metabolism occurs in mammals and that its degradation 

occurs into the mitochondrion and is oxygen dependent.  

Moreover, sulfide was recently involved in oxygen sensing through accumulation 

resulting from less efficient degradation under hypoxia. Therefore, in case of 

decreasing efficiency of the SQR due to oxygen limitation, the continuous addition 

of sulfide would lead to more rapid accumulation and ultimately an earlier inhibition 

of aerobic respiration through the inhibition of mitochondrial COX (Olson et al. 

2006). 

In order to test this assumption the present study was aimed to determine the 

oxygen concentration range in which sulfide may be implicated in oxygen sensing, 

according to the hypothesis that in hypoxic conditions, cellular capacity to 

metabolize sulfide is progressively reduced. 

In that regard, a recently described methodology (Gröger et al. 2012) based on 

high-resolution respirometry was modified to maintain steady-state low oxygen 

conditions throughout sulfide titration in a mammalian cell line derived from murine 

alveolar macrophages (AMJ2-C11). 
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2. MATERIALS AND METHODS 
2.1. MATERIALS  
2.1.1. LABORATORY EQUIPMENT 

High-resolution-respirometry        

-Oroboros oxygraph 2K 
 

Oroboros - Innsbruck.  Austria 

 

Micro-pump 

-TIP-2K 

-CMA AB 102 microdialysis pump  

 

 

Oroboros - Innsbruck.  Austria 

AB - Solna. Sweden 

 

Centrifuge  

-Eppendorf 5804 R  

 

 

Eppendorf - Hamburg. Germany 

 

Tubes 

-Polypropylene conical tube 15 ml  

-Micro test tubes 1,5ml 

 

 

Falcon tubes - Franklin Lakes. USA 

Eppendorf - Hamburg. Germany 

 

Pipettes  

-Eppendorf pipette - 2500 µl  

-Eppendorf pipette - 1000 µl 

-Eppendorf pipette - 100µl 

-Eppendorf pipette - 10 µl 

-Serological pipette - 10ml  

Pipetus akku  

 

 

 

Eppendorf - Hamburg. Germany 

Eppendorf - Hamburg. Germany  

Eppendorf - Hamburg. Germany  

Eppendorf - Hamburg. Germany 

Hirschmann Laborgeräte - Eberstadt. 

Germany 

Pipettes tips   

-ep T.I.P.S Reloads 500-2500 µl  

-ep T.I.P.S Reloads 200 µl  

-ep T.I.P.S Reloads 20 µl  

-Omnitip Fastrack 100 µl  

-Omnitip Fastrack 10 µl 

 
Eppendorf - Hamburg. Germany 

Eppendorf - Hamburg. Germany 

Eppendorf - Hamburg. Germany 

Fastrack - Poland 

Fastrack - Poland 
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Syringes  

-Hamilton Precision syringe 1701N - 

10µl  

-Hamilton Precision syringe 1750 for 

2KTIP - 500 µl  

-BD plastipak syringe 300013  

 

 
Bonaduz. Switzerland 

 

Bonaduz. Switzerland 

 

BD – Madrid. Spain 

Neubauer counting chamber  

-Neubauer improved bright line- 

0.100mm profondeur  

 

Brand - Blaubrand. Germany 

Needle 

-Sterican disposable needle for 

blood collection - 1,20 x 10mm  

 

Braun - Melsungen. Germany 

Microscope 

-Motic B3 professional series Motic  

 

 

Motic - Xieamen. China 

 

Suction pump oxygraph-2K  

 

Oroboros instruments - Innsbruck- Austria 

Cell incubator 

-Hera Cell incubator  

 

Heraeus instruments - Niedersachsen. 

Germany 

Cell scraper 

- Cell scraper 28 cm  

 
Greiner bio-one - Frickenhausen. Germany 

 

Glass 

-Schott Duran 100 ml  

-Schott Duran 600 ml  

 

 
Schott - Mainz. Germany 

Schott - Mainz. Germany 

Personal computer 

-Optiplex 775  

 

DELL - Round Rock. USA 
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2.1.2. SOLUTIONS 

Software 

-DatLab 4  

-Excel 2003  

-Word 2003  

-SigmaStat -  

-SigmaPlot -  

 
Oroboros instruments - Innsbruck. Austria 

Microsoft - Redmond. USA 

Microsoft - Redmond. USA  

Systat Software Inc. - San Jose. EUA 

Systat Software Inc. - San Jose. EUA 

 

Ice machine  

-Scotsman AF80  

 

Refrigerator 

-Glass Line 

-Bosh Line  

 

 

Frimont - Milan. Italy 

 

 

Liebherr - Bulle. Switzerland 

Bosh - Stuttgart. Germany 

 

-Dulbecco´s phosphate buffered 

saline (DPBS)  

 

-Mitochondrial respiration medium  

EGTA - 0.5 mM  

MgCl2.6 H2O - 3 mM  

K-lactobionate - 60 mM  

Taurine - 20mM  

KH2PO4 - 10mM  

HEPES - 20mM  

Sucrose - 110mM  

Bovine albumin serum - 1g   

Trypan blue 0.5%  

 

-Ethanol 100%  

 

GIBCO - Auckland. USA 

 

 

 

Sigma-Aldrich - Steinheim. Germany 

Scharlau - Ludwigsburg. Germany 

Sigma-Aldrich - Steinheim. Germany 

Sigma-Aldrich - Steinheim. Germany 

Merck - Darmstadt. Germany 

Sigma-Aldrich - Steinheim. Germany 

Roth - Karlsruhe. Germany 

Sigma-Aldrich - Steinheim. Germany 

Biochrom AG - Berlin. Germany 

 

Alfa-Aesar - Karlsruhe. Germany  
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2.2. METHODS 

2.2.1. HIGH RESOLUTION RESPIROMETRY 
The principle of respiromentry in a closed chamber is the monitoring of oxygen 

concentration in the selected experimental medium, which decreases as the 

biological sample (mitochondria) consumes oxygen. 

Leland Clark developed this methodology in 1953. Clark created a membrane-

covered oxygen electrode alongside a platinum cathode and silver/chloride anode. 

Oxygen diffuses from the solution through the electrode membrane and is reduced 

to water by the cathode. The anode will form an electrical current proportional to 

the partial pressure of oxygen in the solution. The Clark electrode is the base of 

the Oxygraph-2K®(Oroboros® instruments. Innsbruck. Austria) and provide the 

instrumental basis for high-resolution respirometry. 

The Oxygraphy-2K® is a closed oxygraph system with two chambers housed in a 

temperature-controlled copper block and build with chemically inert materials 

(Duran glass, polyvinylidene fluoride (PVDF) and Viton-O-rings) providing 

minimum oxygen back-diffusion. The electromagnetic stirrers (100 to 700 rpm) are 

coated with PVDF and the oxygen sensors are covered with butyl india rubber 

sleeves. The electrode oxygen sensor is inserted in such to provide optimum 

position for stirring while completely avoiding oxygen leakage. 

The limit for O2 detection in the Oxygraph-2K® is 1pmol*s-1*cm-3, providing 

extremely low O2 detection range (<0.05 µM). Oxygen back-diffusion at zero 

experimental oxygen is lower then 3 pmol*s-1*cm-3 and can be actively measured 

and corrected. The electrode oxygen consumption at air saturation and standard 

barometric pressure (100 kPa) is 2.7± 0.9 SD (Gnaiger 2013).  

-Sodium sulfide anhydrous granula  

-Cell culture medium 

Dulbecco´s modified eagle medium 

Fetal calf serum  

Glutamine  

Non-essential amino acids  

Gentamicin  

Invitrogen - Auckland. USA 

 

PAA - Pasching. Austria 

Invitrogen - Auckland. USA 

Invitrogen - Auckland. USA 

Invitrogen - Auckland. USA 

Merck - Darmstadt. Germany 
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The oxygen electrode yields an electrical signal while reducing oxygen; the electric 

flow (current, Iel [A]) is converted into voltage (electric potential, Vel [V]). The 

cathode and anode reactions are, respectively; 

 

O2 + 2 H2O + 4e-    ͢  4OH- 
4Ag     ͢   4 Ag+ + 4e- 

 

The amount of O2 crossing the electrode membrane is proportional to the cathode 

area and the partial pressure of oxygen (PO2) in the experimental medium. 

Therefore, background oxygen consumption of the given polarographic oxygen 

sensor increases at high oxygen and decreases with low oxygen. A large cathode 

area yields high signal stability but at expense of higher O2 background oxygen 

consumption (Gnaiger 2013). The oxygen consumption by the polarographic 

oxygen sensor (POS) and background diffusion should be measured and 

corrected in order to have reliable results (Gnaiger 2011).  

POS will measure mitochondrial oxygen consumption as a hyperbolic function of 

oxygen partial pressure (PO2), where JO2 is the rate relative to the maximum flux 

(Jmax) observed at kinetic oxygen saturation in a defined metabolic state (Gnaiger 

2011). The oxygraph-2K® measure is capable of on-line recording of O2 

concentration and JO2 as linear slopes of oxygen concentration over time. 

 

2.2.2. DATALAB4® SOFTWARE  

DatLab4® (Oroboros® instruments. Innsbruck. Austria) is the software for data 

acquisition and analysis specially developed to be used with the Oxygraph-2K®. 

Basically, the software continuously registers the O2 concentration in the oxygraph 

chamber, which is then used to calculate the oxygen flux.  

Several disturbing effects, like oxygen back-diffusion and sensor response time 

are corrected by the software and require appropriate calibration procedures. 

(Gnaiger et al. 2012). Noteworthy, the software displays oxygen concentration and 

mitochondrial flux (corrected by cell content) on-line, facilitating experimental 

evaluation.  
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Data sampling rate for the present experiments was 0.5-1 Hz, the default electrode 

oxygen gain was 2V/µA, the polarization voltage of the oxygen electrode was 800 

mV and the stirring speed was 500 rpm. These parameters were maintained 

constant throughout all experiments. 

 

2.2.3. TWO POINT ELECTRODE CALIBRATION 

Specific O2 calibration is required for each experiment, and reflects the voltage 

output for a specific oxygen concentration. The oxygen concentration is obtained 

by multiplying the O2 partial pressure (yielded as barometric pressure – vapor of 

water) by the O2 solubility in the experimental medium at the specified temperature 

(37 C°). The calibration of the oxygen sensor is achieved by continuously 

recording the O2 pressure until thermodynamic equilibrium between the gas and 

aqueous phase with open chambers. The linearity of the signal output in regard to 

oxygen pressure is achieved by measuring different ranges between total medium 

oxygen saturation and zero oxygen pressure (Gnaiger and Forstner 1983). 

Therefore, air calibration is achieved by performing a two-point calibration. This is 

a static calibration and involves the determination of a constant oxygen signal at 

100% medium saturation (room air) and 0% (assumed) (R0 and R1) (figure 10). 

The experimental medium used was standard mitochondrial medium (MIR05) 

(Oroboros instruments®. Innsbruck. Austria). The solubility of this medium relative 

to water is a factor of 0.92 at 37ºC and the PO2 at standard barometric pressure 

(100kPa) is 19.63 and O2 concentration is 190.7 µM (Rasmussen 2003; Gnaiger et 

al. 2012). Consequently, an experimental plot was selected after O2 signal 

stabilization (R1) reflecting full O2 saturation at room air in the experimental 

medium and plotted into the DataLab4® for O2 signal correction (figure 8). 
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Figure 07: Experimental background calibration, R1 indicates O2 saturation at atmospheric oxygen 

tension for the selected experimental medium and R0 represents the assumed zero oxygen 

concentration. The blue line indicates O2 concentration, expressed in [pmol/ml/(s*ml)]. The red 

signal indicates oxygen flux (JO2), which randomly fluctuates around zero, indicating the 

thermodynamic equilibrium between O2 and medium. The square with blue upper/lower borders 

indicates the selected plot in which the calibration will be based on. 

 
Figure 8: Descriptive diagram of the translation of mV into nmol/ml performed by the DataLab4® 

software. Oxygen (O2) solubility in the experimental medium, stirring speed and temperature are 

required as those parameters directly affect the oxygen solubility in the medium. The voltage ([mV]) 

recorded by the POS electrode is linearly translated into oxygen concentration (nmol/ml). 

 

 

R1  

R0 
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2.2.4. CORRECTION FOR O2 BACK DIFFUSION  
Instrumental background (IB) is a measurement of the effects of the oxygen back-

diffusion from building materials into the oxygraph chambers under low oxygen 

tension. Ideally, in a close system, the oxygen concentration should remain 

constant, consequently the effects of IB must be measured and corrected. 

First, an air calibration must be performed (section 2.2.4). O2 concentration and O2 

slope uncorrected are represented in the left and right Y-axis of the DataLab® 

experimental template (figure 9). “Slope uncorrected” represents the negative 

slope of oxygen over time. After air calibration is performed the system is closed 

using appropriated stoppers in order to seal the chambers. Further, O2 will start 

deviating from full saturation as a function of O2 consumption by the POS and 

oxygen diffusion into the chambers and the IB can be calculated. 

Further, chambers are re-opened and nitrogen (50ml) is injected into the 

experimental medium through the titration cannula, “flushing” oxygen out of the 

chambers (figure 12), later the system is closed once more. This procedure allow 

for the creation of different oxygen concentration levels in the chambers, and by 

comparing the POS O2 consumption and instrumental O2 back-diffusion in the 

different O2 levels the IB can be calculated as a liner function of O2 consumption 

for later correction (figure 13). O2 consumption as JO2 [pmol*s-1*] cm-3 can be 

calculated as follows; 

Jv,O2= -1000*dcO2/dt - (aº + bº * CO2) 

 
CO2 (micro molar or nmol*cm-3) is acquired from the recorded O2 signal. Time (t), 

dCO2 /dt represent the time derivative of O2 concentration, and the equation in 

parentheses represent the background oxygen flux (Gnaiger et al. 2008). 

Moreover, the calibration of the time constant for signal correction (t) should be 

used for POS response delay correction (deconvolution). This is due to the fact 

that the POS is not in direct contact with experimental medium, thus O2 is 

corrected only after O2 diffusion through the membrane has taken place. The time 

response changes accordingly to the PO2 and is influenced by the thickness of the 

electrode membrane, temperature, salt concentration and stirring speed (Reck et 

al. 2010). 
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Figure 9: Oxygen background consumption under different oxygen concentrations is measured; red 

rectangles marks represent the calculated oxygen flux (JO2) for each oxygen level. Later, the 

values are plotted in the equation describe above in order to calculate a linear JO2 as a liner 

function of oxygen consumption by the polarograph oxygen sensor (POS). 

  

The time constant t is defined as the time required until the oxygen signal reaches 

63% of full air saturation. The differences between the recorded drop in the 

polarograph signal is described by the following equation; 

 

PO2(t)= A+(B-A)*e-(t-t0/t) 
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Whereas the PO2 refers to the experimental data, t is the data interval in which the 

signal decreases until 63% of full air saturation. e-(t-t0/t) represents the signal 

response between the different time points (stirrer on and off). 

Based on the difference observed under different time points, deconvolution 

should be calculated applying the following equation; 

 

PO2(t)=A+(B-A)*e-1=A+(A-B)*0.37 

 
2.2.5. CELL CULTURES  

The cell line derived from murine alveolar macrophages (AMJ2-C11) was cultured 

at 37ºC in standard medium (DMEM Gibco, Invitrogen Corp. Carlsbad. USA) and 

supplemented with 10% fetal calf serum, 1% non-essential amino acids, 1% 

glutamine and 0.5% gentamicin at atmosphere containing 95% room air and 5% 

CO2 for 36-48 hours prior to the experiments. 

Trypan blue exclusion test was used to determinate the number of viable cells in 

the cell suspension. This dye exclusion test is based on the capacity of cellular 

membranes to rebuff certain substances, as trypan blue. Therefore, viable cells 

will present a clear cytoplasm whereas dead cells will present a colored cytoplasm. 

This test is well described and used in biological experiments using cell lines 

(Strober 2001). In order to count the cells, 20 µl of trypan blue was mixed with 10 

µl of a sample of the cellular suspension placed in the oxygraph. The resulting 

homogenate was placed in a Neubauer counting chamber and observed under the 

microscope. Cells that presented a clear cytoplasm were counted as live cells and 

cells presenting colored cytoplasm were counted as dead cells.        

The total number of cells per ml is obtained by multiplying the number of counted 

living cells by the dilution factor. This can be expressed as; Cells/ml = counted live 

cells X dilution factor X 104 (Shapiro 1988; Strober 2001). The amount of cells in 

each experiment varied from 0.5 to 1*106/ml. This test was performed before each 

experiment. 
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2.2.6. CALCULATION OF THE OXYGEN KINETICS  
Oxygen kinetics describes the dependency of mitochondrial respiration on oxygen. 

According to Scandurra and others (2010), two parameters should be observed: 

oxygen concentration at maximum mitochondrial flux (JO2) and oxygen 

concentration at 50% of mitochondrial flux (PO250%). In order to acquire such 

values, anoxic transitions (dull range between normoxia and anoxia) should be 

performed. Anoxic transitions were done in cells at routine respiration (coupled), 

which is a state of physiological coupling, controlled by cellular energy demand 

according with previous published methods (Gnaiger 2001; Scandurra and 

Gnaiger 2010). PO250% was defined in order to establish cellular specific 

thresholds of mitochondrial JO2 in which further experiments should be performed, 
in this case the oxygen concentration representing 70%, 90 and 95% of 

mitochondrial JO2 where selected. 

Furtherance, the anoxic transitions were measured by harvesting cultured murine 

alveolar macrophages (AMJ2-C11) (LAM) from cell culture flasks and transferred 

into a 10ml plastic tube. Cells were then spun at 1000 rpm form 3 minutes (min.) 

and re-suspended in 10 ml of Dulbecco´s phosphate buffered saline (DPBS) for 

washing of the remained culture medium. Cells were then spun (1000 rpm, 3 min.) 

again and re-suspended into 10 ml of experimental medium MiR05 (standard 

mitochondrial medium Oroboros®) for the measurement. The experiments started 

by filling 2 ml of cell suspension (± 0.5 to 1*106 cells per ml) into the oxygraph 

chambers. A small sample (10 µl) was taken for cell counting and the chambers 

were manually closed with the appropriated stoppers. The cell suspension was 

continuously stirred at 500 rpm throughout the experiment. No external substrates 

were added. Moreover, All data monitoring and recording, as well as the derived 

oxygen flux over time normalized by the amount of cells at rates of 0.5-1 Hz was 

performed by the DataLab®. 

As can be seen in figure 15, with time cells consumed the oxygen available in the 

chamber until oxygen and mitochondrial respiration dropped to zero. Later the 

chambers were re-opened and the above-described procedure re-done, yielding 

three anoxic transitions per experiment. Values from the five runs were averaged 

for the oxygen kinetics calculation. 
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Oxygen kinetics describes the oxygen dependency of mitochondrial respiration 

(Scandurra and Gnaiger 2010). Hence, in order to measure mitochondrial 

metabolism under physiologic cellular “normoxia”, evaluation of oxygen kinetics is 

required. This procedure should be performed for each cell type and experimental 

setup in order to acquire the individual oxygen dependence of the respective cell 

line (Gnaiger 1995; Scandurra and Gnaiger 2010). 

 

  
Figure 10: Experimental example of murine alveolar macrophages (LAM) anoxic transition. The 

blue shadow represents the selected areas for the oxygen kinetics calculation. The thin blue line 

exhibits the oxygen concentration ([nmol/ml]). In parallel, the red thin line represent mitochondrial 

oxygen flux (JO2) (pmol/s*million cells), which decreases accordingly to oxygen availability. 

 

Mitochondrial oxygen consumption is measured as a hyperbolic function of PO2, 

where JO2 is the rate relative to the maximum flux (JMAX) observed at kinetic 

oxygen saturation (Gnaiger et al. 2000). Therefore, mitochondrial respiration (JO2) 

is controlled by diffusion gradients within extra-cellular medium into the intra-

cellular compartment, which varies according to cell size, cell shape, mitochondrial 

distribution, mitochondrial content and metabolic state and can be described by 

the following equation; 

JO2=(Jmax x PO2) / (P50 + PO2)  
 

At half-maximum JO2, gradients of O2 are 50% of their maximum unlimited flux, 

consequently, named JO250% (Scandurra and Gnaiger 2010). Accordingly, a 

hyperbolic fit is calculated to yield the partial pressure of oxygen at half-maximum 

mitochondrial flux related to the maximum kinetic oxygen range.  
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Later, in favor of a better fitting, the smoothing algorithm Savitzky-Golay was 

applied to the raw data acquired during the anoxic transitions, the equation is 

defined as follows; 

 

 yt = (-2xt-3 + 3xt-2 + 6xt-1 + 7xt + 6xt+1 + 3xt+2 - 2xt+3) / 21 
 

The purpose behind the use of this smoothing algorithm was to improve the signal-

to-noise ratio without greatly distorting the original data. This methodology is well 

described and provides a strong and reliable tool for data analysis (Savitzky and 

Golay 1964; Schafer 2011; Minasny et al. 2011; Klenzing et al. 2012). In this 

method each position of the smoothed output value is identical to a fixed linear 

combination of the local set of input samples within the approximation interval, and 

are effectively combined by a fixed set of weighting coefficients, that can be 

computed once for a given polynomial order and approximation interval of length, 

achieving local polynomial fitting for every output sample (Savitzy and Golay 

1964). 

Further, on, the data was fitted into the Levenberg-Marquardt algorithm in order to 

acquire mathematical polynomial functions describing oxygen flux as a function of 

O2. The Levenberg-Marquardt algorithm is a standard technique used to solve 

non-linear least squares problems. Least square problems arise when fitting a 

parameterized function to a set of measure data points by minimizing the sum of 

the squares of the errors between the data points and the presented function 

(Levenberg 1944). The described algorithm merges a gradient-descent method 

and the Gauss-Newton method. In the gradient descent method, the sum of the 

square errors is reduced by updating the parameters in the direction of the 

greatest reduction of the least squares objective. In the Gauss-Newton method, 

the sum of the squared errors is reduced by assuming that the least square 

function is locally quadratic (Gill and Murray 1978).  
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2.2.7. CLOSED LOOP CONTROL OF OXYGEN CONCENTRATION 
The experiments were performed in order to maintain cells to constant steady-

state pre-defined oxygen concentrations in the oxygraph chambers and later to 

quantify the effects of sulfide titration under these constant conditions (n=5 for 

each experimental group). 

The development of the poposed experimental setup was based on the work of 

Gröger and others (2012). The authors reported the inhibition of mitochondrial 

respiration after sulfide titration (0,01μl/sec.) in two diffent cell lines (AMJ2-C11 

and RAW 264.7) using high-resolution respirometry (fidure 11). Forasmuch, the 

same principle of mitochondrial inhibition was applied, albeit different oxygen 

conditions were implemented in order to assess the oxygen dependency of sulfide 

metabolism.  

 
Figure 11: Experimental tracing adapted from Gröger and others (2012) showing the inhibition of 

mitochondrial activity in two different cell lines (AMJ2-C11 and RAW 264.7). Mitochondrial 

respiration is reported as % of maximum mitochondrial activity, followed by 50% and 90% inhibition 

after sulfide titration (0.01μl/sec). Sulfide (H2S) is reported as total amount given.   
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The experiments was started as previously described (section 3.6). However, 5 µM 

of catalase was added into each chamber of the oxygraph containing the cell 

suspension. After the closure of the oxygraph chambers the tip of a 500 µl gas 

tight syringe (Hamilton-Bonaduz, Switzerland) filled with experimental medium (20 

mM of H2O2) and coupled to the titration injection micro-pump (TIP-2K, Oroboros 

instruments®. Innsbruck, Austria) was placed inside the chambers through the 

stopper titration cannula (figure 16). The titration injection micro-pump was then 

programmed through the DataLab® software to start the closed loop titration task. 

This tool allowed the controlling of the micro-pump to inject experimental medium 

once a set oxygen concentration is reached and to stop the titration once O2 

overpass the set point (figure 11). The maintenance of the different pre-

established levels of steady-state oxygen concentrations within the oxygraph 

chambers was achieved by titrating cycles of 50-100 nl of the H2O2 solution 

(20mM) into the catalase-enriched medium. 

 
Figure 12: TIP-2K DataLab® software control setup was set to start pump titration (pump cycles, 

volume and flow varies according with the selected oxygen concentration), when oxygen 

concentration (O2) concentration reached the lower set value and to stop titration when the O2 

concentration reached the upper set limit. This tool allowed the controlling of the micro-pump to 

inject experimental medium and the maintenance of oxygen concentration in very strict level. 

 

Then, the cells in the medium consumed oxygen available in the oxygraph 

chambers until the desired O2 concentration was achieved. Accordingly, the O2 

was maintained using the method described above (figure 12). An original tracing 

of the proposed method is exemplified in figure 13. 
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Figure 13: The plot show an original recording of the maintenance of steady-state [O2] using 

LAM´s. The methodology used to calculate mitochondrial oxygen flux (JO2) in terms of decay of 

oxygen concentration ([O2]) (blue shadow) over time corresponds to the standard in high-resolution 

respirometry. In order to restore [O2] once felled below the set lower limit, due to mitochondrial 

consumption, the micro-titration pump titrated (50-100 nl) of a solution of H2O2 (20mM), thus re-

increasing [O2].  

 

Experiments were performed on intact cells under normal coupled (routine) 

respiration and under uncoupled respiration (n=5). The latter condition was 

achieved by sequentially injecting 2.5 µM oligomycine (2.5 µM) to inhibit the ATP-

synthase, and 1 – 1.5 µM of the uncoupler p-trifluoromethoxy-carbonyl-cyanide 

phenylhydrazone (FCCP). FCCP is an ionophore (ion carrier) and acts by 

transporting hydrogen ions through the mitochondrial membrane before they can 

be used for energy production, creating a state where the ETS is not coupled 

(uncoupled) to energy production. Mitochondrial uncoupling produces an electron-

proton gradient dissipation before it is used to produce ATP; proton-pumps will try 

to compensate increasing proton pumping. This continuous compensation of the 

gradient dissipation will induce a state of maximum respiratory mitochondrial 

capacity, as the mitochondrial respiration is no longer limited by ATP production 

yielding an estimate of the ETS maximum capacity (Steinlechner-Maran et al. 

1996; Gnaiger 2009). 
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The reason to test both cellular coupling states was to exclude the influence of the 

added sulfide on ATP-consuming processes (protein synthesis, sodium and 

calcium cycling) and ADP availability, which may indirectly modify the level of 

cellular respiration independent from any effect on cytochrome-c oxidase. 

Regardless of the coupling state, in both cases the cells were intact, and cell 

respiration was therefore sustained by endogenous substrates without the need for 

exogenous supplementation. 

The maintenance of the different oxygen concentrations was performed in 

accordance with the instructions proposed by Fasching and others (2011). 

Nevertheless, the approach applied is a further development that allowed for the 

maintenance of steady-state O2 concentrations in the oxygraph chambers for long 

periods of time, requiring minimal fluid titration. 

One of the main challenges encountered through the development of this new 

technique as the definition of the ideal dilution of H2O2 and volume per titration 

cycle, as the proposed methodology (Gnaiger et al. 2012). After several dilution 

trials, the titration of 50-100 nl (depending on the desired [O2] and metabolic state) 

of a 20 mM H2O2 solution reached ideal results, achieving low volume per cycle 

and small and controlled increases in O2 concentrations, and was applied 

throughout the complete experimental series. 

In order to ensure cellular stability under the different [O2] over time and exclude 

any cellular degradation effects mitochondrial activity, control experiments were 

performed for each [O2] (95%, 90% and 70% of JO2) and metabolic condition 

(coupled and uncoupled). In all different groups, the maintenance of the different 

oxygen conditions was performed for at least 40 minutes. 

 
2.2.8. MITOCHONDRIAL RESPIRATION UNDER SULFIDE INJECTION 

The objective of the experiments was to the quantify oxygen dependence of sulfide 

metabolism (n=5). Accordingly, sulfide titration was performed in different [O2] 

(based on cellular oxygen kinetics), representing 95%, 90% and 70% of 

mitochondrial JO2 at routine respiration and FCCP-uncoupled state (5-8 

experiments for each O2 concentration and metabolic condition). 



MATERIALS AND METHODS 

43 

The different steady-state [O2] was achieved by the H2O2-catalase method 

describe in section 3.8. After the establishment of the proposed [O2], a 500 µl gas 

tight syringe (Hamilton-Bonaduz. Switzerland) containing sulfide (2nM) couple to 

micro-dialysis titration pump (AB. Solna, Sweden) was introduced into the 

oxygraph chamber through the stopper titration cannula, in concomitance with the 

syringe containing the H2O2 solution (figure 14). After a short stabilization period 

(2-5 min.), the titration of sulfide (0.01 µl/sec.) was performed and maintained until 

mitochondria respiration was fully inhibited or for at least 40 minutes. 

In further experiments, the addition of 2.5 µM of oligomycin and 1-1.5 µM of the 

chemical uncoupler carbonyl cyanide p-trifluoro-methoxyphenyl hydrazine (FCCP) 

was performed in order to achieve the uncoupled mitochondrial state, where the 

control exerted by ATP production over mitochondrial function, which can indirectly 

modify the level of cellular respiration independent from the effects on COX, is 

removed. In that manner the direct effect of sulfide over the ETS full capacity was 

measured under different [O2]. Regardless of the coupling state, in both cases the 

cells were intact, and cellular respiration was therefore sustained by endogenous 

substrates without supplementation. 

Each sulfide titration experiment was quantified in terms of amount of sulfide given 

and in terms of mean duration of sulfide titration required to reduce JO2 to 50% of 

its value preceding sulfide addition. 

 

 

 

 

 

 

 

 

 

 

 
 
 



MATERIALS AND METHODS 

44 

 
 
 
Figure 14: Picture “A” shows the standard procedure during the closed loop titration task, whereas 
just one syringe is couple to the titration pump (arrow). On the right hand, picture “B” displays the 
combined loop titration method, where two syringes are introduced into the oxygraph chambers 
through the stopper titration cannula in order to maintain oxygen concentration and titrate sulfide at 
the same time (arrow). 
 

 

2.2.9. DATA ANALYSIS 
In this project respiratory flux curves generated under different oxygen availability 

and cumulative sulfide values are analyzed as the time required to inhibit 50% JO2 

in the different metabolic states (coupled and uncoupled).  

Different experimental data were collected at the same oxygen concentration 

values grouped and averaged. Specific features of a resulting mean response 

curves, such like cumulative sulfide values, which give half maximal respiratory 
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fluxes where then determined and these values are used for inter group 

comparison. 

Simple accessible theoretical models cannot describe the shape of the response 

curves. The curves are noisy, at least for low cumulative sulfide values and exhibit 

variability in their pattern. Hence, the corresponding statistical evaluation imposes 

several challenges: 

i) A mathematical approach has to be used to describe the response in the 

respiratory flux as a function of the cumulative sulfide supply in a flexible manor, 

which can cover the various observed patterns.  

ii) The 'quality' of measurement runs varies. Some have low measurement 

discrepancies and clearly depict a sigmoidal decay curve, whereas in other runs 

measurement artifacts mask such a pattern. Typically a group consists of 2-3 

perfect runs and about the same number of runs with medium or poor quality. 

When assessing the mean response curve, high quality runs should be higher 

weighted than those with poor measurement quality. 

iii) The number of replicated runs for given oxygen concentration levels (group 

size) is limited, in the range of 5. 

A three-step solution was used for the evaluation, where in the first step the 

acceptable margin of error (measurement quality) was assessed for each 

individual curve. In the second step a mean response curve for each group was 

defined, where the measurement quality of the individual run is considered. In the 

third step, the confidence range for the sulfide value giving the half maximal JO2 

was measured based on the mean curve. 

An individual response curve is described with a polynomial function (equation 1) 

as follows; 

y=w0+w1 x+...+wn−1 xn−1+wn xn 
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Values predicted at the same coordinate values as the corresponding 

measurements can be described with a vector, and this prediction vector can be 

expressed, in a 'matrix version' of equation (1) as; 

 

y=Φw 

 

Were the matrix, which contains the polynomial elements and is the vector of the 

different polynomial coefficients. An individual measurement is described with .It is 

subject to a random measurement error, which is unknown in the present case. 

However, one can assume that the individual errors are uncorrelated and a 

function of the underlying signal.  

Hence, theoretical values are linked with measurements by measurement errors 

using the following equation (2); 

 

εi=β0+β1 yi;   ti=yi+εi 

 

The variance of the measurements is covered by the matrix, which has as 

diagonal elements. As the coefficients vary from one experiment to the other, for 

each group a mean coefficient vector is defined and describes the deviation of the 

coefficients for a run with index j from these mean values. . This is considered to 
be a random vector, with zero mean and a covariance Ω, the predicted curve for 

the j-th run is (equation 3); 

 

yj=Φ(w̄−δwj)=Φw̄−Φδwj 

 

Considering the potential acceptable margin of errors, one obtains the 

measurement vector (pertaining the j-th run) and using equation (4); 

 

tj=Φw̄−Φδwj+εj 
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Equation 4 covers two modes of random fluctuations, the measurement error and 

the intra-group variability of the coefficients. As the latter is considered to act on a 

higher level, these equations can be treated as a 'Hierarchical Model'.  With a 

complete solution of such model, the response values have to be fitted to the 

corresponding measurements, in which   the differences between prediction and 

measurement are weighted against the corresponding measurement error and 

random deviation of coefficients. 

This is weighted against their variance. Therefore, the intra-group mean 

coefficients and their variability, expressed as the covariance of the coefficients 

have to be determined in parallel. Hence, the random measurement error is 

determined for each single response curve prior to the determination of the mean 

coefficient values and the intra-group variability of the coefficients. 

First step, for characterization of quality of an individual run a 'marginalized 

coefficient' approach is used, which is based on the following principle. A valid 

description of a general curve with multiple bends or sharp edges requires 

polynomial order of 10-15. Higher order polynomial tend to fit well to measured 

data, however, they may exhibit a poor interpolation between the measurements 

points. This may result in an erratic over- or undershooting. Such an over- or 

undershooting is linked to large absolute values of the polynomial coefficients, and 

consequently can be avoided by restraining the size of these coefficients. Such a 

restraining leads to a ridge-regression (Hastie et al. 2003). An automatic 

assessment of a corresponding restraining coefficient is defined by Bishop in 

2007. He also provides an extension to determine the random measurement error 

together with the restraining coefficient. A corresponding implementation is used to 

assess the random measurement error and an optimal correspondence of a 

polynomial to a measured response curve. It gives the most likely response curves 

and differences between this curve and the measurements are defined as 

measurement errors. 

Second step, definition of the mean response curves for a group. Starting point for 

a corresponding determination is equation 4, which predicts for each application a 

vector of response values. To determine the full covariance for 10 polynomial 

coefficients, at least 10 replicate response curves are necessary, which are not 
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available for all groups. However, Vogt and colleagues (2011) applied a 

“Hierarchical Model” to general calibration curves, using polynomial functions in 

one or two dimensions. With a number of replications at least as big as the number 

unknown coefficients it was shown that the individual coefficients of a polynomial 

do not vary independently, but their fluctuations are linked to each other: The 

variation is confined on some directions of variability. For higher order polynomials 

only 4-5 independent directions or components of variance could be identified. 

This result is not surprising, as only a limited number of technical processes lead 

to the observed variability in the coefficients.  As a consequence, the number of 

unknown parameters, which describe the between run variability is dramatically 

reduced. 

This approach can be applied to the response curves pertaining to respiratory flux 

data. Here all curves for one group are used, the measurement error for a specific 

application is considered and the combined data are used to assess the mean set 

of coefficients and their intra-run variances determined. The rank (or dimension of 

subspace) of should equal at least the number replicates in the group. For 5 

replicates only a rank of 3-4 could be established, indicating that the coefficient 

vary in a significantly reduced subspace. With established subspace reduction, a 

limited number of replicate run suffices to assess the between run variability.  

Vogt and others (2011) also showed that confining the variability of the coefficients 

to a subspace leads to a smooth curve, similar to a ridge-regression, avoiding 

spurious overshooting or undershooting of the predicted response. Therefore, the 

above-described approach was tested using a minor modification (instead of a 

least square norm, the log-likelihood of a conditional probability is used as an 

objective function for a minimization algorithm). 

Third step, confidence range for the sulfide value leading to half maximal flux rates 

was determined. The approach outlined for the second step provides mean 

polynomial coefficients and their covariance. From this coefficients a mean curve 

and the 95% confidence range for the curve can be deduced.  
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For such a curve one can estimate the maximal and minimal flux and use these 

values to assess the half maximal flux as; 

 

Half maximal flux = Maximal flux - Minimal flux /2 

 

The corresponding sulfide value can be obtained from a table of interpolated flux 

and sulfide values. The confidence range for the sulfide value, which gives the half 

maximal flux, could theoretically be obtained from the intersection of a horizontal 

line through half maximal value with the boundary of the confidence range for the 

mean curve. This however holds only for an exactly defined half maximal flux 

value. However, as maximal and minimal flux values can only be estimated with a 

certain level of confidence, the half maximal flux value can also be assessed only 

within the same level of confidence. The result is that the confidence range for the 

sulfide value is not easy to assess.  

Therefore the 'Jackknife' approach was used, which applied on the present 

situation works as follows: With n-replicate response curves, there a n-different 

possibilities to generate a set of curves, where one curve is omitted.  

For each of the reduced sets, one can estimate with the approach defined in step 
2 a half maximal flux value, defined as hj . With n-replicate response curves, there 

are n-different possibilities to generate a set of curves, where one curve is omitted 

For each of the reduced sets, one can estimate, using the approach defined in 

step 2, an half maximal flux value, defined as. Following Efron and others (2003)  it 

can be used to define auxiliary variables; 

 

δhj=nh−(n−1)hj 

The variability reflects at some extent the variability of the half maximal value due 

to the different curve shapes. Mean value, standard deviation and 95% confidence 

range and provide a more robust and less variable estimate of the corresponding 

properties of the half maximal value. The confidence ranges reported for the 

project are derived in this way. 
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Oxygen concentration was measured continuously and used for all calculation 

described, only the oxygen decay fluxes were taken into account (figure 12). All 

data originated by oxygen maintenance artifacts were excluded. 

Oxygen concentration was measured continuously and used for all calculation 

described. The different time required by sulfide titration to achieve mitochondrial 

JO2 inhibition by 50% ate each experimental condition was tested for statistical 

significance by means of the signed rank ANOVA, when significant, by pairwise 

multiple comparison procedures using Dunn´s test. Statistical significance was 

assumed with p<0.05. 
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3. RESULTS 

Figure 15 shows an original tracing of two experiments performed in intact LAM´s 

at FCCP-induced uncouple state. Later, rotenone (0.5 µM) was added in order to 

inhibit mitochondrial complex I. Then a sequential titration of sulfide (4 µM boluses) 

was performed. The first bolus at [O2] of 4.9 µM in experiment A and 3.4 µM in 

experiment B inducing a pronounced response (increase in oxygen flux), 

supposedly allowed by the presence of oxygen. The second bolus was performed 

at [O2] of 1.6 µM in experiment A and 1.1 µM in experiment Band induced a much 

lower increase in oxygen flux, apparently in virtue of the lack of O2 sulfide could not 

be metabolised. In order to exclude that residual inhibition of cytochrome-c 

oxidase was responsible for the week response to the second bolus, the medium 

was manually re-oxygenated. O2 concentration was increased to 3.8 µM in 

experiment A and 5.3 µM in experiment B. After the re-oxygenation, mitochondrial 

oxygen flux (JO2), apparently supported by sulfide degradation, immediately 

increased to values approaching those after the first bolus. This suggests that the 

weak reaction after the second bolus was due to the lack of O2, in spite of 

sufficient amount of sulfide available as substrate. In experiment B, mitochondrial 

complex III inhibitor antimycin A was added after re-oxygenation in order to show 

that after mitochondrial inhibition, JO2 comes back to values preceding sulfide 

addition.   
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Figure 15: Original tracing of two experiments conducted in order to show the effects of the 

decreasing [O2] on sulfide turnover (metabolism). Black line (right Y-axis) indicates JO2 [pmol(s*107 

cells) while the gray line (left Y-axis) indicates [O2] (nmol/ml). In intact FCCP induced uncouple 

cells, mitochondrial complex I was inhibited rotenone. Later several boluses of sulfide (arrows) 

were given in order to stimulate mitochondrial respiration through the SQR pathway. First sulfide (4 

µM) bolus was given while [O2] was not a limiting factor for mitochondrial sulfide metabolism. 

Hence, sulfide is degraded and electrons are given to the ETS through the SQR pathway. The 

second sulfide (4 µM) bolus was titrated alongside limiting [O2], impairing sulfide metabolism. This 

becomes clear after re-oxygenating the chamber; Sulfide can be metabolized once more, inducing 

an increase in JO2. In figure B, antimycine A (complex III inhibitor) was given after a sulfide bolus 

and reoxigenation, showing that after ETS block the oxidation of sulfide is impaired 

 

Due to the possible effects that the introduction of a secondary syringe may have 

on the chamber oxygen tightness due to oxygen leakage, the stability of the 

oxygen signal after the introduction of the secondary titration syringe was tested. 

As shown on figure 16, [O2] is not disturbed after the introduction and maintenance 

of a secondary titration syringe.  

In order to exclude a possible response of the oxygen sensor to sulfide, 

experiments were performed adding sulfide under anoxic conditions. As shown in 

figure 17, no effects of sulfide (2nM) titration (0.01µl/sec.) on the oxygen sensor 

can be noted.  
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Figure 16: Original recording of a control experiment done in order to test the possible interference 

in the oxygen signal by the introduction of a secondary titration syringe (blue mark). Experimental 

zero oxygen concentration ([O2]) was achieved by allowing the cells to consume all oxygen 

available in the oxygraph chambers. Later the secondary syringe was introduced and the effect 

over [O2] was observed for at least 20 minutes. 

 

 

 
Figure 17: Original recording of the titration of sulfide at anoxic conditions. Cells were allowed to 

consume the remaining oxygen in the oxygraph chamber. Later, sulfide was added (2nM at 0.01 

µl/sec.) for at least 20 min. No alterations in the oxygen signal could be observed (blue shadow). 
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Figure 18: Original recording of an “anoxic transition”. Cells at routine respiration represented by 

the red line (mitochondrial oxygen flux) passing through the full range between normoxia and 

anoxia (blue shadow). Blue line represents oxygen concentration (pmol/ml). Accordingly, the 

oxygen dependency (i.e oxygen kinetics) was calculated using Savitzky-Golay algorithm and later 

the Levenberg-Marquardt solution. 

 

Oxygen kinetics (mitochondrial oxygen dependency) is required in order to define 

PO2 50% for AMJ2-C11 at routine respiration. Experiments describing the oxygen 

dependence of mitochondrial respiration of the cell line AMJ2-C11 were performed 

(n=5) based on previous work by Gnaiger 2001. Cellular JO2 was recorded 

throughout the full range between normoxia and anoxia (figure 18). Accordingly, 

oxygen kinetics was calculated applying first the Savitzky-Golay algorithm in favor 

of a better fitting and later Levenberg-Marquardt solution (section 2.2.6). JO2max 

was defined as 103.2 (±1.7) [pmol/*s 10-6 cells] and PO2 50% was defined as 

0.033 (±0.005) kPa (figure 20). 
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Figure 19: Experimental example of single anoxic transition after analysis. Blue dots represent 

original data points, red dots represent the average values obtained by the Savitzky-Golay 

algorithm and later the Levenberg-Marquardt solution. For the figure in the left, maximum 

mitochondrial oxygen flux (JO2MAX) = 101.7 pmol/(s*10*6cells) and the pressure of oxygen where 

the mitochondrial respiration was at 50% of the maximum (PO250%)= 0.036 kPa. For the figure in 

the right, JO2MAX = 105.9 pmol/(s*10*6cells) and the PO250% = 0.037 kPa. 

 

Based on the PO250% of mitochondrial JO2MAX three oxygen concentrations were 

chosen in order to reflect 95%, 90% and 70% of routine mitochondrial JO2MAX. 

Thereupon, the selected [O2] values are; 6 µM (0.8 kPa) reflecting 95% JO2MAX, 3 

µM (0.4 kPa) reflecting 90% of JO2MAX and 0.7 µM (0.08 kPa) reflecting the JO2MAX 

at 70%.  
The maintenance of pre-defined oxygen concentration levels was achieved by 

previously described method (section 2.2.7) and conserved within three predefined 

concentration ranges yielding mean values of 6.2 (±0.2) µM, 3.1 (±0.2) µM, and 

0.73 (±0.04) µM, and oscillating between average minima of 5.8 (±0.1) µM,2.7 

(±0.3) µM, and 0.62 (±0.05) µM, and average maxima of 6.5 (±0.5) µM, 3.3 (±0.4) 

µM, and 0.82 (±0.05) µM, respectively (figure 24, 25 and 26).  
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Figure 20: Plot representing the average values of the “anoxic transition” experiments (n=10).  

Black dot represent data collected from each individual experiment. Accordingly, maximum 

mitochondrial oxygen flux (JO2MAX)= 103 (±1.7) [pmol/s*10*6] and the oxygen concentration at 50% 

of JO2max was 0.33 (±0.005) kPa. Accordingly, the oxygen concentrations selected to perform 

further experiments are exemplified and reflected 95%, 90% and 70% of mitochondrial JO2MAX. 

 

In the control group, cells were maintained at the specified [O2] and metabolic 

condition for a minimum of 40 minutes. Later the experiments were divided in four 

segments of 10 minutes; the JO2 of each part was then compared by means of the 

signed ANOVA on ranks, when significant, by pairwise multiple comparison 

procedures using Dunn´s test. Statistical significance was assumed with p<0.05. 

At 6.0 nmol/ml [O2] JO2 was maintained at average of 29.2(28;30.2) [pmol/(s*106)], 

at 3.0 nmol/ml [O2] JO2 was maintained at average of 27.2(26;29.2) [pmol/(s*106)] 

and at 0.7 nmol/ml [O2] JO2 was maintained at average of 24(23.5;24.6) 

[pmol/(s*106)]. The differences in the median values among the different 

experimental segments show no statistically significant difference (P>0.05).  

After defining the [O2] reflecting the chosen JO2MAX percentages (95%, 90%, 70%), 

ensuring experimental reproducibility and cell viability over time, oxygen 

dependency of sulfide metabolism was tested. Sulfide titration rate (2mM at 0.01 

µl/sec.) was chosen in order to estimate cellular metabolic capacity under the 

different [O2], accordingly with previous published experiment (Gröger et al. 2012). 
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Figure 21: Maintenance the selected 70% JO2MAX [O2] yielded mean values of 0.73 (±0.04) µM, 

oscillating between average minima of 0.62 (±0.05) µM, and average maxima of 0.82 (±0.05) µM, 

respectively. Blue line is a representation of the [O2] in µM. 

 

 
Figure 22: Maintenance of the selected 90% JO2MAX resulted in a mean [O2] of 3.1 ± 0.2 µM. 

Oscillating between average maxima of 3.3(±0.4) µM and average minima of 2.7(±0.3) µM. Blue 

line is a representation of the [O2] in µM. 

 

 
Figure 23: Maintenance of the selected 95% of JO2MAX produced a mean value [O2] of 6.2(±0.2) µM. 

Oscillating between average maxima of 6.5(±0.5) µM and average minima of 5.8(±0.1) µM. Blue 

line is a representation of the [O2] in µM. 
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Due to the lack of suitable methods for the measurement of sulfide concentration 

within the oxygraph chambers, each sulfide titration experiment was quantified in 

terms of amount of sulfide given and mean duration of the sulfide titration required 

to reduce the JO2 to 50% of its value preceding the addition of sulfide. Since the 

titration rate was constant, both values (sulfide concentration and titration time) 

should correspond.  

Forasmuch, the results are reported in minutes taken to achieve 50% of the JO2 

previous to the sulfide. For each specific oxygen concentration and cell respiration 

state, 5 experiments were performed order to obtain average results for 

mathematical and statistical calculations.  

At 95% of JO2MAX in cells at routine respiration, similar titration curves were 

obtained to those previously reported without regulation of oxygen concentration 

(Gröger et al. 2012), thus validating the model.  

Under the average oxygen concentration in the respiration medium of 6.21 ± 0.22 

µM (0.8 kPa), the mitochondrial respiratory activity was close to 95% of the 

JO2MAX. A tenfold reduction of the [O2] down to 0.73 ± 0.04 µM (0.08 kPa) led to a 

decrease of the routine respiratory activity approximating 70% of the JO2MAX, and, 

simultaneously, to a quick decline in the time and amount of sulfide given required 

to reduce aerobic respiration to 50% under the continuous sulfide titration (53.4 

[47.6;55.9]) min. at the higher O2 concentration compared to 17.9 (2,8;24.6) min. 

at lower [O2] concentration. In the uncoupled condition, and 42.4 (27.5;42.4) min. 

at high oxygen compared to 3.5 (0.3;3.5) min. at low oxygen in the coupled state, 

p<0.05). The intermediate concentration of 3.1 (±0.25) µM reduced routine 

respiratory activity 90% of the JO2MAX, and aerobic respiration decreased to 50% 

with an average time for sulfide titration of 34.0 (26.7;50.3) min. in the uncoupled 

condition and 24.6 (15.5;28.1) min in the coupled. At 95% and 70% of JO2 the 

average time to achieve a 50% decrease in aerobic respiration was statistically 

significantly lower in the coupled state in comparison to the uncoupled (p<0.05). At 

90% of JO2MAX the difference between the two states was not statistically 

significant. All time related results are represented in figure 23. 
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Figure 24: The plots show the mitochondrial oxygen flux (JO2) on Y-Axis versus time on the X-Axis 

under continuous sulfide titration, the oxygen concentrations are decreasing from the top to the 

bottom. Note that the JO2 declines over the course of the sulfide exposure, but that this decline is 

more pronounced at lowest oxygen concentration (bottom diagrams). Moreover, the left plots show 

the average results in the coupled state, whereas the plots on the right relate to the uncoupled 

condition. The plotted curves show the average results of 5–8 experiments performed under each 

condition, and the 95% confidence intervals calculated based on the methods described in section 

3. 
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Figure 25: Curves representing the cumulative values of sulfide at the different oxygen 

concentrations ([O2]) at couple state. The Y-axis represents the mitochondrial oxygen flux (JO2). 

The graphic clearly shows the strong oxygen dependency of sulfide metabolism at the couple state. 

Whereas at the higher [O2] cells are apparently better prepare to metabolize sulfide. Interestingly, 

the ample difference between the higher and the middle [O2] could indicate a high sensitivity of this 

mechanism to variations in [O2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Comparison between the cumulative values of sulfide (nmol/ml) of cells in couple and in 

uncoupled state. Cells in uncouple state apparently have higher metabolic capacities in regard to 

sulfide. The green bar represent the amount of sulfide needed to inhibit 50% of mitochondrial 

oxygen flux in the uncouple state, while the blue bar represent the cells in couple state. 

 



DISCUSSION 

61 

4. DISCUSSION 
Experiments were carried out in order to assess the potential role of sulfide in 

oxygen sensing mechanisms through reduced metabolic efficiency and further 

accumulation. Sulfide metabolism is O2 sensitive, and becomes inhibited even 

before hypoxia limits cellular metabolism (figure24). The concept of a finite sulfide 

eliminating capacity in cells of higher organisms was first suggested by Hagard 

(1921), who observed that the already well-known toxicity of sulfide was strongly 

dependent on application rate. Thus, he concluded that sulfide probably 

accumulates in tissues once the titration rate is higher the metabolic capacity. 

More recently, the corresponding biochemical processes leading to the elimination 

of sulfide was detected in non-vertebrates as well as in mammalian species 

including humans (Völkel and Grieshaber 1996; Lagoutte et al. 2010). sulfide is 

metabolized by the mitochondria via the sulfide oxidation unity and is catalyzed by 

the sulfide quinone oxidoreductase (SQR), which oxidizes sulfide into persulfide 

(Hildebrandt and Grieshaber 2008; Lagoutte et al. 2010). Additional experimental 

evidence further demonstrate, that the sulfide toxicity also depends on body 

temperature, suggesting that some factors modifying the activity of the biochemical 

pathways involved in the elimination of the compound may modulate the effects on 

cellular respiration (Baumgart et al. 2010; Gröger et al. 2012; Gnaiger 2001). 

Therefore in this study, the question regarding the range in which oxygen 

concentration modulates cellular capacity to degrade sulfide was addressed, 

considering the well-known fact that sulfide metabolic pathway operates under 

aerobic conditions.  

The possible activity of sulfide as an oxygen sensor was first suggested by Olson 

and others (2006). The authors reported that the exposure of the aorta and 

pulmonary vessels form different species (rat, lamprey and bovine) to sulfide 

resulted in specific hypoxic responses (pulmonary vasoconstriction and systemic 

vasodilatation). The similarity between hypoxic responses and the response 

induced by sulfide exposure was remarkable, even multi-phase reactions 

(relaxation-contraction) were identical. Additionally, hypoxic effects were 

eliminated by the pre-exposure to sulfide, and vice-versa, indicating that the 

underling mechanism share a common pathway. To further support this theory, the 
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presence of CSE mRNA was reported in the aorta and pulmonary vessels by 

different authors (Zhao et al. 2003; Wang et al. 2004; Olson et al. 2008).  

As first suggested by Olson and colleagues (2006), to be able to produce hypoxic 

responses, sulfide must accumulate during hypoxia. Since reliable methods for 

detecting sulfide concentrations in biological samples are yet not available, the 

supposed mechanism potentially leading to the accumulation of sulfide remains 

yet to be confirmed. More importantly, as suggested by Olson (2013), the 

majorities of experiments performed in order to investigate physiologic actions of 

sulfide do not consider the actual oxygen concentration and are performed in 

“hyperoxia” (atmospheric oxygen concentration) or anoxia (Olson et al. 2006; 

Lagoutte et al. 2010; Peng et al. 2010; Gröger et al. 2012).  

A major limitation of experiments performed in atmospheric oxygen concentrations 

is the fact that sulfide is readily oxidized by O2, inasmuch as the effects of auto-

oxidation cannot be separated from mitochondrial metabolism, leading to possible 

over-estimation of a given metabolic capacity (Gröger et al. 2012).  

Thus, the development of methodologies to study mitochondrial metabolism 

measured at physiologic oxygen concentrations is fundamental in consideration of 

a better translational result. 

To this end, our present experiments were carried out by adapting an experimental 

technique based on high-resolution respirometry (HHR) and the use of a micro 

titration-pump (TIP-2K, Oroboros®. Austria) as described by Fasching and others 

(2011).  

The adaptation of this technique was essential to perform experiments under very 

low oxygen concentrations (cellular normoxia) with simultaneous sulfide titration, 

allowing the quantification of sulfide effects under different O2 concentrations. This 

development may open new possibilities for hypoxia research as permits the on-

line evaluation of mitochondrial function on the edge of hypoxic states. 

The method modified is based on the closed loop task of the DataLab4® software 

described by Fasching and others (2011), and allows the maintenance of steady-

state oxygen concentrations in the oxygraph chamber based on programmed fluid 

titration (figure 14). The first modification was the introduction of the H2O2-catalase 

approach into the closed loop titration task methodology. Catalase reacts with 
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H2O2 forming water, releasing O2, therefore, increasing oxygen concentration 

within the oxygraph chambers without the need of reopening the chambers.  

The H2O2 methodology was originally proposed by Gnaiger and colleagues (2012) 

in order to fully re-oxygenate the oxygraph chambers in absence of manual re-

oxygenation, normally needed when doing experiments in tissue or cells with high 

metabolic rate. 

Both methods (closed loop task and H2O2-catalase) were merged with the 

objective of maintenance of steady-state O2 concentrations in the oxygraph 

chambers using minimal volume of fluids. The methodology was further modified 

with the introduction of a secondary titration syringe in order to titrate sulfide 

concomitantly with the [O2] maintenance.  

 

4.1.EXPERIMENTAL DEVELOPMENT 

The first step during the experimental development was the definition of the 

PO250% for cultured murine alveolar macrophages (AMJ2-C11). The experimental 

protocol for acquiring PO250% was adapted from Gnaiger (2001) and was the 

base for the calculation of the different mitochondrial JO2 in which the experiments 

were later performed. PO250% change accordingly with the COX turnover, 

metabolic state and cell type and should be defined for each experimental setup 

as different cell lines have different tolerance to hypoxia. For example, the PO2 of 

rat hepatocytes was reported to be around 0,665kPa whereas for rat myocytes the 

reported value is around 0,99kPa (Jones et al. 1978; Katz et al. 1984). These 

variations have to be taken into account, as O2 concentrations that are “normoxic” 

for one type of cells/tissue may already be hypoxic for other.  

In order to define PO250% for murine alveolar macrophages (AMJ2-C11) several 

“anoxic transitions” (full range between normoxia and anoxia) were performed at 

routine respiration (state of physiological coupling controlled by cellular energy 

demand) (Scandurra et al. 2010). Oxygen kinetics was then calculated using the 

methodology described in section 2.2.6. Based these results three oxygen 

concentrations were chosen to conduct following experiments; 6.2 ±0.22 

µM(0,8kPa), 3.1±0.25 µM(0,4kPa) and 0.73 ±0.04 µM(0,08kPa), the selected O2 

concentrations reflected the mitochondrial routine respiration at 95%, 90% and 
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70% respectively (figure 19). The values obtained at 95% (6.2 ±0,22 µM) of JO2 in 

coupled cells are similar to those previously reported without regulation of oxygen, 

thus validating the model (Gröger et al. 2012).   

The selected [O2] concentrations were specifically chosen in order to mimic 

mitochondrial respiration during normoxia (95%), light hypoxia (90%) and hypoxia 

(70%). The chosen oxygen concentrations reflect the expected transition during a 

hypoxic insult. 

To exclude any time effect over mitochondrial oxygen consumption during the set 

oxygen concentrations, experiments maintaining the oxygen concentration stable 

were performed for long periods of time (40 min.) for each oxygen concentration 

(95%, 90% and 70% of JO2) and metabolic state (coupled and uncoupled). No 

effects on mitochondrial respiration values over this time could be found in any of 

the proposed [O2] and metabolic conditions (p>00.5). 

 

 
Figure 27: Figure B shows the experimental complication encountered after performing the loop 

titration task adopting the standarf mitochondrial respiration medium (MIR05) as experimental 

titration medium. Fluid leakage through the stopper titration cannula can be easily noted (figure B).  

Figure A shows an experiment using the H2O2-catalase method; no leakage is noted as the volume 

of medium used was drastically reduced. 
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The design of experiments using the H2O2-Catalse system was essential specially 

when performing experiments at higher JO2, due to the fact that the volume 

required to maintain [O2] was too large when using, for example standard 

mitochondrial medium (MIR05), causing fluid leakage through the titration cannula 

(figure 26). Therefore, the development of a method where a lower volume of fluids 

could be used was essential.  

The H2O2-Catalase system had already been described by Gnaiger (2012) and 

was designed for fast re-oxygenation when performing experiments with biological 

samples presenting high metabolic rate. This method was adapted to maintain 

oxygen concentration stable without producing fluid leakage or any alterations in 

the experimental setup. The main challenge during the performance of the 

experiments using H2O2-catalase was to find the ideal H2O2 concentration to react 

with catalase without largely increasing oxygen concentration inside the chamber 

(figure 29). As this methodology was designed to achieve full chamber re-

oxygenation, when the H2O2 was first injected following the recommended protocol 

(Gnaiger et al. 2012), oxygen concentration inside the chamber increased up to 

200 nmol/L completely disturbing the experimental design. The solution was to test 

several dilutions of H2O2 until using a solution with 20 nmol H2O2 at a titration rate 

of 50-100 nl per cycle (depending on the O2 concentration and metabolic 

condition) reached ideal results, achieving low volume titration per cycle and small 

and controlled increases in O2 concentration. Employing the described protocol 

minimum H2O2 titration was able to maintain oxygen concentration stable in all 

experimental groups, abolishing fluid leakage through the titration cannula. 

Further, the development of a mathematical method to evaluate the obtained data 

was indispensable. The data acquired during sulfide titrations did not fit simple 

mathematical models and present several evaluation challenges, as for example 

the variance of the quality of the measurements. Another problem was the 

necessity to describe the curve response of the mitochondrial respiratory flux as a 

function of the cumulative titrated sulfide needed to inhibit 50% of mitochondrial 

JO2. 
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The approach used to solve those problems was the use of a hierarchy model, 

where the experiments with higher quality (minimal noise) should be higher 

weighted than those with poor measurement quality. With that, each individual 

curve was analyzed and the acceptable margin of error was assessed, creating a 

mean curve response for each experimental group. The next step was to assess 

the confidence range for the sulfide value related with the half maximal flux of each 

group. 

 

 

 

 

 

 

 

 

 
Figure 28: Original experiment representing the disturbances caused by the H2O2-catalase method 

when applied using the methodology suggested by Fasching and others (2011). The red line 

represents mitochondrial oxygen flux (JO2). The blue line represents oxygen concentration 

(nmol/ml) within the oxygraph chamber. Blue shadow square represents the effects of the 

introduction of the syringe containing H2O2.  
 

The “Jackknife” statistical approach was used to quantify the amount (time) of 

given sulfide to achieve half maximal oxygen flux. This method was chosen based 

on the difficulty to assess the confidence range for sulfide values to achieve half 

maximal oxygen flux and provide a more robust and less variable estimate of the 

corresponding sulfide value. 

Therefore, the resulting data obtained from each titration experiment was fitted in 

to polynomial functions of the cumulative sulfide administration, mathematically 

describing the O2 flux as a function of the injected amount of sulfide. The 

polynomial coefficients were determined using a principal component regression 

method described by Vogt and others (2011), based on the inter-group covariance. 
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The different length of time (and concentration, since the titration rate was 

constant, both values should correspond) required to inhibit mitochondrial 

respiration by 50% after sulfide titration was tested for statistical significance by 

means of signed rank ANOVA, and when significant, by pairwise multiple 

comparison procedures using the Dunn´s test. Statistical significance was 

assumed with p<0.05. 

 

4.2. RESULTS  
The results indicate a clear relation between oxygen concentration and 

mitochondrial sulfide resistance (metabolism). When oxygen concentration 

decreases, less sulfide is required to inhibit mitochondrial respiration (figure 24). 

These results corroborate the assumption that sulfide may work as an oxygen 

sensor, as even small variations in O2 concentration already modified sulfide 

metabolism (figure 24, 25 and 26). 

The results have three main implications; the first is that the fast metabolism of 

sulfide is required for the proper functioning of the cell, which conforms with 

previous reports (Hildebrandt and Grieshaber 2008; Lagoutte at al. 2010); second 

is that sulfide may probably work as an oxygen sensor, in accordance with Olson 

and colleagues (2006); third, apparently, sulfide is maintained strictly at very low 

levels corroborating the assumption that physiologic sulfide levels are in the 

µMolar range. 

These assumptions are based on the fact that, provided that sulfide production 

remains constant, accumulation may occur under hypoxia, leading to increased 

sulfide concentrations, which are further involved into hypoxic adaptations (Olson 

2013). 

In 2008, Hildebrandt and Grieshaber first described the possible metabolic route of 

sulfide in mammalian cells. At present, mitochondrial sulfide metabolism is known 

and described for different tissues and cell lines with significant differences 

regarding the capacity to metabolize sulfide (Goubern et al. 2007; Lagoutte et al. 

2010; Gröger et al. 2012). Data presented in the figures  24, 25 and 26 confirm the 

concept that sulfide is consumed in a oxygen dependent process and that this 

process may be important for cellular homeostasis, since small changes in sulfide 
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metabolism may already influence metabolic capacity. Indeed, such a “sensible” 

mechanism would allow for an increase in sulfide concentrations without affecting 

production, simply by limiting sulfide degradation.  

According to the concept of an oxygen sensor, sulfide metabolism is apparently 

less efficient even before the cells become bioenergeticaly compromised by the 

decreasing oxygen concentration itself, implying that this mechanism is indeed 

very sensitive to O2 variations (figure 24 and 25). 

In order to evaluate the effects of sulfide over mitochondrial metabolic capacity 

without the limitations imposed by ATP-related processes, the control exerted by 

ATP-synthase and ATP production was removed by oligymicyn (2.5 µM) titration 

and ETS uncoupling by FCCP (1-1,5 µM). FCCP is an ionophore (ion carrier) and 

acts by transporting hydrogen ions through the mitochondrial membrane before 

they can be used for energy production. Mitochondrial uncoupling will produce an 

electron-proton gradient dissipation; proton-pumps will try to compensate the 

gradient loss by increasing proton pumping throughout the membrane. Therefore, 

this “eternal-loop” of gradient dissipation and compensation by the proton-pumps 

will induce a state of maximum respiratory mitochondrial capacity, as the 

mitochondria is not limited by ATP production (oligomicyn block of ATP synthase), 

yielding an estimate of the ETS full capacity (Steinlechner-Maran et al. 1996; 

Gnaiger 2009). 

The time required in order to achieve 50% of mitochondrial JO2 in uncoupled cells 

was slightly higher when compared with cells at routine respiration (coupled state) 

(figure 24). This data may indicate that sulfide is more efficiently processed in the 

uncoupled state. However, this hypothesis cannot be confirmed without direct 

measurements of sulfide concentration in the experimental medium. Hence, albeit 

sulfide is not further increase JO2 in couple cells, the elimination of sulfide 

throughout other processes at expense of other substrates cannot be excluded. 

Despite the differences between the two metabolic states, the present 

investigation clearly shows that the response of cellular respiration to decreasing 

oxygen availability is comparable in both conditions. Therefore, a major influence 

of sulfide on ATP consuming metabolic processes seams of minor relevance. 

Accordingly, sulfide metabolism, as proposed by Hildebrandt and Grieshaber 

(2008) is not energy dependent, indicating that the theoretical oxygen sensor 
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effects of sulfide are independent of cellular ATP status. Such argument is 

extremely pertinent as the aforementioned oxygen sensor effects may happen 

even before cellular ATP levels are compromised by hypoxia. 

At low oxygen, sulfide accumulation likely inhibits cytochrome-c oxidase, thus 

impairing ATP production. Consequently, cellular ATP:AMP ratio may be modified 

inducing the activation of the AMPK pathway, leading to depolarization of 

potassium channels and cellular Ca+ influx (Wyatt et al. 2007; Hardie 2012). In this 

prospect, sulfide could induce bioenergetic arrest (stop of energy production by 

ETS) even before cells become bioenergetically limited by the lack of O2 and 

subsequent shortfall of ATP, acting as an hypoxic “pre-conditioner”. In fact, it has 

been postulated that by arresting mitochondrial respiration, sulfide could induce a 

redistribution of the remaining oxygen available, in a mechanism similar to the 

already proposed for NO (Hagen et al. 2003). This mechanism could be a strategic 

maneuver not only to preserve the cell that do not have enough oxygen from 

bioenergetic failure, but also improves oxygenation where is more required.  

Moreover, the rise in sulfide bioavailability may have biochemical and physiologic 

effects, especially in tissue. Paul and Snyder (2012) suggested that protein 

sulfhydration might be partially responsible for the anti-inflammatory effects of 

sulfide. Sulfhydration resemble nitrosylation in several aspects, both appears to 

occur on Cysteine residues, however, sulfhydration has been reported to activate 

enzymes like the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which 

participates in the regulation of glycolysis, whereas nitrosylation appears to inhibit 

this activity (Mustafa et al. 2009).  

S-sulfhydration appears to be an important signaling modification in the cell; the 

possibility that this process represents some form of cell signaling is an interesting 

observation. In fact, Mustafa and others (2009) reported that up to 25% of liver 

GAPDH proteins exist in this form. In principle, sulfide can modify cysteine groups 

inducing the formation of persulfide groups modifying protein function. Moreover, 

Chen and others (2014) observed an increase in eNOS activation through AMPK 

formation lead by protein S-nitrosylation, indicating that sulfide could be involved in 

the initiation of the inflammatory process.   
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Another important role linked with cysteine sulfhydration is the regulation of NFκB 

activation. NFκB is one of the nuclear factors responsible for gene expression 

during stress and inflammation. This regulation may have important consequences 

regarding cellular viability during stress responses where hypoxia is a factor.  For 

example, after sulfhydration NFκB is reported to have anti-apoptotic transcriptional 

activity (Sen et al. 2012). Hence, increased sulfide availability during hypoxia could 

have anti-apoptotic effects through NFκB sulfhydration.  

The reducing properties of sulfide can be relevant in terms of its anti-inflammatory 

effects. Inflammation is associated with the generation of both iNOS and ROS and 

may lead to cellular damage by alterations in enzymatic process and direct DNA 

damage (Murphy 2011; Ott et al. 2007). The antioxidant activity of sulfide may help 

to clarify a number of reported biological effects, including protection against heart, 

liver, and intestinal ischemia/reperfusion injury. Furthermore, sulfide was 

suggested to increase the levels of glutathione, protecting the mitochondria from 

ROS toxicity and further cell death (Kimura et al. 2010).  

Surprisingly, sulfide was also reported to increase ROS production. Using trout 

gills Skovgaard and Olson (2012) showed that sulfide hypoxic vasoconstriction is 

mediated by increased ROS production under hypoxia. The authors reported this 

mechanistic action could be responsible for the stabilization of HIF-1α and further 

hypoxic gene transcription.  

The putative effects of the decreased sulfide metabolic efficiency under low 

oxygen concentration, as well as the mechanisms translating hypoxic signaling 

after sulfide accumulation remain speculative. Unfortunately, the lack of reliable 

methods for measuring sulfide in biological samples and the lack of data from 

experiments performed at physiologically relevant conditions contribute for the void 

in sulfide in vivo biology.  

In conclusion, the data presented in this thesis strongly suggest that sulfide 

metabolism is impaired at low oxygen conditions, further showing that this effect 

may occur even before anaerobic metabolism is compromised by the lack of 

oxygen. These results theoretically are in agreement with the supposed ability of 

sulfide to act as an oxygen sensor.  
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4.3. LIMITATIONS 
The proposed approach may have some limitations as for example, the risk of O2 

leakage in to the oxygraph chambers by the introduction of the secondary syringe 

has to be considered. Regarding possible O2 leakage, the proposed method using 

two simultaneous syringes appears to be stable; control experiments presented no 

disturbances in the experimental set-up after the introduction of the secondary 

syringe (figure 16). Nevertheless, the possibility of O2 leakage must be considered 

and evaluated for future experimental designs using different substances.  

An additional problem faced initially was that the sulfide solution itself was not free 

of oxygen and by injecting the sulfide into the chambers the O2 concentration could 

be increased (the same effects of MIR05), affecting the results by constantly 

modifying the set oxygen concentration. However experiments with the continuous 

injection of sulfide (2 mM) after reaching experimental zero oxygen concentration 

yields no alterations in oxygen concentration and experimental set up (figure 17). 

The outcome appears to be related to the small amount of sulfide titrated, the 

effects of other substances and titration rates remain to be elucidated. 

Another limitation of the proposed experiments is the “bar code effect” caused by 

the high number of cycles (continuously injection of MIR05), as each time the 

pump injects MIR05 inside the chamber a line is added to the graphic marking the 

titration. Therefore, each time a titration is made, oxygen concentration slightly 

increases and the mitochondrial oxygen flux decrease (figure 12 and 13). This is 

an experimental artifact created by such type of titration and was already describe 

by Gnaiger (2013). This effect may difficult the measurement of JO2. 

Constant insertion and removal of different syringes in order to induce different 

mitochondrial metabolic states (typically performed in HHR) combined with the 

maintenance of steady-state oxygen concentrations was not tested. 

Due to the lack of suitable and validated methods to measure sulfide 

concentrations in the oxygraph chambers, the accumulation of sulfide in the 

experimental medium can only be speculative. Hence, the time-related sulfide 

concentrations reported reflect the amount of sulfide given, using continuous 

titration.  
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The use of cultured cells in experimental protocols has been a break-trough for 

basic biology research. They permit the observation of well-defined conditions, 

relative small number cells and the possibility to over-express or silence different 

metabolic pathways. Nevertheless, in order to be “immortalized”, cells have to be 

genetically modified. Such modifications may have metabolic consequences; 

hence, the use of stable cell lines may not be a predictor of in vivo sulfide 

metabolism.  

The use of alveolar macrophages provides a stable and reliable biochemical 

model to predict sulfide metabolism (Gröger et al. 2012). However, this specific 

cell line is derived from cells that are normally exposed to high oxygen 

concentrations, this characteristic may have an impact on the oxygen dependency 

of sulfide metabolism. Furthermore, sulfide metabolism has been described to be 

tissue specific (Lagoutte et al. 2010). Therefore, the oxygen dependency observed 

in this cell line may not reflect sulfide metabolism within other systems. 

 

 

4.4 CONCLUSION 

As prerequisite, a modified experimental technique based on high-resolution 

respirometry has been developed, allowing the on-line study of mitochondrial 

function under different very low oxygen concentrations. 

In conclusion, the data presented suggests that aerobic respiration is more rapidly 

inhibited by a continuous sulfide application at low oxygen conditions, and further 

show that this effect occurs even before the aerobic metabolism is reduced to the 

same extent by the lack of oxygen itself (figures 24, 25 and 26). This property in 

theory agrees with the supposed ability of sulfide to participate in sensing hypoxia. 

Unfortunately, due to the lack of validated methods for measuring sulfide 

accumulation, this mechanism remains for the most part theoretical.  
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5. SUMMARY 
Even though toxic at high concentrations, sulfide has been recently recognized as 

a further “gasotransmitter” involved in the regulation of various physiologic 

functions. In particular, it is assumed to participate in intracellular oxygen sensing. 

Once released by endogenous enzymes sulfide is quickly degraded by a strictly 

aerobic pathway linked to the mitochondrial electron transfer system (ETS). 

Recently, the particularly high capacity of the sulfide metabolic pathway has been 

shown, and it has been suggested to be mandatory for maintaining sulfide at non-

toxic concentrations within the cells.  

In order to determine the oxygen concentration range at which a sensing effect of 

sulfide can be expected, we studied the capacity of immortalized cells, derived 

from alveolar macrophages (AMJ2-C11) to metabolize sulfide and withstand 

continuous exogenous exposure under different low oxygen concentrations near 

hypoxia. For that scope, a recently published experimental setup described to 

maintain steady-state oxygen concentrations was modified to maintain stable low 

oxygen conditions throughout sulfide titration using high-resolution respirometry. 

Oxygen concentration was controlled by means of a micro titration injection-pump, 

resulting in average concentration values of 0.73±0.05 µM (0.08 kPa), 3.1±0.2 µM 

(0.4 kPa) and 6.2 ±0.2 µM (0.8 kPa). The mentioned oxygen concentrations were 

selected in order to limit mitochondrial JO2MAX at 70%, 90% and 95% respectively, 

and were determined on the average results (n=5) of “anoxic transitions” (full 

range between normoxia and hypoxia). Simultaneously to the maintenance of 

steady-state O2 concentrations, sulfide (2mM) was continuously titrated at a rate of 

0.01µl/sec. Data acquired during the experiments was fitted into polynomial 

functions of the time required to inhibit 50% of mitochondrial respiration, 

mathematically describing oxygen flux as a function of injected sulfide under 

different oxygen concentrations.  

Experiments were performed on intact cells under physiologic routine respiration 

(coupled) and at uncoupled state, which was achieved after titration of oligomycin 

(2.5 µM) and FCCP (1-1.5 µM). The reason to test cells in uncoupled state was to 

exclude the possible interference of ADP availability and ATP-consuming 
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processes, which may modify the level of cellular respiration independent from any 

effect on cytochrome-c oxidase. 
A tenfold reduction of the O2-concentration down led to a decrease of the routine 

respiratory activity approximating 70% of the JO2 max, and, simultaneously, to a 

quick decline in the time required to reduce aerobic respiration to 50% under 

continuous sulfide titration at the higher O2 concentration compared to the lower 

O2 concentration in the uncoupled condition, and at high oxygen compared to low 

oxygen in the coupled state, p<0.05. 

The results acquired using AMJ2-C11 cell line suggest that the capacity of those 

cells to metabolize sulfide indeed decrease under oxygen deficiency. This result is 

in agreement with the theoretical prediction and supports the validity of the 

mechanism beyond sulfide oxygen sensing. The fact that sulfide availability 

increases, at least locally, during hypoxia results in partial inhibition of 

mitochondrial respiration by sulfide blockage of cytochrome-c-oxidase, further 

limiting mitochondrial oxygen consumption. In this case, the partial inhibition of 

oxygen consumption would progressively limit a further decrease in local oxygen 

concentration. The results here described suggest that the elimination of sulfide in 

this cell line is limited by oxygen bioavailability when approaching hypoxia. 

Indicating that sulfide may accumulate during hypoxia. 

It is possible that the simple increase in sulfide availability just by limiting its 

decomposition could produce biological effects, even without increase in sulfide 

concentration. In fact, it has been suggested that sulfide signaling could occur 

through protein sulfhydration. For example, Sen and others (2012) suggested that 

the possible anti-apoptotic effects exert by sulfide are mediated by a sulfhydration 

of the p65 subunit of NFκB. This effect indicates that sulfide may also have an 

effect on acute inflammation through the regulation of stress proteins. 

In conclusion, the data presented here strongly suggest that sulfide metabolism is 

impaired at low oxygen conditions, further showing that this effect occurs even 

before anaerobic metabolism is compromised by the lack of oxygen. These results 

theoretically are in agreement with the supposed ability of the molecule to act as 

an oxygen sensor.
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