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Abstract 

Cardiovascular diseases (CVD), such as hypertension, angina, myocardial infarction, 

arrhythmia, heart failure, and stroke, are some of the most common causes of death 

around the world. Hydrogen sulfide (H2S) is considered as a bio-modulator 

gasotransmitter molecule. In recent years, evidence that H2S may have an influential 

role in several important biological processes, especially in the cardiovascular system 

(CVS) has increased. Many studies have reported the production of H2S within the 

body. H2S appears to play a role in the regulation of vascular tone. Therefore, there 

is accumulated evidence regarding the role of H2S in the vasculature, while there is 

little information about the role of H2S in the heart. Many cardiovascular pathologies 

have been associated with low H2S production, such as hypertension, ischaemic heart 

diseases (IHD), and atherosclerosis. 

The present study measured H2S generation in the heart by investigating the 

expression level of H2S synthesising enzymes cystathionine β-synthase (CBS), 

cystathionine γ-lyase (CSE) and mercaptopyruvate sulfurtransferase (MST) using 

immunoblotting and investigating the activity of these enzymes via the development 

of assays using the methylene blue and SF7-AM (sulfidefluor-7 acetoxymethyl ester)  

methods. We found that CBS and MST were expressed in the heart, but CSE was not 

detected. CBS detected in the heart was consistently present at a higher MW band, 

suggesting the less active form, in comparison with the liver that had higher 

expression of the lower MW form which is thought to be the active form. This may 

reflect the difference in biological effect of H2S and post-translational modifications 

(PTMs) in the heart compared to the liver. We found that there was a low amount of 

H2S produced in the heart compared to the liver using both the methylene blue and 

SF7-AM methods. Myocardium added to isolated porcine coronary arteries (PCA) in 

tissue baths produced a relaxation response, which was inhibited by H2S synthesising 

enzyme/s inhibitors, suggesting that H2S synthesised in the myocardium might 

regulate coronary artery tone in a paracrine manner. 

There were no significant effects of SAM (S-adenosyl methionine, a positive CBS 

modulator) and gender on synthesis of H2S, and degassing on detection of H2S. In 

contrast, alkaline pH led to an increase of H2S measurement and dialysis of the heart 

cytosol led to an increase of detection of H2S. Briefly, there was detected enzyme 

activity in the heart, but it was lower than the liver by both the methylene blue and 

SF7-AM methods. The detected H2S production in the heart causes relaxation of the 

coronary artery, which suggests that H2S synthesised in the myocardium might 

regulate coronary artery tone in a paracrine manner. 
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Measurement of enzyme activity only indicates the potential to produce H2S, not the 

amount that the tissue actually produces. Measurement of sulfhydration levels may 

be a way of determining the level of H2S produced in the tissue. In the biotin switch 

assay (BSA), there was an increase of sulfhydration level of GAPDH (glyceraldehyde 

3-phosphate dehydrogenase) and MEK1 (mitogen-activated extracellular signal-

regulated kinase 1), but the results were variable between different tissues. In the 

results of the red maleimide assay, there was a decrease in the fluorescence detected 

in the presence of Na2S and the presence of DTT (dithiothreitol) of GAPDH and MEK1 

proteins. There was a difference in the fluorescence of bands which ran at the same 

place as MEK1 and GAPDH. 

As a result of running the samples on polyacrylamide gels in non-reducing conditions 

to detect proteins in the red maleimide assay, we observed the shifting of GAPDH 

and MEK1 bands to a lower MW in the presence of Na2S and absence of DTT. The 

same observation was also detected after immunoprecipitation of the heart 

homogenate and Western blotting. This shift to the lower MW band could be a simpler 

method for detecting changes in sulfhydration. Therefore, depending on our results 

of sulfhydration, there is detected sulfhydration in the heart by our assays and 

sulfhydration is a potential signalling pathway of H2S in the heart and could be used 

as an index for H2S production in the heart. 

Next, the present study investigated the effects of three different types of H2S donors 

(sources, drugs), Na2S fast-releasing H2S salt, GYY4137 slow-releasing H2S donor, 

and AP39 mitochondria-targeted H2S donor on vascular tone in PCA using organ-

bath. Then, this study compared the effects of different types of H2S sources on 

vascular tone in PCA under different conditions in order to determine whether there 

is a difference in the signalling pathways activated by these three different H2S 

sources. The results of this study demonstrated there was no difference in the 

relaxation responses and mechanisms of relaxation responses between three 

different H2S donors, Na2S, GYY4137 and AP39. Thus, the studies looking at the 

vascular responses to H2S using the salts might be useful in determining the response 

to H2S in PCA. 
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The results of this study demonstrated that there was a significant enhancement of 

the relaxation responses of all three donors in the presence of L-NAME. These results 

suggest chemical interaction of H2S with NO might lead to formation of inactive 

nitrosothiol, which may not be able to contract or relax blood vessels. In contrast to 

previous studies, the results of this study demonstrated that there was a significant 

enhancement of the relaxation responses of all three donors in the presence of TEA 

(non-selective K+ channels blocker) and glibenclamide (KATP channels blocker) and 

these responses might be due to potassium channels blockade increasing sensitivity 

to other mechanisms of H2S, such as calcium channels blockade.  

Interestingly, the blocking of potassium channels by TEA and KATP channels by 

glibenclamide led to an enhancement of the H2S-mediated relaxation, and these 

results are in contrast with previous studies that have reported that H2S relaxation 

was mediated via potassium channels. Furthermore, there was significant inhibition 

of calcium-induced contractions by all three H2S donors, and this inhibition was 

maintained after incubation of PCA with all the three different H2S sources for 15, 30 

and 60 min. Furthermore, there was a significant inhibition of contraction of PCA 

induced by BayK8644, L-type voltage-gated calcium channel opener by all three 

different H2S sources, and thus, these results suggest that H2S acts by blocking 

calcium channels and also inhibiting a calcium-induced contraction pathway.  

Hypoxia plays critical roles in IHD. Therefore, studying the role of H2S as an oxygen 

sensor using three different H2S donors would be useful and interesting. Na2S salt 

and AP39 caused no significant effect in hypoxia response, hypoxia-induced 

relaxation, but they caused a significant decrease in the recovery response, 

reoxygenation-induced contraction. In contrast, GYY4137 caused both a significant 

enhancement of the hypoxia response and a significant decrease in the recovery 

response to reoxygenation. Therefore, these results of H2S donors, such as GYY4137 

in PCA may be beneficial to decrease ischaemia-reperfusion injury (IRI). Thus, H2S 

could be important for the CVS and many cardiovascular pathologies, which have 

been associated with low H2S production. Therefore, H2S donors may be used as a 

cardiovascular protective drug against IRI.  
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In conclusion, the present study demonstrated that H2S is produced in the heart and 

causes relaxation of the coronary artery. Sulfhydration measured by our assays in 

the heart could be used as an index of H2S production and potential signalling 

pathway for H2S. There was no difference in the relaxation responses and 

mechanisms of relaxations, such as NO, potassium channels, calcium channels 

among the three different H2S donors, Na2S, GYY4137 and AP39. There was a 

difference between the effects of Na2S and AP39 compared to GYY4137 in response 

to hypoxia and reoxygenation. Therefore, measurement of H2S generation and 

sulfhydration levels could be used as an index for changes in cardiac dysfunction. 

Thus, H2S sources could be beneficial in IHD, which are associated with low H2S 

generation and sulfhydration levels. 

Keywords: hydrogen sulfide, SF7-AM, CBS, sulfhydration, red maleimide, U46619, 

calcium, Na2S, GYY4137, AP39, and hypoxia. 
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1.1. Background  

Hydrogen sulfide (H2S) is a small, flammable, colourless, gaseous molecule 

endogenously produced in mammalian tissues (Wang, 2012; Wen et al., 2018). H2S 

has a characteristic offensive odour of rotten eggs (Wang, 2012; Beltowski, 2015). 

For a long time, H2S was only known as a pollutant chemical, which had toxic effects 

(Reiffenstein et al., 1992; Wang, 2012; Beltowski, 2015). However, it is now clear 

that H2S can be synthesised endogenously, and it is recognised as the third member 

of the gasotransmitter family, which includes nitric oxide (NO) and carbon monoxide 

(CO). H2S was firstly described by the Kimura group in 1996 as an important 

physiological mediator (Abe and Kimura, 1996). Therefore, increasing research has 

been focused on this interesting signalling molecule (Shen et al., 2015; Meng et al., 

2017). The principal H2S synthesising enzymes in mammals are cystathionine β-

synthase (CBS), cystathionine γ-lyase (CSE) and mercaptopyruvate sulfurtransferase 

(MST) combining with cysteine aminotransferase (CAT), by the metabolism of L-

cysteine as the main substrate (figure 1.1: A) (Chan and Wallace, 2013; Kolluru et 

al., 2013; Shen et al., 2011; Polhemus and Lefer 2014; Beltowski, 2015). 

Over the last two decades or so, the physiological significance of H2S has been 

recognised because it is produced in low concentrations (basal levels) in mammals. 

Therefore, this biological relevance changed the image of H2S from toxic chemical to 

a physiologically-active molecule (Szabo et al., 2018). H2S has multiple important 

physiological and pathological effects; it is involved in various systems, such as the 

cardiovascular, nervous, endocrine, respiratory and gastrointestinal systems. The 

medical importance of H2S remains a scientific challenge, and a hot topic among the 

research communities and studies are still at an early stage. Most of the detailed 

biological effects of H2S are still unclear and need further research (Wang, 2012; 

Ahmad et al., 2015; Zhang et al., 2018). 

Cardiovascular diseases (CVD), such as hypertension, angina, myocardial infarction, 

arrhythmia, heart failure, and stroke are some of the most common causes of death 

around the world (Guo et al., 2013; Polhemus et al., 2014). Additionally, 

hypertension is a common cause of IHD (ischaemic heart diseases). Most of the 

causes of hypertension are unknown (Carretero et al., 1998; Klabunde, 2012;          

Al-Taie, 2011; Al-Taie and Al-Youzbaki, 2013). Accumulated evidence has 

demonstrated that H2S plays a crucial role in homoeostasis and cardioprotection 

(Mancardi et al., 2009; Shen et al., 2015). Several cardiovascular diseases are linked 

with disturbances of H2S and homocysteine levels, such as very low levels of H2S and 

high levels of homocysteine and vice versa (Polhemus et al., 2014; Shen et al., 2015; 
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McCully, 2015), because CBS uses homocysteine to produce L-cysteine, which is 

metabolised to H2S by CBS and therefore, disturbance of CBS would lead to elevation 

of homocysteine level and decrease of H2S level. Some reports found that H2S levels 

did not demonstrate a direct relationship with different stages of heart failure 

(Salloum, 2015). However, it has been reported that H2S concentrations measured 

in plasma were found to be very low in patients with coronary artery disorders, 

myocardial infarction and heart failure in comparison with angiographically normal 

people (Kovačić et al., 2012; Polhemus  et al., 2014; Salloum, 2015). Therefore, 

understanding the synthesis, regulation, level, mechanism and signalling pathways 

of H2S in the heart may decrease the ambiguity that surrounds H2S biology. This 

understanding may reveal a promising drug target, which may have several 

pharmacological implications for a plethora of diseases, in particular CVD (Polhemus 

et al., 2014; Yu et al., 2014; Susuki et al., 2016; Wen et al., 2018). 

Thus, in recent years, evidence that H2S may have an influential role in several 

important biological processes has increased. Many studies have highlighted the 

production of H2S within the body, including a lot of data demonstrating biological 

effects of H2S in the vasculature. However, the detailed mechanisms of H2S 

generation, regulation, signalling and effects in the heart are still unclear and need 

to be clarified, especially in the myocardium of mammals. 
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1.2. H2S chemistry 

H2S is a weakly acidic molecule. In aqueous solution, it dissociates into about two-

thirds hydrosulfide anion (HS-) and an extremely small amount of sulfide anion (S2-) 

which presents only at high pH, while about one-third remains as undissociated 

volatile H2S under physiological conditions (pH 7.4, 37 °C) (Hughes et al., 2009; 

Shen et al., 2011; Wen et al., 2018). Excess of H2S can be stored within the body in 

two different bound forms (intracellular sulfur stores): sulfane sulfur 

(reductant/alkaline-labile) (persulfide, polysulfide, thiosulfate, polythionates and 

thiosulfonate) and acid-labile sulfur (iron-sulfur clusters), which may be important 

for cells and situations to perform the physiological effects of H2S (Ubuka, 2002; 

Ishigami  et al., 2009; Shibuya et al., 2009; Beltowski et al., 2015) (figure 1.1: B). 

Since sulfane sulfur releases stored H2S under reducing or alkaline conditions, while 

acid-labile stores release stored H2S under acidic condition (Li et al., 2011). 

Therefore, synthesised H2S could be stored transiently as a sulfane sulfur and acid-

labile sulfur forms. Whether the specific active form in biology is H2S or HS- or both 

is unknown, but HS- may be the active form. 

H2S dissociates as the following: H2S        HS-       S2-. The dissociation constants 

(pKa) are for the first reaction (H2S       HS-) 7.04 and 11.96 for the second reaction          

(HS-         S2-) (Tangerman, 2009; Kolluru et al., 2013; Beltowski, 2015). Moreover, 

H2S is five times more soluble in lipid than water. Thus, H2S is able to diffuse through 

plasma membranes of all cells to exert autocrine/or paracrine effects without any 

transporter or channel. This property might be the cause of its short half-life because 

of its rapid multiple clearance pathways (about seconds-minutes) and multiple 

biological actions  (Li et al., 2011; Whiteman et al., 2011; Wang, 2012; Shen et al., 

2015). Therefore, H2S biogenesis might follow a pulsatile pattern; in other words, an 

increase of H2S biogenesis during a short period and then return to basal levels. 

Therefore, H2S biogenesis may need a real-time (dynamic) technique for its 

measurement.  
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Figure 1.1: (A) Enzymatic biosynthesis of H2S via CBS (cystathionine ß-synthase), 

CSE (cystathionine γ-lyase), MST (3-mercaptopyruvate sulfurtransferase) with CAT 

(cysteine aminotransferase). PLP (pyridoxal 5-phosphate). (B) H2S storage forms and 

release under different conditions, acid-labile sulfur form releases H2S under acidic 

pH condition, sulfane sulfur form releases H2S under reducing or alkalinisation 

condition (Chan and Wallace et al., 2013; Kolluru et al., 2013).  
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1.3. Biosynthesis and regulation of H2S  

Generally, biogenesis of H2S is controlled by CBS and CSE and MST. These enzymes 

were detected in different species, including mice, rats, pigs, guinea pigs, humans, 

rabbits, dogs, fish, frogs, cows and bacteria (Whiteman et al., 2011; Wang, 2012; 

Shen et al., 2015; Cao et al., 2019). These enzymes are expressed and distributed 

in most organs (heart, blood vessels, liver, kidney, brain, hippocampus, lung, 

placenta, eye, gastrointestinal tract and pancreas) with different tissue distribution 

across various studies (Levonen et al., 2000; Sidhu et al., 2001; Whiteman et al., 

2011; Wang, 2012; Lin et al., 2013; Wen et al., 2018). Moreover, H2S was detected 

in various samples, such as blood, plasma, serum, tissues and urine (Li et al., 2011; 

Wang, 2012). Therefore, this extensive presence of H2S synthesising enzymes and 

H2S production indicates important biological effects of H2S in the body.  

H2S is mainly synthesised endogenously from L-cysteine or its derivative 

homocysteine by CBS and CSE through enzymatic desulfhydration reactions. 

Therefore, L-cysteine is the principal substrate for CBS and CSE, which metabolise L-

cysteine to H2S and thus, L-cysteine was used by many studies as a H2S precursor 

(H2S prodrug) to augment endogenous H2S generation (Cheng et al., 2004; Al-

Magableh and Hart, 2011; Bucci et al., 2012; Asimakopoulou et al., 2013; Chitnis    

et al., 2013; Rashid et al., 2013; Candela et al., 2016). CBS and CSE both require 

pyridoxal 5- phosphate (PLP) as a cofactor. PLP is a vitamin B6 (pyridoxine) 

derivative. Moreover, H2S is synthesised via PLP- independent enzyme MST coupling 

with CAT (figure 1.1: A). CBS and CSE, as well as CAT are PLP-dependent enzymes. 

Therefore, in the absennce of PLP, there would be no conversion of L-cysteine to H2S 

via CBS/CSE and mercaptopyruvate via CAT. Therefore, in situations associated with 

low or restriction vitamin B6 and L-cysteine nutrition. This would lead to decrease of 

endogenous H2S prouction rates via these enzymes in tissues and these situations 

were reported to be associated with increase of cardiovascular pathologies (DeRatt 

et al., 2014; Mys et al., 2017). Thus, application of PLP (vitamin B6) and L-cysteine 

leas to stimulation of the endogenous H2S production via CBS and CSE as well as 

CAT, and cardiovascular protective effects. 

H2S is synthesised via non-enzymatic and enzymatic pathways. Non-enzymatic 

pathways play a minor role in endogenous H2S production, such as via thiol or thiol-

containing molecules reduction or metabolism (Li et al., 2011; Wen et al., 2018). 
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1.3.1. H2S Biosynthesis and regulation via CBS 

H2S is mainly synthesised endogenously from L-cysteine, or its derivative 

homocysteine, by CBS. L-cysteine has been employed in several experiments as an 

enhancer of exogenous H2S generation and H2S precursor (Cheng et al., 2004; Rashid 

et al., 2013). CBS metabolises L-cysteine via hydrolysis and produces H2S (Wang, 

2012; Kolluru et al., 2013). CBS is a cytosolic and PLP dependent enzyme. In the 

absence of PLP, there would be no conversion of L-cysteine to H2S via CBS (Meier    

et al., 2001; Banerjee and Zou, 2005; Wang et al., 2012; Cao et al., 2019).  

CBS has different roles in addition to H2S biosynthesis. For example, CBS metabolises 

(detoxifies) homocysteine via condensation with L-serine to produce cystathionine 

(Wang, 2012; Cao et al., 2019). Therefore, a mutation or abnormality in CBS results 

in hyperhomocysteinemia, which is a risk factor for CVD (McCully, 2015). CBS was 

reported to present predominantly in rat liver, kidney and brain (Abe and Kimura, 

1996; Shibuya et al., 2009; Asimakopoulou et al., 2013; Wen et al., 2018; Cao          

et al., 2019). Furthermore, Abe and Kimura found that AOAA (aminooxyacetic acid, 

non-selective CBS inhibitor) inhibited endogenous H2S generation in the rat brain 

(Abe and Kimura, 1996). Thus, CBS is thought to be the predominant enzyme for 

endogenous synthesis of H2S in the rat and mouse brain (Abe and Kimura, 1996; Al-

Magableh and Hart, 2011). CBS was also detected in placenta (Cindrova-Davies         

et al., 2013), pig bronchioles, trachea and pulmonary arteries (Rashid et al., 2013), 

mouse hearts (Kondo et al., 2013), human coronary artery smooth muscle cells and 

porcine coronary artery (PCA) (Donovan et al., 2017), porcine perivascular adipose 

tissue (PVAT) and myocardium (Donovan et al., 2018). Thus, H2S plays important 

roles in the control of vascular tone and cardiac function. 

1.3.1.1. Regulation and post-translational modifications (PTMs) of CBS 

CBS is a homotetramer and consists of subunits, each one has a molecular weight 

(MW) about 63 kDa. CBS has two distinct terminal domains. The N-terminal has a 

catalytic site, which has heme (important redox sensor) and a PLP binding site (figure 

1.2). C-terminal is a regulatory site responsible for allosteric activation and controls 

the sulfhydration of cysteine residues (Banerjee and Zou, 2005; Yang et al., 2008; 

Jiang et al., 2010). Moreover, S-adenosyl methionine (SAM) was reported as a 

positive allosteric modulator of CBS (Abe and Kimura, 1996) by binding to C-terminal 

part (domain) of CBS removing the auto-inhibitory effect of the C-terminal and 

transforming CBS to the truncated CBS, which is the active version of CBS that has 

a molecular weight of about 48 kDa (Skovby et al., 1984; Janosik et al., 2001; Zou 

and Banerjee, 2003). This process leads to an increase in cysteine entrance to the 

catalytic domain of CBS (Wang, 2012; Ereño-Orbea et al., 2014). Deletion of the C-
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terminal leads to loss of modulation to allosteric activators, such as SAM (Janosik     

et al., 2001). The structure of the catalytic site may be pivotal in enzymatic reactions 

with substrates and intermediates (Taoka et al., 1998). Moreover, calmodulin could 

bind to the C-terminal and augment the catalytic domain of CBS in the brain (Kimura, 

2002). Therefore, CBS could be stimulated by the Ca2+/calmodulin pathway 

(Banerjee et al., 2003; Wang, 2012). 

1.3.1.2. Regulation of protein levels 

It was reported that insulin and glucocorticoid caused an increase of CBS transcription 

(CBS mRNA) in the liver (Ratnam et al., 2002). Furthermore, the expression levels 

of CBS protein in rat astrocytes was increased by transforming growth factor-α (TGF-

α), epidermal growth factors (EGF), dexamethasone and cAMP (cyclic adenosine 

monophosphate) (Enokido et al., 2005). Moreover, CBS and also CSE translation level 

could be regulated by Nrf2 (nuclear-factor-E2-related factor transcription factor), SP1 

(specific protein 1), and SP3 (specific protein 3) (Sbodio et al., 2019). However, these 

studies have limitations. For example, Ratnam’s study did not measure parallel CBS 

enzyme activity or H2S level and changes in CBS mRNA may not result in changes in 

CBS protein expression and activity. Similarly to Ratnam’s study, Enokido’s study did 

not measure CBS enzyme activity or H2S level. Therefore, it would be important to 

measure H2S synthesising enzyme/s transcription, expression, H2S production levels. 

1.3.1.3. Post-translational modifications 

Regulation of protein biosynthesis consists of transcription at the genetic level, which 

is the long-term stage and PTMs (post-translational modifications) as an acute stage. 

PTMs are groups of processing events that happen during the formation of mature 

protein as a central part of cell signalling. PTMs may involve proteolysis or the 

addition of functional groups, such as phosphate, acetate, methyl and amide or the 

linkage with lipid or carbohydrate in order to get the complete active version of the 

protein (Kabil et al., 2006; Beltrao et al., 2013). These events cause conversion of 

propeptide to mature protein form (Beltrao et al., 2013). PTMs have multiple effects 

on enzyme activity, function, stability (metabolism), localisation (residence) as well 

as interactions with other proteins (Paul and Snyder, 2012).  
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The are several PTMs of CBS. For example, proteolytic cleavage of peptide bonds to 

change the larger peptide protein that is about 63 kDa to mature protein of about 48 

kDa (high MW CBS). In line with this idea, Skovby and his group reported that two 

polypeptides were found in the fresh cytosol of rat liver, one major protein with a 

high MW about 63 kDa and one minor protein with low MW about 48 kDa (Skovby    

et al., 1984). However, after one-week incubation of fresh rat liver cytosol at 4˚C, 

this resulted in an increase of the CBS activity by about two or three-fold in parallel 

with a relative increase of the smaller polypeptide and disappearance of the larger 

molecular weight CBS. They demonstrated that the specific activity of the smaller 

polypeptide was equal to about sixty times more than the larger polypeptide.  

This increase of the smaller polypeptide activity is associated with thirty times 

increased affinity toward homocysteine. Alteration of the high MW peptide to the 

lower MW peptide could be suppressed by protease inhibitors including antipain, 

leupeptin, and N-alpha-p-tosyl-L-lysine chloromethyl ketone, while it could be 

increased by proteases, such as trypsin, which triggers proteolysis and increase of 

the CBS activity. They inferred that PTMs of CBS via proteolysis from less active to 

more active forms might depend on physiological factors, such as the rate of 

proteolysis in cells and tissues (Skovby et al., 1984). 

Additionally, Zou and Banerjee’s study showed that the treatment of hepatocytes 

with tumour necrosis factor-alpha (TNF-α) leads to oxidative stress and cellular 

lesion; which in turn results in an increase of CBS activity via targeted proteolytic 

cleavage to the smaller peptide (a more active form of CBS) within 24 h (Zou and 

Banerjee, 2003). 

Another example of PTMs of CBS; human CBS is reported to be phosphorylated at 

serine residue (27) on the heme-binding domain (Rigbolt et al., 2011) and serine 

residue (199) on the catalytic domain (Zhou et al., 2013), although these studies did 

not clarify by which kinase CBS was phosphorylated and also did not measure the 

phosphorylated CBS activity. In another study, di Villa Bianca’s group reported that 

human CBS of urothelial cells might be phosphorylated, but on a different serine by 

cyclic AMP-dependent/protein kinase G (cAMP/PKG) pathway at serine 227 residue 

that augmented CBS activity (di Villa Bianca et al., 2015).  

An additional example of PTMs of CBS is sumoylation. It was reported that CBS 

activity is modulated by sumoylation pathway (Ubiquitin-like modifier protein, SUMO-

1) at lysine 211 (K211)  in both in vivo and in vitro experiments (Kabil et al., 2006) 

by detection of two bands of CBS at about 63 and 80 kDa (Kabil et al., 2006). 

Sumoylation of CBS targeted the C-terminal, the regulatory domain for CBS. Also, 
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they found that the sumoylated CBS is identified within the platform (scaffold) of the 

nucleus. They suggested that it might be due to a genetic/sophisticated control of 

CBS activity due to unknown presence of sumoylated CBS in the nuclear 

compartment. These results suggested that sumoylation might regulate CBS activity. 

However, whether the sumoylated CBS is active or not is unclear because this study 

did not measure the enzyme activity of sumoylated CBS. In another study, CBS 

activity was attenuated in vitro by sumoylation (Agrawal and Banerjee, 2008). 

An additional example of CBS PTMs is glutathionylation of human CBS at cysteine 

346 (C346), which leads to an increase of CBS activity by about two-fold in vitro 

under oxidative stress conditions (Niu et al., 2015). 

CBS contains unique heme in the N-terminal catalytic site; this group is imperative 

for redox reaction sensitivity (redox-sensor). CBS also has oxidoreductase 

components (motifs), which might participate in redox sensing (Meier et al., 2001; 

Taoka et al., 2002). Moreover, Taoka’s study reported that heme was present in the 

crystallography of CBS, while oxidoreductase parts were absent (Taoka et al., 2002). 

Toaka’s study also found that the replacement of any cysteine residue with a non-

redox active amino acid did not result in a change of CBS activity to reducing agents; 

while the deletion of heme leads to a loss of redox sensitivity of CBS (Taoka et al., 

2002). They suggested that the heme is the principal redox sensor in CBS. Thus, 

measurement of CBS activity might be a biomarker of oxidative stress. Thus, any 

mutation of this group could affect activity, regulation and stability of CBS (Meier     

et al., 2001; Taoka et al., 2002). 

It has been reported that the activity of CBS was attenuated under reducing states 

and favoured ferric (Fe3+) state of CBS (Taoka et al., 1998; Toaka et al., 2002). 

Moreover, human CBS activity is halved under reducing conditions, and re-oxidation 

leads to regain of CBS activity (Taoka et al., 1998). Therefore, human CBS activity 

is about doubled under oxidation circumstances (Taoka et al., 2002). The redox form 

of heme is affected by pH. For example, alkaline pH prefers ferrous (Fe2+), while 

acidic pH produces ferric (Fe3+) active version of human CBS (Pazicni et al., 2004). 

Conversely, in rat kidney, ischaemia leads to decrease of pH, and CBS activity and 

alkalinisation leads to recovery of CBS activity (Prathapasinghe et al., 2008).  
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Moreover, binding of NO and CO to the heme of CBS results in attenuated CBS activity 

(Taoka and Banerjee, 2001; Zhao et al., 2001). For instance, nitrosylation by NO led 

to a decrease of recombinant human CBS (Taoka and Banerjee, 2001), and rat CBS 

(Prathapasinghe et al., 2008) activity in vitro. CBS is PLP dependent enzyme, and in 

the absence of PLP, there is no conversion of L-cysteine to H2S via CBS (Meier et al., 

2001; Banerjee and Zou, 2005; Wang et al., 2012). In summary, these observations 

demonstrate that CBS activity depends on several factors, such as PLP, proteolysis, 

and heme group availability. 

(A) 

N-

terminal 

Phosphorylation 

at  27 (serine) 

Heme 

binding 

site at 52 

(cysteine) 

and 65 

(histidine) 

PLP 

binding 

site at 

119 

(lysine) 

 

Phosphorylation 

at  199 (serine) Sumoylation at 

211 (lysine) 

 

Phosphorylation 

at  227 (serine) 

SAM 

binding 

site 

414-

551 

(lysine) 

 

C-

terminal 

 

 

(B) 

       10         20         30         40         50 

MPSETPQAEV GPTGCPHRSG PHSAKGSLEK GSPEDKEAKE PLWIRPDAPS  

        60         70         80         90        100 

RCTWQLGRPA SESPHHHTAP AKSPKILPDI LKKIGDTPMV RINKIGKKFG  

       110        120        130        140        150 

LKCELLAKCE FFNAGGSVKD RISLRMIEDA ERDGTLKPGD TIIEPTSGNT  

       160        170        180        190        200 

GIGLALAAAV RGYRCIIVMP EKMSSEKVDV LRALGAEIVR TPTNARFDSP  

       210        220        230        240        250 

ESHVGVAWRL KNEIPNSHIL DQYRNASNPL AHYDTTADEI LQQCDGKLDM  

       260        270        280        290        300 

LVASVGTGGT ITGIARKLKE KCPGCRIIGV DPEGSILAEP EELNQTEQTT  

       310        320        330        340        350 

YEVEGIGYDF IPTVLDRTVV DKWFKSNDEE AFTFARMLIA QEGLLCGGSA  

       360        370        380        390        400 

GSTVAVAVKA AQELQEGQRC VVILPDSVRN YMTKFLSDRW MLQKGFLKEE  

       410        420        430        440        450 

DLTEKKPWWW HLRVQELGLS APLTVLPTIT CGHTIEILRE KGFDQAPVVD  

       460        470        480        490        500 

EAGVILGMVT LGNMLSSLLA GKVQPSDQVG KVIYKQFKQI RLTDTLGRLS  

       510        520        530        540        550 

HILEMDHFAL VVHEQIQYHS TGKSSQRQMV FGVVTAIDLL NFVAAQERDQ K 

 

S27, S199, and S227 are targets for phosphorylation (serine)                     

K119 is a target for PLP (lysine) 

K211 for sumoylation (lysine) 

V414 (valine) and K551 (lysine) are targets for interaction with SAM 

Figure 1.2: (A and B) The active residues (reactive sites) of CBS (Janosik et al., 

2001; Kabil et al., 2006; Rigbolt et al., 2011; Zhou et al., 2013). 
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1.3.2. H2S Biosynthesis and regulation via CSE 

CSE is a cytosolic and PLP dependent enzyme consisting of about 45 kDa subunits. 

CSE hydrolyses L-cysteine to produce H2S (Kolluru et al., 2013; Zhao et al., 2014). 

Additionally, after the conversion of L-homocysteine to cystathionine via CBS, CSE 

metabolises cystathionine to L-cysteine as part of the transsulfuration pathway 

(Kolluru et al., 2013; Sbodio et al., 2019). In contrast to CBS, CSE has been reported 

to be abundant in the vasculature (Hosoki et al., 1997; Zhao et al., 2001). 

In the vasculature, CSE has been shown to be expressed in rat portal vein and aorta 

(Hosoki et al., 1997), rat aorta, mesenteric, tail and pulmonary arteries (Zhao et al., 

2001; Cheng et al., 2004), rat aorta (Geng et al., 2004; Brancaleone et al., 2015), 

rat mesenteric artery (Candela et al., 2016), human internal mammary artery (Webb 

et al., 2008), human aorta smooth muscle cells (yang et al., 2011), mouse aorta (Al-

Magableh and Hart, 2011), mice mesenteric artery smooth muscle cells (Fu et al., 

2012), mouse aorta and coronary arteries (Kuo et al., 2015), PCA (Donovan et al., 

2017, Donovan et al., 2018), bovine aortic endothelial cells (BAECs), human umbilical 

vein endothelial cells (HUVECs) (Yang et al., 2008), human aortic endothelial cells 

(HAECs) (Kuo et al., 2015; Leucker et al., 2017). Asimakopoulou’s study reported 

that relative abundancy of CSE was higher than CBS in rat aorta (Asimkopoulou         

et al., 2013). Endogenous H2S production was inhibited by ß-cyanoalanine (BCA, CSE 

inhibitor) and propargylglycine (PPG, CSE inhibitor) in the blood vessels, such as rat 

portal vein and aorta (Hosoki et al., 1997), and mouse aorta (Al-Magableh and Hart, 

2011).                                                                                                                                               

CSE is also present in human liver (Levonen et al., 2000; Webb et al., 2008), rat 

liver, kidney and brain (Abe and Kimura, 1996; Hosoki et al., 1997; Zhao et al., 

2001; Ishii et al., 2004; Mok et al., 2004; Shibuya et al., 2009; Kuo et al., 2015), 

mouse liver and kidney (Li et al., 2005; Al-Magableh and Hart, 2011), mouse 

hepatocytes (Untereiner et al., 2016), pig liver, bronchioles, trachea and pulmonary 

arteries (Rashid et al., 2013), the carotid bodies of mice and rats (Peng et al., 2010), 

rat brain and heart (Geng et al., 2004) and porcine myocardium (Donovan et al., 

2018). CSE is also reported to be expressed in other tissues, such as ileum (Hosoki 

et al., 1997) and placenta (Cindrova-Davies et al., 2013).  
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Swaroop’s study reported that CSE expression in rat liver was about 100-fold higher 

than CSE expression in rat brain (Swaroop et al., 1992). In line with this idea, Ishii’s 

study reported that CSE was about 50-fold more expressed in rat and mouse liver 

tissues than other tissues and also CSE activity was reported to be the highest in 

liver tissues (Ishii et al., 2004). In another study, endogenous H2S production in CSE-

KO mice liver was about one-third of wild-type mice (controls) (Untereiner et al., 

2016). They suggested that CSE may contribute to about two-thirds of endogenous 

H2S production in mouse liver. Similary, CSE expression in rat liver was higher than 

rat aorta, tail, mesenteric, and pulmonary arteries (Zhao et al., 2001). 

There are several factors that can modulate CSE activity (Zhao et al., 2014). CSE 

activity is modulated by calcium level. For example, low calcium level causes CSE 

activation, while high calcium level results in inhibition of purified rat liver CSE 

(Mikami et al., 2013). SP1 and TNF-α increased CSE expression in human aorta 

smooth muscle cells (Yang et al., 2011) and mice peritoneal macrophages (Sen         

et al., 2012). An elevated level of ROS (reactive oxygen species) leads to an increase 

in CSE expression and activity in rat kidney mesangial cells (Hassan et al., 2012). 

Dexamethasone (glucocorticoid) decreases CSE expression in macrophages treated 

with LPS (lipopolysaccharide) (Zhu et al., 2010). Hypoxia led to increase of CSE 

expression in mammalian cells (Wang et al., 2014). The transcription and 

cytoprotective factors, such as Nrf2 led to an elevation of CSE expression in rat 

mesangial cells (Hassan et al., 2012) and mouse hearts (Calvert et al., 2009) 

Moreover, human CSE was reported as a target for sumoylation in vitro (Agrawal and 

Banerjee, 2008). However, this study did not measure the activity of the sumoylated 

CSE. Nitrosylation of CSE by NO led to a decrease of CSE activity in vitro (Mustafa   

et al., 2011). Application of isoproterenol to produce infarction-like condition in rat 

hearts led to a decrease of CSE activity to about 80 % and H2S levels in the 

myocardial tissue and plasma to about 40 % of controls (Geng et al., 2004). 

Therefore, they suggested that down regulation of H2S pathways may lead to cardiac 

pathology. 
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1.3.3. H2S Biosynthesis and regulation via MST 

H2S can also be synthesised in the CNS, liver, trachea, bronchi, and blood vessels by 

a PLP independent enzyme, MST. MST is a monomer protein that has a MW about 33 

kDa. First, CAT produces 3-mercaptopyruvate from L-cysteine in the presence of α-

ketoglutarate. MST then causes desulfuration of mercaptopyruvate to produce H2S 

(figure 1.1) (Shibuya et al., 2009; Chan and Wallace, 2013; Rashid et al., 2013). 

Therefore, MST along with CAT produce H2S. It has been proposed that MST interacts 

with 3-mercaptopyruvate in the presence of α-ketoglutarate and causes transfer of 

sulfur atom from 3-mercaptopyruvate to MST to form persulfide on MST active site 

(Whiteman et al., 2011). Therefore, MST needs a reducing agent, such as thioredoxin 

and dihydrolipoic acid (DHLA) in vivo and dithiothreitol (DTT) in vitro  (Rashid et al., 

2013; Kimura, 2014; Cao et al., 2019) and alkaline pH in order to desulfhydrate MST 

and produce H2S (Kimura, 2014). MST has two rhodanese domains in its structure, 

which might help in the detoxification of cyanide and H2S breakdown (Nagahara         

et al., 1999; Whiteman et al., 2011).  

MST was expressed in rat aorta (Shibuya et al., 2009), human coronary and 

pulmonary arteries endothelial cells, rat and mouse coronary arteries (Kuo et al., 

2015), PCA (Donovan et al., 2017; Donovan et al., 2018), mouse hearts (Kondo        

et al., 2013), porcine myocardium and PVAT (Donovan et al., 2018), and pig 

bronchioles, trachea, pulmonary arteries and rat liver (Rashid et al., 2013). MST was 

also expressed in brain and liver of mice and rats (Shibuya et al., 2009; Kuo et al., 

2015). In human RBCs (red blood cells), CBS and CSE expressions were 

undetectable, while MST was expressed (Vitvitsky et al., 2015). Therefore, the 

biological role of MST needs more studies to be clarified, especially in human diseases 

of organs that have abundant mitochondria such as heart, liver, brain and lung. This 

is because about one-third of MST is reported to be in the cytosol and two-thirds in 

the mitochondria, which indicates the importance of MST in H2S production inside the 

mitochondria (Lavu et al., 2011; Módis et al., 2013; Fräsdorf et al., 2014; Wen           

et al., 2018). Therefore, in these tissues, such as the heart, liver, brain, and lung the 

MST may have an important physiological role. The role of H2S in the mitochondria 

will be discussed later. 

MST activity is inhibited under some states, such as oxidising circumstances, which 

may be due to dimerisation (Nagahara, 2008) and also at increased intracellular 

calcium level (Mikami et al., 2011).  
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H2S can also be synthesised from D-cysteine by D-amino acid oxidase (DAO) through 

the formation of 3-mercaptopyruvate. DAO is PLP-independent enzyme present in 

the kidney, cerebellum/brain and liver (Shibuya et al., 2013). Thus, DAO may be 

considered as a minor source of H2S. 
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1.3.4. Comparison of variable tissue distributions of CBS, CSE and MST 

These enzymes CBS, CSE and MST have variable tissue localisations. For example, 

CBS was reported to be present predominantly in the liver, kidney and brain (Abe 

and Kimura, 1996; Wen et al., 2018). CBS is thought to be the predominant enzyme 

for endogenous synthesis of H2S in the rat brain. On the other hand, CSE was 

reported to be abundant in the vasculature (Hosoki et al., 1997) since it was reported 

that CBS had low expression in the blood vessels, such as rat portal vein and aorta 

(Hosoki et al., 1997), and mouse aorta (Al-Magableh and Hart, 2011) by 

normalisation of CBS expression with GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase) expression (as a loading control). Therefore, it was suggested that 

CSE is the principal enzyme for H2S synthesis in the blood vessels.  

The distribution of CBS and CSE between tissues is varied across different studies. 

CBS expression in rat liver was about 100-fold higher than rat brain (Erickson et al., 

1990; Swaroop et al., 1992). Although CSE was reported to be abundant in the 

vasculature, Donovan’s study found that all three H2S-synthesising enzymes CBS, 

CSE, and MST were expressed in PCA (Donovan et al., 2017). They found that CBS 

plays an important role in the ischaemic hypoxic relaxation response in PCA (Donovan 

et al., 2017). In another study, CSE was not detected, while CBS and MST were 

expressed in perivascular adipose tissue (PVAT) around PCA (Donovan et al., 2018). 

Both CSE and CBS were expressed in rat liver (Fiorucci et al., 2005), human umbilical 

vein endothelial cells (HUVECs) (Lin et al., 2013) and human embryonic kidney-293 

cells (HEK-293 cells) (Dai et al., 2019). MST and CSE are detected in rat microglial 

cells (Lee et al., 2006). Similarly, only MST and CSE were detected in in rat lung 

tissues (Madden et al., 2012). Although H2S production in the brain of CBS-knockout 

(KO) mice was comparable to wild-type mice via MST (Shibuya et al., 2009), CBS-

knockout in mice led to death within about one month due to cardiovascular and 

hepatic pathologies (Watanabe et al., 1995). Moreover, CSE was expressed in human 

astrocytes and neurons (Ichinole et al., 2005; Lee et al., 2009) and mice astrocytes 

and glial cells (Enokido et al., 2005). These results might be due to a compensatory 

increase of MST or CSE expression due to CBS-KO or that CBS may not be the major 

enzyme for H2S production in the brain.   

It might be challenging to determine if one enzyme only is responsible for 

endogenous H2S production in tissue. For example, CBS and CSE were together 

expressed in the liver and kidney of rats (Stipanuk and Beck, 1982; Teng et al., 2013) 

and mice (Al-Magableh and Hart, 2011), rat ileum tissues (Hosoki et al., 1997), and 

HEK-293 cells and rat carotid artery (Telezhkin et al., 2009). In another study, both 

CSE and MST were expressed in human pulmonary artery endothelial cells, rat liver, 



 

17 

 

rat aorta, and mice aorta (Kuo et al., 2015). Moreover, there is no selective and 

potent inhibitor for CBS, CSE and MST in order to confirm or exclude the specific 

involvement of each enzyme’s role in endogenous H2S production. The use of 

knockout (KO) animals by genetic manipulation of H2S-synthesising enzyme could 

help to determine which one is the most important enzyme in endogenous H2S 

production, but knockout of one enzyme may increase the others to compensate. 

The localisation, expression and activity of these enzymes CBS, CSE and MST, could 

be dependent on tissue types, species variation and conditions, such as redox state 

and stress, such as hypoxia. These factors could lead to a change of production and 

translocation of CBS and CSE to the mitochondria depending on the cellular 

environment (Fu et al., 2012; Teng et al., 2013). For example, CBS and CSE are 

cytosolic enzymes and widely expressed in tissues, such the liver, brain and blood 

vessels. It has been claimed that CBS and CSE may migrate to the mitochondria 

under stress states, such as oxidative stress and ischaemia or hypoxia. This 

observation might be due to alteration of mitochondrial permeability under stress 

circumstances, such as ischaemia or hypoxia and ovary and colon malignant tumours 

(Fu et al., 2012; Szabó et al., 2013; Teng  et al., 2013; Beltowski, 2015). The purpose 

of this migration of CBS/or CSE from the cytosol to the mitochondria might be due 

to a homeostatic response of tissue to stress conditions and that H2S may play an 

important role in control of stress conditions and exert cytoprotection via H2S 

antioxidant, mitochondrial-protection and prevention of calcium accumulation 

effects.  

Although CBS is a cytosolic enzyme, Teng’s work found that CBS proteins are 

accumulated in the mitochondria of rat liver and human hepatoma Hep3B cells under 

hypoxia (Teng et al., 2013). Interestingly, with the return of oxygen level to the 

physiological level, the accumulated CBS was degraded within about 10 min to 

terminate sustained CBS action and avoid overload of H2S in the mitochondria (Teng 

et al., 2013). Another support for this observation, Fu’s study reported that CSE 

proteins were translocated to the mitochondria of vascular smooth muscle cells 

(SMCs) under stress conditions using stress-inducers, such as A23187, tunicamycin 

and thapsigargin to increase intracellular calcium levels (Fu et al., 2012). Some 

pathological conditions can lead to changes in H2S synthesising enzyme expression 

or H2S production levels. For example, CSE and MST remained normal in cells in colon 

cancer, while CBS is overexpressed (Hellmich and Szabó, 2015). 
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There are additional factors which may influence endogenous H2S production, such 

as tissue type or gender. H2S generation in rat aorta was higher than rat ileum and 

portal vein (Hosoki et al., 1997). In another study, Zhao and colleagues reported 

that H2S generation in different rat vascular tissues was different; it was highest in 

the tail artery and lowest in the mesenteric artery, while aorta was in between. (Zhao 

et al., 2003). They also demonstrated that H2S generation in the rat liver was higher 

than vascular tissues and ileum. Similarly, H2S generation was the highest in mice 

liver compared to mice aorta and kidney (Al-Magableh and Hart, 2011). H2S 

production in the mice heart was higher than aorta (Yang et al., 2008). H2S 

production in rat liver was higher than human internal mammary artery (Webb et al., 

2008). H2S level was the highest in the murine kidney, then liver and pancreas and 

the lowest level was in the lung (Ang et al., 2012). The rate of absorption of applied 

Na2S (Sodium sulfide, H2S salt) in the rat heart and liver tissues was higher than the 

brain (Ishigami et al., 2009). The reason for this variation is unknown, but it might 

be due to different stores of H2S, biological significance and metabolism of H2S in 

each tissue.  

H2S endogenous production could also be affected by gender. Eto and Kimura’s study 

in mice reported that H2S production and CBS activity in mouse brain tissues were 

higher in males compared to females and also orchidectomy of males resulted in a 

decrease of H2S production (Eto and Kimura, 2002). In line with this result, 

additionally, the concentration of H2S in the blood of human female participants was 

lower than male participants (Bucci et al., 2009; Brancaleone et al., 2015). This effect 

may be due to testosterone augmenting effect on H2S endogenous production 

possibly by increasing enzymatic transformation of cysteine to H2S via stimulation of 

the enzymatic activity of CBS in mouse brain (Eto and Kimura, 2002), CBS/CSE in 

rat aorta (Bucci et al., 2009), and CSE in rat aorta (Brancaleone et al., 2015). 

Moreover, in CSE-deficient mice, hyperhomocysteinemia was about 9 fold greater in 

females than males (Yang et al., 2008). Therefore, testosterone and oestrogen may 

have an influence on H2S production. 

CBS, CSE and MST are reported to have different cellular distribution, which may lead 

to different effects of H2S in the brain and blood vessels. For example, CBS was 

present in the neurons (Ishigami et al., 2009), while CSE was present in both neurons 

and astrocytes (Enokido et al., 2005; Ichinole et al., 2005; Lee et al., 2009). 

Similarly, MST was present in both neurons and astrocytes (Nagahara et al., 1998). 

In blood vessels, CSE was detected but not CBS in the endothelium of rat aorta, 

pulmonary, mesenteric and tail arteries (Zhao et al., 2001). CBS and CSE were widely 

detected in the smooth muscle and endothelium of PCA, while MST was detected in 
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the endothelium and some areas of smooth muscle (Donovan et al., 2017). CAT is 

present in endothelial cells, while MST is present in both endothelial and smooth 

muscle cells (Shibuya et al., 2009; Kimura, 2011). 

1.4. Metabolism of H2S  

There are several metabolic pathways for quick clearance of H2S, which involve 

transsulfuration of the sulfur atom or reaction with other molecules (Wang, 2012; 

Wen et al., 2018). These metabolic pathways of H2S maintain rapid removal of H2S 

from the cells and tissues in order to maintain suitable physiological concentrations. 

Oxidation and methylation pathways are reported to prevent toxicity of H2S 

(Reiffenstein et al., 1992; Tangerman et al., 2009; Whiteman et al., 2011).  

1.4.1. Oxidation  

Oxidation of H2S is the primary most important metabolic pathway for H2S in order 

to decrease the avaiability of biologically active H2S. The oxidation pathway involves 

the oxidisation of sulfur in the mitochondria (desulfurisation) via mitochondrial 

enzymes, such as sulfide quinone oxidoreductase (SQOR), persulfide dioxygenase, 

rhodanese (thiosulfate: cyanide sulfurtransferase, TCST), and sulfite oxidase. These 

enzymes oxidise H2S to polysulfides, including thiosulfate (S2O3
2-) and sulfite (SO3

2-) 

and then, to sulfate (SO4
2-) (Li et al., 2011; Whiteman et al., 2011; Beltowski, 2015; 

Wen et al., 2018). MST in the mitochondria might metabolise some H2S to 

polysulfides in rat brain, and these polysulfides might mediate H2S signalling effects 

in the mitochondria of brain (Kimura et al., 2013; Kimura et al., 2015). Therefore, 

polysulfides might be a signalling mediator or storage form of H2S (sulfane sulfur), 

and this could indicate an important role of MST in H2S synthesis and/or sulfide 

metabolism and thus, MST might be considered as a key checkpoint for H2S 

metabolism. This oxidation of H2S might also be produced via non-enzymatic 

reactions, such as by interaction with reactive oxygen species (ROS) (Prieto-Lloret   

et al., 2018; Wen et al. 2018), and then to sulfite then to thiosulfate and eventually 

to sulfate (figure 1.3). 

Sulfate has been reported as the principal end-product of H2S metabolism (Kajimura         

et al., 2010; Shen et al., 2014), although thiosulfate may be another metabolic end-

product of H2S (Beltowski, 2015). In a radio-labelling study using Na2
35S in rats 

demonstrated a difference in H2S metabolic products in different tissues 

(Bartholomew et al., 1980). They found that H2S is principally metabolised by the 

liver to sulfate, whereas thiosulfate is mainly formed in the lung and by the kidney 

to a blend of thiosulfate and sulfate (Bartholomew et al., 1980; Whiteman et al., 

2011; Shen et al., 2015). These transformations of H2S metabolic pathways might 
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be a focus of future research studies as a cardioprotective signalling mechanism via 

the formation of different endogenous metabolites (Shen et al., 2015) possibly 

because some metabolic end products, such as thiosulfate may work as an 

endogenous store for H2S, which may be a releasable form of H2S (Sakaguchi et al., 

2014; Snijder et al., 2014). Therefore, the H2S biological effects might be related to 

H2S metabolites in addition to H2S itself. Therefore, H2S could be stored in thiosulfate, 

which is considered as H2S prodrug. For example, application of thiosulfate leads to 

attenuation of inflammatory damage in mouse lung (Sakaguchi et al., 2014). 

Similarly, application of thiosulfate in rats is reported to decrease angiotensin II-

provoked hypertension, and renal insult and these effects are comparable to NaHS 

effects (Snijder et al., 2014).  

1.4.2. Methylation  

H2S may be catabolised by the methylation pathway as a detoxification pathway in 

the cytosol which produces methanethiol and then a less toxic molecule, dimethyl 

sulfide (DMS) via thiol S-methyltransferase (MST) (Li et al., 2011; Wen et al., 2018) 

(figure 1.3).  

1.4.3. Miscellaneous  

Additionally, H2S can react with haem proteins, such as haemoglobin (Hb), or 

myoglobin, and cytochrome c. Interaction of H2S with haemoglobin leads to 

sulfhemoglobin formation, which likely acts as a metabolic sink for H2S (Li et al., 

2011; Beltowski et al., 2015) (figure 1.3). 

 

 

 

 

 

Figure 1.3: Metabolic pathways of H2S via oxidation, methylation by MST (S-methyl 

sulfurtransferase), haemoglobin, and rhodanese. Thiosulfate (S2O3
2-), sulfite (SO3

2-) 

and sulfate (SO4
2-) (Kolluru et al., 2013; Yu et al., 2014). 
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1.5. Endogenous H2S concentrations  

Different concentrations of H2S have been reported in biological fluids of mammals. 

H2S concentrations depend on cell or tissue type and location, method of 

measurement and conditions employed. For example, 20-300 µM in blood was 

claimed as a range of safety (Olson, 2009; Kashfi and Olson, 2013) using old 

methods, such as the methylene blue assay and sulfide ion selective electrode (SISE), 

although about 1 µM H2S level in tissues and blood was reported to be physiologically 

relevant using new methods, such as a polarographic H2S sensor (PHSS) (Whitfield 

et al., 2008) and the monobromobimane assay (Wintner et al., 2010; Shen et al., 

2011).  

High H2S concentration in the serum of patients with obstructive asthma was reported 

high about 600 µM in serum and sputum of asthmatic patients using a SISE (Saito 

et al., 2013). Moreover, H2S concentration in rat pulmonary artery and rat plasma 

was reported about 301 µM using the methylene blue assay (Chunyo et al., 2003), 

whereas H2S concentration in rat, bovine and human brains was reported to be 50-

160 µM using the methylene blue assay (Warenycia et al., 1989; Abe and Kimura, 

1996; Hosoki et al., 1997; Whiteman et al., 2005; Whiteman and Moore, 2009). In 

other studies, the measured H2S concentration in rat and human plasma was about 

10-100 µM using the methylene blue assay (Richardson et al., 2000; Zhao et al., 

2001; Li et al., 2005; Li et al., 2011; Wen et al., 2018). About 1 µM was measured 

in human plasma using the gas chromatography (GC) (Polhemus et al., 2014).  

On the other hand, Furne’s research found that H2S concentration in mouse brain 

and liver homogenates were a lot lower, about 14 and 17 nM, respectively using the 

GC (Furne et al., 2008) and concentrations of around 100 pM were measured in 

human blood (Tangerman et al., 2009). Presence of a range of reported levels of H2S 

might be due to differences in the detection methods, tissues, and/or measuring H2S 

or other forms of H2S, such as thiosulfate, sulfate and sulfane sulfur as an indicator 

of H2S production. 
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It has been suggested that the concentration of H2S measured in the plasma is lower 

than the tissue level (Li et al., 2011). This might be due to most of the synthesised 

H2S being utilised (autocrine or paracrine) or stored or metabolised at cellular or 

tissue level, and therefore, the plasma (circulating/systematic) H2S level in the 

plasma might be excess from H2S synthesis at the cellular or tissue level, and it may 

be produced from different tissues/organs (Li et al., 2011; Wen et al., 2018; Cao     

et al., 2019). In other words, there would be less H2S in plasma if much of 

synthesised H2S is stored in tissue. Thus, H2S levels in blood/plasma may be less 

reliable than H2S levels in tissues. In line with this observation, Whitfield et al’s study 

found that there was no detectable H2S in the blood of many species (mouse, rat, 

pig, cow, lamprey and trout) (Whitfield et al., 2008). Whitfield’s research also 

revealed that the measured H2S (using Na2S, sodium sulfide, H2S salt) quickly 

disappeared in vitro with the addition of 5 % bovine serum albumin (BSA). Moreover, 

the addition of antioxidant-alkaline buffer leads to release of H2S from 5 % BSA in 

vitro (Whitfield et al., 2008). Therefore, this result might suggest rapid clearance of 

H2S may be via storage in bound forms, such as persulfide (sulfhydrated protein). 

Therefore, most of the biological H2S may be stored as a bound form, which may be 

releasable under specific conditions. Thus, during H2S measurement, it could be 

important to detect and consider these stored forms of H2S, such as sulfane sulfur, 

which releases stored H2S under reducing or alkaline conditions, and acid-labile, 

which releases stored H2S under acidic condition (Ubuka et al., 2002; Whitfield et al., 

2008; Ishigami et al., 2009; Shibuya et al., 2009). These forms could affect the level 

of H2S detection and tell us how much H2S is stored, but not the activity of the 

enzymes. 

There are some issues with H2S level measurement. For example, there is little 

agreement about the toxic and physiological levels (Ang et al., 2012). Moreover, the 

difference between the physiological and toxic levels is narrow. For instance, the toxic 

level for H2S in the brain tissue was about double that of the physiologically reported 

level 50-160 µM (Warenycia et al., 1989). 

Overall, the H2S concentration in the body or tissues is the balance of biosynthesis 

and oxidation (Olson, 2008; Li et al., 2011; Yu et al., 2014). Several endogenous 

quantities of H2S were detected and produced from various vascular tissues with 

different levels. For instance, Zhao’s group found that rat aorta tissues produced 

more H2S than rat portal vein tissues (Zhao et al., 2001).  
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 1.6. Measurement of H2S  

There is an increasing body of evidence that suggests multifaceted biological actions 

of H2S within the body. However, H2S detection and measurement are problematic 

and challenging because H2S is unstable and gaseous/volatile in solution. Moreover, 

H2S is vulnerable to oxidation and interaction with other molecules (Tangerman         

et al., 2009; Ang et al., 2012). Furthermore, it is difficult to measure the local 

concentration of H2S at the site of synthesis or action. NO is commonly oxidised to 

nitrite and nitrate as stable metabolic end products of NO. Therefore, the 

measurement of nitrite and nitrate levels have been commonly used as a biomarker 

for NO availability (Li et al., 2011; Piknova et al., 2016). In contrast to NO, H2S is 

without specific metabolic end-products that could be measured easily as a biomarker 

(Li et al., 2011). These properties will lead to difficulties and challenges in the 

detection of H2S in biological samples (Shen et al., 2011; Olson et al., 2014).  

H2S measurement in samples (tissues homogenate or plasma) does not necessarily 

indicate and even may underestimate the actual level of H2S at the cellular and 

subcellular levels as active sites of H2S biosynthesis. For example, it was reported 

that H2S level in brain tissue was about three-fold higher than plasma level (Zhao   

et al., 2001). As such, there is little agreement about the precise measurement of 

H2S regarding its active form, concentration-response, and molecular targets (Kolluru 

et al., 2013) and thus, this dilemma remains a scientific challenge.  

Therefore, the availability of a precise, accurate, sensitive, real-time, consistent and 

reliable method to measure H2S without disruption of cells or tissue (Kimura, 2011) 

is vital in order to get sufficient comprehension of H2S production, level, homeostasis 

and its biological profile (Tangerman et al., 2009; Li et al., 2011). This may allow 

exploitation of the potential medical applications of H2S concentrations in the 

diagnosis and treatment of some diseases, particularly CVD (Olson et al., 2014). 

Therefore, development and improvement of available assays for H2S measurement 

could be useful to monitor the changes in H2S concentrations in CVD and after 

application of H2S donor drugs (H2S sources). 

Generally, the typical method for H2S measurement should be specific, sensitive, 

reliable, cheap/available, simple, consistent, dynamic, and biocompatible. The 

selection of H2S measurement method is governed by the facilities available, 

sensitivity required, complexity of methodology, variability, type of tissues and 

conditions to be tested. 
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A typical measurement of H2S could clarify the toxic and therapeutic level of H2S  at 

the tissue and cellular level (Whiteman and Moore, 2009; Yu et al., 2014). There are 

many methods for H2S measurement. Unfortunately, most of them have advantages 

and disadvantages and require more refining and optimisation.  

1.6.1. Colorimetric assay: The methylene blue assay 

The methylene blue assay is the most common and oldest method for H2S 

measurement. This assay depends on trapping of free H2S with zinc to form stable 

zinc sulfide and followed by reaction with ferric chloride (FeCl3, oxidising agent) and 

dimethyl phenylenediamine sulfate (DMPD) under acidic conditions leading to the 

formation of methylene blue (figure 1.4) (Hughes et al., 2009). The methylene blue 

is measurable using a spectrophotometer at 670 nm or high-performance liquid 

chromatography (HPLC) (Whiteman et al., 2011; Sen et al., 2012). The change in 

methylene blue colour reflects the change in H2S production and H2S synthesising 

enzymes activity (H2S from L-cysteine via CBS/CSE or H2S from mercaptopyruvate 

via MST) (Abe and Kimura, 1996; Hosoki et al., 1997; Zhao et al., 2003; Geng et al., 

2004; Yang et al., 2011; Rashid et al., 2013; Candela et al., 2016; Untereiner et al., 

2016; Donovan et al., 2017; Donovan et al., 2018).  

The aggressive acidic pH of the methylene blue assay could liberate various forms of 

acid-labile sulfur rather than free H2S. Therefore, it could lead to erroneously high 

results. Also, there is a possibility of interaction with coloured materials in the 

biological samples, which may be similar to sulfide reaction with DMPD and FeCl3 

(Kolluru et al., 2013). Moreover, the H2S detection range of the methylene blue assay 

is reported to be from  8 µM (minimum) to 301 µM (maximum) and therefore, it is 

non-linear with high concentrations of H2S, such as > 301 µM H2S (Whiteman and 

Moore, 2009; Li et al., 2011; Papapetropoulos et al., 2015; Wen et al., 2018). 

Therefore, it lacks specificity and sensitivity, especially in tissues with low H2S 

concentration. Thus, it is unsuitable for detection of low H2S concentration (< 8 µM 

H2S) (Li et al., 2011; Kolluru et al., 2013; Stein and Bailey, 2013; Papapetropoulos 

et al., 2015). Moreover, the methylene blue assay leads to permanent destruction of 

the sample and therefore, it is a single-point method and unsuitable for measuring 

H2S level in a real-time pattern (Olson et al., 2014). 
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Figure 1.4: The methylene blue assay chemical reactions for the detection of H2S. 

The reaction requires one part of H2S and two parts of the reagent N,N-dimethyl-p-

phenylenediamine (DMPD) for stoicheiometry in the presence of oxidising agent FeCl3 

(ferric chloride) and acidic pH (Hughes et al., 2009; Shen et al., 2011). 

1.6.2. Sulfide ion-selective electrode (SISE) 

In this method, a SISE is put into a sulfide ion-containing sample. Also, required is 

an isolated reference electrode. Both of the SISE and the isolated reference electrode 

are connected to a millivoltmeter in order to make the electrochemical connection. 

Sulfide ions diffuse across the sulfide ion-selective membrane of the SISE and cause 

voltammetric changes and currents. These currents are measured by the 

millivoltmeter and are proportional to the sulfide ion concentration in the sample. The 

sulfide concentration is calculated via measuring voltages of the standard sulfide 

concentrations (Khan et al., 1980; Zhao et al., 2001; Searcy and Peterson, 2004; 

Madden et al., 2012; Leucker et al., 2017). Then, the sulfide ion concentration 

potentially represents H2S concentration (Khan et al., 1980; Searcy and Peterson, 

2004; Mustafa et al., 2009; Yu et al., 2016). Using SISE, 1 mM H2S concentration in 

organ bath was decreased to about 150 µM after about 30 min (Zhao and Wang, 

2002). SISE was also used to measure the changes in H2S production and 

concentration in CSE-knockout mice aorta and heart (Yang et al., 2008). 

SISE has a detection range from about 34 µM (minimum) to 75 µM (maximum) 

(Wang, 2012; Wen et al., 2018). Moreover, SISE is sensitive only to sulfide anion 

(S2-), and free H2S should be fully dissociated. Therefore, SISE requires highly 

alkaline and antioxidant conditions. Furthermore, the presence of antioxidant may 

lead to the release of H2S by desulfhydration of sulfhydrated proteins (Wang, 2012). 

This method has low reproducibility because it is sensitive to temperature changes, 

noise and interferences with ions, such as iron and mercury and biological molecules, 

such as thiols (Nagy et al., 2014; Olson et al., 2014). Moreover, SISE needs a large 
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volume of sample, frequent cleaning and calibration. Therefore, it is unsuitable for 

detection of low H2S levels. 

1.6.3. Polarographic H2S sensor (PHSS) 

The polarographic H2S sensor (PHSS) has three parts, cathode, anode and 

electrolyte. These three parts are isolated from the sample solution components by 

a H2S-permeable membrane. H2S in the sample solution passes through this 

membrane and dissociates to HS-. Then, HS- reduces ferricyanide to ferrocyanide, 

which donates electrons to the anode and causes voltammetric (amperometric) 

changes and currents, which are measured by a millivoltmeter and are proportional 

to H2S concentration in the sample (Doeller et al., 2005; Koenitzer et al., 2007; 

Whitfield et al., 2008; Kuo et al., 2015). 

This method measures sulfide ion level, which potentially reflects H2S level (Doeller 

et al., 2005; Koenitzer et al., 2007; Al-Magableh and Hart, 2011; Nagy et al., 2014; 

Kuo et al., 2015; Wen et al., 2008). PHSS has been developed to decrease the 

interference of SISE with biological molecules, such as thiol (Nagy et al., 2014). 

PHSS is sensitive for H2S at nanomolar concentrations (Whitfield et al., 2008; Olson 

et al., 2014) in cells and tissues. PHSS has a detection range from about 10 nM 

(minimum) to 500 µM (maximum) (Doeller et al., 2005). Moreover, PSSH has a real-

time property for measuring changes in H2S levels in biological samples rapidly at 

the site of synthesis in rat aorta (Koenitzer et al., 2007; Olson et al., 2014). PHSS 

was useful for measuring H2S in brain tissue (Hu et al., 2010). Using PHSS to measure 

H2S concentrations in organ bath, application of NaHS delivered H2S in a non-linear 

manner and 1 mM NaHS led to delivery of about 0.1 mM H2S in organ bath (Al-

Magableh and Hart, 2011). PHSS has been reported to measure about 10 nM H2S in 

mammalian tissues, such as heart, liver, brain, aorta, lung and kidney (Doeller et al., 

2005, Koenitzer et al., 2007; Whitfield et al., 2008; Mustafa et al., 2009). 

Furthermore, PHSS could be used to measure sulfide in vertebrate blood or plasma 

samples (Olson, 2009). Moreover, it could be useful for a large number of samples 

because it requires a small volume of sample, but this may lead to difficulty in 

handling of very small samples (Olson et al., 2014). However, PHSS also has 

disadvantages, such as it needs cleaning and calibration, but less frequent than SISE; 

it is liable to pressure and temperature changes and interference with reducing 

agents, such as dithiothreitol (DTT) (Nagy et al., 2014; Olson et al., 2014). 
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1.6.4. Fluorescent probes 

There is a lack of methods that measure H2S at the cellular level with precise, 

sensitive, selective and real-time properties (Nagy et al., 2014; Lin et al., 2015; Cao 

et al., 2019). Recent sensitive methods including fluorescent probes, such as 

monobromobimane (MBB), combined with gas chromatography (GC) and analyte-

filled carbon nanotubes (CNT) have been developed to exclude previous limitations 

(Olson et al., 2014). Novel methods that measure H2S  at an intracellular level such 

as fluorescent probes combined with CNT (Wu et al., 2006) in the living system at 

near-physiological conditions (Lippert et al., 2011; Lin et al., 2013; Lin et al., 2015; 

Candela et al., 2016; Cao et al., 2019) show relatively promising properties, yet with 

a need for more optimisation and development (Yu et al., 2014; Wen et al., 2018).  

In contrast to previous methods, such as the methylene blue assay and SISE, the 

fluorescent probes have advantages, such as that they are sensitive to H2S over 

biological thiols, such as glutathione and cysteine (Lin et., al 2013; Lin et al., 2015). 

The experiments of selectivity demonstrated that fluorescent probes, such as SF7-

AM (sulfidefluor7-acetoxymethyl ester, azide-based fluorescent probe) have higher 

reactivity toward H2S than other biological thiols (Lin et al., 2013; Lin et al., 2015). 

Moreover, the detection range of fluorescent probes was reported to be from about 

0.5 µM (minimum) to 100 µM (maximum) (Lin et al., 2013; Guo et al., 2015; Wen 

et al., 2018), and the fluorescent probes could be linear until about 1 mM H2S 

concentration (Guo et al., 2015). The fluorescent probes have the possibility of 

measuring real-time changes in H2S in living cells and tissues. Also, they do not need 

extensive steps for sample preparation (no sample destruction), are highly specific, 

some of them are permeable to most cell membranes, give fast results and a stable 

signal  (Guo et al., 2015; Cao et al., 2019). There are three types of fluorescent 

probes for H2S measurement: reduction-dependent, nucleophilic-dependent and 

metal sulfide-based (Wen et al., 2018). 
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1.6.4.1. Reduction-dependent fluorescent probes  

Sulfidefluor-7 acetoxymethyl ester (SF7-AM), is an enhanced example of the 

reduction-based fluorescent probe (azide-based). It has been reported to have 

outstanding cellular trapping ability (cellular selectivity), biocompatibility and good 

sensitivity for H2S production in living cells and tissues (Lin et al., 2013; Szczesny    

et al., 2014; Gerő et al., 2016; Lin et al., 2015; Candelaet al., 2016), because the 

acetoxymethyl ester groups of SF7-AM are specifically cleaved inside the cells via 

esterases (Lin et al., 2013). The principle of the SF7-AM method is that when SF7-

AM (a non-fluorescent azide) reacts with H2S as a reducing agent, the fluorescent 

amine product can be quantified by measuring fluorescence and correcting with the 

tissue blank and expressing as relative fluorescence unit per mg protein (figure 1.5) 

(Lin et al., 2013; Kuo et al., 2015; Lin et al., 2015).  

 

 

 

 

 

 

 

 

 

Figure 1.5: The SF7-AM (acetoxymethyl ester) probe reactions for the detection of 

H2S. The reaction involves the reduction of a non-fluorescent azide to a fluorescent 

amine by H2S acting as a reducing agent (Lin et al., 2013; Lin et al., 2015). 

Moreover, some of the fluorescent probes have been developed for targeting 

particular organelles and addition of various colours. For example, the fluorescent 

probes, SHS-M1 and SHS-M2 are used for measuring H2S in the mitochondria through 

the addition of a mitochondrial-targeted part, triphenylphosphonium (Bae et al., 

2013). The probe SHS-M2 changes its colour when contacts H2S from blue to yellow 

(Bae et al., 2013).  



 

29 

 

1.6.4.2. Nucleophilic-dependent fluorescent probes  

Nucleophilic-dependent fluorescent probes, in order to detect H2S, are dependent on 

the strong hydrophilicity of HS- that is hydrolysed from H2S under physiological pH 

conditions (Peng et al., 2014; Wen et al., 2018). This HS- leads to the release of the 

captured fluorescence by nucleophilic substitution/switch and increase of 

fluorescence signal (Takano et al., 2017; Wen et al., 2018). These probes have some 

disadvantages, such as they could interfere with the biological thiols (Winter et al., 

2010; Qian et al., 2011; Montoya et al., 2013; Guo et al., 2015). Moreover, these 

probes require a prolonged time of reaction for H2S detection about hours (Nagy       

et al., 2014). 

Monobromobimane is an example of a nucleophilic-dependent fluorescent probe 

(Winter et al., 2010; Cao et al., 2019). In this method, fluorecence HPLC (high-

performance liquid chromatography) is used to measure free H2S and bound H2S such 

as sulfane sulfur by using monobromobimane (MBB) (Togawa et al., 1992; Shen       

et al., 2012; Shen et al., 2015). In non-reducing conditions, this assay has been used 

to measure free H2S. In contrast, in the presence of a reducing agent, such as DTT 

or tris (2-carboxyethyl)phosphine (TCEP) this assay has been used to measure bound 

H2S such as sulfane sulfur (reductant-labile sulfur pool/store). First, sulfide reacts 

with MBB under the alkaline condition to form stable hydrophobic sulfide-

dibromobimane, and then sulfide is separated by HPLC and detected by a 

fluorescence detector attached to the HPLC. This method might be used for 

measurement of acid-labile sulfide stores under acidic conditions (Nagy et al., 2014). 

This technique was used to measure H2S in mouse plasma (Wintner et al., 2010) and 

rat blood (Shen et al., 2011). This method was reported to measure H2S in cells, 

tissues and biological fluids to about 2-5 nM limit, and therefore, it is more sensitive 

than the methylene blue assay (Shen et al., 2011). In human blood, MBB was more 

sensitive than PHSS for H2S measurement (Winter et al., 2010; Olson et al., 2014). 

However, the MBB method has disadvantages. For instance, it is a lengthy, 

sophisticated and costly procedure. Moreover, for utmost-results, MBB needs very 

low-oxygen level and high pH circumstances (Olson et al., 2014). Additionally, it is 

less convenient for real-time H2S measurement (Olson et al., 2014) and a large 

number of samples (Ang et al., 2012). 
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1.6.4.3. Metal-sulfide based fluorescent probes 

Metal sulfide-based fluorescent probes measure H2S using heavy metals, such as iron 

and copper to capture the fluorescence. H2S interacts with iron or copper because of 

metalophilicity of H2S, which leads to release of the captured fluorescence and 

increase of the fluorescence signal (Sasakura et al., 2011; Hou et al., 2012; Guo      

et al., 2015; Wen et al., 2018). These probes have some disadvantages. For example, 

thiols could interfere with the signal of these probes (Qian et al., 2011; Sasakura     

et al., 2011; Montoya et al., 2013; Guo et al., 2015). Also, some of these probes, 

such as HSip-1 are not permeable through cell membranes (Nagy et al., 2014) and 

they can only be used for extracellular detection of H2S (Sasakura et al., 2011). 

1.6.5. Carbon Nanotubes (CNT) 

Carbon fiber technology such as CNT based H2S sensors are used for measuring low 

levels of H2S at about nanomolar concentrations by adsorption of H2S in the air or 

biological solution on the nanotube contact surface (Wu et al., 2006; Zhang et al., 

2008; Wen et al., 2018). Some CNT are enhanced with a fluorescent probe (Wu         

et al., 2006). CNT is relatively selective for H2S and needs only a small volume of 

sample and it could be more suitable for measuring H2S in the air. CNT has 

disadvantages; for example, it is costly, needs high power, has short-time usability 

and high-temperature requirement (Tamaki et al., 2000; Zhang et al., 2008).  

1.6.6. Gas chromatography 

Gas chromatography (GC) is a method described for H2S measurement (Shibuya       

et al., 2009; Levitt et al., 2011; Predmore et al., 2012; Kondo et al., 2013). Levitt 

study found that gas chromatography was useful for the detection of H2S as free and 

bound from acid-labile sulfur forms in mouse tissues (Levitt et al., 2011). GC is useful 

for measuring H2S in air samples. GC combined with mass-spectrometry technique 

(GC-MS) was used to measure H2S in mammalian tissues at about 20-500 µM 

(Hyšpler et al., 2000; Furne et al., 2008; Kondo et al., 2013). However, GC has 

disadvantages, such as it needs prolonged times for incubation, it is a sophisticated 

procedure and requires a large volume of sample (Tangerman et al., 2009). 

Moreover, GC is less useful for real-time measurement (Nagy et al., 2014; Olson      

et al., 2014) and a large number of samples (Ang et al., 2012). 
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1.7. Mechanism of action (signalling pathways) of H2S  

H2S biological effects are diverse and complex and usually physiological at low 

concentrations, causing modifications of signalling proteins and ion channels (Li         

et al., 2011; Paul and Snyder, 2015, Wen et al., 2018). For example, cardiovascular 

protection is suggested by maintaining endothelial function, ion channel regulation, 

antioxidation, mitochondrial protection, antiapoptosis, anti-inflammatory and pro-

angiogenesis effects (Mancardi et al., 2009; Shen et al., 2014; Kanagy et al., 2017; 

Wen   et al., 2018).  

The physiological and pathological effects of H2S could be due to H2S or its 

metabolites (polysulfides and persulfides) via sulfhydration, which is a significant 

post-translational mechanism of action for H2S similar to phosphorylation and more 

common than nitrosylation of proteins (Mustafa et al., 2009; Paul and Snyder, 2015). 

Anti-oxidation is another effect of H2S (Kimura et al., 2010; Paul and Snyder 2012; 

Beltowski, 2015). There are several postulated molecular mechanisms for H2S 

actions, and most of these mechanisms are overlapped and integrated (figure 1.6).  

 

 

 

 

Figure 1.6: Potential signalling 

pathways for the cardiovascular-protective and cytoprotective actions of H2S. TRP 

channels (transient receptor potential); Nrf2, (nuclear-factor-E2-related factor); 

GAPDH (glyceraldehyde 3-phosphate dehydrogenase); MEK1 (mitogen-activated 

extracellular signal-kinase 1); NF-kB (nuclear factor Kappa Beta); PI3-K 

(phosphatidylinositol-3kinase), Akt (protein kinase B), PKC (protein kinase C), ERK 

(extracellular regulated kinase), p38 MAP kinase (mitogen-activated protein kinase) 

(Szabó et al., 2011; Chan and Wallace, 2013). 
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1.7.1. H2S effects on ion channels 

1.7.1.1. Potassium channels 

H2S has been claimed to interact with many types of potassium channels, such as 

ATP-sensitive potassium channels (KATP) (Zhao et al., 2001; Kubo et al., 2007; 

Materazzi et al., 2017), calcium-activated potassium channels (BKCa) (Zhao et al., 

2001) and voltage-gated potassium channels (Kv) (Cheang et al., 2010; Hedegaard 

et al., 2014). The first reported mechanism of H2S was on KATP channel. Opening of 

(KATP) channels was reported to produce rat aorta smooth muscle relaxation (figure 

1.6) (Zhao et al., 2001), which was mimicked by pinacidil (KATP channel opener). This 

resulted in a beneficial vasodilatation action during preconditioning (short, repeated, 

and non-fatal periods of ischaemia or H2S application before the application of 

prolonged ischaemia and that may protect the heart against the injury of prolonged 

ischaemia) to protect rat hearts and atrial and ventricular cardiomyocytes against IRI 

(ischaemia-reperfusion injury) (Bian et al., 2006; Zhong et al., 2010) and this effect 

was partially reversed by potassium channel blockers, such as glibenclamide (Kubo 

et al., 2007; Mancardi et al., 2009). 

Similarly, in a study in aortic vascular smooth muscle cells, it was found that H2S 

produced membrane hyperpolarisation via KATP channel opening (Zhao et al., 2001). 

Therefore, the hyperpolarisation via increase of potassium efflux and decrease of 

calcium influx may mediate H2S-induced relaxation (Cheang et al., 2010). 

Szabó and his colleagues showed the therapeutic effects of intravenous infusion of 

NaHS in an experimental model of cardiopulmonary bypass in anaesthetised dogs. 

They found that the production of H2S played a beneficial role in myocardial 

preconditioning and postconditioning responses. Postconditioning is short, repeated, 

and non-fatal periods of ischaemia or H2S application after ischaemia and prior the 

application of prolonged reperfusion may protect the heart against the injury of 

prolonged reperfusion (Szabó et al., 2011). These responses might help the heart to 

tolerate prolonged periods of ischaemia and reperfusion injury and might be 

potentially mediated by H2S via KATP channel opening, which might cause 

hyperpolarisation and decrease calcium influx. Also, this finding might be attributable 

to maintaining the mitochondrial function, and regulation of cytoprotective and 

antioxidant factors, such as Nrf2 (figure 1.6). 
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However, in aorta, KATP channel opening was reported to play only a partial role in 

H2S-mediated relaxation. For example, in mouse aorta, H2S-mediated relaxation was 

totally unrelated to KATP channel opening (Kubo et al., 2007). Large conductance BKCa 

channel opening was suggested to be involved in NaHS-mediated relaxation response 

in rat aorta (Zhao et al., 2001) and rat mesenteric artery (di Villa Bianca  et al., 

2011; Jackson-Weaver et al., 2011). Furthermore, 0.3 mM NaHS was reported to 

cause stimulation of BKCa channels in rat pituitary tumour cells (Sitdikova et al., 

2010), while NaHS at 0.1-10 mM concentrations inhibited large conductance BKCa 

channels in HEK-293 cells (Human embryonic kidney 293 cells) (Telezhkin et al., 

2009). These opposing effects of BKCa channels may be attributed to differences in 

H2S concentration, cell type, species and methodology used in each study. 

Moreover, small and intermediate conductance BKCa channel opening was reported to 

participate in NaHS-mediated relaxation in rat mesenteric arteries (Cheng et al., 

2004), whereas Kv channel opening was reported to participate in H2S-mediated 

relaxation response in rat coronary artery (Cheang et al., 2010) and Kv7 channels in 

porcine coronary artery (Hedegaard et al., 2014). The vasorelaxation effect on 

mesenteric artery may lead to a decrease of the peripheral vascular resistance (PVR) 

and result in a decrease in the blood pressure (BP). 

1.7.1.2. Transient receptor potential channels 

H2S may also act by the opening of transient receptor potential (TRP) channels (figure 

1.6), such as TRPA1 (Ankyrin-1) and TRPV1 (vanilloid-1), which could increase 

release of some vasodilator neuropeptides, such as calcitonin-gene related peptide 

(CGRP) or substance P from sensory nerves in smooth muscles of blood vessels, such 

as mesenteric arteries (Kawasaki et al., 1988). Therefore, it could modulate pain 

(nociception) and vascular muscle tone (Li et al., 2011;  White et al., 2013; Naik      

et al., 2016; Phan et al., 2020). In 2013, White’s study found that NaHS caused 

smooth muscle relaxation of mesenteric arteries in rats by the opening of TRPA1 

channels (White et al., 2013). NaHS led to the activation of TRPV1 channels, 

contraction and inflammation in guinea pig bronchi via the release of neuropeptide 

from sensory nerves (Trevisani et al., 2005). 

1.7.1.3. Chloride channels 

Also, some of H2S cardio-protective effects, such as control of blood pressure and 

apoptosis might be attributed to inhibition of chloride channels in rat heart lysosomal 

vesicles (Malekova et al., 2009). H2S may cause intracellular acidification via 

activation of Cl-/HCO3
- exchanger in rat aorta smooth muscle cells (Lee et al., 2007), 

rat aorta (Kiss et al., 2008), and rat glial cells (Lu et al., 2010).   
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1.7.1.4. Calcium channels 

H2S may cause inhibition of calcium channels (L and T type dihydropyridine voltage-

gated calcium channel), and therefore H2S leads to inhibition of extracellular calcium 

influx (figure 1.6) (Sun et al., 2008; Al-Magableh and Hart, 2011; Zhang et al., 2012; 

Tomasova et al., 2015). In 2002, Zhao and Wang study was the first study revealed 

that H2S produced direct blockade of calcium channels in rat aorta (Zhao and Wang, 

2002). Moreover, it was reported that the relaxation responses of NaHS in mouse 

and rat aorta was decreased in calcium-free conditions or in the presence of calcium 

channel blockers, such as nifedipine (Zhao and Wang, 2002; Al-Magableh and Hart, 

2011; Zhang et al., 2012; Avanzato et al., 2014). In a similar study, NaHS directly 

relaxes vascular smooth muscle cells via calcium channel blockade (Dai et al., 2019). 

NaHS led to inhibition of cardiac functions in isolated rat hearts via calcium channel 

blockade (Zhang et al., 2012; Mazza et al., 2012). Moreover, NaHS was reported to 

attenuate excessive stimulation and degeneration of retinal neurons by light via 

decrease of calcium entry and act as a cytoprotective agent (Mikami et al., 2011). 

NaHS also caused inhibition of contraction and had a negative inotropic effect in rat 

cardiomyocytes and rat hearts by inhibition of L-type calcium channels (Sun et al., 

2008; Zhang et al., 2012). Additionally, Xu’s work revealed that NaHS reduced 

calcium influx, which was reversed by BayK8644 (L-type calcium channel agonist) in 

human atrial fibres (Xu et al., 2011) and also in vascular smooth muscle cells (Dai   

et al., 2019). In line with these results, Zhang’s study found a similar result; they 

found that NaHS resulted in a suppressive effect on L-type voltage-gated calcium 

channels currents in rat cardiomyocytes and inhibited cardiac functions in isolated 

perfused rat hearts (Zhang et al., 2012). In another study, application of NaHS led 

to relaxation of the myocardial tissue of rats and frogs likely via decrease of 

intracellular calcium level (Mazza et al., 2012).  Moreover, in rat cerebral artery, 

NaHS caused relaxation via calcium channel blockade but not KATP channel (Streeter 

et al., 2012; Tian et al., 2012). AP39 (mitochondria-targeted, H2S donor) produced 

a sustained decrease of BP and heart rate via blocking calcium channels in rat hearts 

(Tomasova et al., 2015). 
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Application of NaHS in conditions of oxidative stress induced by H2O2 leads to 

decrease of cell death and increase of cell survival via blockade of calcium channels 

(Avanzato et al., 2014). Therefore, the blockade of calcium channels could participate 

in H2S antioxidant effect. In the lung, Na2S and GYY4137 decreased the intracellular 

calcium level by attenuation release of calcium from endoplasmic reticulum through 

InsP3 (inositol-1, 4, 5 triphosphate) and therefore, it led to smooth muscle relaxation 

(Castro-Piedras and Perez-Zoghbi, 2013). NaHS application in HEK-293 cells and rat 

aortic smooth muscle cells resulted in an inhibition of T-type calcium channels using 

patch-clamp technique (Elies et al., 2014). H2S might also cause a decrease of the 

apoptosis and maintenance of the mitochondrial function, permeability integrity, and 

adjustment of the sarco endoplasmic reticulum calcium-ATPase (SERCA) activity to 

prevent calcium overload (Polhemus et al., 2014). 

Therefore, H2S may lead to the closure of calcium channels and a decrease in the 

intracellular calcium concentration, causing a decrease in muscle tone in the blood 

vessels and heart and decrease of the blood pressure (Yang et al., 2008; Zhang         

et al., 2015). NaHS application to hepatocyte mitochondria led to inhibition of 

calcium-activated cytochrome c oxidase leakage from the mitochondria, decreased 

swelling of mitochondria swelling (Teng et al., 2013). 

Increase of intracellular calcium level has been reported to play a pivotal role in IRI 

(ischaemia- reperfusion injury) because an increase of calcium level leads to leakage 

of cytochrome c oxidase (complex IV) release from the mitochondria via increase of 

mitochondrial permeability, swelling of mitochondria, triggering of apoptosis and 

necrosis (Ott et al., 2002; Boehning et al., 2003). Thus, calcium accumulation may 

lead to dysfunction of the mitochondria in heart and blood vessels. H2S decreases 

intracellular calcium (Zhao and Wang, 2002; Pan et al., 2008; Sun et al., 2008; Al-

Magableh and Hart, 2011, Xu et al., 2011, Avanzato et al., 2014). Therefore, a 

decrease of intracellular calcium level by H2S may be beneficial to IRI (Morris et al., 

1996; Pan et al., 2009) via possibly maintaining calcium homeostasis, preserving 

mitochondria function and structure, increasing blood flow during ischaemia by 

relaxation, and decreasing of over-contraction injury during reperfusion.  
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1.7.2. Antioxidant effects of H2S 

Oxidative stress is an important cause of tissue injury, especially in the heart 

(Avanzato et al., 2014). H2S is a reducing agent, and it may act as an antioxidant 

(figure 1.6) (Geng et al., 2004; Suzuki et al., 2011). These antioxidant effects of H2S 

may illustrate some of cytoprotective effects of H2S in cellular and tissue injury in the 

heart, blood vessels, liver and kidney (Geng et al., 2004; Li et al., 2011; Suzuki        

et al., 2011). H2S decreases oxidative stress by scavenging of ROS (reactive oxygen 

species) by direct interaction with ROS, such as superoxide and hydrogen peroxide 

(Geng et al., 2004; Zhuo et al., 2009), neutralisation of ROS (such as increasing in 

glutathione level by increasing of γ-glutamylcysteine synthetase activity and 

enhancing of cystine transport) (Kimura et al., 2010) and inhibition of ROS generation 

(Whiteman et al., 2011; Shen et al., 2015). L-cysteine has been reported a precursor 

of H2S, and mice fed with low-cysteine diet have oxidative stress vulnerability (Ishii 

et al., 2010).  

Therefore, the antioxidant action of H2S decreases DNA breaking, oxidative stress 

damage, lipid peroxidation and therefore, H2S repairs endothelial dysfunction. Thus, 

H2S acts as a cytoprotective and inflammatory modulator (Szabó et al., 2011; Luo  

et al., 2014). In line with this idea, the mitochondrial-targeted H2S donor AP39 

reduced oxidative stress in murine brain endothelial cells via mitochondria DNA 

protection and maintenance of cellular energy. Therefore, it could be useful for 

mitochondria-related pathology (Szczesny et al., 2014).  

Interestingly, in an important in vivo study in mice, AP39 (mitochondria-targeted H2S 

donor) reduced oxidative stress after cardiac-arrest by antioxidant and mitochondria 

protective effects, such as decrease of the mitochondrial permeability and ROS 

production; therefore, AP39 led to cytoprotective effects on mice heart and brain. 

Moreover, AP39 significantly increased the survival rate after cardiopulmonary 

resuscitation (Ikeda et al., 2015). Therefore, AP39 protected the heart and led to 

cardioprotective effects. AP123 and AP39 (mitochondria-targeted H2S donors) 

decreased the hyperglycaemia-induced oxidative stress in murine vascular 

endothelial cells (Gerő et al., 2016). The antioxidant effect of AP123 and AP39 was 

about 100-fold more than Na2S. AP39 was slightly more effective than AP123 (Gerő 

et al., 2016). The oxidative stress, mitochondrial dysfunction and inflammation play 

major roles in cardiovascular pathologies. Therefore, these results strongly suggest 

the cardiovascular protective effects of H2S via AP123 and AP39, which could be 

useful to apply in relevant/or similar clinical CVD. 
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H2S could activate cytoprotective agents, such as Nrf2 a transcription factor 

enhancing antioxidant expression at the genetic level, by increasing its localisation 

in the nucleus in a myocardial ischaemia model in mice hearts (Calvert et al., 2009). 

Additionally, they demonstrated that Nrf2 mediated cardioprotection activity in mice 

hearts by pre-treatment with Na2S, as a preconditioning agent before IRI  (Calvert 

et al., 2009; Calvert et al., 2010). Nrf2 leads to an elevation of CSE expression in rat 

mesangial cells (Hassan et al., 2012) and mouse hearts (Calvert et al., 2009) and 

genetic deletion of Nrf2 in mice led to the absence of CSE expression in response to 

ROS (Hassan et al., 2012). Therefore, H2S may directly control Nrf2, which might in 

turn indirectly control H2S production by enhancing CSE expression likely as a positive 

feedback loop. Similarly, GYY4137 decreased oxidative stress and inflammation in 

the aorta of mice with diabetes and atherosclerosis via augmentation of Nrf2 

signalling (Xie et al., 2016).  

In another study in an in vitro and in vivo models, AP39 produced antioxidant, anti-

inflammatory and renal protective effects by decreasing the oxidative stress and renal 

damage in rat kidney epithelial cells and renal IRI (Ahmad et al., 2016). Another 

study demonstrated that administration of NaHS in rats with myocardial damage 

induced by isoprenaline led to cardioprotective effects by the decrease of oxidative 

stress, scavenging of ROS and decrease in malondialdehyde (MDA) one end-

metabolite of lipid peroxidation which is commonly used as a marker of oxidative 

stress levels, and improvement of cardiac function (Geng et al., 2004). Moreover, 

application of NaHS in rat H9c2 cardiomyocytes with H2O2-induced oxidative stress 

leads to an increase of cell viability, survival and decrease of apoptosis (Wu et al., 

2015). 

Sodha’s study found that Na2S led to an increase in antiapoptosis proteins Bcl-2, 

proteins of ß-cell lymphoma; Bcl-Xl, proteins of ß-cell lymphoma-extra-large and 

decrease in apoptosis-inducing proteins (Bad) in PCA (porcine coronary artery) with 

IRI (Sodha et al., 2009). Additionally, Na2S resulted in a beneficial decrease in 

caspase-3 activity in mice hearts with IRI (Calvert et al., 2009). These results could 

be attributed to H2S antioxidant effects, which protect the mitochondria from 

oxidative stress and preserve mitochondria function and structure. 
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H2S could have anti-atherogenic and antithrombotic effects by antioxidant effects, 

increasing apolipoprotein E like action, decreasing intracellular adhesion molecule-1 

(ICAM1), repairing of blood vessels infrastructure and decreasing smooth muscle cell 

growth, infarct area, calcification, platelet aggregations (such as by a reduction in 

platelet activating factor, PAF), inflammatory cytokines release, and macrophage 

accumulation (Shen et al., 2015).  

Therefore, H2S decreases oxidative stress and increases antioxidant defences and 

therefore, H2S decreases the heart or blood vessel injury via its antioxidant, 

antiapoptosis and anti-inflammatory, cardioprotection and cytoprotection actions. 
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1.7.3. Effects of H2S on mitochondrial function 

The cardioprotective actions of H2S could be attributed to mitochondrial protection 

effects (figure 1.6) (Elrod et al., 2007; Susuki et al., 2016; Murphy et al., 2019), 

especially during ischaemia-reperfusion injury (IRI), including reduce opening of the 

mitochondrial permeability transition pore (MPTP), decreasing leakage of cytochrome 

c oxidase complex IV of the electron transport chain from the mitochondria to cytosol, 

maintaining ATP generation, and decreasing level of apoptosis and necrosis (Karwi  

et al., 2017) leading to an increase in cardiac repair, lifespan, cellular longevity and 

survival via increasing of the mesenchymal stem cells (Szczensy et al., 2014; Ikeda 

et al., 2015; Karwi et al., 2017). Moreover, Na2S improved mitochondria 

derangement and increased mitochondrial-rescue in cardiac mitochondria with IRI 

(Elrod et al., 2007). GYY4137 led to an increase of cell viability, antioxidant and 

mitochondrial protective effects versus high-glucose levels in H9c2 cells (Wei et al., 

2014). In another study, AP39 decreased the oxidative stress, preserved 

mitochondria infrastructure, MPTP opening, and improved cardiac-survival in rat 

hearts with IRI (Karwi et al., 2017). 

Increase of calcium accumulation, ROS generation and mitochondrial suffering have 

been reported by many studies as important causes of IRI, especially during 

reperfusion injury (Shen et al., 2015). Increasing calcium concentration in the 

mitochondria leads to swelling of the mitochondria, opening of MPTP, the leakage of 

cytochrome c oxidase, and increasing level of apoptosis and necrosis (Ott et al., 

2002; Boehning et al., 2003; Nieuwenhuijs et al., 2006). These effects lead to cardiac 

injury and application of H2S can lead to abolishing of these insults and prevention of 

cardiac injury. For example, in oxidative stress conditions induced by H2O2, the 

application of NaHS leads to decrease of cell death and increase of cell survival via 

blockade of calcium channels (Avanzato et al., 2014). Therefore, H2S antioxidant 

effect may be mediated by blockade of calcium channels, and this effect may lead to 

a decrease of mitochondrial suffering and dysregulation under oxidative stress and 

high calcium level circumstances. 

H2S preserves mitochondrial function and ultrastructure (Teng et al., 2013). NaHS 

application to hepatocyte mitochondria leads to attenuation of calcium-related 

cytochrome c oxidase leakage from the mitochondria, decreased swelling of 

mitochondria and apoptosis, and decreased ROS formation in the mitochondria. In 

rat liver with IRI induced by ischaemia/hypoxia accumulation of CBS in the 

mitochondria may lead to cytoprotective effects, especially decrease reperfusion 

injury (Teng et al., 2013). These cytoprotective effects might be due to CBS 

translocation to the mitochondria, and this translocation leads to increase of H2S 
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synthesis in the mitochondria, decrease of calcium-induced cytochrome c oxidase 

leakage from the mitochondria and ROS production. 

H2S at low concentrations is reported to activate the electron transport of respiratory 

chain in mitochondria and enhance energy production, whereas H2S at high 

concentrations is reported to cause inhibition of the respiratory chain via a competitve  

and reversible inhibition of cytochrome c oxidase, decrease ATP generation, 

metabolic inhibition and intracellualr acidification (Goubern et al. 2007; Kiss et al., 

2007; Módis et al., 2013). ATP is important fot muscle contraction, H2S may lead to 

decrease of ATP generation via metabolic inhibition and therefore, H2S leads to 

muscle relxation (Kiss et al., 2008). For example, Módis‘s study reported that about 

10-100 µM H2S stimulated electron transport chain, while about 300-1000 µM 

suppressed electron transport chain in hepatoma cell line (Módis et al., 2013).  

Although H2S may cause inhibition of the electron transport chain of the 

mitochondria, Kiss and his co-workers suggested that inhibition of oxidative 

phosphorylation and decrease of ATP levels by H2S leads to vasodilation in rat aorta 

(Kiss et al., 2008) and also in human mesenteric arteries (Materrazi et al., 2017). In 

line with the same idea, intriguingly, Blackstone’s study, found that H2S may 

generate fascinating and reversible suspended animation (hibernation-like) 

phenomenon in mice, a non-hibernating mammal via reversible inhibition of the 

oxidative phosphorylation and enhancement of mitochondria recovery after 

reperfusion by reversible inhibition of cytochrome c oxidase (Blackstone  et al., 2005; 

Roth and Nystul, 2005; Blackstone and Roth, 2007; Elrod  et al., 2007).  

This intriguing phenomenon of suspended animation is characterised by low-oxygen 

requirement, low-temperature, low heart rate and hypometabolic state during 

hypoxia-reoxygenation damage. Therefore, this phenomenon may make isolated 

hearts and cardiomyocytes of mice and rats resistant to lethal hypoxia and allow 

quick recovery from ischaemia (Blackstone et al., 2005; Roth and Nystul, 2005; Elrod 

et al., 2007; Szabó et al., 2011). This phenomenon was reported to useful in mice 

brain injury and cardiac arrest (Baumgart et al., 2010). This phenomenon induced 

by H2S in mice if it could applicable in human tissues could help during transport of 

organs and buying extra-time during tissue injury, surgery and organ transplantation 

as well. 
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Elrod’s study demonstrated that application of Na2S  to mouse hearts with IRI leads 

to decrease of inflammation, apoptosis and maintenance of mitochondrial function, 

architecture, and mitochondrial recovery after reperfusion (reoxygenation) (Elrod     

et al., 2007). Moreover, they reported that H2S leads to a decrease of the 

mitochondrial enlargement and enhancement of mitochondrial structure using 

electron microscopy (Elrod et al., 2007). Therefore, mitochondrial protection could 

play an important role in H2S-mediated cardiovascular protection (figure 1.6). 
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1.7.4. Sulfhydration 

Sulfhydration is the process of protein modifications by persulfides formation (-SSH) 

via interaction of H2S with cysteine thiols of the targeted protein as PTMs for protein 

processing (figure 1.6) (Paul and Snyder, 2015; Meng et al., 2017) and it may be 

similar to phosphorylation. Most of the H2S-mediated effects are suggested via 

sulfhydration. Therefore, sulfhydration is a potential signalling pathway for H2S to 

control cellular and tissue functions at the molecular level. Nitrosylation of proteins 

induced by NO commonly results in a decrease of catalytic activity of the proteins, 

such as GAPDH (glyceraldehyde 3-phosphate dehydrogenase), which is an important 

enzyme in glucose metabolism and energy production during stress/hypoxia (Hara 

et al., 2005; Mustafa et al., 2009; Sen et al., 2009; Paul and Snyder, 2012; Meng et 

al., 2017).  

In some proteins, the sulfhydrated protein could be more reactive than the non-

sulfhydrated protein leading to the increased biological activity of the sulfhydrated 

protein, such as GAPDH (Mustafa et al., 2009). Sulfhydration of ATP synthase via 

NaHS led to an augmentation of energy production in mice livers, HepG2 and HEK-

293 cells (Módis et al., 2016). Sulfhydration of Keap1 (Kelch-like ECH-assoaciated 

protein) by GYY4137 (a slow release H2S donor) led to a decrease of oxidative stress 

and inflammation in the aorta of mice with diabetes and atherosclerosis via 

augmentation of Nrf2 signalling (Xie et al., 2016). 

It has been reported that sulfhydration of proteins results in conformational 

alterations in the targeted proteins, which led to the alteration of protein localisation 

and activity. For example, sulfhydration of some proteins, such as GAPDH by NaHS 

may lead to an increase in the enzyme activity of GAPDH by about seven-folds, while 

sulfhydration of ß-actin can lead to polymerisation (Mustafa et al., 2009). Conversely, 

sulfhydration of some proteins may lead to decreasing of protein activity and closing 

of ion channels. For example, Zhang’s study suggested that sulfhydration is the 

responsible mechanism for the blockade of calcium channels and negative inotropic 

effects induced by H2S, because in rat cardiomyocytes, diamide, oxidant sulfhydryl 

modifier decreases the availability of free sulfhydryl and therefore, decreases the 

calcium channel blockade induced by NaHS in rat cardiomyocytes (Zhang et al., 

2012). In another study, sulfhydration of phospholamban (PLN) by NaHS led to 

relaxation of the myocardium of rats and frogs likely via decrease of intracellular 

calcium level (Mazza et al., 2013). Similarly, sulfhydration may be responsible for 

NaHS mediated calcium channel blockade in rat vascular smooth muscle cells (Dai   

et al., 2019).  
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Similarly, sulfhydration of mouse and human platelet proteins via GYY4137 led to an 

attenuation of platelet activation and thrombogenesis in microvessels (Grambow      

et al., 2014). Sulfhydration of GAPDH and NF-kB (nuclear factor Kappa enhancer of 

ß-cells) was associated with antiapoptotic, antoxidant and cytoprotective effects 

(Hara et al., 2005; Filipovic et al., 2015). 

Mustafa’s study found that about 10-25 % of mice liver proteins were sulfhydrated 

and that sulfhydration was more dominant than nitrosylation, which represents about 

1-3 % (Mustafa et al., 2009). There are many targets for sulfhydration such as ion 

channels, transcription factors, receptors, cellular enzymes and proteins. Examples 

of these sulfhydration-targeted proteins are voltage-gated calcium channels, TRP 

(transient receptor potential) channels, KATP (Paul and Snyder, 2012; Moore et al., 

2015), NF-kB (nuclear factor Kappa enhancer of ß-cells), MEK1 (mitogen-activated 

extracellular signal-kinase 1), PKG (protein kinase G), ATP synthase, GAPDH,  LDHA 

(lactate dehydrogenase a), Keap1 (Kelch-like ECH-associated protein1), PLN 

(phospholamban), SP1,  ß-tubulin, parkin and actin (Paul and Snyder, 2015; Meng 

et al., 2017; Sen, 2017).  

Therefore, sulfhydrated proteins would be found in the tissues and they could be 

considered as a bound form (store) of H2S, which may be releasable under specific 

conditions. For example, the presence of reducing agents, such as DTT (dithiothreitol) 

in vitro leads to a decrease or disappearance of sulfhydration (Mustafa et al., 2009). 

In another study in rat cardiomyocytes, the suppressive effect of NaHS on L-type 

voltage-gated calcium channel currents was reversed by DTT (Zhang et al., 2012). 

Wedmann’s research found that endogenous reductants, such as thioredoxin may be 

vital in the regulation of endogenous sulfhydration level (Wedmann et al., 2016). 

Thus, it could be important to detect and consider these forms of H2S during H2S 

measurement.  

Measurement of sulfhydration is not simple. There are several methods for measuring 

sulfhydration. For example, the first and old method is the biotin-switch assay (BSA), 

which was used by Mustafa’s group (Mustafa et al., 2009). In the BSA, the 

sulfhydrated protein is labelled with the biotin-HPDP (N-[6-(biotinamido) hexyl]-3-

(2-pyridyldithio) propionamide) and next biotin-labelled protein is then extracted 

(Mustafa et al., 2009). Recently, Sen and his co-workers suggested another assay to 

measure sulfhydrated proteins called the red maleimide assay (RMA) by blocking 

sulfhydrated protein with red maleimide and then on exposure to DTT leads to a 

decrease in the fluorescence signal, which indicates the presence of sulfhydration 

(Sen et al., 2012; Mir et al., 2014; Sen, 2017). The RMA showed promising properties 
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and selectivity over the biotin switch assay, because, in the RMA, it is impossible to 

detect nitrosylated, oxidised, and disulfide-associated proteins (Sen et al., 2012; Mir 

et al., 2014; Sen et al., 2017). 

 

1.7.5. H2S as an oxygen sensor/transducer  

Olson reported that there was an inverse relationship between H2S level and oxygen 

tension (Madden et al., 2012; Olson, 2013). Therefore, a decrease in oxygen level 

leads to a decrease in H2S oxidation and increase in H2S availability, which may 

increase the H2S effect (Olson, 2008). Therefore, the availability of H2S is the net of 

H2S generation minus H2S oxidation (Olson, 2013). Therefore, the decrease in oxygen 

level leads to a decrease in H2S oxidation and increase in H2S availability, which may 

increase the H2S relaxing effect (Olson, 2008). In another study, the hypoxic 

response in PCA was similar to Na2S and NaHS response, which was consisted of 

short (transient) contraction and prolonged (extended) relaxation (Donovan et al., 

2017). Therefore, removal of oxygen is suggested to cause relaxation of coronary 

artery segments and this relaxation response could be mediated via H2S, at least in 

part.  

In rat aorta pre-contracted with phenylephrine, low H2S levels (about 5-100 µM) led 

to a contraction response at high oxygen level (about 200 µM), while a relaxation 

response was seen at high H2S levels (about 200-400 µM). Interestingly, in another 

study using of a low oxygen level (about 40 µM) leads to the presence of a relaxation 

response only (Koenitzer et al., 2007). Therefore, level of oxygen can change the 

nature of H2S response, which might be by an increase of the availability of H2S, or 

that products of H2S oxidation at high oxygen level might have a contracting effect 

to control vascular tone (Koenitzer et al., 2007; Kiss et al., 2008). In line with this 

idea, Wills’s study reported that metabisulfite, which is an oxidation product of H2S, 

could lead to vasoconstriction in rat aorta (Wills et al., 1989). Therefore, H2S could 

sense the alterations in oxygen level and change its response. Similarly, in rat aorta, 

H2S production at low oxygen level is higher than H2S production at high oxygen level 

(Doeller et al., 2005). Additionally, there was an enhancement of the relaxation 

response to IK-1001 (H2S donor) in rat aorta under low oxygen level conditions (Kiss 

et al, 2008). In rat lung homogenates and pulmonary arteries, H2S levels were clearly 

decreased after the addition of air-gas to the hypoxia-chamber (Madden et al., 2012). 

H2S production, particularly via CSE was increased by about 2-fold in the carotid body 

of mice and rats after hypoxia and mediate the ventilatory response to hypoxia (Peng 

et al., 2010). 
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In lamprey aorta, bovine pulmonary artery, rat aorta and pulmonary artery, H2S was 

reported to increase the hypoxic response, while H2S-synthesising enzyme inhibitors 

decrease the hypoxia response (Olson, 2006). Additionally, they reported that H2S 

generation was increased in hypoxia and decreased in hyperoxia (Olson, 2006). 

Moreover, CBS was reported to play a pivotal role in hypoxia response and AOAA 

(aminooxyacetic acid, CBS inhibitor) decreased hypoxia response in PCA (Donovan 

et al., 2017). In porcine myocardium, the H2S level under hypoxic condition (95 % 

N2, 5 % CO2) is reported to be more than hyperoxic condition (95 % O2, 5 % CO2) 

(Donovan et al., 2018). Application of hypoxia to rat liver led to translocation of CBS 

from the cytosol to the mitochondria and this translocation led to increase of H2S 

production in the mitochondria, antioxidant and mitochondria protective effects (Teng 

et al., 2013). Similarly, hypoxia in vascular smooth muscle cells led to accumulation 

of CSE in the mitochondria and maintenance of ATP generation, which was inhibited 

by PPG (CSE inhibitor) (Fu et al., 2012). Hypoxia led to an increase of H2S signalling, 

VEGF (vascular endothelial growth factor) and HIF-1α (hypoxia inducible factor-1) 

activity and this led to beneficial pro-angiogenic effects during hypoxia in rat vascular 

smooth muscle cells (Liu et al., 2010). Hypoxia leads to an increase of H2S-

synthesisng enzyme/s expression in about 4 h in human embryonic kidney 293 cells 

(HEK 293 cells) and hepatocytes (Wang et al., 2014). Therefore, short periods of 

hypoxia, such as 30 min could be not enough to increase the expression level of H2S 

synthesising enzyme/s, but this short period of hypoxia may lead to increase the 

activity of the available H2S synthesising enzyme/s, or oxygen levels might also 

influence stores of H2S. Therefore, H2S could participate in tissue response to 

hypoxia. Thus, hypoxia could lead to increase of H2S generation/accumulation in 

tissue and enhancement of H2S-mediated effects. Therefore, hypoxia could lead to 

increase of H2S levels and this could lead to an increase in the blood flow to the 

ischaemic area (Olson et al., 2008). 
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1.7.6. H2S as an inflammatory modulator 

The oxidative stress and inflammation are reported to cause detrimental 

contributions in IRI. Therefore, antioxidant and anti-inflammatory effects of H2S 

could be important in decreasing IRI (Shen et al., 2015). Effects of H2S on 

inflammation is conflicting. It has been reported that high concentrations of H2S can 

lead to pro-inflammatory actions in some cases, such as hemorrhagic and septic 

shock in Humans, rats and mice (Li et al., 2005). Therefore, in inflammation 

associated with H2S level the use of H2S-synthesising enzyme inhibitors might be a 

new therapeutic option (Mok et al. 2004; Zanardo et al., 2006; Zhu et al., 2010; 

Whiteman et al., 2011). It has been reported that high concentrations of inorganic 

salts, such as NaHS produce pro-inflammatory effects in mouse macrophages 

(Whiteman et al., 2010).  

On the contrary, low concentrations of H2S could lead to increased cytoprotective and 

anti-inflammatory effects by a decrease of the immunity responsiveness by 

decreasing neutrophil and phagocytes chemotaxis, cytokine release, decrease in NF- 

κB translocation to the nucleus, apoptosis, necrosis and decrease of TNF-α (figure 

1.6). NaHS was reported to decrease the LPS induced inflammation by a decrease of 

NF-κB in cultured macrophages (Oh et al., 2006) and microglia (Hu et al., 2007). 

Sodium thiosulfate (H2S source) led to anti-inflammatory effects in patients with 

COVID-19 infection and pneumonia infection by decrease of interleukin-6, TNF-α, and 

ROS levels (Evgen’ev et al., 2020). Similarly, NaHS reduced inflammation in porcine 

hearts with IRI (Sodha et al., 2009). A similar result was reported by Li’s group. They 

revealed that GYY4137 use led to decrease of inflammatory mediators, such as TNF-

α and NF-Kb and decrease of liver and kidney malfunctions and therefore, GYY4137 

protected rats with LPS-induced endotoxic shock (Li et al., 2009). AP39 led to anti-

inflammatory effects by lowering interleukin-12 levels in a dose-dependent manner 

in rat kidney with IRI (Ahmad et al., 2016) 

In mouse macrophages, application of LPS to induce inflammation may lead to an 

increase in CSE expression (Zhu et al., 2010). This increase of CSE expression might 

be beneficial to produce H2S anti-inflammatory effect. Moreover, GYY4137 led to 

attenuation of LPS-induced inflammation in mouse macrophages (Whiteman et al., 

2010; Sen et al., 2012). Whiteman’s study suggested that H2S effects on 

inflammation are complex and they are dependent on H2S levels and the rate of H2S 

release (Whiteman et al., 2010). So the time frame of H2S release is important. 
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1.7.7. Effects of H2S on angiogenesis and kinases 

Matrix metalloproteinases are important enzymes involved in cell division and 

differentiation and proliferation, and tissue remodelling. Angiogenic actions of H2S 

are reported to be attenuated at high H2S concentrations possibly via decrease of 

VEGF (vascular endothelial growth factor) and activation of matrix metalloproteinase 

9, which has antiangiogenic effects. (Cai et al., 2007).  

Conversely, angiogenic actions of H2S are reported to be at low H2S concentrations. 

Thus, low H2S concentration can cause an increase in angiogenesis by improving 

endothelium repair and increasing release of VEGF (vascular endothelial growth 

factor) in HUVECs (human umbilical vein endothelial cells) and decreasing anti-

angiogenic proteins (Papapetropoulos et al., 2009; Liu et al., 2010). Under hypoxic 

condtion, H2S application resulted in an increase of VEGF and HIF-1α (hypoxia 

inducible factor-1) expression/activity in rat vascular smooth muscle cells and this 

led to pro-angiogenic actions during hypoxia (Liu et al., 2010). Additionally, H2S may 

affect proliferation, apoptosis, vascular remodelling, growth of smooth muscle and 

decrease of IRI in the heart and blood vessels, such as cells of the aorta in human 

and rats (Zhao and Wang, 2002; Zhao et al., 2008). For example, it was reported 

that the administration of Na2S in mice with heart failure led to an enhancement of 

the proangiogenic elements, such as matrix metalloproteinase 2, VEGF and activation 

of kinases, such as PI3-K (phosphatidylinositol-3kinase), Akt (protein kinase B) and 

these effects led to increase of the cardiac repair and cardioprotection via increase of 

angiogenesis (Givvimani et al., 2013). Moreover, GYY4137 led to pro-angiogenesis 

and improvement of vascular remodelling in mouse mesenetric arteries in obese mice 

via increase of MMP2 synthesis, which resulted in cardiovascular protective effects  

(Candela et al., 2016). 

These pro-angiogenic effects of H2S may be mediated by activation of kinases, such 

as PI3-K (phosphatidylinositol-3kinase), Akt (protein kinase B), PKC (protein kinase 

C), ERK (extracellular regulated kinase) and p38 MAP kinase (mitogen-activated 

protein kinase) (figure 1.6) (Zhao and Wang, 2002; Cai et al., 2007; Hu et al., 2008; 

Papapetropoulos et al., 2009; Li et al., 2011; Dai et al., 2019). For example, 

administration of GYY4137 (slow-release H2S source) at reperfusion led to decreased 

myocardial damage of rat hearts with IRI via augmentation of PI3-K/Akt (Karwi         

et al., 2016). Similarly, application of GYY4137 leads to attenuation hyperglycemic 

injury in rat cardiomyocytes via stimulation of AMPK (Wei et al., 2014). GYY4137 led 

to a recovery of the cardiac functions after acute myocardial infarction in rats via pro-

angiogenic and antiapoptotic effects (Lilyanna et al., 2016). 
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These effects could be advantageous for tissue repair; however, it might be 

detrimental in patients with ovarian and colon cancer (Wang, 2012; Hellmich and 

Szabó, 2015). For example, CBS was overexpressed in cells in colon cancer (Hellmich 

and Szabó, 2015), while CSE and MST remained normal. This overexpression of CBS 

in cancer leads to overproduction of H2S, and this potentially leads to inflammation, 

enhancing of mitochondrial energy production via supporting ATP production and 

maintaining the mitochondrial function, decrease of ROS, activation of kinases, such 

as PI3-K and Akt, increase of cancer cell multiplication and angiogenesis. Thus, this 

excessive production of H2S via overexpression of CBS increases tumour cell energy 

production, tumour growth and metastasis (Bhattacharyya et al., 2013; Szabó et al., 

2013; Szabó and Hellmich, 2013). Therefore, the use of a CBS inhibitor may be a 

beneficial approach to regulation of cellular energy, and attenuation of tumour growth 

and metastasis (Bhattacharyya et al., 2013; Szabó et al., 2013; Szabó and Hellmich, 

2013; Hellmich and Szabó, 2015).  

Although there is inconclusive data about H2S action on kinases, generally the 

reported effect of H2S on kinases is activation (Zhao and Wang, 2002; Mancardi         

et al., 2009). These variations in H2S results in studies perhaps due to cells type, 

condition and H2S concentration and source used in the study (Li et al., 2011; Wang; 

2012). 
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1.7.8. Miscellaneous effects of H2S  

Yong et al's study showed that the use of NaHS in isolated perfused hearts led to 

attenuation of arrhythmia via various mechanisms, such as a decrease in the activity 

of the β1 adrenoceptor through inhibition of adenylyl cyclase and subsequent 

decrease of cAMP level and maintenance of cardiomyocytes function and survival 

(Yong et al., 2008).  

High concentrations of H2S may be associated with inhibition of long-term 

potentiation (LTP, a synaptic model of memory) and Down’s syndrome and elevated 

expression level of CBS (Kamoun et al., 2003). Overproduction of H2S may impair 

insulin release and results in diabetes and diabetic cardiomyopathy (Yusuf et al., 

2005; Shen et al., 2015). 

In contrast, it has been suggested that low concentrations of H2S (physiological)  act 

as a neuromodulator in the central nervous system (CNS) and could lead to increase 

in  long-term potentiation via activation of N-methyl-D-aspartate (NMDA) receptors, 

neurotransmission, memory and neuroprotection as an enhancer of glutathione and 

attenuating glutamate (glutamate is an excitatory neurotrnasmitter) and ROS levels 

(Abe and Kimura, 1996). Hence, these previous actions led to beneficial effects on 

LTP, learning and memory in patients with Alzheimer’s disease (Abe and Kimura, 

1996; Kimura, 2002; Kimura and Kimura, 2004; Enokido et al., 2005).  

1.7.9. Interaction of H2S with NO  

Nitrosylation is a postulated mechanism of action for NO. The interaction between 

NO and  H2S is complex because it might be synergistic or antagonistic (Zhao and 

Wang, 2002; Nagpure and Bian, 2016). Moreover, NO could react with H2S, or free 

sulfhydryl moiety of reactive cysteine residues of proteins, such as GAPDH and this 

may lead to the formation of nitrosothiol compounds including thionitrous acid 

(HSNO), nitroxyl (HNO) and nitrosopersulfide (SSNO) (Beltowski, 2015; Paul and 

Snyder, 2015). These nitrosothiols might release NO and activate cyclic GMP pathway 

(Bucci et al., 2010; Paul and Snyder, 2012). However,  the interaction between nitric 

oxide and  H2S may be antagonistic by the formation of inactive active nirosothiol 

molecule (Ali et al., 2006; Whiteman et al., 2006). Similarly, the interaction of NO 

and H2S led to contraction responses by a direct inhibition of NO synthase activity in 

rat aorta (Geng et al., 2007), rat aorta and human umbilical vein endothelial cells 

(HUVECs) (Geng et al., 2007), and human internal mammary artery (Webb et al., 

2008). 
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1.8. The biological significance of H2S in heart and vascular 

diseases 

H2S at physiologically relevant concentrations could play important physiological 

roles. Because there is accumulated evidence that indicates the importance of H2S to 

maintain the basal cardiovscular functions and produce cardiovascular protective 

effects. Therefore, physiological concentrations of H2S have important physiological 

impacts, especially in the cardiovascular system, such as control of vascular tone, 

blood pressure, cardiovascular tissues integrity, antioxidant defences, smooth muscle 

proliferation. Thus, this evidence emphasise the importance of the H2S pathway in 

cardiac and vascular physiology as demonstrated in the following examples: 

First, H2S could control the vascular tone via vasorelaxing effect or via interaction 

with NO. The interaction of H2S with NO is complex and it might be synergistic and 

lead to vasodilatation by activation of NO synthesis and inhibition of cyclic GMP 

degradation by inhibition of phosphodiesterase in rat aorta (Bucci et al., 2010). 

Moreover, in rat aorta, it was reported that endothelial-denudation and inhibition of 

nitric oxide synthase using L-NAME led to a decrease in NaHS relaxation response 

(Zhao et al., 2001). Additionally, co-administration of GYY4137 with L-NAME led to 

decrease of cardioprotective effects of GYY4137 in rat hearts with IRI (Karwi et al., 

2016).  

However, the interaction of H2S with NO could be inhibitory and results in 

vasoconstriction and increase of blood pressure (BP) through the formation of 

inactive nitrosothiol (Ali  et al., 2006; Whiteman et al., 2006). A similar result was 

observed in mouse and rat aorta (Kubo et al., 2007) and human internal mammary 

artery (Webb et al., 2008). This vasoconstriction may be a biological mechanism to 

prevent a continuous vasodilatation effect of NO via controlling the availability of NO 

to control vascular tone (Ali et al., 2006). Furthermore, nitrosylation of proteins by 

NO is suggested to decrease protein activity (Hara et al., 2005; Sen et al., 2009; 

Paul and Snyder, 2012). Another example, nitrosylation of CBS/CSE by NO led to 

decreased activity of recombinant human CBS (Taoka and Banerjee, 2001), rats CBS 

(Prathapasinghe et al., 2008), and CSE in vitro (Mustafa et al., 2011). H2S led to 

inhibition of bovine recombinant NO synthase activity (Kubo et al., 2007). 

Additionally, co-administration of AP39 with the nitric oxide synthase inhibitor L-

NAME led to augmentation of the hypotensive effect of AP39 and decrease of heart 

rate in rat hearts (Tomasova et al., 2014). These results could suggest a physiological 

antagonism between H2S and NO.  
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Generally, the concentration of H2S donors (sources), such as NaHS needed for 

vasodilatation was commonly reported to be high (Zhao et al., 2001; Zhao et al., 

2002; Fiorucci et al., 2005; Ali et al., 2006; di Villa Bianca et al., 2011). For example,  

H2S levels 10-50/kg µM was required to produce a decrease in BP in an  in vivo model 

in rats, while high H2S levels more than 100 µM were reported to produce relaxation 

of blood vessels and also a decrease in BP and heart rate  (Zhao et al., 2001; Zhao 

et al., 2003; Fiorucci et al., 2005; Ali et al., 2006; di Villa Bianca et al., 2011; Li       

et al., 2011; Whiteman et al., 2011; Wen et al., 2018). H2S is important for vascular 

smooth muscle cells differentiation (Yang et al., 2011). H2S was reported to inhibit 

huamn platelet aggregation in vitro in a concnetration dependednt pattern (Zagli      

et al., 2007). Similarly, GYY4137 led to a decrease of platelet activation and 

thrombogenesis in human and mice microvessels (Grambow et al., 2014). Therefore, 

H2S could be important in cardiac and vascular physiology and attenuation of 

thrombosis.  

Second, H2S could maintain the heart and blood vessels integrity and infrastructure 

of mitochondrial via acting as an electron donor for the respiratory chain, maintaining 

of energy production (Goubern et al. 2007; Módis et al., 2013; Ikeda et al., 2015; 

Gerő et al., 2016), and imroving endothelium function  and antioxidant defences and 

decreasing lipid perioxidation (Candela et al., 2016). Therefore, these effects led to 

cardiovascular protective actions. 

Third, H2S may decrease the inlfammation and lead to cardiovsacular protective 

effects (Li et al., 2009; Sodha et al., 2009; Whiteman et al ., 2010; Shen et al., 

2015).  

Fourth, H2S could act as an oxygen sensor/transducer, because H2S could mediate 

tissue response to hypoxia and activation of ventilation in mice and rats (Peng et al., 

2010). Hypoxia leads to increase the expression/activity of the H2S synthesising 

enzyme/s and enhancement of H2S-mediated effects (Wang et al., 2014). 

Fifth, application of L-cysteine (H2S precursor) led to relaxation of rat mesentery 

artery and this relaxation was inhibited PPG by and this indicates the potential 

physiological importance of H2S in control of BP (Cheng et al., 2004). 

Sixth, physiological concentrations of H2S are important for the cardiovscular 

functions and production of cardiovascular protective effects. Therefore, very low 

concentrations of H2S have been reported to be associated with many 

pathophysiological impacts, especially in the cardiovascular system. Therefore, H2S 

could be contributed to cardiac and vascular pathology as demonstrated in the 

following examples: 
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Firstly, altered (disturbance) levels of H2S and homocysteine are commonly linked 

with cardiovascular diseases. For instance, a genetic mutation of CBS in human led 

to low H2S level and hyperhomocysteinemia, which led to oxidative stress and 

atherosclerosis and cardiovascular pathologies (Polhemus et al., 2014; Shen et al., 

2015; McCully, 2015). H2S levels in plasma has been reported by many studies to be 

very low in patients with coronary artery disorders, myocardial infarction and heart 

failure compared to age-matched controls (Jiang et al., 2005; Kovačić et al., 2012; 

Polhemus et al., 2014). In the thoracic artery of SHR (spontaneously hypertensive 

rats) H2S levels were very low, and administration of NaHS led to decrease of blood 

pressure (Yan et al., 2004; Zhao et al., 2008). Similarly, H2S level and CSE 

expression were markedly lower in patients with cardiovascular diseases (CVDs) 

compared to controls (Jiang et al., 2005) and in mice with a chronic heart failure 

(Sen et al., 2008). Moreover, H2S generation was reported to be very low and 

associated with more atherosclerosis progression in obese mice compared to non-

obese mice (Candela      et al., 2016; Leucker et al., 2017). Low production of H2S 

in vasculature has reported to be associated with vascular pathologies, such as 

hypertension (Zhong et al., 2003; Yan et al., 2004; Yang et al., 2008), impairment 

of endothelium function (Mustafa et al., 2011), hyper-proliferation of smooth muscle 

cells and atherogenesis (Mani et al., 2013), and oxidative stress and atherosclerosis 

risk (Yang et al., 2010; Leucker et al., 2017). Administration of isoproterenol to 

produce infarction-like condition in rat hearts led to a decrease of CSE activity to 

about 80 % and H2S levels in the myocardial tissue and plasma to about 40 % of 

controls (Geng et al., 2004). Therefore, they suggested that down regulation of H2S 

pathways may lead to cardiac pathology. Treatment with H2S donors (sources), such 

as NaHS resulted in beneficial effects on these cardiovascular pathologies. 

Nonetheless, whether cardiovascular disease is the result or a cause, remains less 

clear. Generally, the use of H2S-synthesising enzyme inhibitors led to worsening of 

these cardiovascular pathologies, while the use of H2S sources led to beneficial results 

and improvement of these cardiovascular pathologies. 

Secondly, a decrease of the blood supply to tissues leads to tissue injury or 

dysfunction (ischaemia)/hypoxia, the application of exogenous H2S using H2S sources 

(H2S salts and donors) in ischaemic heart conditions can lead to beneficial and anti-

ischaemic  effects  (Polhemus et al., 2014; Shen et al., 2015; Yu et al., 2014; Li       

et al., 2018; Wen et al., 2018). Moreover, the application of NaHS in rats with induced 

heart failure leads to an enhancement of the left ventricular function (Pan et al., 

2009). Furthermore, application of Na2S in pigs with myocardial IRI results in a 

decrease of the infarct size and enhancement of contractility (Sodha et al., 2009). 

Additionally, the application of Na2S in mice with myocardial IRI also results in a 
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decrease of the infarction size and enhancement of the left ventricular function 

(Calvert et al., 2010). GYY4137 led to a recovery of the cardiac functions after acute 

myocardial infarction in rats (Lilyanna et al., 2016). Similarly, GYY4137 decreased 

the cardiovascular remodelling in obese mice (Candela et al., 2016). Therefore, H2S 

could mediate the cardiac and vascular protective effects against hypoxic/ischaemic 

injury (Blackstone et al., 2005; Olson  et al., 2008). 

Thirdly, it has been suggested that H2S reduces angiotensin II levels, which results 

in a decrease of bradykinin degradation and an increase of bradykinin level and a 

decrease of blood pressure (BP) and this effect could indicate the importance of H2S 

to maintain physiological BP (Ahmad et al. 2015; Li et al., 2018). To support this 

effect, NaHS inhibited angiotensin ΙΙ effects and this led to decreased endothelial 

dysfunction, decreased the proliferation of vascular smooth muscle, attenuated 

collagen formation, decreased hypertrophy and remodelling of the myocardium, 

attenuated binding of angiotensin II to angiotensin II type1 receptor, and decreased 

hypertension in spontaneously hypertensive rats (SHR) (Zhao et al., 2008). Similarly, 

in mice with high angiotensin II levels NaHS decreased blood pressure and oxidative 

stress, while use of H2S synthesising enzyme inhibitors, such as PPG led to worsening 

of blood pressure and oxidative stress (Al-Magableh et al., 2015). NaHS also 

attenuated the activity of angiotensin converting enzyme (ACE) in a dose-dependent 

pattern in human umbilical vein endothelial cells (HUVECs) and umbilical veins ex 

vivo may be via H2S chelating with Zinc at the active part of angiotensin converting 

enzyme (Laggner et al., 2007). Moreover, NaHS attenuated the development of heart 

failure in rats after administration of isoproterenol via decrease of the release of renin 

from mast cells (Liu et al., 2014). Additionally, the administration of sodium 

thiosulfate (H2S source, STS, Na2S2O3) led to decrease of angiotensin II induced 

hypertension, angiotensin II induced heart failure, proteinuria and renal injury in rats, 

and then STS increased the cardiovascular and renal protection (Snijder et al., 2014; 

Snijder et al., 2015).  

Many cardiovascular diseases, such as hypertension, ischaemic heart diseases, and 

heart failure were reported to be associated with very low H2S levels. Whether 

cardiovascular diseases is the result or cause of very low H2S level remains less clear 

although cardiovascular diseases may be the result of very low H2S level, becuase 

the use of H2S-synthesising enzyme inhibitors led to deleterious effects, while the 

adminstration of H2S sources in angiotensin II mediated cardiovascular pathologies 

led to beneficial results.  

 



 

54 

 

Additionally, H2S was suggested to produce a relaxation response in mice smooth 

muscle by activation of myosin-light chain phosphatase (Dhaese et al., 2010). H2S 

was reported to decrease oxidative stress and repair endothelial dysfunction, which 

may lead to an increase in intracellular NO synthase activity and then it leads to an 

increase in NO synthesis and relaxation of smooth muscles of blood vessels, bronchi, 

uterus, urinary bladder, corpus cavernosum and gastrointestinal system (Zhao et al., 

2001; Dunn et al., 2015).  

Fourthly, the application of H2S synthesising enzyme inhibitors to decrease 

endogenous H2S level and define the contribution of  each of H2S-synthesising 

enzymes in ischaemia and IRI led to deleterious effects, while application of H2S 

sources led to disappearance of these deleterious effects (Webb et al., 2008; Li          

et al., 2011; Papapetropoulos et al., 2015; Wen et al., 2018).  

Fifthly, knockout study of H2S synthesising enzymes, in particular, CBS in mice led 

to death within a month due to cardiovascular damage (Watanabe et al., 1995), while 

CSE-KO (knockout) mice are associated with low H2S level, hypertension, reduced 

endothelial-dependent vasodilatation and high peripheral vascular resistance. 

Interestingly, administration of H2S to these mice restores normal blood pressure 

(Yang et al., 2008; Mustafa et al., 2011). The approaches to studying H2S biology via 

application of H2S synthesising enzyme inhibitor/s and knockout (genetic 

modifications) studies will be discussed in more details next. 

Generally, an overview of the literature shows the cardiovascular protective actions 

of different types of H2S sources, such as NaHS, Na2S, GYY4137 and AP39 in cultured 

cells, isolated perfused hearts, mesenteric artery beds, aorta rings of various rodent 

and animal models of hypertension, myocardial ischaemia and heart failure (Mancardi 

et al., 2009; Szabó et al., 2011; Polhemus et al., 2014; Shen et al., 2015; Yu et al., 

2014; Li et al., 2018, Zhang et al., 2018). Therefore, in the heart and vasculature, 

there is accumulating evidence about the potential contribution of H2S pathways in 

the physiology and treatment of cardiovascular diseases (CVD). 
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1.9. Approaches to studying H2S biology  

It has been suggested that H2S plays crucial roles in various physiological and 

pathological processes (Wang, 2012; Andreadou et al., 2015). However, most of the 

specific signalling events of H2S regarding these processes are still unclear and 

require more research. Thus, a comprehensive understanding of H2S generation, 

regulation, measurement and signalling is pivotal to understand the physiological 

significance of H2S and potential H2S contribution in diseases. Scientific approaches 

to understanding H2S biology usually rely on three approaches.  

First, the use of H2S donors (sources, drugs) as an exogenous H2S application. 

Second, the administration of H2S synthesising enzyme inhibitors as pharmacological 

tools to decrease endogenous H2S level and define the contribution of  each of the 

H2S-synthesising enzymes in H2S generation (Li et al., 2011; Papapetropoulos et al., 

2015; Wen et al. 2018). The availability of selective and potent CBS/CSE/MST 

enzyme inhibitors is necessary to understand H2S biology and to confirm or exclude 

the involvement of specific enzyme in endogenous H2S production. PPG is a suicide 

inhibitor (irreversible) for CSE by limiting the entrance of cysteine to the catalytic 

pocket of CSE (Whiteman et al., 2011; Asimakopoulou et al., 2013). AOAA is a non-

selective inhibitor for CBS. AOAA is non-selective as it also inhibits CSE at around the 

same concentration (Wang, 2012; Papapetropoulos et al., 2015). There is no 

selective inhibitor for MST, although recent studies in our laboratory have identified 

a candidate MST inhibitor, 1-(3,4-Dihydroxyphenyl)-2-[(4-hydroxy-6-methyl-2-

pyrimidinyl)sulfanyl] ethanone. Moreover, metabolic products and analogues, such 

as pyruvate, α-ketobutyrate (Whiteman et al., 2011) and aspartic acid (AA, 

aspartate) have been tried as MST inhibitors (Madden et al., 2012; Donovan et al., 

2017; Donovan et al., 2018). However, these tools lack selectivity, specificity, 

sensitivity, potency and drug-like properties, such as pharmacokinetic profile.  

Third, genetic modification experiments, such as studying knockout (KO) mice 

through inactivation of H2S synthesising enzyme genes. Unfortunately, this could lead 

to different pathologies and phenotypes. Therefore, they are non-applicable for 

human (Yang et al., 2008; Beltowski, 2015). For example, Watanabe's study 

demonstrated that CBS- knockout mice usually die within five weeks and have short 

stature with hyperhomocysteinemia (Watanabe et al., 1995). Therefore, the lethal 

phenotype of CBS-KO and absence of selective and potent CBS inhibitors leads to 

difficulty in the study of CBS-KO.  
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CSE-KO mice are associated with hypertension, reduced endothelial-dependent 

vasodilatation and high peripheral vascular resistance in an age-dependent pattern 

because endogenous H2S production in the aorta and heart of CSE-KO was about 

one-quarter of the wild-type mice (controls) (Yang et al., 2008). Interestingly, the 

administration of H2S to these mice restored normal blood pressure (BP). Therefore, 

these results indicate an important role of H2S production via CSE in control of 

vascular tone and BP. In another study, endogenous H2S production in the carotid 

body of CSE-KO mice was about a half of the wild-type mice (controls) (Peng et al., 

2010). Therefore, they suggested that CSE may contribute to about half of the 

endogenous H2S production and oxygen sensing in mouse carotid bodies. Similarly, 

endogenous H2S production in CSE-KO mice liver was about a one-third of the wild-

type mice (controls) (Untereiner et al., 2016). Therefore, they suggested that CSE 

may contribute to about two-thirds of the endogenous H2S production and 

mitochondrial protection in mouse liver. These differences in H2S production between 

studies may be attributed to different mouse strain, KO approach, tissue and 

methodology used in each study. A study of CSE-KO model found that there was 

atrophy of the skeletal muscles in mice fed with cysteine-restricted nutrition (Ishii et 

al., 2010).  

MST-KO mice are linked with anxiety (Nagahara et al., 2013; Suwanai et al., 2016). 

Peleli’s study found that knocking down of MST in mice led to relatively less 

cardiovascular issues in adult mice (about 2-3 months), while it results in more 

cardiovascular issues in older mice (about 18 months). Moreover, there was a 

decrease of antioxidant defences and increase of oxidative stress in the older mice, 

and this result could be attributed to differences in antioxidant defences and ROS 

levels between adult and older mice, potentially in an age-related pattern (Peleli et 

al., 2020). These differences in phenotypes of MST-KO mice might be attributed to 

differences in the type of mice and the method of genetic manipulation used, which 

may lead to different phenotypes of the knockout model of the same enzyme. 

Therefore, there is plethora of evidence emphasising the significance of the H2S 

pathways in cardiac and vascular physiology. 
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1.10. Therapeutic implications of H2S releasing agents  

Pharmacological regulation of H2S concentration is usually carried out using H2S 

donors (sources, drugs) to augment H2S levels and enzyme inhibitors to decrease 

endogenous H2S production. These are promising goals for therapeutic interventions 

(Chuah et al., 2007; Zhao et al., 2008; Szabo et al., 2007; Whiteman et al., 2011; 

Shen et al., 2014; Wallace and Wang, 2015; Wallace et al., 2018; Wen et al., 2018). 

H2S may provide a promising target for a drug candidate (druggability) in therapeutic 

interventions as an alternative/additional or as prophylactic therapy. Therefore, H2S 

donors and inhibitors of CBS, CSE and MST may beneficially influence diverse 

conditions involving dysfunction and inflammation of the heart and blood vessels. In 

other words, use of H2S donors where there are low H2S levels, while the use of 

inhibitors of H2S biosynthesis in cases associated with high levels of H2S (Mancardi 

et al., 2009; Papapetropoulos et al., 2015). For instance, administration of H2S 

synthesising enzyme inhibitors may be a potential therapeutic option for the 

treatment of diseases associated with high H2S levels. For example, AOAA may be 

useful in Down’s syndrome (Kamoun et al., 2003), and some ovarian and colon 

cancer (Bhattacharyya et al., 2013; Szabó et al., 2013; Szabó and Hellmich, 2013; 

Hellmich and Szabó, 2015; Cao et al., 2019). PPG may be useful in septic and 

haemorragic shock (Mok et al. 2004; Zanardo et al., 2006; Zhu et al., 2010; 

Whiteman et al., 2011). AOAA/PPG might be useful in diabetes (Yusuf et al., 2005) 

and obstructive asthma (Saito et al., 2013).  

In mammals H2S is principally produced via CBS, CSE and MST, and in bacteria, 

similar enzymatic machinery was reported. Furthermore, H2S production in bacteria 

can lead to an increase in energy production, resistance to antibiotics and oxidative 

stress, and decrease the antibacterial activity of antibiotic (Shatalin et al., 2011). 

Thus, the development of specific and selective inhibitors for bacterial CBS, CSE and 

MST might lead to a new generation of antibiotics (Paul and Snyder, 2012). 

The administration of H2S donors could be a potential therapy (drug) for the 

treatment of cardiovascular diseases associated with very low H2S levels, such as 

patients with hypertension (Yang et al., 2008; Zhao et al., 2008), coronary artery 

disorders, myocardial infarction and heart failure (Jiang et al., 2005; Kovačić et al., 

2012; Polhemus et al., 2014), atherosclerosis (Yang et al., 2010; Candela et al., 

2016; Leucker et al., 2017), endothelial dysfunction (Mustafa et al., 2011), and 

hyper-proliferation of smooth muscle cells (Mani et al., 2013). 
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Therefore, the administration of H2S sources has promising pharmacotherapy 

potential (druggability) for many cardiovascular diseases (CVDs), such as 

hypertension, myocardial infarction, angina, arrhythmia and heart failure, 

gastrointestinal diseases including peptic ulcers, inflammatory disorders, COVID-19 

and pneumonia infection, and neurological diseases, such as Parkinson’s, Alzheimer’s 

disease, and erectile dysfunction.  

There are many types of H2S donors (sources, drugs) (Beltowsky, 2015; Wen et al., 

2018); these include:  

(1) Inorganic sulfide salts, such as NaHS and Na2S are commonly used in H2S studies. 

These salts release a large amount of H2S during a short time, a fast release H2S salt. 

Therefore, they have a rapid onset and short duration of action and could lead to 

supra-physiological (toxic) levels due to uncontrollable H2S release. Physiological 

endogenous H2S generation was reported to be in small amounts with a slow release 

rate (Li et al., 2008). Therefore, H2S release from these salts may not be similar to 

physiological H2S generation. These salts have lability for oxidation and impurity 

(Beltowski, 2015), which can be confirmed by the presence of polysulfides as yellow 

colour (Hughes et al., 2009; Wen et al., 2018). These properties of inorganic H2S 

salts could lead to inconsistent and less reliable results. H2S salts, such as NaHS and 

Na2S could be regarded as the classical H2S sources used in many previous studies. 

IK-1001 is a modified parenteral form of Na2S from IKARIA company with a special 

pH and isotonicity formulation (Kiss et al., 2008). IK-1001 used in phase II studies. 

For example, IK-1001 used in clinical studies for some cases of congestive heart 

failure, heart remodelling and coronary artery transplantation to stimulate healing 

and revascularisation (Wen et al., 2018) and also used to decrease IRI in mice liver 

(Jha et al., 2008). SG-1002 is sodium polysulthionate used as H2S prodrug in phase 

I studies, which led to positive results in mice with induced-heart failure and patients 

with congestive heart failure via controlled/prolonged H2S and sulfane sulfur release 

(Kondo et al., 2013; Li et al., 2018; Wallace et al., 2018; Wen et al., 2018). 

Sodium thiosulfate (STS, Na2S2O3) is an FDA (Food and Drug Administration) 

approved H2S source for treatment of some pathological cases, such as cyanide 

poisoning (Berbata et al., 2017) and lung injury (Zhang et al., 2019). STS releases 

H2S slower than Na2S and NaHS. The application of STS in patients with COVID-19 

and pneumonia infection led to positive results, which could be due to anti-

inflammatory, antioxidant and antiviral/antibacterial effects of STS (Evgen’ev and 

Frenkel, 2020). Moreover, STS led to antioxidant and cardioprotective effects in mice 

with chronic heart failure (Sen et al., 2008) and cardiovascular and renal protection 

effects in rats with angiotensin II induced cardiovascular and renal injuries (Snijder 
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et al., 2014; Snijder et al., 2015). Another example, STS led to decrease of LPS-

induced inflammatory insult in mouse lung and HUVECs (Human umbilical vein 

endothelial cells) via attenuation generation of cytokines, NF-kB and ROS (Sagaguchi 

et al., 2014). 

(2) Synthetic organic slow-releasing H2S sources, such as GYY4137 [morpholin-4-

ium 4 methoxyphenyl (morpholino) phosphinodithioate], which is water-soluble, and 

has a slow onset of action due to a slow hydrolysis, a slow-release H2S source (Karwi 

et al., 2016). In other words, GYY4137 releases small amounts of H2S over prolonged 

time in vitro and in vivo (Li et al., 2008). Thus, H2S release from GYY4137 could be 

more physiologically relevant and controllable than inorganic H2S salts (Li et al., 

2008; Whiteman et al., 2011). Whether, GYY4137 releases H2S directly inside or 

outside the cells is unknown. Moreover, GYY4137 is impassable to the blood-brain 

barrier (Yu et al., 2010). The chemical structure of GYY4137 (figure 1.7) (Li et al., 

2008; Huang et al., 2016. 

 

 

 

 

 

 

 

Figure 1.7: The chemical structure of GYY4137 (Li et al., 2008; Huang et al., 2016). 

GYY4137 is reported to produce sustained vasorelaxation of rat aorta and decrease 

of blood pressure in normal and SHR (spontaneously hypertensive rats) in an in vivo 

and ex vivo models compared to the short duration relaxation response induced by 

NaHS (Li et al., 2008). Therefore, GYY4137 was reported to has more potent 

hypotensive and vasorelaxant effects than NaHS (Li et al., 2008). GYY4137 has 

promising results in many experimental models of inflammation compared to 

inorganic salts NaHS (Li et al., 2009; Whiteman et al., 2010; Sen et al., 2012) and 

cardiovascular pathologies in rat aorta and perfused kidney of SHR as a vasodilator 

and antihypertensive, which results in a hypotensive action (Li et al., 2008). Similar 

results of cardioprotective effects of GYY4137 are reported in rat heart with ischaemic 

injury (Lilyanna et al., 2015) and rat heart with IRI (Karwi et al., 2016). Furthermore, 

GYY4137 led to improvement of vascular remodelling in mouse mesenetric arteries 

CH3 
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in obese mice (Candela et al., 2016). Moreover, GYY4137 led to a relaxation of 

phenylephrine-precontracted bovine ciliary artery (Chitnis et al., 2013). GYY4137 led 

to anti-inflammatory and antiviral effects in an in vitro model of human respiratory 

syncythial virus (Bazhanov et al., 2017; Bazhanov et al., 2018). These anti-

inflammatory and antiviral activities of GYY4137/H2S could be useful in the treatment 

of COVID-19 infection pandemic (Evgen’ev et al., 2020). 

Another example of slow-releasing H2S sources is FW1256 (3-dihydro-2-phenyl-2-

sulfanylenebenzo[d] [1,3,2]oxazaphosphole), which releases H2S over hours and 

decreases inflammatory response in an in vivo model and mouse macrophages 

treated with LPS (Huang  et al., 2016). 

(3) Mitochondria-targeted organic H2S sources, such as AP123 and AP39 [10-oxo-

10-(4-(3-thioxo-3H-1,2-dithiol-5yl)phenoxy)decyl) triphenylphosphonium bromide]. 

Thus, AP123 and AP39 release H2S in the mitochondria (Szczensy et al., 2014; Karwi 

et al., 2017). AP39 consists of two parts, one part is triphenylphosphonium (TPP+), 

which is a mitochondrially targeted part and the other part is dithiolethione, which is 

the H2S donor part, and these two parts are connected by an aliphatic linker, as 

illustrated in the Chemical structure of AP39 (figure 1.8) (Tomasova et al., 2015; 

Gerő al., 2016)., whether the biological effect is due to only the H2S-releasing part 

or whether both parts are biologically active is unclear.  

 

Figure 1.8: The Chemical structure of AP39 (Tomasova et al., 2015;; Gerő al., 

2016). 

Localisation of H2S in the mitochondria using mitochondria-targeted H2S sources 

AP123 and AP39 could be beneficial because it could lead to about 100 fold 

enhancement of H2S antioxidant effect against oxidative stress compared to H2S salts 

(Gerő et al., 2016). Moreover, H2S has a short half-life, and other H2S sources, such 

as H2S salts and GYY4137 are not specific in delivering H2S to the mitochondrial due 

to off-target effects. Therefore, H2S localisation in the mitochondria could be 
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beneficial to maintain mitochondrial function and energy production and protect 

mitochondria against oxidative stress. AP39 is slightly more potent than AP123. 

AP123 and AP39 release H2S slower than Na2S (Gerő et al., 2016). Therefore, AP123 

and AP39 could be useful for the treatment of chronic cardiovscular diseases (CVD), 

rather than H2S  salts. GYY4137 and AP39 could be considered as new generation 

H2S sources in recent studies. 

(4) Analogues of cysteine, including S-propyl-cysteine (SPC), S-allyl-cysteine (SAC), 

S-propargyl-cysteine (SPRC) and N-acetyl-cysteine (NAC). These compounds are 

suggested to be relatively selective substrates for CBS and CSE compared to L-

cysteine, which can be used by alternative pathways, such as glutathione 

biosynthesis. Moreover, these compounds may enhance CBS and CSE expression via 

an unidentified mechanism and increase H2S level (Beltowski et al., 2015). These 

compounds are reported to generate H2S slower than inorganic H2S salts and have 

antioxidant effects (Li et al., 2018). For example, NAC use in COVID-19 infection was 

useful as an adjuvant therapeutic option due to potential antinflmmatory, 

antioxidant, and mucolytic effects of NAC (De Flora, et al., 2020). 

Application of SPC, SPRC, and SAC leads to a positive outcome in rat hearts and 

cardiomyocytes with ischaemic/hypoxic damage via cardioprotective effects 

mediated by antioxidant effects (Wang et al., 2009; Wang et al. 2010). Similarly, 

SAC attenuated IRI in rat heart though H2S-dependent mechanism via antioxidant 

effect, reduce of remodelling, possibly enhancement of H2S/CSE activity and CSE 

expression (Chuah et al., 2007). 

(5) H2S-producing drugs, which consist of H2S donating molecule and drug to form a 

hybrid drug, H2S-producing drug. These H2S-producing drugs usually have enhanced 

activity and lowered adverse effects, such as non-steroidal anti-inflammatory 

medicines (NSAIDs), including S-aspirin, S-diclofenac, and S-naproxen. The 

administration of these drugs produce a beneficial decrease of gastric toxicity and 

enhanced activity more than the ordinary NSAIDS (Wallace et al., 2007; Chan and 

Wallace, 2013; Wen et al., 2018). Another interesting example, the application of 

aspirin-ACS14 in rats with an experimental metabolic syndrome led to cardiovascular 

protective effects, such as decrease of hypertension, IRI and endothelial impairement 

(Rossini et al., 2010). S-Zofenoplrilat, as a sulfhydrated angiotensin converting 

enzyme inhibitor (ACEI), the use of S-Zofenoprilat in SHR produced vascular 

protective effects, such as normalisation of H2S levels in plasma and tissue (aorta 

and carotid arteries), decrease of hypertension and endothelial impairement (Bucci 

et al., 2014). Therefore, S-Zofenoprilat, in compararison with enalpril as a classical 
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ACEI, has been reported to produce additional benefical effects in the cardiovascular 

system unrelated to inhibition of ACE but related to H2S generation.  

(6) Natural food-releasing H2S sources as plant-derived polysulfides, H2S stores. 

Derivatives of garlic, such as DADS, diallyl disulfide; DATS, diallyl trisulfide and 

ajoene. Other natural sources, such as broccoli and cabbage (sulforaphane) and 

onions are considered as natural food-releasing H2S (Benavides et al., 2007; Wen   

et al., 2018). Epidemiology research reported that garlic use was linked with decrease 

morbidity and increase of longevity and health advantages (Mulrow et al., 2000; 

Sobenin et al., 2010). For example, administration of DATS, which released H2S 

slower than Na2S, led to a decrease of IRI in mouse hearts (Predmore et al., 2012). 

DADS and DATS application to rat and mouse liver cells leads to enhancement of cell 

viability and antioxidant defences. Therefore, DADS and DATS led to a decrease of 

oxidative stress (Chen et al., 2004; Fukao et al., 2003; Wu et al., 2004; Zeng et al., 

2008; Predmore et al., 2012).   

Therefore, garlic derivatives, such as DADS and DATS might have cardioprotective 

and cytoprotective effects, such as antioxidant, decrease oxidative stress, lipid-

lowering, antiplatelet, anti-inflammatory, antibacterial and antiviral effects 

potentially through the release of H2S (Chen et al., 2004; Fukao  et al., 2003; Wu   

et al., 2004; Benavides et al., 2007; Zeng et al., 2008; Predmore et al., 2012). 

Moreover, the administration of garlic in patients with coronary artery and heart 

diseases led to cardiovascular-protective effects and clinical improvements, such as 

exercise tolerance and lipid-lowering and decrease of cardiovascular pathologies 

(Verma et al., 2005; Sobenin et al., 2010).  

The oral and parenteral administrations of H2S donors as therapy are recommended 

to be released slowly rather than bolus administration, which may lead to non-

physiological and toxic levels of H2S as well as the short duration of action. In other 

words, the bolus administration gives too high concentration during a short period 

(Shen et al., 2014; Beltowsky, 2015). 

In short, H2S druggability (H2S replacement therapy) may be beneficial for patients 

who have cardiovascular diseases with decreased H2S concentrations as an 

alternative/additional therapeutic or prophylactic option (Shen et al., 2015).  

Nonetheless, there are still some obstacles facing translatability of H2S sources (or 

inhibitors) in the clinical field, such as safety cautions and long-term effects. For 

instance, there is little consensus regarding the therapeutic (clinical) or pathological 

(toxic) concentration for different tissues, diseases and species and the active form 

of H2S.  
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1.11. Aims of the study  

H2S appears to play a role in the regulation of vascular tone. Therefore, there is 

accumulated evidence regarding the role of H2S in the vasculature, while there is 

little known about H2S role in the heart. Although many signalling pathways for H2S 

have been proposed, they are still unclear. Therefore, there are three main aims of 

this study:  

First, the measurement of endogenous H2S production in the heart by investigating 

the expression level of H2S synthesising enzymes (CBS, CSE and MST) and parallel 

measuring of the activity of these enzymes via development of an assay.  

Second, the development of an assay to measure the sulfhydration level in the heart, 

which could be regarded as an index for H2S production and as a potential signalling 

mechanism for H2S.  

Third, investigating the effects of three different types of H2S donors on vascular tone 

in PCA using organ-bath as a functional study. All these aims could help to understand 

role of H2S in the heart and blood vessels, and they would hopefully help in the 

development and transferring of H2S-relating sources as potential drugs/druggability 

for treatment of some cardiovascular diseases and allow future studies to measure 

any changes in cardiac dysfunction. 
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Chapter Two 

  

Measurement of Hydrogen Sulfide 

Generation in the Heart    
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2.1. Introduction  
In recent years, evidence that H2S may have an influential role in several important 

biological processes has increased. Many studies have reported the production of H2S 

within the body. However, the detailed mechanisms of H2S generation, regulation, 

and effects in the heart are still unclear and need to be clarified. H2S detection and 

measurement are problematic because H2S is unstable and is volatile in solution. 

Moreover, there is no known specific metabolic end-product that could be easily 

measured as a biomarker (Shen et al., 2011; Shen et al., 2012; Olson et al., 2014).  

The measurement of H2S generation in the heart is important because a decrease of 

H2S production is reported to be associated with many cardiovascular pathologies. 

For example, H2S generation was reported to be low in obese mice compared to non-

obese mice (Candela et al., 2016). Moreover, low production of H2S in the vasculature 

is reported to associated with vascular pathologies, such as hypertension (Yang         

et al., 2008), impairment of endothelium function (Mustafa et al., 2011), hyper-

proliferation of smooth muscle cells (Mani et al., 2013), and atherosclerosis risk 

(Yang et al., 2010).  

There is increasing evidence for generation and activity of H2S in the vasculature, but 

there is much less information about the role of H2S in the heart. The measurement 

of H2S production in the heart could lead to more understading of biological role of 

H2S in the heart. The aim of this chapter was to elucidate further the regulation of 

H2S synthesis in different parts of the heart by determining enzyme expression and 

parallel activity. 

In this chapter, two techniques have been applied. First, Western blotting was carried 

out to detect the expression level of H2S synthesising enzymes, CBS, CSE and MST. 

The generation of H2S was then determined using both the methylene blue assay and 

the fluorescent probe SF7-AM (sulfidefluor-7 acetoxymethyl ester). Changes in the 

generation of H2S were measured under different conditions, such as with inhibitors 

(such as aminooxyacetic acid, AOAA; propargylglycine, PPG; phenylpyruvic acid, 

PPA) and activators (such as dithiothreitol, DTT; S-adenosyl methionine, SAM), 

different conditions (pH; degassing) and biological factors, (such as atria/ventricles; 

gender males/females) in order to evaluate the effects of these conditions on 

regulation of H2S generation in the heart.   
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2.2. Materials  

The reagents used in these experiments were prepared as indicated (Table 1) 

Table 1: reagents and stock solutions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Compound Catalogue & 
Source 

Concentration Solvent 

L-cysteine C7352, 
Sigma-Aldrich, 

UK 

100 mM Milli-Q water 

Pyridoxal 5-phosphate, 
PLP 

82870, Sigma, 
UK 

1 mM Tris-EDTA pH 7.4  

DL-propargyl glycine (PPG, 
CSE inhibitor) 

P7888, Sigma, 
UK 

100 mM Tris-EDTA 7.4  

Aminooxyacetic acid 
(AOAA, O-carboxymethyl 
hydroxylamine, CBS 
inhibitor)  

13408, 
Sigma-Aldrich 

100 mM Tris-EDTA pH 7.4  

Sodium sulfide (Na2S, H2S 
salt, as standard)  

208043, 
Sigma-Aldrich, 
UK 

10 mM Dissolved immediately  
before the experiment  
in Milli-Q water, kept tightly  
closed and on ice 

Zinc acetate  Z0625, 
Sigma, UK 

6% w/v Milli-Q water 

Dimethylphenylenediamine 
sulfate (DMPD)  

D176605,  
Sigma-Aldrich, 
UK 

0.1% (w/v) 5 M HCl 

FeCl3  157740,  
Sigma-Aldrich, 
UK 

50 mM 1.2 M HCl 

Sodium hydroxide  1091369025,  
Sigma-Aldrich, 
UK 

0.5 M Milli-Q water 

L-Aspartic acid  11195, 
Sigma-Aldrich, 
UK 

10 mM Tris-EDTA pH 7.4 

Dithiothreitol (DTT) D0632, 
Sigma, UK 

10 mM Tris-EDTA pH 7.4  

S-adenosyl methionine 
(SAM, an allosteric 
activator/modulator of 
CBS)  

A7007, 
Sigma-Aldrich, 
UK 

10 mM Tris-EDTA pH 7.4  

Sodium mercaptopyruvate G2915, Santa 
Cruz 
Biotechnology, 
USA 

3 mM  Tris-EDTA pH 7.4  

Dimethylsulfoxide (DMSO) D5879, 

Sigma-Aldrich, 
UK 

  

Phenylpyruvic acid (PPA, 
MST inhibitor)  

286958, 
Sigma-Aldrich, 
UK 

1 M DMSO 

Sulfide fluor-7 
acetoxymethyl ester (SF7-
AM)  

748110, 
Sigma, UK 

5 mM DMSO 

Bovine serum albumin 
(BSA) 

BP9702, 
Fisher 
Scientific, UK 

 Deionised water 
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2.3. Methodology 

2.3.1. Western blotting 

2.3.1.1. Sample preparation  

Pig heart tissues (from males and females, age < 6 months, ~ 50 kg) were isolated 

at the abattoir and transported to the laboratory in ice-cold Krebs’-Henseleit buffer 

([mM]: NaCl 118, KCl 4.8, CaCl2 1.3, NaHCO3 25, KH2PO4 1.2, MgSO4 1.2, glucose 

11.1) (Fisher Scientific, Loughborough, UK). Sections of the left atrium and left 

ventricle were dissected and tissue frozen at -80 ºC. When the tissue was thawed, 

part of the tissue was weighed and homogenised in lysis buffer (mM: 20 Tris, 1 EGTA, 

320 sucrose, 1 NaF, 10 β-glycerophosphate and 0.1% Triton X100, [pH 7.6], plus 

protease inhibitor mix [Sigma-Aldrich, UK, P8340]) to give 100 mg of tissue per ml 

of lysis buffer (10 % w/v). Samples were mixed on ice for 15 min and homogenised 

using a hand-held Ultra-Turrax homogeniser on full speed for 30 s; the sample was 

centrifuged at 3300 x g for five min (Sigma 3-18K refrigerated centrifuge) at 4 ºC. 

Then, the supernatant layers were transferred to new Eppendorf tubes, and the 

pellets were discarded. 150 μl of the supernatant layer was mixed with 30 μl of 6x 

solubilisation buffer (SB: 1.5 M Tris,  30 % glycerol, 24 % SDS,  5 % β-

mercaptoethanol, 2.5% bromophenol blue). 50 μl of each sample was frozen at -20 

ºC for assaying protein content. 

2.3.1.2. Lowry protein assay 

The samples were thawed gently and diluted in deionised water. Serial dilutions of 

bovine serum albumin (BSA, 0.05 to 0.5 mg/ml) were prepared in duplicate for the 

standard curve. After preparation of the standards and samples, Lowry AB solution 

was prepared by mixing 100 μl of 2% sodium potassium tartrate and 100 μl of 1% 

copper sulphate (solution B) to 20 ml of solution A (Lowry A solution, % w/v:  0.4 

NaOH, 0.2 SDS and 2 sodium bicarbonate). 1 ml of Lowry AB solution was added to 

Eppendorf tubes containing either BSA standards, unknown samples or blanks (just 

DW). All the tubes were incubated for 10 min at room temperature. After this, Folin 

and Ciocalteu’s reagent was diluted 1:1 with milli-Q deionised water. Then, 100 μl of 

this mixture was added to each Eppendorf tube and thoroughly mixed and then 

incubated for 45 minutes at room temperature. Finally, 200 μl from each tube was 

transferred to 96-well plate in duplicate, and the absorbance was measured at 750 

nm using a spectrophotometer (SPECTRA MAX 340pc, USA) microplate reader and 

software SOFTMAX pro 2.6.1 (Lowry et al., 1951).  
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2.3.1.3. Polyacrylamide Gel Electrophoresis: sample loading and running 

phase 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried 

out using a pre-cast 4-20 % gradient gel (Bio-Rad, Hemel Hempstead, Hertfordshire, 

UK). The gel was placed in a Bio-Rad mini-protean 3 electrophoresis tank, and the 

reservoir was properly prepared to prevent leakage. Running buffer was poured into 

the tank (running buffer 1x: 190 mM glycine, 3.5 mM SDS and 19 mM tris). Next, 

the samples were heated at 95 ºC for five min. Then, all the sample tubes were 

thoroughly mixed and centrifuged at 13000 rpm on a bench-top centrifuge for one 

min. 1 μl of molecular weight markers (Precision Plus Protein All Blue Standards, 161-

0373, Bio-Rad Laboratories, UK) was loaded into the first well, and different amounts 

of proteins were carefully loaded (30 µg for CBS; 30 µg for CSE; 20 µg for MST)  into 

the wells of the gel. Lids were placed on the tank and gels run at 175 V for 40 min.  

2.3.1.3.1. Western blotting 

Proteins were transferred onto nitrocellulose membrane in a Bio-Rad mini-transfer 

tank. Briefly, gels were soaked in transfer buffer (TB: 1.9 M glycine, 20 % v/v 

methanol and 0.19 M tris) for a few min and then placed onto the filter paper. 

Nitrocellulose membrane (GE Healthcare, Little Chalfont, Buckinghamshire, UK) was 

placed onto the gel and bubbles removed smoothly using a roller. Next, the second 

filter paper was added to the sandwich, and again the bubbles were removed gently 

by a roller. After that, the cassette was closed and placed into the tank. Proteins were 

transferred at 100 V for 60 min. 

After transfer, Ponceau S staining solution (Sigma-Aldrich, UK) was added to the 

nitrocellulose membrane to check the success of transferring protein bands and equal 

loading. The nitrocellulose paper was quickly washed with milli-Q water and then in 

Tris-buffered saline-Tween 20 (TBST: 25 mM Tris, 125 mM NaCl and 0.1 % v/v Tween 

20). The nitrocellulose was then blocked in 30 ml of 5 % w/v fat-free milk powder in 

TBST at room temperature for 60 min on a shaker platform. 
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2.3.1.3.2. Antibody incubation 

After blocking, the nitrocellulose was incubated with the appropriate primary antibody 

(see table 2) in 10 ml of 5% fat-free milk in TBST. The nitrocellulose was then 

incubated overnight at 4 ºC with shaking. The properties of the primary and 

secondary antibodies, which were used in Western blotting, are in the following table 

based on the producer’s datasheets. 

Table 2: The properties of the primary and secondary antibodies 

 

Next day, the primary antibody was removed, and the nitrocellulose membrane was 

washed with TBST as follows: three times for 5 min and three times for 15 min at 

room temperature (RT). Subsequently, the nitrocellulose membranes were incubated 

with secondary antibodies; goat anti-rabbit IR800CW (emitting a green fluorescence) 

and anti-mouse IR680CW (emitting a red fluorescence) (Licor, Cambridge, UK) both 

1:10,000 dilution in 5 % fat-free milk. The nitrocellulose membranes were then 

incubated for 60 min at RT, with shaking. The secondary antibodies were then 

discarded, and membranes washed with TBST before proceeding with the next 

washing with TBST, three times for 5 min and three times for 15 min at room 

temperature. Finally, nitrocellulose membranes were washed with Milli-Q water and 

visualised using an Odyssey Licor infrared scanner using the following settings: 

Image studio software programme version 3.1.4., 700/800 channels, intensity 4, mu 

84, and Q lowest. Quantification of the bands was performed by densitometry 

analysis of the fluorescent signals using Image Studio version 3.1. 

 

 

Primary 

antibodies 

Catalogue 

number 

Company Species 

Raised 

in 

Type Anticipated 

MW (kDa) 

Dilution 

Anti-MST HPA001240 Sigma, UK Rabbit polyclonal 31-35 1:1000 

Anti-CBS H0000875-D01P Abnova, UK Rabbit polyclonal 61-63 1:1000 

Anti-CSE Ab80643 Abcam, UK Rabbit polyclonal 44-46 (45) 1:1000 

Anti-GAPDH G8795 Sigma, UK mouse monoclonal 37 1:10,000 

Secondary 

antibodies 

      

Infrared dye, 

IR680CW(red)/ 

IR800CW 

(green) 

 Licor, 

Cambridge 

UK 

Goat   1:10,000 
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2.3.2. Enzyme activity assays  

2.3.2.1. Determination of sulfide (as  hydrogen sulfide) by the methylene 

blue assay 

The methylene blue (MB) assay outlined below, for the determination of hydrogen 

sulfide, is based on iron (Fe3+) catalysed reaction of zinc-trapped sulfide with 

dimethyl phenylenediamine sulfate (DMPD) under acidic conditions leading to the 

generation of MB which can be detected spectrophotometrically at 670 nm. The 

change in methylene blue colour refelects the change in H2S production and H2S 

synthesising enzyme activity (H2S from L-cysteine via CBS/CSE or H2S from  

mercaptopyruvate via MST). The method outlined below is essentially that described 

by Chen and Mortenson (1977), which itself was modified from Gilboa-Garber (1971).  

2.3.2.1.1. Sample preparation 

The heart tissue was thawed slowly and weighed and then homogenised (1 g in 10 

ml, 10 % w/v) in Tris- EDTA buffer (0.1 M tris, 1 mM EDTA, pH 7.4) using a hand-

held Ultra-Turrax homogeniser on full speed for 30 s on ice. After that, the sample 

homogenate was centrifuged at 1000 x g for 20 min at 4 ºC (Sigma 3-18K 

refrigerated centrifuge). The supernatant layers and the pellets were subsequently 

collected. The supernatant layers were centrifuged at 30,000 x g for 1 h at 4ºC. Then, 

the resultant supernatants were dispensed into 1.5 ml aliquots in Eppendorf tubes, 

labelled and stored at -80ºC until use. The pellets were resuspended as 1 g in 2 ml 

of Tris- EDTA buffer (0.1 M tris, 1 mM EDTA, pH 7.4) and represented as a 

mitochondrial fraction (particulate) and dispensed into 1.5 ml Eppendorf tubes 

labelled and stored at -80 ºC freezer until use. 

2.3.2.1.2. Measuring CBS activity 

The methylene blue assay was performed according to a published method (Webb   

et al., 2007) with some modifications. Rat liver cytosol (RLC) was used as a positive 

control for assay development and it was diluted 1:4 with Tris-EDTA buffer (0.1 M 

tris, 1 mM EDTA, pH 7.4) with 100 μM PLP (pyridoxal 5-phosphate) and the final 

concentration of PLP was 75 μM in RLC. Porcine heart cytosol (PHC) and rat heart 

cytosol (RHC) was diluted 1:1 with Tris-EDTA buffer (0.1 M tris, 1 mM EDTA, pH 7.4) 

with 200 μM PLP and the final concentration of PLP was 100 μM in PHC and RHC. H2S 

synthesising enzyme inhibitors (AOAA or PPG 10 mM ) were added in 10 μl per 10 ml 

of diluted cytosol and preincubated for 15 min at 37 ºC  to give final concentration 

of 100 μM AOAA or PPG. 270 μl of diluted cytosol were distributed, to which 30 μl of 

100 mM L-cysteine substrate were added, before incubation for 60 min in a shaking 
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water bath at 37 ºC. After the end of the incubation period, 75 μl of NaOH was added 

to each Eppendorf tubes to stop the reactions and then 500 μl of zinc acetate. To 

parallel tubes, incubation blanks were prepared, which were exactly the same 

ingredients but were not incubated at 37 °C. 

Then, all the tubes were left for 30 min at room temperature.  After this, 300 μl of 

freshly mixed DMPD-FeCl3 mixture (2 volumes of  0.1 % w/v DMPD plus 1 volume of 

50 mM FeCl3) was added to all the tubes and allowed to stand for 30 min. Next, all 

tubes were thoroughly mixed and centrifuged at 3000 x g for 5 min. As a standard, 

3 μl of 10 mM Na2S, 270 μl Tris buffer and 30 μl cysteine were mixed, then 75 μl 

NaOH, 500 μl zinc acetate and 300 μl of DMPD-FeCl3 were mixed as above. Then, 

250 μl of each tube was transferred into individual wells of a 96-well plate, and the 

optical density was read at 670 nm using spectrophotometer (SPECTRA MAX 340pc, 

USA) microplate reader using software SOFTMAX pro 2.6.1. Enzyme activity was 

calculated using the following equation:  

Enzyme activity (nmoles/ mg protein) 

=
30 nmoles

Amount of protein (mg)
×

Absorbance of test − absorbance of blank 

Absorbance of standard − absorbance of blank 
 

Where 30 nmoles is the amount of Na2S standard assessed (derived from 100 µM 

Na2S standard in 0.3 ml of Milli-Q water as a reaction volume). Data were expressed 

as nmoles per mg protein. 

2.3.2.1.2.1. Effects of dithiothreitol  

In some experiment, after dilution of the cytosol with tris-EDTA buffer (0.1 M tris, 1 

mM EDTA, pH 7.4), DTT (dithiothreitol) was then added in order to determine the 

effect of 0.5 mM DTT on the time course of CBS activity during different incubation 

times (0, 15, 30, 45 and 60 min). 

2.3.2.1.2.2. Effects of aspartic acid on H2S production  

Aspartic acid (AA, aspartate) can be used to inhibit the MST pathway as it is an 

alternative substrate and competitive inhibitor for CAT. In order to determine whether 

the CAT/MST pathway contributed to H2S production from L-cysteine, the cytosol was 

preincubated with 10 mM aspartic acid for 15 min.  

2.3.2.1.2.3. Effects of degassing on H2S production  

In some experiment, in order to determine the effect of degassing on the CBS activity 

degassing of the tris-EDTA buffer (0.1 M tris, 1 mM EDTA, at pH 7.4 or pH 9) was 

carried out using vacuum chamber before the experiment. 
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2.3.2.1.3. Measuring MST activity 

The methylene blue assay was performed according to published methods (Shibuya 

et al., 2009; Rashid et al., 2013) with modifications. RLC was used as a positive 

control and diluted 1:10 with Tris-EDTA buffer (0.1 M tris, 1 mM EDTA, at pH 7.4 or 

pH 9.0) and then 0.5 mM DTT was added. Porcine heart cytosol (PHC) and rat heart 

cytosol (RHC) were diluted 1:5 with Tris-EDTA buffer (0.1 M tris, 1 mM EDTA, at pH 

7.4 or 9.0) and then 0.5 mM DTT was added. Phenylpyruvic acid (PPA), which was 

tested as a MST enzyme inhibitor (10 mM final concentration) was added in some 

experiments. 270 μl of diluted cytosol were distributed, to which 30 μl of the 

substrate 3-mercaptopyruvate,  (final concentration 0.3 mM) was added, and then 

the mixture was incubated for 30 min in a shaking water bath at 37 ºC. As above for 

CBS activity, reactions were stopped and estimation of methylene blue production 

assessed. 

2.3.2.2. SF7-AM Fluorescence  

2.3.2.2.1. Quantification of H2S using SF7-AM 

The detection of H2S is an essential factor in determining enzyme activity. Therefore, 

it is crucial to develop and investigate alternative detection methods, such as 

fluorescent probes (Candela et al., 2016). The development of a sensitive and 

accurate method for H2S measurement is a challenge. In recent years, a new 

fluorescent probe has appeared, sulfidefluor-7 acetoxymethyl ester (SF7-AM), which 

has been reported to have outstanding cellular trapping ability, biocompatibility and 

good sensitivity for H2S generation in live cells and tissues (Lin et al., 2013; Candela 

et al., 2016). The principle of the SF7-AM method is that when SF7-AM (a non-

fluorescent azide) reacts with H2S as a reducing agent, the fluorescent amine product 

can be quantified by standard methods, fluorescence readings were measured and 

expressed as relative fluorescence units (RFU)/ per mg protein.  

2.3.2.2.2. Sample preparation 

Rat liver cytosol (RLC) and pig heart tissues (left atrium and left ventricle) were 

prepared as for the methylene blue assay. In this study, H2S production was 

measured in pig heart cytosol (PHC) and particulate (including mitochondrial) 

fractions. In order to measure H2S synthesis in a 96 well plate format, each well 

contained 180 µl of tissue sample with final concentrations: 5 μM SF7-AM fluorescent 

probe, 10 mM L-cysteine and 100 μM PLP  for CBS/CSE pathways or 5 μM SF7-AM 

fluorescent probe and 0.3 mM sodium mercaptopyruvate for the MST pathway. In 

experiments containing enzyme inhibitors, AOAA and PPG or PPA were pre-incubated 
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with samples for 15 min before addition of SF7-AM and substrate. The final volume 

was 200 µl in each well. All experiments were carried out at 37 ºC using a plate 

reader for 90 min (single end-point assay style). After incubation, plates were read 

on a Fluoroskan Ascent TM plate reader at 485 nm excitation and 538 nm emission 

wavelengths. Readings were obtained in triplicate and expressed as means. Tissue 

blank values were then subtracted from test samples and data were expressed as 

relative fluorescence units/ per mg protein. 

2.3.2.2.2.1. The effect of tissue dialysis 

In some experiments tissue dialysis was carried out in order to remove any possible 

particles which may interfere with the SF7-AM assay. First, tissue samples were split 

into two parts; one part was subjected to dialysis, while the other part was kept for 

the same period and temperatures, without being dialysed. For dialysis, the sample 

was pipetted into dialysis tubing, size of tubing about 1 ml (Sigma) in 10 mM Tris 

buffer (pH 7.4) and stirred overnight at 4 °C.  

2.4. Statistical analysis 

Data analysis and statistics were performed using Graph-Pad PRISM 6 (Software 

version 6, USA). All values were expressed as means ± standard error of the mean 

(SEM). Comparisons between more than two data groups were made using one-way 

ANOVA (analysis of variance) followed by Sidak’s post-hoc test. For comparisons 

between two data sets, a two-tailed unpaired Student’s t-test was used, or for paired 

data, a two-tailed paired Student’s t-test. The P-value <0.05 was considered 

statistically significant between the data sets. * represents P-value <0.05, ** 

represents P-value <0.01, *** represents P-value <0.001, where n= number of 

experiments from separate heart and liver samples. 
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2.5. Results 

2.5.1. Western blotting 

Western blotting was performed in order to assess the expression level of CBS, CSE 

and MST in the heart. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, house 

keeping protein) was used as a loading control, while rat liver cytosol (RLC) was used 

a positive control as recommended by many studies in the literature as a good 

positive control for CBS, CSE and MST expression and activity. 

2.5.1.1. Cystathionine  β-synthase (CBS) expression 

Western blotting results indicated that CBS immunoreactivity was expressed in 

porcine heart cytosol (PHC) of left atria and ventricles as bands at about 63 kDa (a 

high molecular weight band) and at lower intensity at 48 as (as a low MW band) with 

different amount of protein loaded (figure 2.1).                                       

  

 

 

 

 

 

 

 

Figure 2.1:  Western blot analysis showed CBS (cystathionine β-synthase) 

expression in porcine heart cytosols (PHC) (left atria and ventricles) as high molecular 

weight (MW) at 63 kDa and as low MW at 48 kDa. MWM: molecular weight marker. 

Different amounts of protein loaded; (n=1). 
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In order to validate the process, the linearity of detection of CBS immunoreactivity 

compared to protein loading was assessed as a pilot experiment to determine optimal 

protein loading. Linear regression analysis for porcine ventricular and atrial cytosol 

fractions demonstrated a linear pattern and  there was a good correlation for the 

atria (r2 was 0.546) and for the ventricles (r2 was 0.877) (figure 2.2), and so 30 µg 

protein was loaded in subsequent studies.  
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Figure 2.2:  Western blot analysis demonstrated a linear regression pattern between 

the amounts of loaded protein and CBS signal at 63 kDa (as high MW band) in left 

atria and ventricles of porcine heart cytosols (PHC). The X-axis represents the 

amount of protein loaded. The Y-axis represents CBS band intensity at 63 kDa 

quantification (arbitrary units); (n=1). 
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Having established the appropriate amount of protein to load onto the gel, the 

Western blot was repeated in samples from different animals. As before, Western 

blot analysis showed two bands of CBS immunoreactivity at 63 and 48 kDa in 

comparison to the loading control GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase, housekeeping protein, loading control) at 37 kDa in porcine heart 

cytosol (PHC) of three different animals. Using rat liver cytosol (RLC) as a positive 

control, the low MW CBS immunoreactivity was more obvious. There were also faint 

bands at 63 kDa in the RLC preparations, as well as multiple, fainter, higher MW 

bands (figure 2.3). 

 

 

 

 

 

 

Figure 2.3: Western blotting analysis showed CBS (cystathionine β-synthase) 

expression in cytosols of porcine left atria and left ventricles from three different 

animals at high MW (63 kDa) and at low MW (48 kDa). MWM: molecular weight 

marker. GAPDH (glyceraldehyde 3-phosphate dehydrogenase, housekeeping protein, 

loading control) expression at 37 kDa. 30 µg amount of protein loaded. Rat liver 

cytosol (RLC) was obtained from two different animals. 
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Using GAPDH as a housekeeping protein, a comparison was made of expression levels 

of CBS (63 kDa band) in porcine atria and ventricular cytosol fractions and compared 

to the positive control rat liver cytosol (figure 2.4: A and B). The normalised 

expression level (relative abundancy) for pig atria and ventricles appear higher than 

in the rat liver fraction (figure 2.4: A), while the ratio of the low/high MW CBS is 

lower in pig atria and ventricles than the rat liver fraction (figure 2.4: A and B). 
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Figure 2.4: (A) Normalised ratios between high MW (63 kDa) CBS signal and GAPDH 

signal, left atria and ventricles of different samples of porcine heart cytosol (PHC) of 

three different animals. The X-axis represents different tissues (atria, ventricles and 

RLC). The Y-axis represents the ratio of CBS band intensity at 63 KDa/GAPDH band 

intensity at 37 kDa quantification. (B) Quantification of ratio of the low/high MW CBS 

band intensity in PHC of left atria and ventricles, and RLC (rat liver cytosol). RLC of 

two different animals. Non-significant P > 0.05 paired Student’s t-test atria compared 

to ventricles, (n=5).   
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In order to assess whether expression of the high and low MW bands of CBS 

immunoreactivity were independently regulated, linear regression analysis was 

conducted (figure 2.5). There was a significant relationship between the low and high 

MW forms of CBS. 
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Figure 2.5: Linear regression analysis comparing low (47 kDa) and high MW (63 

kDa) of CBS bands in left atria and ventricles of porcine heart cytosols (PHC) of five 

different animals (n=5). Indicated is the line of best fit (dashed line) and a line forced 

through the origin (solid line) with R2 values of 0.464 and 0.442, respectively. 
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2.5.1.2. Cystathionine γ-lyase (CSE) expression 

Western blotting indicated a non-detectable bands CSE immunoreactivity in cytosols 

of left atria and ventricles of porcine heart at 45 kDa in different amounts of protein 

loaded as a pilot experiment to determine optimal protein loading (figure 2.6). Similar 

obesrvations were found in three separate experiments. 

 

 

 

 

 

 

 

Figure 2.6: The western blotting analysis showed CSE expression in porcine heart 

cytosols (PHC) (left atria and ventricles) as non detectable bands at 45 kDa. MWM 

(molecular weight marker). Different amounts of protein loaded; (n=1). 
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Western blot analysis showed obvious detectable bands of the housekeeping protein 

(GAPDH, loading control) at 37 kDa in PHC of atria and ventricles and RLC (positive 

control). There were  strong of CSE bands at 45 kDa in RLC (figure 2.7). In contrast, 

there were non-detectable bands of CSE at 45 kDa in PHC from atria and ventricles 

(figure 2.7).  

 

 

 

 

 

 

 

 

Figure 2.7:  Western blotting analysis demonstrated non detectable CSE 

(cystathionine γ-lyase) expression in cytosols of porcie left atria and ventricles from 

three different animals at 45 kDa, while there were obvious bands in rat liver cytosol 

(RLC) obtained from two different animals at 45 kDa. MWM (molecular weight 

marker). GAPDH (glyceraldehyde 3-phosphate dehydrogenase, housekeeping 

protein, loading control) expression at 37 kDa. 30 µg amounts of protein loaded. 
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Using GAPDH as a housekeeping protein, a comparison was made of expression levels 

of CSE at 45 kDa band in porcine atria and ventricular cytosol fractions and compared 

to the positive control rat liver cytosol (figure 2.8). The normalised expression level 

(relative abundancy) for pig atria and ventricles appear lower than in rat liver 

fractions. 
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Figure 2.8: Normalised ratios between CSE signal and GAPDH signal, indicating high 

expression of CSE in RLC and non-detectable CSE expression in PHC. The X-axis 

represents different tissues (atria, ventricles and RLC). The Y-axis represents the 

ratio of CSE band intensity at 45 KDa/GAPDH band intensity at 37 kDa quantification. 

Left atria and left ventricles of porcine heart cytosol (PHC) of three different animals. 

RLC (rat liver cytosol) of two different animals as a positive control. Non-significant 

P > 0.05 paired Student’s t-test atria compared to ventricles, (n=3).   
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2.5.1.3. Mercaptopyruvate sulfurtransferase (MST) expression 

Western blotting indicated the presence of MST immunoreactivity in left atria and 

ventricles of porcine heart cytosols (PHC) as clear bands at 30 kDa with different 

amount of protein loaded (figure 2.9).  

 

 

 

 

 

 

Figure 2.9: Western blotting analysis showed MST (mercaptopyruvate 

sulfurtransferase) expression as clear bands at 30 kDa in porcine heart cytosols (PHC) 

(left atria and ventricles). MWM: molecular weight marker. Different amounts of 

protein loaded, (n=1). 
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In order to validate the process, the linearity of detection of MST immunoreactivity 

at 30 kDa compared to protein loading was assessed as a pilot experiment to 

determine optimal protein loading. Linear regression analysis for porcine ventricular 

and atrial cytosol fractions demonstrated a linear pattern and  there was a good 

correlation for the atria (r2 was 0. 947) and for the ventricles (r2 was 0.987) (figure 

2.10), and so 20 µg protein was loaded in subsequent studies. 
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Figure 2.10.  Western blotting analysis showed a linear regression pattern between 

the amounts of protein loaded and MST signal at 30 kDa in left atria and ventricles 

of porcine heart cytosols (PHC). The X-axis represents the amount of protein loaded. 

The Y-axis represents MST band intensity at 30 kDa quantification (arbitrary units); 

(n=1). 
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Having established the appropriate amount of protein to load onto the gel, the 

Western blot was repeated in samples from different animals. As before, Western 

blot analysis showed distinct bands of MST immunoreactivity at 30 kDa in comparison 

to the loading control (GAPDH) at 37 kDa in porcine heart cytosol (PHC) of three 

different animals. Using rat liver cytosol (RLC) as a positive control, the MST 

immunoreactivity was more obvious in RLC at the same apparent MW (figure 2.11).  

 

 

Figure 2.11: Western blotting analysis showed MST (mercaptopyruvate 

sulfurtransferase) expression in cytosols of porcine  of left atria and left ventricles  

from three different animals at 30 kDa. MWM (molecular weight marker). GAPDH 

expression (glyceraldehyde 3-phosphate dehydrogenase, housekeeping protein, 

loading control) at 37 kDa. 20 µg amount of protein loaded. Rat liver cytosol (RLC) 

was obtained from three different animals. 
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Using GAPDH as a housekeeping protein, a comparison was made of expression levels 

of MST at 30 kDa band in porcine atria and ventricular cytosol fractions and compared 

to the positive control rat liver cytosol (figure 2.12). The normalised expression level 

(relative abundancy) for pig atria and ventricles appear lower than in rat liver 

fractions. 

A
tr
ia

Ven
tr
ic

le
s 

R
LC

0.0

0.5

1.0

1.5
r
a
ti

o
 o

f 
th

e
 M

S
T

/
G

A
P

D
H

 s
ig

n
a
l

 

Figure 2.12: Normalised ratios between MST signal at 30 KDa and GAPDH signal at 

37 kDa, indicating higher expression of MST in RLC compared to PHC. The X-axis 

represents different tissues (atria, ventricles and RLC). The Y-axis represents the 

ratio of MST band intensity at 30 KDa/GAPDH band intensity at 37 kDa quantification. 

Left atria and left ventricles of porcine heart cytosol (PHC) of three different animals. 

RLC (rat liver cytosol) obtained from three different animals as a positive control. 

Non-significant P > 0.05 paired Student’s t-test atria compared to ventricles, (n=3).   
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2.5.2. Enzyme assays 

2.5.2.1. Measuring CBS activity using the methylene blue 

detection method 

The methylene blue assay (MBA) was conducted to assess the enzyme activity of CBS 

and MST in the heart. RLC was used as a positive control and for assay development 

and optimisation. PPG, AOAA and PPA were used in RLC and PHC. Na2S was used as 

a standard. 

2.5.2.1.1. Selection of blanks 

In order to select the most useful blank, we investigated different types of blanks 

including incubation on ice (low temperature blank), omission of L-cysteine (no 

substrate blank), omission of enzyme (no tissue blank), omission of PLP (no cofactor 

blank) or addition of PLP after the reaction, and addition of sodium hydroxide/zinc 

acetate to stop the reaction at the beginning of incubation period (no incubation 

blank).  The comparison of absorbance (optical density, OD) for the different types 

of blanks using RLC as the enzyme source demonstrated that the blanks all had 

similar levels and were lower than the positive control RLC. Then, we selected the 

blank with the highest value (figure 2.13).  
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Figure 2.13:  Comparison of the optical density for the different types of blanks in 

rat liver cytosol (RLC, test). Blank (Bk); on ice (incubation of the reaction on ice), no 

cysteine blank (omission of L-cysteine), no enzyme blank (no tissue), no PLP (no 

pyridoxal phosphate) or PLP (addition of 100 µM PLP after 1 hour), NaOH/Zinc Acetate 

(addition of sodium hydroxide/zinc acetate to stop the reaction at the beginning of 

incubation period). NaOH (sodium hydroxide); standard (100 µM Na2S); PPG (100 

µM, propargylglycine, CSE inhibitor). The X-axis represents different types of blanks. 

The Y-axis represents the enzyme activity (optical density at 670 nm). Data 

presented as mean± SEM, (n=6).  
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2.5.2.1.2. Effects of dithiothreitol  

DTT is a reducing agent that may decrease oxidation of H2S and increase H2S 

availability in the MST assay. The aim of this experiment was to examine the effect 

of DTT on the time course of CBS activity. The addition of DTT (0.5 mM) to the CBS 

assay did not alter enzyme activity in RLC at short incubation times (0 and 15 min). 

However, DTT increased the level of H2S detection at longer incubation times 30, 45 

and 60 min (figure 2.14).  
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Figure 2.14: The effect of DTT (0.5 mM) on enzyme activity in rat liver cytosol during 

different incubation times (0, 15, 30, 45 and 60 min), (n=5 different rat cytosols). 

*P<0.05, ***P<0.001 compared to control using two-way ANOVA with post-hoc 

Sidak’s correction. 
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2.5.2.1.3. Effect of aspartic acid on H2S production  

Aspartic acid (AA, aspartate) can be used to inhibit the MST pathway as it is an 

alternative substrate and competitive inhibitor for CAT (Shibuya et al., 2009; Madden 

et al., 2012; Donovan et al., 2017; Donovan et al., 2018). The aim of this experiment 

was to determine whether the CAT/MST pathway contributed to H2S production from 

L-cysteine in the presence of PLP. 

The addition of aspartic acid (AA, 10 mM) did not show any significant differences in 

H2S production in the presence of PLP and without/with DTT (0.5 mM) in RLC (figures 

2.15).  
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Figure 2.15: Effects of 10 mM aspartic acid without and with DTT (dithiothreitol, 0.5 

mM) on H2S production from L-cysteine in RLC at 60 min. Data presented as mean± 

SEM. NS (non-significant) p > 0.05 using one-way ANOVA followed by Sidak's 

multiple comparisons test, n=4. 
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H2S production was assessed in the absence of PLP, which could demonstrate the 

MST (PLP-independent enzyme) activity. The addition of aspartic acid (10 mM) 

evoked  a small, but significant reduction in H2S production in the absence of PLP and 

DTT in RLC (figure 2.16: A), but not in the presence of DTT (0.5 mM) (figure 2.16: 

B), following 60 min incubation at 37 °C. 

R
LC

+A
A

0.00

0.02

0.04

0.06

0.08

0.10

E
n

z
y
m

e
 a

c
ti

v
it

y

(
A

6
7
0
)

*
 A

R
LC

 +
D
TT

R
LC

+A
A
+D

TT

NS

B

 

Figure 2.16: Effects of aspartic acid (AA, 10 mM) (A) alone and (B) in combination 

with DTT (0.5 mM) on enzyme activity in rat liver cytosol (RLC). Data presented as 

mean± SEM. NS (non-significant) p >0.05, * p < 0.05 using two-tailed paired 

Student's t-test, n=4. 
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2.5.2.1.4. The effects of DTT on L-cysteine-derived H2S production  

There was an increasing level of H2S generation with increasing concentrations of L-

cysteine, in the absence or presence of DTT (figure 2.17). The presence of DTT 

enhanced H2S production at 1 mM L-cysteine, but evoked an inhibition of H2S 

production at 3 and 10 mM L-cysteine. 
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Figure 2.17: Effects of DTT in the presence of different concentrations of L-cysteine 

on H2S production (DTT, 0.5 mM). Data presented as mean± SEM.  **p< 0.01, 

***P< 0.001 using one-way ANOVA followed by Sidak's multiple comparisons test; 

(n=4). 
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2.5.2.1.5. H2S production in different tissues 

H2S production was low in the pig heart tissue compared to rat liver. A potential 

interpretation for the low activity could be due to the delay in storage, transport and 

receiving pig heart tissue from the abattoir. Therefore, a comparison was made with 

rat heart cytosol (RHC) and rat liver cytosol (RLC), which were processed immediately 

after death. In this series of experiments, the controls of cytosolic preparations from 

porcine atria, rat heart and rat liver were significantly high compared to the blanks 

(figure 2.18: A and B). H2S production was higher in the rat heart tissue compared 

to pig heart tissue (figure 2.18: A). H2S production was higher in the rat liver tissue 

compared to both pig heart tissue and rat heart tissue (figure 2.18: A and B). H2S 

production was about similar in the rat liver tissue and the standard (figure 2.18: B). 

The presence of the enzyme inhibitors caused significant reductions only in rat liver 

cytosol preparations (Figure 2.18: B). 
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Figure 2.18: Comparison of the enzyme activity (absorbance at 670 nm) for porcine 

and rat tissues. (A) Porcine heart atria (PA); porcine heart ventricles (PV); RHC (rat 

heart cytosol). (B) RLC (rat liver cytosol), Std (standard, 100 µM Na2S). PPG (100 

µM propargylglycine, CSE inhibitor); AOAA (100 µM aminoxyacetic acid, CBS 

inhibitor). Data presented as mean± SEM. NS (non-significant) P>0.05, *P<0.05, 

**P<0.01 compared to the blank using one-way ANOVA followed by Dunnett's 

multiple comparisons test, ##P<0.05 paired Student’s t-test compared to the blank. 
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+P<0.05, ++P<0.01 compared to the control using one-way ANOVA followed by 

Dunnett's multiple comparisons test, (n=3).   

2.5.2.1.6. Effect of pH on H2S production 

The experiments above indicated low CBS enzyme activity in the heart in comparison 

to the liver. Given the larger and more consistent levels of H2S identified in rat heart 

preparations, subsequent investigations used RHC. 

As H2S in solution is more stable at alkaline pH (as it favours dissociation to 

hydrosulfide anion), an analysis of the pH sensitivity of the CBS assay was conducted. 

Increasing the pH of the enzyme assay to 9.0 caused an increase in the level of H2S 

detected in RLC (figure 2.19: A), RHC (figure 2.19: A) and PHC (figure 2.19: B). 

Therefore, there was an increase in H2S detected in RHC, and there was a significant 

increase of H2S detection produced via CBS at pH 9 in RHC (figure 2.19: A). 

Furthermore, there was a significant increase of H2S detection produced via CBS at 

pH 9 in PHC (figure 2.19: B). Moreover, the pH 9 made the values relatively less 

variable than at pH 7.4 (figure 2.19: A and B).  

PPG and AOAA both caused inhibition of H2S production in RLC at pH 7.4 and pH 9.0 

(figure 2.19: A). However, there was no significant effect on RHC (figure 2.20: A). 

The combination of PPG with AOAA had no further effect beyond that seen with PPG 

alone, in RLC (figure 2.19: A).  

Furthermore, the combination of PPG with AOAA did not lead to a synergistic 

inhibition in the rat heart at either pH. Moreover, there was relatively more inhibition 

by PPG in the liver and by AOAA in the heart; however, both of them were non-

significant differences between them, AOAA and PPG (figure 2.19: A).  Moreover, at 

pH 9, there was more inhibition by AOAA than PPG in both atria and ventricles of PHC 

(figure 2.19: C).  
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Figure 2.19: Comparison of the effect performing the methylene blue assay at pH 

7.4 with pH 9 effects on H2S production from L-cysteine in (A) rat liver cytosol (RLC) 

and rat heart cytosol (RHC) of four different animals (n=4). PPG (propargylglycine, 

CSE inhibitor, 100 µM); AOAA (aminooxyacetic acid, CBS inhibitor, 100 µM). (B) The 

effects of pH 7.4 vs pH 9.0 in PHC (porcine heart cytosol) (n=6). (C) The effects of 

PPG vs AOAA at pH 9 in PHC (n=6). The data presented as mean± SEM. ** (pH 7.4 

RLC vs +PPG, +AOAA, +PPG+AOAA, pH 9 RLC). ## (pH 9 RLC vs AOAA, PPG, 

PPG+AOAA). $ (pH 7.4 RLC vs +PPG+AOAA).   * (RHC pH 7.4 vs + pH 9).  ** (atria 

pH 7.4 vs pH 9.0). ** (ventricles pH 7.4 vs pH 9.0). * (atria vs +PPG, +AOAA, 

+PPG+AOAA). + (ventricles vs +AOAA, +PPG+AOAA). Con (control). NS (non-

significant) p> 0.05, *, +, $ p < 0.05, **, ## p <0.01 using one-way ANOVA followed 

by Sidak’s multiple comparisons test, (n=6). 
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2.5.2.1.7. Time profile of H2S production at pH 9.0 

As the data in PHC indicated an increase in H2S detection at pH 9.0, an analysis of 

the pH sensitivity of the CBS assay at different incubation times (0, 30, 60 and 90 

min) in PHC and RHC was performed. The results indicate that the optimal incubation 

time was 60 min at pH 9.0 in both PHC and RHC (figure 2.20).  
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Figure 2.20: Effect of incubation time on detection of H2S from L-cysteine in PHC 

and RHC using the methylene blue assay at pH 9.0. Data are expressed mean ± SEM. 

PHC (pig heart cytosol) from six different animals (n=6). RHC (rat heart cytosol) from 

four different animals (n=4). 
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2.5.2.1.8. Effect of degassing buffers on H2S production 

It has been suggested that oxygen gas dissolved in the buffer may oxidise H2S and 

decrease H2S availability interfering with the detection of H2S, so the effects of 

degassing the buffers prior to carrying out the methylene blue assay were 

investigated 

The comparison of the degassing effects on enzyme activity for RLC revealed that 

there was a non-significant effect by degassing with different concentrations of L-

cysteine (1, 3 and 10 mM) (figure 2.21). 
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Figure 2.21: Effect of degassing (by vacuum chamber) on H2S detection from L-

cysteine using the methylene blue assay with different concentrations of L-cysteine 

(1, 3 and 10 mM) in RLC (rat liver cytosol) of three different animals. Data presented 

as mean± SEM. The results indicated non-significant effects of degassing. NS (non-

significant) p> 0.05 using one-way ANOVA followed by Sidak's multiple comparisons 

test. 
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Degassing also had no effect on the level of H2S detected in RHC at either pH 7.4 or 

pH 9.0 (figure 2.22). There was no significant effect of AOAA at pH 7.4, but a 

significant reduction in H2S detection was seen at pH 9.0 in RHC (figure 2.22). 

Moreover, degassing had no effect on the detection of H2S in PHC in either atria or 

ventricles (figure 2.22). Thus, degassing had no effect on the detection of H2S in 

heart tissues either rat or pig hearts. 
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Figure 2.22:  Effect of degassing on H2S detection using the methylene blue assay 

at pH 7.4 and 9.0 in RHC (rat heart cytosol) of three different animals and in tissue 

from six pig ventricles and atria. AOAA (aminoxyacetic acid, 100 µM). Data are 

presented as mean± SEM. *P<0.05 pH 9.0 vs pH 7.4, ###P<0.001 presence vs 

absence of AOAA using two-way ANOVA followed by Sidak's multiple comparisons 

test.  
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2.5.2.1.9. Effect of S-adenosyl-L-methionine on H2S production 

SAM has been described as a positive allosteric modulator of CBS and activator of 

CBS activity (Abe and Kimura, 1996), its effects were investigated in RHC and PHC. 

The effects of SAM (2 mM) on enzyme activity in RHC and PHC demonstrated that 

there were no significant effects of SAM (2 mM) on enzyme activity in RHC  and PHC 

(figure 2.23). 
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Figure 2.23: Effects of SAM (S-adenosyl-L-methionine, 2 mM) on H2S produced in 

the presence of L-cysteine using the methylene blue assay in rat heart cytosol (RHC) 

of four different animals and PHC (n=6). Data are presented as mean± SEM. AOAA 

(aminoxyacetic acid, 100 µM). There were no significant effects of SAM identified 

using two-way ANOVA followed by Sidak's multiple comparisons test. 

 

 

 

 

 

 

  



 

100 

 

Co-incubation of SAM (2 mM) with different concentrations of cysteine (1, 3, 10 mM) 

on enzyme activity in RLC showed that there was a non-significant effect of SAM (2 

mM) on enzyme activity in RLC (figure 2.24). Furthermore, there was inhibition by 

PPG in the absence or presence of SAM (figure 2.24). 
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Figure 2.24: Effects of SAM (S-adenosyl-L-methionine, 2 mM) on cysteine-derived 

H2S levels (n=4) using the methylene blue assay in rat liver cytosol (RLC). Data 

presented are mean± SEM. PPG (CSE-inhibitor, 100 µM). NS (non-significant) p > 

0.05 using one-way ANOVA followed by Sidak's multiple comparisons test, (n=4). 
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SAM (2 mM) also failed to alter L-cysteine-dependent enzyme activity in rat brain 

cytosols (RBC). SAM also failed to alter the inhibitory effect of AOAA in RBC (figure 

2.25).  
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Figure 2.25:  Effects of SAM (S-adenosyl-L-methionine, 2 mM) on 10 mM L-cysteine-

derived H2S levels using the methylene blue assay in rat brain cytosol (RBC). Data 

presented are mean± SEM. AOAA (aminoxyacetic acid, 100 µM). NS (non-significant) 

p > 0.05 using one-way ANOVA followed by Sidak's multiple comparisons test, (n=3). 
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2.5.2.2. Measuring MST activity using the methylene blue 

detection method 

The results of Western blotting demonstrated that MST was clearly detected in the 

PHC, but the relative abundancy of MST in PHC was low in comparison with RLC. As 

H2S in solution is more stable and detectable at alkaline pH (as it favours dissociation 

to hydrosulfide anion) (Shen et al., 2011; Ang et al., 2012; Shen et al, 2012), an 

analysis of the pH sensitivity of the MST assay was conducted. PPA (10 mM) was 

used to investigate the contribution of MST enzyme activity in RLC and PHC (Wing 

and Baskin, 1992; Shibuya et al., 2009; Rose et al., 2017).   

The effect of pH on H2S detection from mercaptopyruvate in RLC indicated that there 

was no difference in H2S detected at pH 9 compared to pH 7.4 (figure 2.26: A). 

Furthermore, there was significant decrease in H2S detection from mercaptopyruvate 

by PPA at pH 7.4 and pH 9 in RLC (figure 2.26: A).  On the other hand, there was a 

significant increase in the level of H2S detected in atria and ventricles from pig heart 

at pH 9 compared to pH 7.4 (figure 2.26: B). Moreover, there was no significant 

difference in the level of H2S detected in atria compared to ventricles in pig heart at 

pH 9 (figure 2.26: C). Overall, there was more H2S production from 

mercaptopyruvate than L-cysteine. 
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Figure 2.26: The effect of incubation pH on mercaptopyruvate-derived H2S detected 

using the methylene blue assay in (A) rat liver cytosol (RLC) (n=4) and also in (B) 

PHC (porcine heart cytosol) and (C) at pH 9.0 from atria and ventricles (n=6). Data 

presented as mean. PPA (10 mM, phenylpyruvic acid, MST inhibitor). * p < 0.05 using 

two-tailed paired Student’s t-test. 
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The aim of this experiment was to determine the effect of the potential (candidate) 

MST inhibitor PPA on H2S detected from mercaptopyruvate in RHC, PHC of atria and 

ventricles, and RLC at pH 7.4. The comparison of the MST enzyme activity for RHC, 

PHC atria and ventricles with RLC showed that there was a significantly lower MST 

enzyme activity in RHC in comparison to RLC (figure 2.27: A) and also in PHC atria 

and ventricles compared to RLC at pH 7.4 (figure 2.27: B). MST activity level of both 

RHC and RLC was higher than PHC of atria and ventricles (figure 2.27: A and B). 

Furthermore, there was a significant decrease in H2S detection from 

mercaptopyruvate by PPA in RHC (figure 2.27: A), PHC atria and ventricles (figure 

2.27: B) and RLC (figure 2.27: A and B).   
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Figure 2.27: Comparison of MST enzyme activity in (A) rat heart cytosol (RHC) of 

five different animals (n=5) in the absence and presence of PPA (10 mM, 

phenylpyruvic acid). (B) Comparison of MST enzyme activity in porcine heart cytosol 

(PHC) atria and ventricles of six different animals (n=6) in the absence and presence 

of PPA (10 mM, phenyl pyruvic acid). Data presented as mean. ** p <0.01 using 

two-tailed paired Student’s t-test; * p <0.05 using one-way ANOVA vs control 

followed by Sidak’s post-hoc test. 
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There was a high MST activity level in RHC in comparison to PHC, but both of RHC 

and PHC MST activity level was low in comparison to RLC (figure 2.27: A and B). 

About one-third of 3-MST is reported to be in the cytosol and two-thirds in 

mitochondria (Lavu et al., 2011; Paul and Snyder 2012; Fräsdorf et al., 2014). 

Therefore, the aim of this experiment was to compare MST activity in mitochondria 

obtained from rat heart (particulate fraction) in the absence and presence of PPA (10 

mM) at pH 7.4. 

The comparison of MST activity in RHM (rat heart mitochondria) with RLC showed 

that there was high level of activity in RHM and RLC at pH 7.4, although the activity 

was significantly higher in RLC than RHM (figure 2.28). Moreover, this activity was 

significantly reduced in the presence of 10 mM PPA (figure 2.28). 
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Figure 2.28: Comparison of MST activity in rat heart mitochondria (RHM) of six 

different animals with rat liver cytosol (RLC). Data presented as mean. PPA (10 mM, 

phenylpyruvic acid).  ** p <0.01 using two-tailed paired Student’s t-test. ++ p 

<0.01 RHM vs RLC using two-tailed unpaired Student’s t-test, (n=5). 
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2.5.2.2.2. MST and CBS activity in porcine ventricles 

In order to decrease the possible deterioration of porcine heart tissue by handling, 

storage and transport and therefore optimising tissue preparation and quality (more 

fresh), we investigated whether freezing heart tissue on dry ice at the abattoir could 

improve the signal for both MST and CBS activity in both cytosol and particulate/ 

mitochondria fractions.  

The comparison of the MST and CBS activity levels in freshly and rapidly frozen 

(PH.V.FF) cytosol and mitochondria from pig heart with RLC demonstrated that there 

was still low MST activity (figure 2.29: A and B) and CBS activity (figure 2.29: C and 

D) in freshly/rapidly frozen (PH.V.FF) cytosol and particulate/mitochondria (figure 

2.29: A and C) in comparison with RLC (figure 2.29: B and D) at pH 7.4. Also, there 

was more H2S production from via MST from mercaptopyruvate in mitochondrial 

fraction than cytosol of freshly frozen left pig heart tissues (figure 2.29: A) and via 

CBS from L-cysteine in mitochondrial fraction than cytosol of freshly frozen left pig 

heart tissues (figure 2.29: C). 

 

PH
C
.V

.F
F

PH
C
.V

.F
F+P

P
A
 

PH
M

.V
.F

F 

PH
M

.V
.F

F+ P
P
A

-50

0

50

100

M
S

T
 a

c
ti

v
it

y

(
n

m
o

le
s
/

m
g

 p
r
o

te
in

)

A

R
LC

R
LC

+P
P
A

-100

0

100

200

300

B

 



 

107 

 

PH
C
.V

.F
F 

 P
H
C
.V

.F
F+ A

O
A
A

PH
M

.V
.F

F. 

PH
M

.V
.F

F+A
O

A
A

0

2

4

6

8

C
B

S
 a

c
ti

v
ti

y

(
n

m
o

le
s
/

m
g

 p
r
o

te
in

)

C

R
LC

R
LC

+A
O

A
A

0

20

40

60

80

D

 

Figure 2.29: Comparison of enzyme activity in porcine heart freshly/rapidly frozen 

ventricle cytosol (PHC.V.FF) and particulate/mitochondria (PHM.V.FF): (A) MST 

activity with (B) rat liver cytosol (RLC, positive control) and also (C) (PHC.V.FF) 

cytosol and particulate/mitochondria (PHM.V.FF) CBS activity with (D) RLC at pH 7.4. 

(A and B) MST activity; PPA (10 mM, phenylpyruvic acid). (C and D) CBS activity; 

AOAA (100 μM, aminoxyacetic acid, CBS inhibitor). Data presented as mean, (n=2). 
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2.5.2.2.2. Effect of PPA on MST activity  

The experiments presented above indicate that phenylpyruvic acid reduced the 

production of H2S from mercaptopyruvate. In order to confirm these data, the aim of 

this experiment was to assess the effect of PPA on the production of H2S in RLC in 

comparison with no tissue blank and the standard (Na2S, 100 μM). PPA caused a 

concentration-dependent reduction in H2S detected in both RLC, blank and Na2S, 

indicating/suggesting a non-selective effect of PPA, especially at 10 mM (figure 2.30: 

A, B and C). 
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Figure 2.30: Comparison of the effect of PPA (10 mM, phenylpyruvic acid, MST 

inhibitor) on (A) the blank (tissue blank) and standard (Na2S, 100 μM) (n=6). (B) 

PPA effect (1, 3 and 10 mM, phenylpyruvic acid) on RLC (rat liver cytosol) (n=6). (C) 

PPA effect (1, 3 and 10 mM, phenylpyruvic acid) on the tissue blank and standard 

(Na2S, 100 μM) (n=3). Data presented as mean. * p <0.05, ** p <0.01, *** p 

<0.001 vs respective control using one-way ANOVA followed by Sidak's multiple 

comparisons test. 
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2.5.2.3. Monitoring H2S production using SF7-AM fluorescence 

The main aims of these experiments were to determine whether H2S synthesis could 

be detected in heart tissue using the fluorescent probe SF7-AM. RLC was used as a 

positive control. Na2S was used as a standard. 

There was measurable (detectable) but low activity in PHC atria and ventricles at pH 

7.4 in comparison with RLC (figure 2.31). There was no significant effect of AOAA 

and PPG in PHC (figure 3.31). On the other hand, there was significant inhibition of 

CBS activity by AOAA and PPG in RLC (figure 2.31). 
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Figure 2.31: Comparison of CBS activity (fluorescence) vs blank (no tissue blank) 

in porcine heart cytosols (PHC) atria and ventricles with RLC (rat liver cytosol). AOAA 

(aminoxyacetic acid, 100 μM CBS inhibitor); PPG (propargylglycine, 100 μM, CSE 

inhibitor). The y-axis represents relative fluorescence unit (RFU). Data presented as 

mean. * p < 0.05 vs RLC using one-way ANOVA followed by Sidak's multiple 

comparisons test, (n=5). 
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2.5.2.3.1. Na2S as a standard 

In order to validate the SF7-AM assay, Na2S was used as a standard. There was a 

linear relationship between the fluorescence measured and Na2S concentrations 

(figure 2.32).  
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Figure 2.32: A linear relationship between the fluorescence measured by SF7-AM 

and sodium sulfide (Na2S; standard) concentrations. The y-axis represents relative 

fluorescence unit (RFU). (n=10). 
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2.5.2.3.2. CBS activity in atria and ventricles  

The aim of this experiment was to compare SF7-AM-mediated detection of CBS 

activity in porcine heart cytosol from atria and ventricles with AOAA and PPG at pH 

7.4. Also, to compare CBS activity at pH 7.4 vs pH 9.0. 

AOAA, but not PPG, evoked a significant inhibition in both PHC atria and ventricles 

(figure 2.33: A). Also, there was a significant increase of H2S detection produced via 

CBS at pH 9.0 in comparison to pH 7.4 (figure 2.33: B). 
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Figure 2.33: Comparison of CBS activity in (A) porcine heart cytosols (PHC) atria 

and ventricles (n=5) and in (B) pH 7.4 vs pH 9 in PHC (n=8). AOAA (aminoxyacetic 

acid, 100 μM CBS inhibitor); PPG (propargylglycine, 100 μM, CSE inhibitor). The y-

axis represents relative fluorescence unit (RFU).  Data presented as mean. * p < 

0.05 vs control using one-way ANOVA followed by Sidak’s multiple comparisons test, 

(n=5). ** p < 0.01 vs control using two-tailed paired Student’s t-test, (n=8). 
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2.5.2.3.3. The influence of gender on CBS activity 

Several pieces of clinical and epidemiological research have revealed that sexual 

dimorphism has a crucial effect on the cardiovascular system (Bucci et al., 2009; 

Brancaleone et al., 2015). Therefore, gender is an important factor which affects 

some biological functions and therefore, the gender may have an effect on CBS 

activity. For example, Brancaleone’s study has reported that testosterone has a 

pivotal role in H2S-mediated vasorelaxation in male rats (Brancaleone et al., 2015). 

Thus, it could be important to assess whether gender influences cardiac H2S-

generating enzyme activity (Abe and Kimura, 1996; Bucci et al., 2009; Brancaleone 

et al., 2015). 

Therefore, the aim of these experiments was to assess gender effect on CBS enzyme 

activity in PHC atria and ventricles. The results of this study showed that there was 

no difference between male and female for CBS activity in PHC at both pH 7.4 and 

9.0, respectively (figure 2.34: A and B). 
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Figure 2.34: Comparison of CBS activity in porcine heart cytosols (PHC) atria and 

ventricles (A) at pH 7.4 and also (B) at pH 9 in males and females. AOAA 

(aminoxyacetic acid, 100 μM CBS inhibitor); PPG (propargylglycine, 100 μM, CSE 

inhibitor). The y-axis represents relative fluorescence unit (RFU) per mg of protein. 

Data presented as mean, (n=6). 
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2.5.2.4. Measurement of MST enzyme activity using SF7-AM  

2.5.2.4.1. MST activity in porcine atria and ventricles cytosols  

The time profile for detection of H2S through the MST pathway appeared to be 90 

min for cytosolic fraction of porcine atria and ventricles and RLC (figure 2.35: A, B, 

C, and D). There was a low activity in PHC atria and ventricle compared to RLC (figure 

2.35: A). Tissue blank (no tissue, no enzyme) was higher than the substrate blank 

(no mercaptopyruvate) (figure 35: B and C). After 90 minutes there was a plateau 

and a decrease of enzyme activity (figure 2.35: D). 

Fluorescence in PHC atria and ventricles (figure 2.35: A). Fluorescence in PHC atria 

and ventricles and RLC all corrected with tissue blank and normalised per mg of 

protein (figure 2.35: A). Fluorescence in atria, substrate blank (no 

mercaptopyruvate) and tissue blank (no tissue) (figure 2.35: B). Ventricles substrate 

blank (no mercaptopyruvate) and tissue blank (no tissue) (figure 2.35: C). PHC atria 

and ventricles corrected with tissue blank and normalised per mg protein (figure 

2.35: D). 

 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0

50

100

150

200

Time (min)

H
2
S

 p
r
o

d
u

c
ti

o
n

(
R

F
U

/
m

g
 p

r
o

te
in

)

Atria

Ventricle

RLC

A

 

 

 



 

116 

 

0 15 30 45 60 75 90
0

50

100

150

200

Time (min)

H
2
S

 p
r
o

d
u

c
ti

o
n

(
R

F
U

)

B
Atria 1 Atria 1 substrate blank

Atria 2 Atria 2 substrate blank

Atria 3 Atria 3 substrate blank

Atria 4 Atria 4 substrate blank

Tissue Blank RLC substrate blank

 

 

 

0 10 20 30 40 50 60 70 80 90
0

50

100

150

200

250

Time (min)

H
2
S

 p
r
o

d
u

c
ti

o
n

(
R

F
U

)

Ventricle 1

Ventricle 2

Ventricle 3

Ventricle 1 substrate blank

Ventricle 2 substrate blank

Ventricle 3 substrate blank

Ventricle 4 substrate blank

Tissue Blank RLC substrate blank

C

Ventricle 4

 



 

117 

 

0 30 60 90 120
0

10

20

30

40

50

     Time (min)

H
2
S

 p
r
o

d
u

c
ti

o
n

(
R

F
U

/
m

g
 p

r
o

te
in

)

  Atria

Ventricles

D

 

Figure 2.35: Incubation time-profile of H2S production using SF7-AM: (A) PHC atria 

and ventricles and RLC corrected with tissue blank and normalised per mg protein; 

(B) atria, substrate blank (no mercaptopyruvate) and tissue blank (no tissue); (C) 

ventricles, substrate blank (no mercaptopyruvate) and tissue blank (no tissue); (D) 

PHC atria and ventricles corrected with tissue blank and normalised per mg protein. 

The y-axis represents relative fluorescence unit (RFU) per mg protein. (n=4).   

 

2.5.2.4.2. Particulate fractions from atria and ventricles 

There was a low MST activity level in PHC in comparison to RLC. Therefore, the aim 

of these experiments was to detect the optimal incubation time for detection of H2S 

in particulate (including mitochondria) fractions from atria and ventricles. The results 

of this study demonstrated that the most appropriate incubation time appeared to be 

90 min and after 90 minutes there was a plateau of enzyme activity (figure 2.36: A, 

B and C). There was a similar level of activity level in PHM (figure 2.36: A and B) 

compared to RLC (figure 2.36: C). Moreover, we observed that the tissue blank (no 

tissue, no enzyme) was higher than the substrate blank (no mercaptopyruvate) 

(figure 2.36: A, B and C). 
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Figure 2.36: Incubation time-profile and fluorescence in PHM (porcine heart 

mitochondria/particulate, M) from (A) atria, substrate blank (no mercaptopyruvate) 

and tissue blank (no tissue); (B) ventricles (V), substrate blank (no 

mercaptopyruvate) and tissue blank (no tissue); (C) RLC (rat liver cytosol), substrate 

blank (no mercaptopyruvate) and tissue blank (no tissue). The y-axis represents 

relative fluorescence unit (RFU). (n=4). 

 

2.5.2.4.2.1. Effect of PPA on MST activity  

The results of this experiments showed that, there was a significant concentration-

dependent inhibition of the H2S production with difference with the addition of PPA 

(1, 3, and 10 mM) while it was non-significant with 0.1 and 0.3 mM in atria, ventricles 

and RLC (figure 2.37: A, B, and C). 
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Figure 2.37: Comparison the effect of PPA (0.1, 0.3, 1, 3 and 10 mM, phenylpyruvic 

acid) on MST activity measured by SF7-AM in (A) particulate (PHM) atria and 

ventricles; (B) RLC (rat liver cytosol). The y-axis represents relative fluorescence unit 

(RFU). Data presented as mean. * (atria vs atria+ 1 mM PPA), * (atria vs atria+3 

mM PPA), ** (atria vs atria+10 mM PPA); # (ventricles vs ventricles+1 mM PPA), # 

(ventricles vs ventricles+3 mM PPA), ## (ventricles vs ventricles+10 mM PPA). *, # 

p < 0.05, **, ## p< 0.01 using one-way ANOVA followed by Sidak’s multiple 

comparisons test, (n=4). 
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2.5.2.4.3. pH sensitivity of MST activity  

The aim of these experiments was to assess the differences between PHC atria and 

ventricles at pH 9 as H2S in solution is more stable and detectable at alkaline pH (as 

it favours dissociation to hydrosulfide anion).  

The comparison of PHC atria and ventricles enzyme activity at pH 9 indicated that 

there was a non-significant difference between PHC atria and ventricles at pH 9 

compared to pH 7.4 (figure 2.38: A and B).   
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Figure 2.38: Comparison of MST activity in (A) PHC at pH 7.4 vs 9.0 (n=5) and (B) 

PHC atria vs ventricles at pH 9.0 (n=6). The y-axis represents relative fluorescence 

unit (RFU). Data presented as mean. Non-significant effects p > 0.05 using two-tailed 

unpaired Student’s t-test. 
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2.5.2.4.4. The effects of dialysis 

Given the relatively low activity in these tissues, there was the possibility that low 

molecular weight moieties might be interfering with the SF7-AM assay.  

There was an increase in H2S detected through both the CBS pathway (figure 2.39: 

A and B) and MST pathway (figure 2.40: A and B) in dialysed porcine heart cytosol 

(PHC) atria and ventricles at pH 7.4 in both males and females (figure 2.39: A and 

B; figure 2.40: A and B). 
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Figure 2.39: The comparison of CBS activity between non-dialysed and dialysed 

porcine heart cytosol (PHC) atria and ventricles at pH 7.4; (A) males and (B) females. 

The y-axis represents relative fluorescence unit (RFU). Data presented as mean. * p 

< 0.05 using two-tailed paired Student’s t-test (n=8). 
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Figure 2.40: The comparison of MST activity between non-dialysed and dialysed 

porcine heart cytosol (PHC) atria and ventricles at pH 7.4; (A) males and (B) females. 

The y-axis represents relative fluorescence unit (RFU). Data presented as mean. * p 

< 0.05 using two-tailed paired Student’s t-test, (n=8). 
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2.5.3. The effect of myocardium-derived H2S on the relaxation 

responses in U46619-precontracted PCA 

Data presented in this chapter demonstrated that H2S could be endogenously 

synthesised in the myocardium. Therefore, in order to determine whether H2S from 

myocardium could regulate coronary artery tone, the effect of myocardial tissue on 

the tone in U46619-precontracted PCA was determined.  

2.5.3.1. Tissue Preparation 

Hearts from large white hybrid pigs of either sex, 4-6 months of age, and weighing 

about 50 kg were obtained from a local abattoir and transported to the laboratory on 

ice cold Krebs’-Henseleit buffer ([mM]: NaCl 118, KCl 4.8, CaCl2 1.3, NaHCO3 25, 

KH2PO4 1.2, MgSO4 1.2, glucose 11.1) (Fisher Scientific, Loughborough, UK). The 

Krebs’-Henseleit solution had been pre-gassed with 95% O2/ 5% CO2. The left 

circumflex porcine coronary artery (PCA) was then dissected out. 

 

2.5.3.2. Isolated organ bath experiments 

The PCA was maintained in Krebs’-Henseleit solution pre-gassed with 95% O2 and 

5% CO2 for overnight storage at 4 °C. The next day, the myocardial tissue 

adherent/under/beneath the PCA was dissected and kept in Krebs’-Henseleit solution. 

Next the fat and connective tissue were removed from the left PCA, vessels finely 

dissected to prepare paired PCA rings from each artery ensuring vessels were not 

stretched/ or damaged and then cut into rings of ~5 mm in length (~2-3 mm internal 

diameter) and were suspended in a multichannel 5 or 20 ml tissue baths. Rings were 

attached to two metal hooks placed through the lumen, ensuring that the hooks were 

not overlapping. One hook was connected to a glass rod, and the other was connected 

to an isometric force transducer by a silk thread (unstretchable). Each bath was filled 

with Krebs’-Henseleit solution and maintained at 37 °C and constantly gassed with 

95% O2, 5% CO2. After about 20 min equilibration period, the tension was applied to 

each segment, 8-10 g, and tissues allowed to equilibrate for about 60 min. Previous 

experiments have indicated that 8-10 g was the optimum level of tone for the PCA. 

This tension was measured using an isometric force transducer and recorded using a 

Power-Lab data acquisition system computer program (AD Instruments, Sydney, 

Australia). Transducers were calibrated with a 10 g weight on a daily basis.  

When a stable baseline was reached, 60 mM KCl was added to allow normalization 

and confirm tissue viability. After about 10 min, the KCl was washed out with fresh 

Krebs’-Henseleit solution. Following return to a stable baseline and, after a further 

20-30 min, exposure to KCl was repeated. Once again, the tissue was washed out 
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with Krebs’-Henseleit solution, to allow tone to re-stabilise to baseline. U46619, a 

thromboxane A2 mimetic contractile agent (11α,9α-epoxymethano-PGH2) was used 

to induce contraction of PCA rings. PCA rings were exposed to U46619 (1 nM-300 

nM) in a cumulative manner to about 40-60% of the final response to KCl contraction. 

2.5.3.3. Effect of myocardial tissue on U46619-induced tone 

These experiments were performed in order to assess the effect of the myocardial 

tissue (adherent/under/beneath the PCA) on the vascular tone, in particular, the 

relaxation response. In other words, these experiments aimed to investigate the 

functional consequences of H2S production in myocardial tissue on vascular function 

as a bioassay. U46619 (thromboxane A2 mimetic vasoconstrictor) was used to induce 

tone. PCA rings were exposed to U46619 (1-300 nM) in a cumulative manner to about 

40-60% of the final KCl contraction response. After the contraction had reached a 

plateau, the myocardial tissue was added (about 0.25 g/ 5 ml-bath or about 1 g/ 20 

ml-bath). Then, the tension was recorded for about 60 min (Rashid et al., 2013; 

Donovan et al., 2017; Donovan et al., 2018). Relaxation responses were expressed 

as a percentage of the response to U46619 response. 

 

2.5.3.4. The effects of H2S synthesising enzymes inhibitors on myocardial-

induced relaxation response 

The effects of the H2S synthesising enzyme inhibitors AOAA (CBS inhibitor), PPG (CSE 

inhibitor) and CDS (1-(3,4-Dihydroxyphenyl)-2-[(4-hydroxy-6-methyl-2-

pyrimidinyl) sulfanyl] ethanone, Compound 7, CDS00492, MST inhibitor) were 

investigated on the myocardial-induced relaxation response. U46619 was added to 

achieve 40-60 % of KCl response. Next, myocardial tissue was separately incubated 

for 30 min with either 100 µM AOAA/100 µM PPG, or with 100 µM CDS, or with the 

combination of all 100 µM AOAA/100 µM PPG and 100 µM CDS. Next, the separately 

incubated myocardial tissue with the H2S synthesising enzymes inhibitors was added 

to the U46619-precontracted PCA. Changes in tone were expressed as a percentage 

of the response to U46619. 

2.5.3.5. The effects of hypoxia on myocardial-induced relaxation response 

After the dissection, the myocardial tissue (adherent/beneath/under the PCA) was 

divided in two parts, one part was continuously maintained oxygenated with 95% 

oxygen/5 % CO2 in Krebs’-Henseleit buffer, while the other part continuously 

maintained non-oxygenated in Krebs’-Henseleit buffer. Next, the non-oxygenated 

and oxygenated myocardial tissues were added to the U46619-precontracted PCA. 

Changes in tone were expressed as a percentage of the response to U46619. 
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2.5.3.6. Results 

2.5.3.6.1. Effect of myocardial tissue on U46619-induced tone 

The previous experimental results demonstrated that H2S could be endogenously 

synthesised in the myocardium. The presence of myocardial tissue led to significant 

relaxation responses in U46619-precontracted PCA (figure 2.41: A, B and C).  
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Figure 2.41: (A) The effects of myocardial tissue on the relaxation responses in 

U46619-precontracted porcine coronary artery (PCA). The Y-axis represents the 

change in contractility percentage to U46619 response. The representative traces of 

the relaxation response in the absence of the myocardial tissue (control, Krebs’ 

solution) (B) and in the presence of the myocardial tissue (+ myocardial tissue) (C). 

** p < 0.01 using two-tailed paired Student’s t-test, (n=6).  
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2.5.3.6.2. The effect of H2S synthesising enzyme inhibitors 

To determine whether H2S may contribute to the relaxation responses to myocardial 

tissue, the effects of PPG and AOAA on myocardium-derived relaxation responses in 

U46619-precontracted PCA was determined. Pre-incubation of myocardial tissue with 

100 µM PPG and 100 µM AOAA for 30 min led to a significant decrease in the 

relaxation effects of myocardial tissue in U46619-precontracted PCA (figure 2.42: A, 

B and C).  
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Figure 2.42: The effects of H2S synthesising enzymes inhibitors, 100 µM PPG 

(propargylglycine, CSE inhibitor) and 100 µM AOAA (aminoxyacetic acid, CBS 

inhibitor) on myocardium-derived relaxation responses in U46619-precontracted 

porcine coronary artery (PCA). The Y-axis represents the change in contractility 

percentage of U46619 response. The representative traces of the relaxation response 

in the absence of AOAA/PPG in the myocardial tissue (control, myocardial tissue only) 

(B) and in the presence of the 100 µM AOAA/ 100 µM PPG in the myocardial tissue 

(myocardial tissue pre-incubated with 100 µM PAOAA/100 µM PPG) (C). * p < 0.05 

using two-tailed paired Student’s t-test, n=8.  
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2.5.3.6.3. The effect of H2S synthesising enzyme candidate CDS on 

myocardium-derived relaxation responses in U46619-precontracted PCA 

1-(3,4-Dihydroxyphenyl)-2-[(4-hydroxy-6-methyl-2-pyrimidinyl) sulfanyl] ethanone 

(CDS004892, identified by an MSc student, Maha Almehaize). Studies in the 

laboratory demonstrated that CDS inhibits MST production of H2S (unpublished data). 

Pre-incubation of myocardial tissue with 100 µM CDS for 30 min led to a significant 

increase in the relaxation of U46619-precontracted PCA (figure 2.43).  
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Figure 2.43: The effects of H2S synthesising enzyme candidate MST inhibitor, 100 

µM CDS 1-(3,4-dihydroxyphenyl)-2-[(4-hydroxy-6-methyl-2-pyrimidinyl) sulfanyl] 

ethanone) on myocardium-derived relaxation responses in U46619-precontracted 

porcine coronary artery (PCA). The Y-axis represents the change in contractility 

percentage of U46619 response. * p < 0.05 using two-tailed paired Student’s t-test, 

n=8.  
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The separate pre-incubation of the myocardial tissue with a combination of 100 µM 

PPG; 100 µM AOAA and 100 µM CDS for about 30 min and then its addition to 

U46619-precontracted PCA led to a significant decrease in the relaxation responses 

of myocardial tissue (figure 2.44).  
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Figure 2.44: The effects of H2S synthesising enzymes inhibitors in combination, 100 

µM PPG (propargylglycine, CSE inhibitor), 100 µM AOAA (aminoxyacetic acid, CBS 

inhibitor) and 100 µM CDS on myocardium-induced relaxation responses in U46619-

precontracted porcine coronary artery (PCA). The Y-axis represents the change in 

contractility percentage of U46619 response. * p < 0.05 using two-tailed paired 

Student’s t-test, n=8.  
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In order to determine whether the effect of 100 µM CDS was dependent on the 

myocardial tissue, 100 µM CDS was added to U46619-precontracted PCA in the 

absence of myocardium and elicited a significant relaxation, and this result may 

suggest a no specific and off-target effects of CDS (figure 2.45).  
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Figure 2.45: The effects of 100 µM CDS on U46619-precontracted porcine coronary 

artery (PCA). The Y-axis represents the change in contractility percentage of U46619 

response. ** represents p < 0.01 using two-tailed paired Student’s t-test, n=8.  
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2.5.3.6.4. The effect of hypoxia on myocardial-induced relaxation response 

There are some studies reported that hypoxia may induce the release of H2S and lead 

to vasorelaxation (Donovan et al., 2017; Donovan et al., 2018). Thus, these 

observations suggest a vasodilation evoked after oxygen is removed from coronary 

artery segments is mediated by H2S. Therefore, the effects of hypoxia on 

myocardium-induced relaxation responses in U46619-precontracted PCA were 

investigated. After the dissection, the myocardial tissue (adherent/beneath/under 

the PCA) was divided in two parts, one part was continuously kept oxygenated with 

95% oxygen/5 % CO2 in Krebs’-Henseleit buffer, while the other part continuously 

kept non-oxygenated in Krebs’-Henseleit buffer. Next, the non-oxygenated and 

oxygenated myocardial tissues were added to the U46619-precontracted PCA. There 

were no significant differences between the non-oxygenated myocardial tissues and 

the oxygenated myocardial tissues in the relaxation responses in U46619-

precontracted PCA (figure 2.46).  
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Figure 2.46: The effects of hypoxia and oxygenation on myocardium-induced 

relaxation responses in U46619-precontracted porcine coronary artery (PCA). The Y-

axis represents the change in contractility percentage of U46619 response. Non-

significant p > 0.05 using two-tailed paired Student’s t-test, n=6.  
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2.6. Discussion     

This chapter aimed to measure endogenous H2S generation in the heart. This aim 

was carried out using Western blotting to measure H2S synthesising enzyme 

expression levels and enzyme assays using the methylene blue and SF-7 AM to 

measure H2S synthesising enzyme activities in different regions of the heart. 

The main findings of this chapter are summarised as the following: 

 CBS and MST were expressed in pig heart, while CSE was not detectable. 

 Low MW CBS (active form) expressed in rat liver, while high MW CBS (less 

active form) expressed in pig heart. 

 There was no difference in the expression levels of CBS and MST between 

atria and ventricles. 

 There was low enzyme activities of CBS and MST in pig heart compared to rat 

liver. 

 There was no difference in enzyme activities of CBS and MST between atria 

and ventricles, and also between males and females. 

 The optimal incubation times are 60 min for the methylene blue assay and 90 

min for the SF7-AM assay. 

 DTT, alkaline pH and dialysis led to an increase of CBS and MST enzyme 

activities 

 There was no significant effect of aspartic acid, degassing and SAM on enzyme 

activity. 

 In rat liver there was more inhibition by PPG compared to AOAA, while in pig 

heart here was more inhibition by AOAA compared to PPG. 

 Addition of myocardial tissue induced relaxation of PCA. 
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2.6.1. Pig heart tissues 

There was no difference in the expression of H2S synthesising enzymes CBS and MST 

between atria and ventricles of pig hearts. There was low CBS and MST activity in 

the heart compared to rat liver. MST is expressed at apparently low levels in the pig 

heart compared to the rat liver. Production of H2S by MST pathway requires an 

alkaline pH and a reducing environment (Shibuya et al., 2009; Kimura, 2014). The 

biological importance of this enzyme remains poorly characterised (Mikami et al., 

2011). H2S production in the heart might be due to H2S metabolising mitochondrial 

enzymes, such as rhodanese, SQOR (sulfide: quinone oxidoreductase) and MST 

(Beltowsky, 2015), or that H2S production might be outside the myocardium by CSE 

of blood vessels, such as the coronary artery (vasculature) and then H2S diffuse to 

the myocardium to produce potential H2S cardioprotective effects. This process might 

be regulated acutely, and thus this might explain the low H2S production via low 

enzyme activity observed in the myocardium.  

Donovan’s study reported that all H2S-synthesising enzymes, CBS, CSE, and MST 

were detected in the pig myocardial tissue. H2S generation was measured in the pig 

myocardial tissue using the methylene blue assay. CBS was played crucial role in 

control of vascular tone of PCA during hypoxia (Donovan et al., 2018). These results 

were in agreement with the results of the present study regarding CBS and MST 

detection, and H2S measurement. Donovan’s study was in disagreement with the 

results of the present study regarding CSE detection in the pig myocardium. This 

difference might be due to difference in methodology and myocardial tissue samples. 

For example, Donovan’s study used 1.5:500 concentration of anti-CSE antibody, 

while we used 1:1000 concentration of anti-CSE antibody. 

In the present study using the methylene blue assay H2S production from L-cysteine 

was about 50 nmoles/ mg protein in rat liver, and 10 nmoles/ mg protein in pig and 

rat hearts, while H2S production from mercaptopyruvate was about 300 nmoles/ mg 

protein in rat liver, 200 nmoles/ mg protein in rat heart cytosol and mitochondrial 

fraction and 50 nmoles/ mg protein in pig heart. Using the SF7-AM assay H2S 

production from L-cysteine was about 200 RFU/ mg protein in rat liver and 80 RFU/ 

mg protein in pig heart, while H2S production from mercaptopyruvate was about 200 

RFU/ mg protein in rat liver and pig heart mitochondrial fraction and 50 RFU/ mg 

protein in pig heart.  
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There was low CBS and MST activity in the heart compared to rat liver. The simple 

explanation of low CBS and MST activity in the heart may be due to that the heart 

did not generate much H2S as liver. However, the addition of myocardial tissue led 

to relaxation of PCA and this relaxation inhibited by AOAA/PPG. Another possible 

explanation that most of the synthesised H2S in the heart could be stored until 

use/need. 

In the present study, H2S production via MST from mercaptopyruvate in the pig and 

rat heart mitochondrial fraction was higher than cytosol, because there was a decent 

MST activity in the mitochondrial fraction. The possible explanation that MST could 

be abundant in the mitochondria (about two-thirds) compared to cytosol (about one-

third). Another possible interpretation that the delay in tissue storage and transport 

may lead to stress in tissue and migration of CBS and CSE to the mitochondria, 

although CBS was only detected in the pig heart cytosol. Therefore, more 

investigations about CBS and CSE expression in the mitochondria could explain the 

low H2S production in pig heart cytosol compared to rat liver. 

2.6.1.1. The effects of DTT  

Dithiothreitol (DTT) is a reducing agent, used to decrease oxidation and potentially 

increase the liberation of H2S from reductant-labile sulfur pools/stores (Chen et al., 

2004; Kabil et al., 2011; Shen et al., 2012). Our results suggest that the addition of 

DTT could augment H2S production capacity by increasing H2S stability and release 

and appeared to decrease the variability of H2S production. Our results showed that 

DTT effect was only significant at 30, 45 and 60 min of incubation by the methylene 

blue assay through the CBS pathway. Therefore, this effect might be time-dependent 

and only produce a significant increase of H2S production at 30, 45 and 60 min of 

incubation. These results are in agreement with Chen et al. (2004) and Kabil et al. 

(2011) studies, which demonstrated that the presence of thiols, such as DTT 

increases H2S synthesis.  Moreover, DTT was useful for H2S production via MST and 

increased H2S release by MST pathway because the reducing agent is required for 

release of H2S from the intermediate in the MST pathway, which was measured by 

the methylene blue and SF7-AM assays.  
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2.6.1.2. The effects of L-cysteine  

L-cysteine is the main substrate for H2S production and therefore, L-cysteine is an 

essential tool to study the enzyme activity of CBS to stimulate endogenous H2S 

production, especially at saturating concentrations (Cheng et al., 2004; Al-Magableh 

and Hart, 2011; Bucci et al., 2012; Chitnis et al., 2013; Asimakopoulou et al., 2013; 

Rashid et al., 2013; Candela et al., 2016). Therefore, L-cysteine may be the rate-

limiting factor for H2S production and biological effect. L-cysteine, however, is not 

used solely for H2S production, and it may be incorporated into protein, converted to 

glutathione (GSH, an important antioxidant inside the cells) or taurine to prevent 

intracellular oxidation of cysteine (Beltowski, 2015). L-cysteine has also been 

reported to react with PLP and produce H2S via a non-enzymatic decomposition 

(Wang, 2012), and it might be that some of the background optical density is likely 

due to the interaction between cysteine and PLP in no tissue blank, which contains 

L-cysteine, PLP and no tissue.  

CSE was not detected in pig hearts in our results. It has been proposed that the use 

of L-cysteine compared to homocysteine in combination with L-cysteine might 

underestimate CBS activity and bias H2S production towards CSE (Singh  et al., 2009; 

Kabil et al., 2011). This is because CBS is reported to be more efficient in producing 

H2S from a combination of L-cysteine with homocysteine than L-cysteine alone, but 

this would not be a problem in the present study because CSE was not detected in 

pig heart. CBS has another role, which is responsible for homocysteine metabolism 

(detoxification).  

CBS and CSE, as well as CAT are PLP-dependent enzymes. Therefore, in the absennce 

of PLP, there would be no conversion of L-cysteine to H2S via CBS/CSE and 

mercaptopyruvate via CAT. Therefore, in situations associated with low or restriction 

of vitamin B6 and L-cysteine nutrition. This would lead to decrease of endogenous 

H2S prouction via these enzymes in tissues and these situations were reported to be 

associated with increase of cardiovascular pathologies (DeRatt et al., 2014; Mys        

et al., 2017). Therefore, use of PLP (vitamin B6 derivative) and L-cysteine leas to 

augmentation of endogenous H2S production via CBS and CSE as well as CAT, and 

cardiovascular protective effects. 
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2.6.1.3. The effects of aspartic acid  

Aspartic acid (AA, aspartate) is a structural analogue of cysteine and might be a 

competitive inhibitor of CAT (figure 1.1: A) (Miyamoto et al., 2014; Shibuya et al., 

2009; Madden et al., 2012; Donovan et al., 2017; Donovan et al., 2018). CAT is PLP 

dependent and so some of the H2S production in the presence of L-cysteine could be 

mediated through the CAT/MST pathway. Therefore, in the absence of PLP, there 

would not be conversion of L-cysteine to mercaptopyruvate through CAT. Our study 

demonstrated that aspartic acid had no significant effect on H2S production in the 

presence of PLP. 

CBS and CSE is a PLP-dependent enzyme being the major enzymes for H2S 

generation in the liver using L-cysteine as a substrate, because in rat and mouse 

tissues the liver was reported to have 50-fold CSE expression than any other tissue 

(Ishii et al., 2004). The absence of PLP might allow to visualise whether aspartic acid 

has an inhibitory action on L-cysteine derived H2S. In the absence of PLP (and without 

DTT), there was a small inhibition in the presence of aspartic acid. This finding might 

be due to aspartic acid and might lead to decrease of CBS/CSE activity and H2S 

detection. 

This interpretation could be problematic because the conversion of L-cysteine to 

mercaptopyruvate via CAT activity also requires PLP because CAT is PLP-dependent. 

Aspartic acid led to a significant decrease of H2S production from L-cysteine in rat 

aorta endothelial cells and human embryonic kidney 293 cells (HEK 293 cells) using 

gas chromatography for H2S detection (Shibuya et al., 2009). They also reported that 

H2S produced from L-cysteine in the absence of PLP. Similarly, aspartic acid reduced 

H2S production via MST in rat lung tissues (Madden et al., 2012). They used SISE for 

measurement of H2S levels. These variations in aspartic acid effects between our 

results and these results may be attributed to differences in species, tissues/cells, 

H2S measurement and methodology.  

DTT increased H2S formation might be via decreased oxidation of H2S or increased 

release of H2S from reductant-labile sulfur pools in a non-enzymatic way and 

therefore, DTT might decrease aspartic acid effect, and DTT is also required to release 

H2S through the MST pathway. Thus, investigation of this pathway is problematic. 

Moreover, it has been reported that there are no selective and potent inhibitors for 

either CAT or MST, which could help to confirm or exclude the contribution of CAT or 

MST in H2S production (Asimakopoulou et al., 2013; Papapetropoulos et al., 2015).  
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2.6.1.4. The effects of change of pH  

A change of pH may appear to increase the stability of hydrosulfide anion and may 

affect solute protonation and enzyme interaction with the substrate, and thus, pH 

could alter H2S measurement and detection (Kolluru et al., 2013). Our results 

indicated that changing pH from 7.4 to 9 increased H2S detection by the methylene 

blue assay in pig and rat hearts. Moreover, an increase of pH in the pig heart and rat 

liver led to a significant increase in H2S detection. This result could be due to increase 

of H2S stability. It has been claimed that alkaline pH is more related to MST activity, 

especially in mitochondria, which favours an alkaline and reducing environment 

(Shibuya et al., 2009; Wang, 2012; Kolluru et al., 2013). 

Although the alkaline pH may make H2S more stable and detectable. In the 

methylene blue assay increase of pH to pH 9 led to the increase H2S detection in both 

CBS and MST pathways in the heart, while in the SF7-AM assay at pH 9 there was an 

increase in H2S detection produced through CBS pathway. At pH 9, there was no 

significant increase in H2S detection produced through MST pathway using SF7-AM 

assay. The possible explanation might be due to instability of SF7-AM with 

mercaptopyruvate, or SF7-AM  at pH 9, or that SF7-AM with L-cysteine might be 

more stable at high pH and several authors recommended pH around 7.4 (Lin et al., 

2013). 

2.6.1.5. Time profile for detection of H2S (incubation time) 

We observed that in the methylene blue assay, the optimal incubation time for 

detection of H2S production capacity is 60 min at both pH 7.4 and 9 by the methylene 

blue assay. This observation in agreement with the study of Asimakopoulou's study  

using a recombinant CBS which suggests that this time is optimal for H2S formation 

in the linear phase with a little noise/signal ratio (Asimakopoulou et al., 2013). After 

this time, there was saturation, loss of H2S and this may lead to a decrease of H2S 

detection. This decrease of H2S production might be a homeostatic mechanism to 

control H2S biological activity. 

In order to confirm the data with the methylene blue assay, we developed the use of 

SF7-AM assay to measure H2S production in tissue samples. We observed that the 

optimal time for detection of H2S production by SF7-AM is 90 min at pH 7.4. This 

time is optimal for H2S formation in the linear phase with a little noise/signal ratio, 

and after this time, it looks that there was a plateau or decrease in the measurement 

of H2S.  
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2.6.1.6. The effects of H2S synthesising enzymes inhibitors  

H2S synthesising enzymes inhibitors are pharmacological tools which are commonly 

used to determine contribution of each enzyme in H2S production. It was reported 

that PPG could be selective at 100 µM. In the present study, since CSE was non 

detectable in the heart, then it would be expected that there was no inhibition with 

PPG. The results of our study suggested favourable inhibition (trending) by AOAA 

compared to PPG at 100 μM in the heart. This is because at this concentration, AOAA 

is useful for inhibition for CBS, which was detected by immunoblotting in the porcine 

heart. Moreover, Asimakopoulou’s study reported that AOAA causes more potent 

inhibition on CSE than CBS because the IC50 for AOAA against CBS is 8.6 µM and 

against CSE is 1.2 µM. Therefore, there is less than 10 fold difference, so IC50 are 

very similar and no difference in potency between CBS and CSE. At 100 µM, AOAA 

will inhibit both CBS and CSE. Additionally, there was no effect of PPG on CBS activity 

(Whiteman et al., 2011; Asimakopoulou et al., 2013). 

It seems that PPG led to inhibition of H2S production in the liver, which had a high 

expression level of CSE, while in the heart CSE was non-detectable. It has been 

reported that PPG could lose its selectivity at high concentrations, which may be 

necessary to get the maximal inhibitory action on CSE and PPG may inhibit other 

PLP-dependent enzymes including aspartate aminotransferase (Tanase and Morino, 

1976) as well as alanine aminotransferase (Burnett et al., 1992). These results 

suggested a non-selective action for AOAA and PPG. 

Although we used 100 µM AOAA in the present study, it was reported that AOAA 

could lose its blocking effect for CBS at low concentrations because the IC50 for AOAA 

against CBS is 8.6 µM (Asimakopoulou et al., 2013) and could inhibit CSE as well as 

CBS. AOAA could have a dual-action, and therefore, AOAA is non-selective. In the 

present study, CSE was non detectable and only CBS was detected in the heart and 

therefore, this dual-action was not important. It has been reported that there is no 

selective and potent inhibitor for CBS. 

Although, phenylpyruvic acid (PPA) has be used to decrease MST activity (Wing and 

Baskin, 1992) we found that PPA was not useful as a MST inhibitor because PPA had 

a non-selective/off-target effect and interacted with H2S in the methylene blue assay 

of the test, blank and standard. This observation might be attributed to acidic pH 

dependent nature of the methylene blue assay. Therefore, it has been reported that 

there is no selective and potent inhibitor for CBS and MST (Asimakopoulou et al., 

2013; Rashid et al., 2013). Therefore, it could be difficult to confirm or exclude the 

biological contribution of each of these enzymes in H2S production in the heart, 
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although the results of the present study suggested CDS a new candidate as selective 

MST inhibitor. 

The present study reported that there was no additive effect of PPG in combination 

with AOAA in the heart and liver. This observation might mean that only CBS is 

present in the heart and CSE is present in liver. Therefore, AOAA was useful for 

inhibition of H2S production in the heart, while PPG was useful for inhibition of H2S 

production in the liver.  

2.6.1.7. The effects degassing  

Oxidation of H2S is the major pathway for rapid clearance of H2S and it may be the 

reason for the lag phase during H2S synthesis (Sharma and Yuan 2010; Paul and 

Snyder, 2012). Therefore, degassing (removal of oxygen by vacuum chamber) and 

a hypoxic environment may increase the H2S availability, stability and release, which 

may facilitate H2S measurement (Kolluru et al., 2013; Olson, 2013).  

Olson's study reported that H2S generation is increased by hypoxic condition and 

decreased on the return of oxygen (reoxygenation) in vascular tissues, such as 

lamprey dorsal aorta, rat aorta, rat pulmonary and bovine pulmonary arteries. 

Moreover, the hypoxic response (contraction and relaxation responses) to low oxygen 

level could be inhibited by PPG and AOAA (Olson et al., 2006). Donovan’s study 

reported that hypoxia relaxation response was inhibited by AOAA in PCA (Donovan 

et al., 2017).  

Our observations reported that degassing produced no significant increase in H2S 

detection in the heart. This finding could be because degassing doesn’t have an effect 

on H2S detection in the heart and liver, or it might be related to that issues with 

methylene blue technique, such as prolonged procedure with multi-steps. 

Monobromobimane fluorimetric assay and previous studies have shown that the low 

oxygen level and degassing increased H2S detection (Shen et al., 2011; Shen et al., 

2015). Moreover, measuring of oxygen levels/tension after degassing/hypoxia may 

useful to confirm/validate the effect of degassing/hypoxia. 

2.6.1.8. The effects sample dialysis  

Our results demonstrated that dialysis of pig heart samples led to improved enzyme 

detection of H2S using the SF7-AM method in both CBS and MST pathways. Therefore, 

this observation might be due to the removal of an endogenous inhibitor, which 

interferes with the SF7-AM assay regardless of whether it is CBS or MST assays.  
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2.6.2. Heart tissues of different species 

Our results demonstrated that CBS was expressed, MST was detectable and there 

was no detectable expression of CSE in the left atria and ventricle of the porcine 

heart. The expression of CBS and MST immunoreactivity in the pig heart might not 

necessarily mean that the expressed proteins of CBS and MST are active, although 

H2S synthesising enzyme activity was low in both pig and rat hearts compared to 

liver.                                                                                                                  

In agreement with the present study, CSE was not detected in cardiac tissues of rat 

and mouse and rat cardiomyocytes, although in this study they used five different 

antibodies (Fu et al., 2012). In line with our study, CSE was detected in rat liver 

tissues by Fu’s study. Interestingly, in Fu’s study mRNA of CSE was detected in rat 

cardiomyocytes and this result may suggest translational issue (Fu et al, 2012). CSE 

and CBS were not detected in mice heart, while CSE was detected in mice aorta (Al-

Magableh and Hart, 2011). Nrf2 could lead to an elevation of CSE expression in 

mouse hearts (Calvert et al., 2009). Therefore, H2S may directly activate Nrf2, which 

might indirectly control H2S production by enhancing CSE expression as a positive 

feedback loop and this process likely needs hours to occur. 

Quantification of enzymatic production of H2S in the pig heart indicated low levels of 

activity compared to the liver, which was also observed in the rat heart. Although 

enzyme activity in rat heart was higher than pig heart, both pig and rat hearts were 

lower low compare to rat liver. The significance and reason for this apparently low 

production of H2S in heart tissue remain to be identified. In agreement with our 

results, Ishii’s study reported that there was no CSE protein detected in the heart of 

murine under physiological conditions (Ishii et al., 2004). The present study 

demonstrated that there was low CBS activity and undetectable CSE in the heart. In 

line with this idea, in mice with induced heart failure there was low expression level 

of CSE and low H2S production in mouse heart, while CBS and MST were detected in 

mouse heart (Kondo et al., 2013). Kondo’s study did not measure CBS/CSE/MST 

activity using L-cysteine or mercaptopyruvate and also did not use AOAA/PPG/AA to 

inhibit these enzymes in order to confirm the contribution of each enzyme in H2S 

generation. In contrast to our results, CSE was expressed and involved in 

endogenous production of H2S and inhibited by PPG in the heart tissue of rats (Geng 

et al., 2004). This difference could be attributed to different antibody, methodology 

and experimental conditions used. For example, Kondo’s study used the gas 

chromatography (GC) technique for measuring H2S production in the cardiac tissues 

of mice with heart failure, while Geng’s study used the methylene blue assay for 

measuring H2S production in the cardiac tissues of rats.   
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Zhu and his group pointed out that during ischaemic states in rat hearts, there was 

an increase in CSE expression (Zhu et al., 2007). Although it is plausible, this 

observation might be attributed to that endogenous H2S could be low in the heart 

under physiological situations and endogenous H2S production might be increased 

acutely (transiently) as sparks during periods of stress. During ischaemia, hypoxia 

and stress there is a potential increase in H2S synthesising enzymes expression  

(Wang et al., 2014). In the cardiac tissue of mice with chronic heart failure there was 

low level of H2S generation and CSE expression (Sen et al., 2008). In another study, 

H2S generation using SISE in the mice heart was higher than mice aorta in both the 

wild-type and CSE-KO mice, although this study did not parallelly measure the 

enzyme activity and expression of CBS and MST (Yang et al., 2008) because CBS and 

MST may be compensatively increased in CSE-KO mice.  

H2S has cardiovascular protective effects. For instance, Kuo et al's study  reported 

that MST, but not CSE, plays the principal role of H2S effects on vascular tone and 

blood flow in rat, mouse and human coronary arteries, which supply blood and 

oxygen/nutrients to the myocardium and therefore this might result in potential 

cardioprotective effects during IRI and coronary artery diseases (Kuo et al., 2015). 

These potential cardiovascular protective effects of H2S could be mediated via 

antioxidant, prevention of calcium-overload and mitochondrial protection effects, 

especially during reperfusion injury. These results were paralleled with high H2S 

production using mercaptopyruvate as a substrate compared to low H2S production 

using L-cysteine as a substrate (Kuo et al., 2015). In our results there was more H2S 

production from mercaptopyruvate compared to L-cysteine and this observation 

suggests the importance of MST in H2S production in the heart. 

Interestingly, Peleli’s study found that knocking down of MST in mice results in 

cardiac pathologies for older mice more than young mice, as an age-related pattern 

(Peleli et al., 2020). Taken together, the results of the present study suggest that 

H2S production is low in the heart compared to the liver.  

The detection of which H2S synthesising enzymes (CBS, CSE, and MST) are present 

in human heart has not looked yet. The presence of CBS and CSE was detected in 

many human tissues, such as liver, brain, aorta, internal mammary artery, 

mesenteric artery, umbilical vein, placenta, lung, eye, joint, colon, ovary and uterus 

has been demonstrated (Levonen et al., 2000; Sidhu et al., 2001; Webb et al., 2008; 

Whiteman et al., 2011; Yang et al., 2011; Wang, 2012; di Villa Bianca et al., 2015; 

Leucker et al., 2017; Materazzi et al., 2017). Less extent of MST was reported in 

human brain and red blood cells (Whiteman et al., 2011). Therefore, future studies 

about the responsible enzymes for H2S generation in human heart are needed in 
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order to confirm the roles of H2S pathways in the physiology and treatment of CVD 

in humans, because CVD are one of the common causes of death in humans. 

 

2.6.3. Comparison of different tissues of the pig 

The results of the present study demonstrated that CBS was detected, MST was 

detected and no detectable expression of CSE in the left atria and ventricles of the 

pig heart. It could be useful to compare CBS, CSE, and MST expression in and activity 

in pig heart tissue with different tissues of the pig, such as liver. 

Donovan’s study indicated that all H2S-synthesisng enzymes CBS, CSE and MST were 

expressed in PCA, which supply blood and oxygen to the cardiac tissue. Therefore, 

this result might result in potential cardiovascular protective effect. Furthermore, PPG 

and aspartic acid led to no significant effect on enzyme activity, while only AOAA 

resulted in a significant decrease in enzyme activity using 1 mM PLP in the methylene 

blue assay (Donovan et al., 2017). They reported that PPG and AA (aspartic acid) led 

to additive inhibition effect only in the presence of AOAA. These results suggested 

that the CBS is the main enzyme involved in the endogenous production of H2S in 

the PCA, in particular during hypoxia (Donovan et al., 2017). Using the methylene 

blue assay in the present study in pig heart and Donovan’s study (Donovan et al., 

2017) in PCA H2S production from L-cysteine was similar as well as similar inhibition 

by AOAA, while H2S production from mercaptopyruvate in pig heart was higher than 

PCA. This difference might be attributed to variation in MST expression and H2S 

effects between the heart and coronary artery. 

In another study, Donovan’s study indicated that only CBS and MST were expressed 

in the pig PVAT, while all three H2S-synthesising enzymes, CBS, CSE, and MST were 

reported in the pig myocardial tissue and PCA. The relative abundancy of CBS was 

the highest in the myocardial tissue compared to PVAT and PCA. The relative 

abundancy of CSE was higher in the myocardial tissue compared to PCA. The relative 

abundancy of MST was higher in the myocardial tissue compared to PVAT and PCA. 

They indicated that CBS, especially in PVAT was played crucial role in control of 

vascular tone of PCA during hypoxia via increase of hypoxia response and increase 

of blood flow in coronary artery. This role was inhibited by AOAA, but not by PPG and 

AA (Donovan et al., 2018).  
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H2S generation was measured in the myocardial tissue, pig PVAT, and PCA. H2S 

generation in the PVAT was higher than the myocardial tissue and PCA, although 

Donovan’s study did not differentiate the contribution of each of CBS, CSE and MST 

to H2S generation in each tissue and not compared to positive controls, such as rat 

liver. This might be due to the absence of selective and potent CBS/CSE/MST 

inhibitors, using high concentration of L-cysteine (100 mM, which is about 10-fold 

higher than of L-cysteine concentration used in the present study) and different aim 

of Donovan’s study (Donovan et al., 2018). AOAA was inhibited H2S generation in 

PVAT relaxing effect during hypoxia, but not PPG and AA. This results suggest the 

significance of H2S generated via CBS in the PVAT in control of vascular tone of PCA 

during hypoxia (Donovan et al., 2018).  

Therefore, endogenous production of H2S in the PVAT might diffuse to myocardium 

and PCA to produce cardiovascular protective effects. Therefore, H2S synthesised via 

CBS activity in PVAT led to an increase of hypoxia response and increase of blood 

flow in coronary artery. Thus, H2S could act as diffusible agent (Donovan et al., 

2018). 

Rashid et al’s study reported that CBS, CSE and MST were expressed in the pig lung 

tissues. They found that CBS were not detected at 63 kDa (high MW) in rat liver 

(Rashid et al., 2013). They found that CSE was detected at about 45 kDa and also 

there was additional band of CSE at about 50 kDa in pig liver, pulmonary artery and 

lung tissues, such as bronchioles and trachea.  MST was detected about 30 kDa in 

pig lung tissues and rat liver tissues and also there were additional bands of MST at 

about 50 kDa in pig lung tissues and at about 43 kDa in rat liver tissues. These 

different results in pig heart and lung tissues may be due to different level of 

posttranslational modifications, proteolysis and H2S physiological roles between the 

heart, liver and lung. Using the methylene blue assay in the present study in pig 

heart and Rashid’s study in pig bronchioles and trachea, H2S production from L-

cysteine was similar as well as similar inhibition by AOAA, while H2S production from 

mercaptopyruvate in pig heart was higher than bronchioles and trachea. This 

difference may be due to variation in MST expression level between the heart and 

lung tissues. Rashid’s study suggested that H2S generation in lung tissues may lead 

to relaxation of airways.  
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These results are in agreement with results of Pong and Shibuya studies, which 

reported that there were additional bands of CBS, CSE and MST in mouse and rat 

tissues (Pong et al., 2007; Shibuya et al., 2009). The reason for these additional 

bands is unclear but it could be the presence of other versions of the enzymes. 

Another possible interpretation is cross-reactivity with enzymes similar to CBS, CSE 

and MST (Rashid et al., 2013). Rashid et al’s study reported that there was detectable 

H2S enzyme activity in the lung tissues using 1 mM PLP in the methylene blue assay, 

this H2S enzyme activity was only significantly inhibited by AOAA and this result 

suggested that CBS is the important enzyme responsible for endogenous production 

of H2S in lung tissues. 

It has been reported that there was no selective and potent inhibitor for CBS and 

MST in the heart. Therefore, it would be difficult to confirm or exclude the biological 

contribution of each of these enzymes in H2S generation in the heart. Thus, the 

development of selective inhibitors for CBS and MST would be important in future 

studies. Our results indicated that with use of mercaptopyruvate as a substrate for 

MST enzyme, there was detectable MST enzyme activity in the pig heart and this 

observation with MST expression suggested the involvement of MST in endogenous 

production of H2S in the heart. This result was in the agreement with Rashid’s study 

results in pig lung tissues, Donovan’s studies in PCA and PVAT. Therefore, MST is 

suggested to participate in endogenous H2S production and biological effects in 

different pig tissues, such as heart, PCA and lung tissues. 
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2.6.4. Pig heart tissues compared to different tissues and species 

It could be useful to compare CBS, CSE, and MST expression and activity of the pig 

heart tissues with different tissues and species. Therefore, this might the reason for 

different expression and activity in the heart in our data in comparison with the 

results of different tissues and species in previous studies. 

2.6.4.1. Presence of low and high MW bands of CBS 

In the results of the present study, there was a difference in the apparent MW of CBS 

between the pig heart and the rat liver. In the heart there was higher expression of 

the high MW CBS (less active form) and lower expression of the low MW CBS (active 

form, truncated form) and this may be the reason for low activity in the heart. On 

the other hand, in the liver, there was lower expression of the high MW CBS (less 

active form) and higher expression of the low MW CBS (active form), and this may 

be the explanation for high activity in the liver. 

These observations might be due to high metabolic rate, proteolysis/post-

translational modifications (PTMs) and protein content in the liver, which may 

facilitate cleavage to the low MW CBS (Skovby et al., 1984; Zou and Banerjee, 2003). 

According to Skovby’s study, two polypeptides were found in the fresh cytosol of rat 

liver, one-week incubation of rat liver cytosol at 4˚C, led to an increase in CBS activity 

by about two or three-fold in parallel with a relative increase in the level of the smaller 

polypeptide and disappearance of the bigger polypeptide (high MW) of CBS. 

Furthermore, they demonstrated that the specific activity of the smaller polypeptide 

was equal to about sixty times more than the larger polypeptide. They inferred that 

CBS conversion from less active form to a more active form might depend on 

physiological factors, such as the rate of proteolysis in the cells and tissue. 

2.6.4.2. CBS, CSE and MST expressions 

The expression of CBS and MST immunoreactivity in the pig heart might not 

necessarily mean that the expressed proteins of CBS and MST are active, although 

H2S synthesising enzymes activity was low in both pig and rat hearts compared to 

rat liver. Although there was no detectable CSE and detectable MST expression in the 

pig heart, relative to the rat liver expression of CBS immunoreactivity appeared high. 

Ishii et al’s research reported that CSE was about 50 times more expressed in rat 

and mouse liver tissues than other tissues and also CSE activity is reported to be the 

highest in liver tissues (Ishii et al., 2004). H2S production in mouse hepatocytes was 

via CSE (Untereiner et al., 2016). In rats, CSE expression in liver was about 100-fold 

higher than brain (Swaroop et al., 1992). 



 

148 

 

Moreover, in different tissues, such as rat mesenteric, pulmonary and aortic arteries 

(Cheng et al., 2004) and human internal mammary arteries (Webb et al., 2008) CSE 

was expressed and principally participated in endogenous H2S production and this 

endogenous H2S production was inhibited to about 50 % by PPG. Therefore, about 

50 % production in human internal mammary artery may be via CBS or MST because 

Webb’s study did not measure CBS or MST expression or their enzyme activity (Webb 

et al., 2008). These differences in the tissue expression level of CBS, CSE and MST 

among different tissues and species were attributable to specific function of each of 

these tissues. Using the methylene blue assay in the present study in pig heart and 

rat liver and Webb’s study (Webb et al., 2008) in human internal mammary artery 

and rat liver, H2S production from L-cysteine was similar, but inhibition of H2S 

production was by PPG. This difference might be attributed to variation in CSE 

expression level between the heart and internal mammary artery or species variation. 

Webb’s study suggested the involvement of H2S in the control of vascular tone and 

blood pressure, which may be important in control of blood flow.  

2.6.4.3. Quantification of enzymatic production of H2S 

Quantification of enzymatic production of H2S in the pig heart by the methylene blue 

and SF7-AM assays indicated low levels of activity compared to rat liver. The 

significance and reason of this apparently low production of H2S in this tissue remain 

to be clarified. H2S at low concentrations may be more physiological (beneficial). For 

example, in the mitochondria which are abundant in the heart, at low H2S level the 

H2S acts as an electron donor (nucleophile) for the respiratory chain and maintains 

the cellular bioenergetics (Wang, 2012; Módis et al., 2014). Our study indicated that 

H2S measurement by the methylene blue and SF7-AM assays was high in the rat 

liver. Similarly, H2S generation using SISE was the highest in mice liver compared to 

mice aorta, kidney, heart, lung and brain (Al-Magableh and Hart, 2011). 

2.6.4.4. Possible explanations of low enzymatic production of H2S 

Low enzymatic production of H2S may lead to low H2S level. In the present study was 

low H2S generation in the heart compared to rat liver. The simple explanation of this 

observation may be due to that the heart just not generate much H2S as liver. 

However, the addition of the myocardial tissue led to relaxation of PCA and this 

relaxation inhibited by AOAA/PPG. Another possible explanation that most of the 

synthesised H2S in the heart could be stored until use/need.  

Wang (2012) reported that there are many possible explanations of the low H2S level. 

First, fast decomposition of H2S level from micromolar to unmeasurable level within 

about 30 minutes in vitro. These 30 minutes may be enough to modulate some 
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physiological roles and also it may reflex a rapid homeostatic process of start and 

end of H2S signalling effects. Second, H2S may be transformed into other forms than 

free H2S such as bound form (acid-labile, sulfane sulfur, and sulfhydrated protein). 

Therefore, it might reflect the presence of various H2S forms.  

In the line with this idea, Whitfield’s study reported that there was low H2S level       

(< 100 nM) using PHSS (polarographic hydrogen sulfide sensor) in blood of mice, 

rats, cows, pigs and trout. Moreover, they found that exogenously applied H2S (via 

NaHS) rapidly disappeared with the addition of 5 % bovine serum albumin (BSA) 

(Whitfield et al., 2008). Thus, this result suggested rapid clearance of H2S within the 

body might be via storage as bound form. Similarly, low H2S level was reported in 

mice and rat brains under basal circumstances. Moreover, the addition of reducing 

agents, such as DTT led to increase of H2S release from reductant-labile stores 

(sulfane sulfur) (Ishigami et al., 2009). Therefore, most of biological H2S may be 

stored as a bound form, which may be releasable under specific conditions. Thus, it 

could be important to detect and consider these stored forms of H2S during H2S 

measurement. These storage forms of H2S could tell us the amount of H2S which is 

stored, but not enzyme activity. 

In our study, we measured the trapped sulfide (as a free H2S) using the methylene 

blue assay and free H2S by the SF7-AM assay. Also, the detection of H2S levels could 

be influenced by H2S production and transport that are still debatable. For example, 

the detected H2S level is the net of H2S production minus oxidation. 

Our results showed that CBS and MST are expressed in the heart. Additionally, there 

was H2S synthesising enzymes activity in the heart and therefore, H2S is 

endogenously produced in the heart. Although the enzyme activity was lower than 

the liver, the heart is an important source of H2S because myocardial tissue induced 

relaxation of PCA, which was reduced by inhibitors of H2S synthesis. The reason for 

the low activity in the heart compared to liver remains to be clarified.  

2.6.4.5. The effects of SAM  

SAM is a positive CBS allosteric modulator. Abe and Kimura (1996) demonstrated 

that SAM (2 mM) led to a significant increase in CBS activity in the hippocampus with 

high PLP concentration (2 mM). Surprisingly, in our study SAM failed to elicit a 

significant increase in the CBS activity in the liver, heart and brain. This result could 

be due to the observation that the liver expressed a truncated form of CBS and it has 

been suggested that the truncated form cannot be activated by SAM (Ereño-Orbea 

et al., 2014). Moreover, this observation could be due to differences in concentration 

of PLP cofactor 2 mM PLP or SAM used, or it could be attributed to the use of different 
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brain regions. Abe and Kimura’s study demonstrated that SAM led to a significant 

increase in CBS activity in the hippocampus of the rat with a high PLP concentration 

in the experimental approach (Abe and Kimura, 1996). 

Abe and Kimura’s study reported that L-cysteine and SAM concentrations are 

important factors for H2S production in rat brain. In the present study, the liver, heart 

and brain were preincubated with SAM for 15 min. This is because it has been 

suggested that SAM effect needs pre-incubation for 15 minutes, and this might 

suggest that SAM activates CBS with time. Furthermore, Manteuffel-Cymborowska 

et al. (1992) reported that testosterone may increase SAM activity. Therefore, a 

gender difference may be involved in differential effects of SAM (Eto and Kimura, 

2002). In agreement with the present study, SAM led to no significant difference in 

the relaxation response to GYY4137 in bovine ciliary artery muscle (Chitnis et al., 

2013). They attributed this result to possible variations in tissue and species. 

2.6.4.6. The effects of gender 

Manteuffel-Cymborowska et al. (1992) found that testosterone administration in 

female mice could increase H2S production in the kidney and therefore, H2S levels 

are normally lower in females. Furthermore, in mice with deleted CSE, the presence 

of hyperhomocysteinemia and hypertension was about 9 times more in females than 

males (Yang et al., 2008). Therefore, a gender difference may be involved in H2S 

production (Eto and Kimura, 2002) and it may be a tissue-specific effect. Moreover, 

H2S levels were lower in female mice compared to male mice brains (Eto and Kimura, 

2002). H2S levels measured in healthy human blood was lower in females compared 

to males (Brancaleone et al., 2015). This difference may be due to a testosterone 

augmenting effect on H2S endogenous production possibly via increasing enzymatic 

transformation of cysteine to H2S potentially by stimulation of the enzymatic activity 

of CBS in mouse brain (Eto and Kimura, 2002), CBS/CSE in rat aorta (Bucci et al., 

2009), and CSE in rat aorta (Brancaleone et al., 2015). Therefore, testosterone and 

oestrogen may have influence on H2S production. In contrast, our study showed that 

there was no significant difference in H2S production between male and female pig 

hearts, though H2S production in male pig hearts was higher than females using the 

methylene blue and SF7-AM assays. This difference between our study and other 

studies, such as Eto and Kimura’s, Bucci’s and Brancaleone’s studies might be due to 

species difference; pigs vs rats and mice; or tissue variation; heart vs kidney, brain, 

and aorta. 
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2.6.4.7. Methylene blue assay compared to SF7-AM 

The methylene blue assay has many disadvantages, such as it needs strong acidic 

pH, which may be aggressive and lead to the release of other forms of H2S such as 

acid-labile sulfur pools/stores. Moreover, the methylene blue assay leads to 

irreversible sample destruction and therefore, it is a single-point method and 

unsuitable for measuring H2S level in a real-time pattern. Furthermore, methylene 

blue assay measures the H2S production capacity of samples. It was designed for 

industrial use rather than biological and medical application.  

Additionally, the H2S detection range of the methylene blue assay is reported to be 

from  8 µM (minimum) to  301 µM (maximum) and therefore it is non-linear with 

high concentrations of H2S, such as > 301 µM H2S (Wen et al., 2018). Therefore, it 

lacks specificity and sensitivity, especially in tissue with low H2S concentration. Thus, 

it is unsuitable for detection of low H2S concentration < 8 µM H2S. Furthermore, the 

methylene blue assay is complicated and needs multiple steps, long incubation and 

procedure time and aggressive acidic pH, which could be non-physiologically 

relevant, and it seems to be efficient in rat liver more than in pig and rat hearts. The 

methylene blue assay might be more suitable for the liver rather than the heart since 

this technique is less sensitive at low H2S levels (Kolluru et al., 2013) and moreover, 

the methylene blue assay may overestimate H2S production by releasing of acid-

labile pools, which might be more available in the liver, which might has more acid-

labile sulfur pools stores of H2S than the heart, which could have more of reductant-

labile pools and these pools are releasable by reducing agents, such DTT in vitro and 

thioredoxin and DHLA in vivo. Therefore, further investigations about the contribution 

of these forms in the heart are needed. 

The methylene blue assay has some additional drawbacks, which may lead to 

inconsistent results, such as time-dependency for colour development/interference 

and poor response to low oxygen condition (Kolluru et al., 2013).   

In contrast, the SF7-AM assay is simple and does not need extensive steps for sample 

preparation (no sample destruction) and requires physiologically relevant pH 

conditions. Thus, the SF7-AM assay is compatible with living cells and tissues and 

has a real-time and physiological concentrations of H2S detection properties. 

Furthermore, it has high specificity to H2S and the detection range is reported to be 

from about 0.5 µM (minimum) to about 100 µM (maximum) (Lin et al., 2013; Guo et 

al., 2015; Wen et al., 2018). Furthermore, SF7-AM assay could be linear to about 1 

mM H2S concentration (Guo et al., 2015). SF7-AM assay seems more efficient in rat 

liver and pig hearts by detection of higher enzyme activity level than the methylene 
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blue assay. Therefore, the SF7-AM assay efficiency is apparent and it is a promising 

alternative method over traditional methylene blue assay for reliable measurement 

for H2S generation. Therefore, the SF7 assay is a robust, easy, and reliable assay for 

measuring H2S production in living tissues/cells with a real-time pattern. Therefore, 

SF7 assay may have more opportunities for development and application.  
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2.6.5. Myocardial tissue effect on PCA vascular tone 

Interestingly, the results of the present study showed that the addition of myocardial 

tissue led to a relaxation in PCA, and this relaxation was inhibited by AOAA/PPG but 

not by CDS. Therefore, measurement of enzyme activity only indicates the potential 

to produce H2S not the amount that the tissue actually produces. Thus, H2S 

production by myocardial tissue may act in a paracrine manner, rather than directly 

on atrial or ventricular contractility. In line with this idea, Donovan et al’s study 

reported that the application of myocardial tissue to PCA led to a decrease in the 

transient contraction phase level of hypoxia condition (Donovan et al., 2018). These 

results suggest that H2S is endogenously produced in the heart and may be 

considered as a diffusible factor (paracrine) and this H2S could lead to a relaxation 

response in PCA and therefore, it could be important in maintenance of blood flow. 

These results emphasise the importance of the H2S pathway in cardiac and vascular 

physiology. Moreover, these results might suggest that CBS and CSE are involved 

rather than MST in the relaxation response in PCA. A recent study in mouse liver 

adipocytes suggested that MST inhibited H2S production through either CBS or CSE 

likely via a direct interaction or negative feedback interference (Li et al., 2017). So 

inhibition of MST by CDS may enhance the H2S production via CBS, and hence the 

increase in PCA relaxation. Moreover, CDS might be an endogenous substrate for 

CBS/CSE, or CDS has a non-specific and off-target effects, or that MST activity could 

be present in the PCA, because Kuo’s study reported that MST is the principal enzyme 

responsible for H2S generation in the coronary artery (Kuo et al., 2015), or that MST 

enzyme might responsible for production of H2S and a vasoconstrictor. 

Peleli’s study reported that MST knock out in mice led to some cardio-protection 

against IRI by a decrease of the infarction area size in adult mice possibly via a mild 

increase in ROS, which might cause vasorelaxation at physiological concentrations. 

This is because high ROS concentrations are associated with oxidative stress and 

vascular pathologies, such as hypertension and atherosclerosis. In contrast, MST 

knock out led to more cardiac pathologies in the older mice than adult mice in an 

age-dependent pattern (Peleli et al., 2020) and therefore, MST inhibition might lead 

to decrease in the contraction and increase in the relaxation response, which may 

need further investigations to be clarified.  
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2.6.6. Summary 

There was detectable enzyme activity in the heart, but it was lower than the liver by 

both the methylene blue assay and SF7-AM assay. The detection level was higher in 

the SF-AM assay, which is a simple, efficient and promising method for H2S 

measurement. 

The development of a reliable assay for measuring the H2S could be a useful tool to 

understand H2S generation and regulation in biological systems, in particular, the 

heart, which could provide an enhanced understanding of the biological role of H2S. 

The heart is an important source of H2S because myocardium causes relaxation of 

the coronary artery through a H2S dependent pathway, suggesting that the H2S 

produced in the cardiac muscle may help regulate vascular tone and cause coronary 

artery relaxation, which could play a beneficial role to decrease ischaemia/hypoxia 

injury. Therefore, the development of a reliable assay for measurement of H2S 

production could be useful to measure any changes in cardiac and vascular 

dysfunction.
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Chapter Three   

 

Development of an Assay to Measure 

Sulfhydration in the Pig Heart 
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3.1. Introduction  

Based on Western blotting and enzyme assays (methylene blue and SF7-AM assays), 

there appeared to be a low enzyme activity level in the pig heart compared to liver. 

Hydrogen sulfide exerts its signalling effects, in part, through post-translational 

modifications of different proteins in biological systems, a process known as 

sulfhydration. This occurs through the reaction of H2S with free reactive cysteine 

residues of the targeted protein (Paul and Snyder, 2012). Thus, sulfhydrated proteins 

(persulfides, reductant-labile) can be considered as signalling pathways and stores 

of H2S, which can release H2S under specific conditions, such as reducing condition 

and sulfhydration may explain low H2S detection in the heart (Ubuka, 2002). 

Sulfhydration leads to conformational changes in the targeted protein, which can 

alter the localisation and the activity of the protein under diverse physiological and 

pathophysiological conditions. For example, sulfhydration of GAPDH (glyceraldehyde 

3-phosphate dehydrogenase) causes an increase in catalytic activity by about seven-

fold, while sulfhydration of β-actin causes polymerisation (Paul and Snyder, 2012). 

The importance of the sulfhydration process may be similar to phosphorylation (Paul 

and Snyder, 2015; Meng et al., 2017). H2O2 is an oxidising agent, and it may oxidise 

cysteine-SH and increase the level of sulfhydration of GAPDH protein, and therefore, 

it may increase the detection of sulfhydrated GAPDH (Wedmann et al., 2014; Zhang 

et al., 2014; Moore et al., 2015).  

The specific cellular and subcellular targets of H2S are unclear. They have been 

suggested to include ion channels, such as voltage-gated calcium channels, KATP (ATP 

sensitive potassium) and TRP (transient receptor potential) channels, and 

transcription factors (Paul and Snyder, 2012; Filipovic, 2015; Meng et al., 2017).  

Therefore, the development of an assay to measure sulfhydration could be important 

to understand H2S signalling and also it could be used as an index for H2S production 

in different tissues and pathologies, such as cardiovascular dysfunctions. 

Measurement of sulfhydration is not easy and it is challenging in biological systems. 

The biotin-switch assay (BSA), was firstly used by Mustafa and co-workers to assess 

the level of sulfhydration of proteins (Mustafa et al., 2009). In the BSA, the 

persulfides are labelled with the biotin-HPDP (N-[6-(biotinamido) hexyl]-3-(2-

pyridyldithio) propionamide). Biotin-labelled (tagged) proteins are then extracted 

and detected (measured) by Western blotting (Mustafa et al., 2009).  
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Sen’s study suggested the red maleimide assay (RMA) as an alternative method for 

the detection of sulfhydration by blocking sulfhydrated protein with red maleimide, 

which, on exposure to DTT, leads to a decrease in the fluorescence signal, which 

indicates the presence of sulfhydration (Sen et al., 2012). Therefore, the aim of this 

chapter was to investigate and develop these assays to measure the sulfhydration 

process in pig heart preparations. 
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3.2. Materials and chemicals: 

The following compounds were dissolved in deionised water: HEPES (H3375, Sigma, 

UK); S-methyl methanethiosulfonate (MMTS, 208795, Sigma-Aldrich, UK); 

Neocuproine (N1501, Sigma-Aldrich, UK); Deferoxamine (D9533, Sigma-Aldrich, 

UK); Sodium dodecyl sulfate (SDS, 151-21-3, ACROS ORGANICS, Germany); 

Ethylenediaminetetraacetic acid disodium salt (EDTA, 100935V, BDH, UK); Sodium 

sulfide nonahydrate (Na2S, 208043, Sigma-Aldrich, UK); Nonidet-P40 (IPEGAL CA-

630, I3021, Sigma, UK); 30 % Hydrogen peroxide (H2O2, H1009, Sigma, UK); 

Acetone (32201, Sigma, UK). 

Biotin hexyl pyridyldithio propionamide (Biotin-HPDP, 207359, Santa Cruz, USA) was 

dissolved in DMSO. Coomassie Brilliant Blue (B0770, Sigma-Aldrich, UK) was 

dissolved in glacial acetic acid (537020, Sigma-Aldrich, UK) and methanol (322415, 

Sigma-Aldrich, UK).  High capacity streptavidin agarose beads (20357, Thermo Fisher 

Scientific, USA). 2x Laemmli Sample Buffer (S3401, Sigma, UK).  

3.2.1. Antibodies used in Western blotting: 

The properties of the primary and seconadry antibodies, which were used in 

Western blotting, are based on the producer’s datasheets as in the following table: 

 

 

 

 

 

 

 

 

Primary 

antibodies 

Catalogue 

number 

Company Species  

Raised in 

Type Anticipated 

MW (kDa) 

Dilution 

Anti-GAPDH G8795 Sigma, UK mouse monoclonal 37 1:5,000 

Anti-MEK1 Ab32091 Abcam, UK rabbit monoclonal 45 1:1,000 

 Secondary 

antibodies 

      

Infrared dye, 

IR680CW(red)/ 

IR800CW (green) 

 Licor, 

Cambridge  

UK 

Goat   1:10,000 
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The antibodies were prepared according to the producers’ data sheets, as illustrated 

in the following table: 

The primary 

antibody (AB) 

Notes Dilution 

Anti-GAPDH 3 μl of antibody stock+15 ml of  5%  

fat-free milk in TBST 

1:5000 

Anti-MEK1 10 μl of antibody stock+10 ml of  5% 

bovine serum albumin in TBST 

1:1000 

The secondary 

antibody 

  

Goat anti-rabbit, 

IR800 CW, Green 

3 μl of antibody stock+ 30 ml of  5% 

TBST  fat-free -fat milk 

1:10,000 

Goat anti-mouse 

IR680 CW, Red 

3 μl of antibody stock+ 30 ml of  5% 

TBST  fat-free fat milk 

1:10,000 

 

 

3.3. Methodology 

In this chapter, three techniques were applied. First, the biotin switch assay (BSA) 

was used to detect the level of sulfhydration. Second, the red maleimide assay (RMA) 

was used to detect the level of sulfhydration. Third, Western blotting was carried out 

to detect the sulfhydration/expression levels of GAPDH and MEK1 after treatment 

with Na2S (Sodium sulfide, H2S salt). 

3.3.1. Biotin Switch Assay (BSA) 

Sulfhydration can be detected by a modified version of the BSA (Mustafa et al., 2009) 

in which unmodified (free) cysteines of proteins are blocked by the methiolating 

(alkylating) agent methyl methanethiosulfonate (MMTS). Subsequently, sulfhydrated 

cysteines are labelled (tagged) with biotin which can be readily purified by 

streptavidin-agarose. The biotinylated proteins (sulfhydrated) are then identified by 

SDS-PAGE/Western blotting (figure 3.1) (Filipovic, 2015; Zhang et al., 2017). 
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Figure 3.1: Illustrative diagram of the biotin switch assay (BSA) steps. Protein 

cysteines are shown as sulfhydrated (–SSH), with disulfide bonds (S–S) and with free 

SH groups (-SH). Unmodified (free) cysteine in the protein is blocked with methyl 

methanethiosulfonate (MMTS). Unmodified (free) MMTS is then eliminated by 

acetone, and the reduced thiols are treated with biotin-HPDP. The biotinylated protein 

is extracted using streptavidin beads and analysed using Western blotting. 
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3.3.1.1. Methodology 

The biotin switch assay (BSA) was conducted according to protocols outlined by 

Mustafa et al., 2009; Mustafa et al., 2011; Paul and Snyder, 2015 and Módis et al., 

2016 with some modifications. 

3.3.1.2. Sample preparation 

Pig heart tissues were isolated at the abattoir and transported to the laboratory on 

ice. Sections of the left ventricle or rat liver tissues were dissected. The tissue was 

weighed and homogenised in tris-EDTA buffer (0.1 M tris, 1 mM EDTA, pH 7.4) on 

ice using a hand-held Ultra-Turrax homogeniser on full speed for 30 s in order to 

generate fractions termed pig heart homogenate (PHH) or rat liver homogenate 

(RLH). Homogenates were centrifuged at 1000 x g for 20 min at 4 °C (Sigma 3-18K 

refrigerated centrifuge). The pellets and supernatant layers were subsequently 

collected and the latter centrifuged at 30,000 x g for 1 h at 4 °C in order to obtain 

fractions termed pig heart cytosol (PHC) and rat liver cytosol (RLC). 

Tissue samples were incubated with 1 mM Na2S for 30 min at 37 °C. In some 

experiments, the incubation was carried out in the presence of 1 mM H2O2 in order 

to determine the effect of oxidation on sulfhydration detection level. The resultant 

mixture was diluted 1:1 with HEN buffer (250 mM HEPES, 1 mM EDTA, 0.1 mM 

neocuproine, 0.1 mM deferoxamine and 1% Nonidet-P40 (NP-40), pH 7.7) and then 

sonicated for 15 s in an ultrasonic water-bath. The mixture was then centrifuged at 

13,000 xg for 30 min at 4°C (Sigma 3-18K refrigerated centrifuge). The supernatant 

layer was removed, and a Lowry protein assay was carried out to determine protein 

concentration in each sample. Following that, the sample was diluted to 5.5 mg/ml 

(to equalise protein concentration in each sample) in HEN buffer supplemented with 

2.5% SDS and 22 mM MMTS. Next, the samples were incubated at 50 °C for 20 min 

with vortex mixing every 5 min. 

Next the resultant mixtures were placed on ice (4 °C) for 20 min with vortex mixing 

every 5 min. In one experiment, 5 mM DTT was added at this step. Then, the mixtures 

were diluted 1:10 with pre-chilled acetone and placed at -20 °C for 20 min in order 

to precipitate protein. The acetone was then removed by centrifugation at 13,000 x 

g for 5 min at room temperature (RT). Next, the resultant pellets were suspended in 

HEN buffer containing 1% SDS and 4 mM biotin-HPDP. The mixtures were incubated 

for 3 h at 25 °C. After incubation, streptavidin-agarose beads (30 µl) were added for 

purification of biotinylated proteins and samples incubated for 30 min at 4 °C with 

vortexing every 5 min. Samples were then centrifuged at 13,000 rpm for 10 minutes 

at RT. The buffer was removed, and the pellet was retained. Fresh HEN buffer was 
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added to the pellet and the samples centrifuged at 13,000 rpm for 10 min at RT 

again, and then the buffer was removed. Laemmli sample buffer (2 x:  25 % Tris 

HCl, 20 % glycerol, 20 % SDS, 0.0004 % Bromophenol blue, 35 % deionised water) 

was added and the samples boiled at 95 °C for 5 min. Samples were run on SDS-

polyacrylamide gels using a pre-cast 4-20 % gradient gel (Bio-Rad, UK) and 

transferred to nitrocellulose membrane (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK) by Western blotting. The nitrocellulose membrane was quickly 

washed with milli-Q water and then in Tris-buffered saline-Tween 20 (TBST: 25 mM 

Tris, 125 mM NaCl and 0.1 % v/v Tween 20). The nitrocellulose membrane was then 

blocked with 5% w/v fat-free milk in TBST at RT for 60 min on a shaker platform (as 

in chapter two: Western blotting methodology).  

Some of the polyacrylamide gels were stained using Coomassie Brilliant Blue instead 

of Western blotting. The gel was fixed in 50% methanol and 10% glacial acetic acid 

overnight with gentle agitation. Next, the gel was stained in staining solution (0.1% 

Coomassie Brilliant Blue, 50% methanol and 10% glacial acetic acid) for 20 min with 

gentle agitation. Then, the gel was destained with destaining solution (40% methanol 

and 10% glacial acetic acid), the destaining solution was replenished several times 

until the background of the gel was fully destained. Finally, the gel was stored in the 

storage solution (5% glacial acetic acid) (Mustafa et al., 2009). 

3.3.1.3. Antibody incubation in Western blotting 

After the nitrocellulose had been blocked in blocking buffer as above, the 

nitrocellulose membrane was incubated with the appropriate primary antibody: 

mouse anti-GAPDH (1:5000 dilution) in 5% fat-free milk in TBST or rabbit anti-MEK1 

(1:1000 dilution) in 5% BSA in TBST. The nitrocellulose membrane was then 

incubated overnight at 4 ºC with shaking.  

Next day, the primary antibody was removed, and the nitrocellulose membrane was 

washed with TBST as follows: three times for 5 min and three times for 15 min at 

room temperature. Subsequently, the nitrocellulose membranes were incubated with 

secondary antibodies; goat anti-rabbit IR800CW (emitting a green fluorescence) and 

anti-mouse IR680CW (emitting a red fluorescence) (LICOR, Cambridge, UK) both 

1:10,000 dilution in 5 % fat-free milk. The nitrocellulose membranes were then 

incubated for 60 min at room temperature, with shaking. The secondary antibodies 

were then discarded, and membranes were washed with TBST before proceeding with 

the next washing with TBST, three times for 5 min and three times for 15 min. Finally, 

nitrocellulose membranes were washed with Milli-Q water and visualised using LI-

COR Odyssey Infrared Imaging Scanner using the following settings: Image studio 
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software programme version 3.1.4., 700/800 channels, intensity 4, mu 84, and Q 

lowest. Quantification of the bands was performed by densitometric analysis of the 

fluorescent signals using Image Studio (Application software application version 3.1. 

LI-COR Biosciences, Cambridge, UK). 

3.4. Statistical analysis 

Data and statistical analyses were performed using Graph-Pad PRISM 6 (Software 

version 6, USA). All values were expressed as means ± standard error of the mean 

(SEM). Comparisons between more than two data sets were made using one-way 

ANOVA (analysis of variance) followed by Sidak’s post-hoc test. For comparisons 

between two data sets, a two-tailed unpaired Student’s t-test was used, or, for paired 

data, a two-tailed paired Student’s t-test. A p-value of less than 0.05 indicated a 

significant difference between the data sets, where n= number of experiments from 

separate heart, liver and coronary artery samples. 
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3.5. Results 

3.5.1. Biotin switch assay (BSA) 

The aim of these experiments was to detect the level of sulfhydration in PHH left 

ventricles. RLH was used as a positive control. 1 mM Na2S was used as a H2S releasing 

salt (drug). 

3.5.1.1. Detection of the presence of sulfhydrated proteins 

Coomassie Brilliant Blue stain was used to detect the presence of sulfhydrated 

proteins in RLH and PHH. The results of this study demonstrated that there were 

some sulfhydrated proteins with no specific dense band in RLH (figure 3.2: A and B) 

and PHH (from left ventricles) (figure 3.2: A). There was less protein in samples 

exposed to Na2S; in other words, there was no obvious increase of sulfhydration level 

on exposure to Na2S. Also, there were no defined proteins and variable results in rat 

liver homogenate (RLH) and rat liver cytosol (RLC) (figure 3.2). There were variable 

results, in particular from RLC (figure 3.2: A and B).  

                                         

 

 

 

Figure 3.2: Examples of gel stained by Coomassie brilliant blue stain for sulfhydrated 

proteins of rat liver cytosol (RLC), rat liver homogenate (RLH) (A and B), porcine 

heart cytosol (PHC) and porcine heart homogenate (PHH) (B) with the addition of 1 

mM Na2S (sodium sulfide, H2S releasing salt); MWM (molecular weight marker). 

Experiment repeated in 3 different rat liver homogenates. 
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3.5.1.2. GAPDH for detection of sulfhydrated proteins 

GAPDH is a protein that can be sulfhydrated and plays important roles in glucose 

metabolism, energy production during stress/hypoxia and cell proliferation (Hara      

et al., 2005; Paul and Snyder, 2015). In figure 3.2, a number of protein bands were 

observed in Coomassie-stained gels. The blot shown in figure 3.3 shows bands at 

about 37 kDa corresponding to GAPDH immunoreactivity  in PHH (ventricles), PHC, 

RLC and RLH (figure 3.3: A and B). However, there was a slight increase in the levels 

of GAPDH immunoreactivity with the addition of 1 mM Na2S (figure 3.3: A and B). 

The results were more variable in PHC than PHH with the addition of 1 mM Na2S 

(figure 3.3: A and B).   
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Figure 3.3: (A) Western blot example showing bands at 37 kDa after probing with 

the anti-GAPDH antibody. (B) Quantifications of the GAPDH band densities from 

samples of rat liver cytosol (RLC), rat liver homogenate (RLH), porcine heart cytosol 

(PHC) and porcine heart homogenate (PHH) in the absence and presence of 1 mM 

Na2S. The Y-axis represents the GAPDH band signal quantification (densitometric 
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analysis). Data presented as individual points and the central line represents the 

mean. MWM (molecular weight marker), (n=2) 

3.5.1.3. Effect of hydrogen peroxide (H2O2) on the detection of sulfhydrated 

proteins 

H2O2 is an oxidising agent, and it may oxidise cysteine-SH and increase the level of 

sulfhydration of GAPDH protein, and therefore, H2O2 may increase the detection of 

sulfhydrated GAPDH (Wedmann et al., 2014; Zhang et al., 2014; Filipovic, 2015). 

Therefore, the aim of these experiments was to assess the effect of 1 mM H2O2 

(preincubated for 30 min) on GAPDH sulfhydration levels in RLH and PHH. The results 

of this study suggest that there was a slight increase of the sulfhydrated GAPDH in 

RLH with exposure to 1 mM Na2S and 1 mM H2O2 compared to the absence of H2O2 

in RLH (figure 3.4: A and B) and PHH (figure 3.4: C and D). Apparently, there was a 

variable increase with Na2S but not with H2O2 in both RLH (figure 3.4: A and B) and 

PHH (figure 3.4: C and D). The results were more variable in RLH in the presence of 

Na2S with H2O2 (figure 3.4: A and B). 

In some experiments, whole RLH and PHH (homogenised and mixed with sample 

buffer and subjected to Western blotting, without biotin tagging and 

immunoprecipitation) were used to determine the total amount of GAPDH in the 

sample. RLH and PHH biotin-free samples were subjected to all BSA steps except for 

the addition of biotin. They were used to determine the basal levels of proteins in the 

samples. There was high GAPDH expression level in RLH (figure 3.4: A and B) and 

PHH (figure 3.4: C and D) whole homogenates compared to samples that had been 

put through the biotin-switch assay. There was a very low, but detectable GAPDH 

signal in the absence of biotin (biotin-free), indicating low endogenous levels of 

biotinylation of GAPDH. Therefore, any increase in biotinylated GAPDH should be due 

to the process of the biotin-switch assay. 

 

 

 

 

 

 

 



 

167 

 

                                                                     

 

 

                               

 

 

 

 

 

W
hole

 R
LH

R
LH

 B
io

tin
 fr

ee
R
LH

+ 
N
a 2

S

+ H
2
O 2

+ 
N
a 2

S+ H
2
O 2

0

100000

200000

300000

400000

G
A

P
D

H
 s

ig
n

a
l

B

 

 

 

A 



 

168 

 

 

 

 

 

 

 

 

 

 

 

W
hole

 P
H
H

PH
H
 b

io
tin

-fr
ee

P
H
H

+N
a 2

S

+ H
2
O 2

+ 
N
a 2

S
+H 2

O 2

0

100000

200000

300000

400000

G
A

P
D

H
 s

ig
n

a
l

D

 

Figure 3.4: Example blots of GAPDH in (A) RLH and (C) PHH. (B and D) 

Quantification (densitometric analysis) of GAPDH band signal at about 37 kDa of rat 

liver homogenate (RLH); PPH (porcine heart homogenate) with pre-exposure to 1 

mM Na2S and 1 mM H2O2 for thirty min; MWM (molecular weight marker). The Y-axis 

represents the GAPDH band signal quantification (densitometric analysis). Data 

presented as individual points and the central line represents the mean. Whole RLH 

or whole PHH (rat liver or porcine heart homogenised and added sample buffer and 

subjected to Western blotting). RLH biotin-free and PHH biotin-free (subjected to all 

BSA steps except the biotin addition), (n=2).  
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3.5.1.4. Effect of biotin concentrations on the detection of sulfhydrated 

proteins 

The results from the experiments above failed to show major changes in GAPDH 

sulfhydration using the biotin switch assay. The aim of these experiments was to 

assess the effect of increased biotin concentrations (4 vs 1 mM). However, detected 

levels of GAPDH using 1 mM biotin appeared to be the same as that seen with 4 mM 

in RLH (figure 3.5: A and B) and PHH (figure 3.6: A and B). The results were more 

variable in RLH using 1 mM biotin concentration in the presence of H2O2 (figure 3.5: 

A and B). 

Although, there was no obvious increase in the GAPDH signal in RLH with the modified 

conditions (figure 3.5: A and B). There was a significant increase in the GAPDH signal 

in PHH with the addition of 1 mM Na2S using 1 mM biotin (figure 3.6: A and B). The 

data were more variable with the addition of 1 mM Na2S (figure 3.6: A and B). 
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Figure 3.5: (A) Comparison of the effect of incubating the samples with 4 mM biotin 

compared to 1 mM biotin on levels of GAPDH detected by Western blots in rat liver 

homogenate (RLH) example blot; after exposure to  1 mM Na2S in the presence or 

absence of  1 mM H2O2 for thirty min. (B) Quantification of the GAPDH band signal. 

MWM (molecular weight marker). The Y-axis represents GAPDH band signal 

quantification at about 37 kDa (kilo Dalton) (densitometric analysis). Data presented 

as individual points and the central line represents the mean. RLH biotin-free (RLH 

sample subjected to all BSA steps except the biotin addition); (n=2).  
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Figure 3.6: (A) Example blot showing the effect of 1 mM Na2S on sulfhydration of 

GAPDH measuring using 1 mM biotin concentration and in the absence of H2O2 in PHH 

(porcine heart homogenate) using the biotin switch assay. (B) Quantifications of the 

GAPDH band signals in PPH after exposure to 1 mM Na2S for thirty min. The Y-axis 

represents GAPDH signal quantification (densitometric analysis). Data presented as 

individual points and the central line represents the mean± SEM. MWM (molecular 

weight marker); * p <0.05 using two-tailed paired Student’s t-test; (n=6).  
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3.5.1.5. Effect of dithiothreitol (DTT) on the detection of sulfhydrated 

proteins 

DTT is a strong reducing agent and therefore, DTT may reduce disulfide bond 

formation, and it may also increase the availability of free sulfhydrated groups (-S-

S-H) (Filipovic, 2015; Paul and Snyder, 2015) and therefore, to improve the detection 

of sulfhydrated proteins. The aim of these experiments was to test the effect of 1 mM 

DTT (pre-incubated for 30 min before the biotin addition step) on the level of GAPDH 

sulfhydration in RLH. There was no noticeable increase in the GAPDH signal 

(sulfhydrated protein) with exposure to DTT (figure 3.7: A and B). There was 

relatively less variation and more consistency in the results with exposure to DTT 

(figure 3.7: A and B).                                                             
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Figure 3.7: (A) Example blot showing sulfhydrated GAPDH levels detected by the 

biotin switch assay in the presence or absence of 1 mM DTT (dithiothreitol) in rat 

liver homogenate (RLH). (B) Quantification of the GAPDH band signals with exposure 

to 1 mM Na2S and 1 mM DTT for thirty min. The Y-axis represents the GAPDH band 

signal quantification (densitometric analysis). Data presented as individual points and 

the central line represents the mean. MWM (molecular weight marker); (n=2-3).  
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3.5.1.6. Mitogen-activated extracellular signal-regulated kinase 1 (MEK1) 

sulfhydration 

MEK1 is a protein that can be sulfhydrated and play important roles in cell 

proliferation and apoptosis (Paul and Snyder, 2015; Meng et al., 2017). There was 

an observable, but variable difference in the level of sulfhydrated GAPDH detected in 

porcine hearts. Therefore, we determined whether MEK1 could be used as an 

indicator of protein sulfhydration. GAPDH is reported to have a basal sulfhydration 

level of about 25 %. In contrast, MEK1 has a basal sulfhydration level of about 10 

%, which should allow easier detection of increased levels of sulfhydration than 

GAPDH (Mustafa et al., 2009; Zhao et al., 2014; Meng et al., 2017). The aim of these 

experiments was to investigate the sulfhydration of MEK1 in PHH and RLH. There was 

a significant increase of MEK1 sulfhydration at about 43 kDa in PHH (figure 3.8: A, B 

and C) and RLH (figure 3.8: B and D) after exposure to 1 mM Na2S.                                                                                         
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Figure 3.8: (A and B) Immunoblots showing levels of sulfhydrated MEK1 detected 

using the biotin switch assay in PHH and RLH. (C and D) Quantification of the MEK1 

band signals obtained with the anti-MEK1 antibody at about 43 kDa in porcine heart 

homogenate (PHH) (n=6) and rat liver homogenate (RLH) (n=2)  with exposure to 1 

mM Na2S for thirty min. Data presented as individual points with the central line 

represens the mean. The Y-axis represents MEK1 band signal quantification 

(densitometric analysis). MWM (molecular weight marker). * p < 0.05 using two-

tailed paired Student’s t-test; (n=6).   
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3.5.2. Red Maleimide assay (RMA) 

Although there was some evidence that the biotin switch assay could detect changes 

in protein sulfhydration, particularly in porcine heart homogenates, the number of 

steps involved could lead to loss of sample and increase variation in responses. 

Therefore, the red maleimide assay (RMA) was investigated as an alternative method. 

The principle of RMA is that proteins are labelled with fluorescent red maleimide (RM) 

probe, which interacts with sulfhydryl groups (Sen et al., 2012). DTT breaks the 

disulfide bond and releases the red maleimide (RM) probe from the sulfhydrated 

cysteine but not from the thiol cysteine. Therefore, if there is a decrease in 

fluorescence signal after exposure to DTT, this indicates the presence of sulfhydration 

(figure 3.9) (Sen et al., 2012; Paul and Snyder, 2015; Meng et al., 2017; Zhang       

et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Illustrative diagram of the red maleimide assay (RMA) steps. Proteins 

are labelled with red maleimide probe. Then, part of the reaction mixture exposed to 

DTT, which will lead to the release of red maleimide from the sulfhydrated cysteine 

and lead to a decrease in the fluorescence. Next, the samples subjected to SDS-

PAGE/Western blotting and probed by GAPDH (1:5000) or MEK1 (1:1000) antibodies. 
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3.5.2.1. Methodology 

Samples were prepared as before.   

The red maleimide method was according to Sen et al., (2012), Paul and Snyder, 

(2015) and Sen (2017) with some modifications. Pig heart homogenate (PHH) was 

incubated with 1 mM Na2S for 30 min at 37 °C, and then PHH was incubated with 2 

µM red maleimide for 2 h at 4 °C with mixing. After the incubation period, one portion 

of the PHH sample was exposed to 1 mM DTT for 1 h at 4 °C with mixing. Next, the 

PHH was diluted 1:1 with a non-reducing solubilising buffer (2x SB: 25 % Tris-HCl, 

20 % glycerol, 20 % SDS, 35 % distilled water, 0.0004 % Bromophenol Blue) and 

the PHH samples boiled at 95 °C for 5 min. Then, PHH samples were run on 

polyacrylamide gels (pre-cast 4-20 % gradient gel, Bio-Rad gels, UK; as in chapter 

one: Western blotting methodology). Next, the gels were scanned for red maleimide 

fluorescence signal using Li-COR Odyssey imaging infrared scanner (visualised using 

the following settings: Image studio software programme version 3.1.4., 684 nm 

wavelength for excitation and 700 nm wavelength [red] for emission red maleimide 

signal). Then, the gel was transferred to nitrocellulose membrane paper (GE 

Healthcare, Little Chalfont, Buckinghamshire, UK) by Western blotting and probed by 

incubation with mouse anti-GAPDH (1:5000) antibody in 5% fat-free milk in TBST or 

rabbit anti-MEK1 (1:1000) antibody in 5% BSA in TBST. Finally, nitrocellulose 

membranes were washed with Milli-Q water and visualised using LI-COR Odyssey 

Infrared Imaging as described before. 

3.5.2.2. Materials 

Red maleimide: Alexa fluor 680 C-maleimide (A20344) was obtained from Invitrogen 

by Thermo Fisher Scientific. All other materials were as mentioned in chapter 2 and 

3.  
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3.5.2.3. Results 

3.5.2.3.1. GAPDH and Red Maleimide detection  

There appeared to be a decrease in the RM (red maleimide) signal at around 40 kDa 

in PHH after exposure to 1 mM DTT (figure 3.10: A, C, D and E). However, analysis 

of the intensity of the bands failed to demonstrate a significant reduction. The anti-

GAPDH antibody detected a band at ~37 kDa (figure 3.10: B), which correlated to 

some of the bands seen with red maleimide (figure 3.10: A, B and E) which were 

observed during quantification of red maleimide bands at ~40 kDa RM band (figure 

3.10: A and D) and at ~37 kDa RM band (figure 3.10: A and E). 

Interestingly, there was an apparent shift in the molecular weight of the band 

obtained with the anti-GAPDH antibody in samples not exposed to DTT, which was 

not present in DTT exposed samples (figure 3.10: B and C). Moreover, there was no 

significant difference in the GAPDH signal in the presence of 1 mM Na2S and absence 

of 1 mM DTT (figure 3.10: B and F).  
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Figure 3.10: Western blot showing RM (red maleimide) bands at ~37 kDa and ~40 

kDa (A) and GAPDH band expression at ~37 kDa (B) and both RM band and GAPDH 

band (C). (D) Quantification of the RM bands of ~40 kDa. (E) Quantification of the 

RM bands of ~ 37 kDa. (F) Quantification of GAPDH band at ~37 kDa. Na2S (sodium 

sulfide, H2S releasing salt); DTT (dithiothreitol); PHH (pig heart homogenate) of five 

different tissues (n=5). The Y-axis represents RM or GAPDH signal quantification 

(densitometric analysis). Data presented as individual points. MWM (molecular 

weight marker); NS (non significant) p > 0.5, * p <0.05 using two-tailed paired 

Student’s t-test; (n=5). 

 

3.5.2.3.2. MEK1 and Red Maleimide detection  

The aim of this experiment was to test whether this shift in GAPDH immunoreactivity 

(outlined above) to a lower MW was specific to GAPDH protein, by investigating MEK1. 

There was a decrease in RM signals in some of the PHH samples after exposure to 1 

mM DTT at 43 kDa, which corresponds to the predicted MW of MEK1 (figure 3.11: A, 

C and D) and at ~47 kDa (figure 3.11: A, C and E). Moreover, there were some 

consistent shifts to low molecular weight (MW) bands in the presence of 1 mM Na2S 

and absence of 1 mM DTT in the band obtained with the anti-MEK1 antibody (figure 

3.11: B). There was no significant difference in the MEK1 signal in the presence of 1 

mM Na2S and absence of 1 mM DTT (figure 3.11: B and F) at either 43 or 47 kDa 

(figure 3.11: D). 
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Figure 3.11: Western blot showing (A) RM (red maleimide) bands signal at ~43 kDa  

and at ~47 kDa; (B) MEK1 (mitogen-activated protein kinase) expressions at 43 kDa; 

(C) both RM band and MEK1 band. (D) Quantification of the RM band at ~43 kDa. 

(E) Quantification of the RM band at ~47 kDa. (F) Quantification of the MEK1 band 

at ~43 kDa. The Y-axis represents band signal quantification (densitometric analysis) 

(D, E and F). Data presented as individual points. DTT (dithiothreitol, 1 mM); Na2S 

(Sodium sulfide, H2S releasing salt, 1 mM); PHH (pig heart homogenate) of five 

different tissues (n=5). NS (non significant)  p > 0.5 using two-tailed paired Student’s 

t-test; (n=5). 
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3.5.2.3.3. Molecular weight shifts after non-exposure to DTT  

As the studies with red maleimide above indicated that SDS-PAGE under non-

reducing conditions might uncover changes in the migration of GAPDH and MEK1, we 

repeated the experiment in the absence of red maleimide. We tested the effect of 

DTT on the potential sulfhydration of GAPDH or MEK1 by Na2S. 

There were consistent shifts to low molecular weight bands in the presence of 1 mM 

Na2S and absence of DTT compared to samples incubated with DTT, with both anti-

GAPDH and anti-MEK1 antibodies (figure 3.12: A, B, C and D). There was no shift in 

the apparent molecular weight in samples exposed to buffer instead of Na2S, in the 

absence or presence of DTT (figure 3.12: C and D). Quantification of the ratio of the 

low MW to high MW band intensity are shown for GAPDH (figure 3.12: E) and MEK1 

(figure 3.12: F)  

There was a significant increase in ratio of the low/high MW GAPDH intensity on 

exposure to Na2S and absence of DTT condition (figure 3.12: E) in comparison to 

other conditions, such as exposure to Na2S and DTT, DTT and buffer, and buffer only 

(figure 3.12: E). The results were relatively variable on exposure to Na2S and absence 

of DTT condition (figure 3.12: E). 

There was no significant increase in ratio of the low/high MW MEK1 intensity on 

exposure to Na2S and absence of DTT condition in comparison to exposure to Na2S 

and DTT condition (figure 3.12: E). The results of MEK1 were more variable than 

GAPDH on exposure to Na2S and absence of DTT condition (figure 3.12: E and F).  

There was no significant difference in the total GAPDH (figure 3.12: G) or total MEK1 

band signal quantification (figure 3.12: H) after exposure to 1 mM Na2S in the 

presence or absence of 1 mM DTT, indicating that there was the same amount of 

GAPDH or MEK1 present and this means equal loading, albeit running at a different 

MW (high and low MW). 
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Figure 3.12: Western blot images of porcine heart homogenate (PHH) under different 

conditions by exposure of PHH to 1 mM Na2S (Sodium sulfide, H2S salt) in the presence or 

absence of 1 mM DTT (dithiothreitol) or B (buffer, Tris-EDTA buffer 0.1 M, 1 mM, pH 7.4). (A) 

Blot showing bands of GAPDH of low MW at 37 kDa and ~30-33 kDa. (B) Blot showing bands 

of MEK1 antibody bands at 43 kDa and ~40 kDa (B). (C and D) The expanded version of the 

images showing the high and low MW bands of GAPDH and MEK1. (E) Quantification of ratio 

of the low MW to high MW GAPDH band signal. (F) Quantification of ratio of the low MW to 

high MW MEK1 bands signal. (G) Quantification of the total GAPDH bands signal (low MW+ 

high MW GAPDH bands signal). (H) Quantification of the total MEK1 bands signal (low MW+ 

high MW MEK1 bands signal). The Y-axis represents band signal quantification (densitometric 

analysis) (E, F, G and H). Data presented as individual points and central line represents mean 

data± SEM. PHH (pig heart homogenate); B (buffer, Tris-EDTA buffer 0.1 M, 1 mM, pH 7.4). 

NS (non significant) p > 0.5 using two-tailed paired Student’s t-test; ** p< 0.01  PHH+Na2S+B 

vs PHH+Na2S+ DTT, PHH+B+ DTT and PHH+B+B using one-way ANOVA followed by Sidak’s 

multiple comparison test, (n=5). 
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3.5.3. Immunoprecipitation (IP) of GAPDH in PHH 

3.5.3.1. Principle and aim 

Enrichment of GAPDH was conducted by immunoprecipitation with an appropriate 

antibody as recommended by Sen et al. (2017). 

3.5.3.2. Methodology 

After exposure to Na2S, the PHH sample was incubated with a high concentration of 

anti-GAPDH antibody (1 µl of anti-GAPDH antibody per 60 µl of PHH, 1:60) for 8-12 

h (overnight) at 4 °C on a shaker. Subsequently, 20 µl protein A/G plus-agarose 

beads (Santa Cruz Biotechnology, USA, SC-2003) was added to the supernatant layer 

and mixed for 4-6 h at 4 °C on a shaker. Then, the mixture was centrifuged at 13,000 

rpm for 5 min at room temperature. The supernatant layer was then removed. The 

pellet was washed by mixing with two cycles of 50 µl Tris-EDTA buffer (0.1 M, 1 mM, 

pH 7.4). The mixture was centrifuged at 13,000 rpm for 10 min at room temperature. 

The supernatant layer was removed and 2x non-reducing solubilising buffer was 

added to the pellet. The sample was boiled at 95 °C, and then SDS-PAGE/Western 

blotting and probed with anti-GAPDH antibody (1:5000). 

3.5.3.3. Results of immunoprecipitation: GAPDH signal after exposure to 

DTT  

Following quantification of ratio of the low/high MW GADPH signal (figure 3.13: C), 

there was a significant increase in ratio of the low MW/high MW GAPDH signal on 

exposure to Na2S and absence of DTT condition (figure 3.13: A, B and C) in 

comparison to other conditions, such as exposure to Na2S and DTT, DTT and buffer, 

and buffer only. The results were variable on exposure to Na2S and in the absence of 

DTT (figure 3.13: A, B and C). Therefore, shifts to low MW bands were observable in 

the presence of 1 mM Na2S and absence of DTT (figure 3.13: A, B and C). In some 

samples, only the low MW band was present following exposure to Na2S, but in some 

samples, both the higher and lower bands were detected (figure 3.13: A and B). 

There was no significant difference in the total GAPDH signals between all conditions 

(figure 3.13: D).  
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Figure 3.13: (A) Western blot image showing bands to anti-GAPDH (glyceraldehyde 

3-phosphate dehydrogenase) antibody at about 37 kDa after immunoprecipitation 

with anti-GAPDH in the presence or absence of 1 mM Na2S (Sodium sulfide, H2S salt) 

and with or without 1 mM DTT (dithiothreitol). (B) The expanded version of the 

images showing the high and low MW GAPDH bands. (C) Quantification of ratio of the 

low/high MW GAPDH signal. (D) Quantification of total GAPDH signals (low MW + 

high MW GAPDH signal). The Y-axis represents the GAPDH band signal quantification 

(densitometric analysis). Data presented as individual points and central line 

represents mean data± SEM. PHH (pig heart homogenate); B (buffer, Tris-EDTA 

buffer 0.1 M, 1 mM, pH 7.4). NS (non-significant) p> 0.05 using One-way ANOVA 

following by Sidak’s multiple comparison test. * p< 0.05 PHH+Na2S+B vs 

PHH+Na2S+ DTT, PHH+B+ DTT and PHH+B+B using One-way ANOVA followed by 

Sidak’s multiple comparison test, (n=5). 
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3.5.4. GAPDH sulfhydration in the PCA  

3.5.4.1. Methodology: 

The experiments outlined above indicate that electrophoresis under non-reducing 

conditions may uncover a change in the observed molecular weight with both GAPDH 

and MEK1 in samples exposed to Na2S. This observation indicates that this may be a 

simpler method for detecting changes in sulfhydration. In order to determine whether 

this method could be used to detect changes in sulfhydration in intact blood vessels, 

5 mm of proximal PCA segments were set up and mounted for isometric tension 

recording system in organ baths filled with 20 ml Krebs’-Hensleit buffer at 37 °C and 

aerated with 95 % O2/5 % CO2 and then incubated with 1 mM Na2S for 15 min at 37 

°C and then rapidly removed and finely homogenised in Tris-EDTA buffer (0.1 M, 1 

mM, pH 7.4) on ice with a glass: glass homogeniser. Subsequently, 2x non-reducing 

solubilising buffer was added to the sample and boiled at 95 °C for 5 min and 

centrifuged at 13,000 xg for one min. Western blotting was conducted using a 4-20 

% gel as above and probed with anti-GAPDH antibody (1:5000). 

3.5.4.2. Results 

There was no significant increase in ratio of the low/high MW GAPDH intensity on 

exposure to Na2S (figure 3.14: A, B and C). The results were relatively variable on 

exposure to 1 mM Na2S (figure 3.14: C). There were some observable shifts to the 

low molecular weight (MW) bands. This shifting was associated with the presence of 

double bands of GAPDH in some PCA samples in the presence of 1 mM Na2S compared 

to the absence of Na2S (buffer) (figure 3.14: A, B and C). There was no significant 

difference in the total GAPDH signals (figure 3.14: D).  
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Figure 3.14: (A) Western blot images of anti-GAPDH antibody bands in the presence 

or absence of 1 mM Na2S (Sodium sulfide, H2S salt) in PCA (porcine coronary artery). 

The blots showing bands to the anti-GAPDH antibody of low MW (molecular weight) 

bands at 37 kDa and ~30-33 kDa). (B) The expanded version of the image showing 

the high and low bands of GAPDH. (C) Quantification of ratio of the low/high MW 

GAPDH signal. (D) Quantification of total GAPDH signals (low MW+ high MW GAPDH 

bands signal). The Y-axis represents GAPDH bands signal quantification 

(densitometric analysis). Data presents as individual points and the central line 

represented mean± SEM. NS (non significant)  p > 0.5 using  two-tailed paired 

Student’s t-test, (n=5). 
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3.6. Discussion  

Based on Western blotting and enzyme assays (methylene blue and SF7-AM assays), 

there appeared to be a low enzyme activity level in the pig heart compared to liver. 

Sulfhydration has emerged as a potential novel signalling pathway for H2S in 

biological systems. Therefore, measuring sulfhydration levels of target proteins, such 

as GAPDH and MEK1 may help us to understand the signalling pathways and could 

also be used as an index of H2S production. Sulfhydrated proteins (persulfides, 

reductant-labile) can be considered as signalling pathways and stores of H2S, which 

can release H2S under specific conditions, such as reducing condition (Ubuka, 2002). 

Therefore, the development of a reliable assay for measuring sulfhydration could be 

a useful tool to study and understand signalling pathways of H2S in biological 

systems, in particular, the heart. Therefore, it is important to develop a reliable assay 

for measurement sulfhydration, which may regulate cardiac function as discussed 

below and could be used as index for any changes in cardiac dysfunction. 

It has been reported that sulfhydration of proteins results in conformational 

alterations in the targeted proteins, which lead to the alteration of protein activity. 

For example, sulfhydration of some proteins, such as GAPDH by NaHS could lead to 

an increase in the enzyme activity of GAPDH by about seven-fold (Mustafa et al., 

2009). Conversely, sulfhydration of some proteins, such as calcium channels could 

lead to decreasing of protein activity and closing of ion channels. For example, 

Zhang’s study suggested that sulfhydration is the responsible mechanism for the 

blockade of calcium channels and negative inotropic effects induced by H2S. Diamide 

is an oxidant sulfhydryl modifier, which decreases the availability of free sulfhydryl 

and decreases sulfhydration (Zhang et al., 2012; Dai et al., 2019). In rat 

cardiomyocytes, diamide decreases the sulfhydration and therefore, decreases the 

calcium channels blockade induced by NaHS (Zhang et al., 2012). In another study, 

sulfhydration of phospholamban (PLN) by NaHS led to relaxation of the myocardium 

of rats and frogs possibly via decrease of intracellular calcium level (Mazza et al., 

2013). Similarly, sulfhydration could be responsible for NaHS mediated calcium 

channel blockade in rat vascular smooth muscle cells (Dai et al., 2019). In another 

study, sulfhydration of TRPV channels by Na2S leads to activation of TPV channels 

and plays important role in H2S-mediated relaxation in aorta (Naik et al., 2016). 

Sulfhydration of Keap1 (Kelch-like ECH-associated protein 1) via GYY4137 led to 

augmentation of Nrf2 signalling  and decrease of oxidative stress and inflammation 

in the aorta of mice with diabetes and atherosclerosis (Xie et al., 2016). Similarly, 

sulfhydration of mouse and human platelet proteins via GYY4137 led to an 

attenuation of platelet activation and thrombus formation in microvessels (Grambow 
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et al., 2014). Therefore, sulfhydration of proteins and ion channels, such as calcium 

and TRPV channels is an important signalling pathway of H2S in the cardiovascular 

system. 

3.6.1. The biotin switch assay results 

The biotin switch assay (BSA) was the first assay developed for measuring 

sulfhydration in tissue homogenates (Mustafa et al., 2009). The data presented in 

this chapter indicate that there was an increase in the amount of biotinylated GAPDH 

present in the samples after incubation with Na2S, indicating an increase in the 

sulfhydration of GAPDH. However, the data are extremely variable. Therefore, there 

is a question mark about whether the biotin-switch assay is a reliable method to 

measure sulfhydration level in tissues, such as the heart. Moreover, in some of the 

biotin switch studies there was no clarity in some aspects, such as the variability of 

results, protein concentration, incubation period with H2S donor, blot image, and few 

number of experiment repeats. For example, Zhao’s study incubated the HUVECs 

with NaHS for 2 h (Zhao et al., 2014) compared to 30 min incubation (Mustafa et al., 

2009). 

In the biotin switch assay, there are some concerns about the selectivity of the 

methiolating (alkylating) reagent methyl methanethiosulfonate (MMTS). However, 

MMTS is selective for reversible blocking thiol because thiol and sulfhydrated cysteine 

residues (persulfides) have different chemical properties. Moreover, MMTS does not 

interact with oxidative and nitrosylated thiols (Mustafa et al., 2009). Therefore, the 

development of more selective thiol blocking agents could be a useful factor to 

improve measurement of sulfhydration using the biotin switch assay.  

The stability of sulfhydrated protein in the biotin switch assay is questionable because 

the biotin switch assay needs a long time using multiple steps of mixings and 

precipitations, which may lead to loss of sulfhydrated protein and variability in the 

results. Our results demonstrated that the variability was relatively more in the liver 

than the heart. This result could be attributed to species or tissue variation. 

Therefore, the level of sulfhydrated protein detected by the biotin switch assay might 

not reflect the actual sulfhydration level. Moreover, there are several proteins which 

may be sulfhydrated. Therefore, it might be not easy to quantify and confirm which 

protein band is specifically sulfhydrated. 

H2O2 might alter SH level in rat liver and pig heart since some reports have claimed 

that oxidation of cysteine-persulfides led to more sulfhydration susceptibility by H2S 

(Filipovic, 2015; Meng et al., 2017). However, our results showed that oxidation of 
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RLH and PHH by H2O2 produced no difference in the GAPDH signal by the biotin switch 

assay. Similar result was observed in mouse liver (Mustafa et al., 2009). 

We observed that more GAPDH signal was detected by BSA in PHH than RLH and this 

result suggests a greater level of sulfhydration in the heart. This difference might be 

attributed to variation in tissue or species properties or different posttranslational 

modifications between the liver and heart, or it might be due to the antibody used, 

or it could be due to prevalence of the sulfhydration in the heart rather than the liver. 

The role of biotin in the BSA is labelling the sulfhydrated cysteines, which can be 

readily extracted using streptavidin-agarose. In several studies in the literature, they 

have commonly used 4 mM biotin in the BSA (Mustafa et al., 2009; Módis et al., 

2016). Our results demonstrated the use of low concentration biotin (1 mM) vs 

commonly used (traditional) (4 mM) produced similar results and it might be useful 

to demonstrate biotin dependency for the detection of sulfhydrated proteins. The 

absence of biotin (biotin-free) led to absence or very low, but detectable band signal. 

Therefore, these results might suggest that biotin’s role in the biotin switch assay is 

qualitative rather than quantitative, or that 4 mM biotin concentration may be in 

excess and less than 4 mM biotin may safely be used in biotin switch assay. 

Our results of the biotin switch assay, demonstrated that the absence of biotin 

(biotin-free) resulted in a very low, but detectable band signal. This result is in 

agreement with Mustafa et al’s study, which reported that there was no signal in the 

absence of biotin (Mustafa et al., 2009). This result indicated that the basal levels of 

biotinylated proteins are low. Therefore, the signal obtained through the biotin switch 

assay did not reflect the endogenously biotinylated protein. 

Mustafa and his associates’ study reported that about 10-25% of mice liver proteins 

are basally sulfhydrated using the biotin switch assay. 25 % of GAPDH was 

sulfhydrated, while other proteins, such as MEK1 had less basal sulfhydration level 

at about 10% (Mustafa et al., 2009). In other words, the baseline sulfhydration of 

MEK1 is lower than GAPDH. Our results of the biotin switch assay suggested that 

there was relatively more sulfhydration of the MEK1 than GAPDH after exposure to 

Na2S. This result might suggest that the MEK1 protein had a lower basal sulfhydrated 

level, and it might be more prone to sulfhydration by Na2S. Therefore, it is possible 

that we cannot detect sulfhydration of GAPDH after Na2S treatment because it is 

already highly sulfhydrated, whereas MEK1 is less sulfhydrated. So there is more 

MEK1 to be sulfhydrated in the presence of Na2S. In another study, the biotin switch 

assay was used to measure sulfhydration of MEK1 by NaHS in human umbilical vein 

endothelial cells (HUVECs) led to a decrease of DNA damage and  an increase of DNA 

repair and possible cytoprotective and cardiovascular protective effects against 
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aging-related CVD (Zhao et al., 2014). 

Overall, the biotin assay results suggested potential sulfhydration detected in the 

porcine heart, and it may be a potential signalling pathway for H2S in the heart. Using 

the BSA, the results were inconsistent and variable, especially in the liver. Therefore, 

whether biotin switch assay is a sensitive and reliable method to detect changes in 

the H2S in the heart and liver is yet unclear and may need further studies to be 

clarified. 
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3.6.2. The red maleimide assay results 

As the biotin switch assay (BSA) produced variable data and because the presence 

of a number of steps means the potential loss of sample and variability of the results, 

the red maleimide assay (RMA) was tested as an alternative method to measure the 

sulfhydration in pig heart. RMA is an easy, simple, direct assay and needs fewer steps 

and has less protein loss in comparison with the BSA. 

The basis of RMA is that proteins are labelled with fluorescent red maleimide (RM) 

probe. DTT cleaves the disulfide bond and releases the red maleimide probe from the 

sulfhydrated cysteines (modified) but not from the non-sulfhydrated cysteines 

(unmodified/free). Therefore, after exposure to DTT, if there is a decrease in 

fluorescence signal of band after exposure to DTT, this indicates the presence of 

sulfhydration.  

The results of the RMA demonstrated that there was a significant decrease in the RM 

band signal in the presence of DTT. The RMA detected a number of bands, but 

whether these correlated with GAPDH or MEK1 is difficult to judge. Therefore, 

decrease of RM band signal after exposure to Na2S and in the presence of DTT could 

indicate potential sulfhydration of numerous proteins at different molecular weights 

(Sen, 2017). The RMA was useful to measure the sulfhydration of TRPV channels by 

Na2S and this sulfhydration plays important role in H2S-mediated relaxation in rat 

aorta endothelial cells (Naik et al., 2016). The RMA showed promising properties, 

sensitivity and selectivity over the biotin switch assay, because in the RMA, there is 

no interactions with other amino acids, such as methionine, tyrosine and histidine 

and the RMA particularly targeting thiol groups of cysteine residues of the targeted 

proteins (Sen et al., 2012). 

An interesting observation in the RMA was that there was a clear, consistent shifting 

of the bands observed with both GAPDH and MEK1 to a lower MW in the presence of 

Na2S and absence of DTT when samples were run under non-reducing conditions. 

This observation may be due to DTT decreasing the intermolecular bonds (reduces 

disulfide bonds) of protein and interferes with the sulfhydration process, as indicated 

in the RMA. Moreover, sulfhydration causes a shift in the MW that the protein runs at 

and a similar effect is seen with phosphorylation. Therefore, these data suggest that 

sulfhydration may alter the way the proteins run on polyacrylamide gels, which can 

only be detected under non-reducing conditions. The running of proteins on 

polyacrylamide gels under non-reducing condition is important because it may keep 

the protein conformation in the folded structure. Therefore the interaction between 
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the polypeptides is preserved, which may affect the protein separation on the 

polyacrylamide gels.  

Although the apparent molecular weight of the proteins changed, the total density of 

the bands remained the same, indicating that there was no change in the amount of 

protein, or the amount of protein that could be detected by the antibody, just that 

there are shifts in the MW bands. The shifting to a lower MW band is more obvious 

with GAPDH than with MEK1, which might be attributed to the prevalence of 

sulfhydration in GAPDH compared to MEK1. Furthermore, the results with MEK1 were 

more variable than GAPDH. 

In some of the RMA results, there was a non-significant difference in the RM signal 

after exposure to DTT, especially with MEK1 more than GAPDH. This result may be 

normal and expected since it cannot predict to see the same impact always in the 

samples with Na2S and DTT. Also, whether the sulfhydration of protein by Na2S is 

reversible or permanent is not well established. 

In short, RMA seems to work for measuring the sulfhydration in the heart because 

there was a significant decrease of the red maleimide signal in Na2S treated samples 

on exposure to DTT, especially with GAPDH. Therefore, the red maleimide assay may 

be a useful and robust tool for measuring sulfhydration. However, the observation 

that the MW of proteins appears to change in samples exposed to Na2S and run under 

non-reducing conditions suggests that this may be a simpler way of detecting 

changes in sulfhydration.   
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3.6.3. The immunoprecipitation and immunoblotting results 

As the results of the red maleimide assay above indicated that running of the proteins 

in non-reducing conditions might uncover changes in the sulfhydration level and 

observed molecular weight that GAPDH and MEK1 run at, we repeated the experiment 

in the absence of red maleimide in order to determine whether this shift in MW could 

be used as a measure of sulfhydration. Immunoprecipitation of GAPDH protein was 

also carried out in order to increase the amount of GAPDH and remove any possible 

sample contamination by removing other proteins and visualising only the GAPDH 

protein. In the immunoprecipitation test, there was observable shifting of the GAPDH 

band to a low MW (increased ratio of the low/high MW signal) in the presence of Na2S 

and absence of DTT (non-reducing condition). DTT shifted the apparent MW of the 

bands back to the usual position. These data lend support to the observation that 

running samples under non-reducing conditions may allow detection of sulfhydration 

by measuring changes in the apparent molecular weight. Our results demonstrated 

that the presence of Na2S is the most essential factor for sulfhydration measuring, 

especially by the ratio of the high/low MW signal, immunoblotting and 

immunoprecipitation assay. Therefore, we observed that the sulfhydration is 

undetectable in the absence of Na2S and presence of DTT and buffer. 

The level of sulfhydration by Na2S might be the cause of the variability in results, 

especially with MEK1 rather than GAPDH. These variations could be due to instability 

of sulfhydrated proteins, or differences in level of sulfhydration between proteins. 

As the studies in the tissue homogenates indicated that proteins exposed to Na2S run 

at a different MW in non-reducing PAGE conditions, we investigated whether this 

method could be used to pick up differences in proteins in isolated blood vessels, 

such as PCA (intact blood vessels). As with the tissue homogenates, there were some 

obvious shifts in the observed MW that GAPDH runs at in the tissues exposed to Na2S, 

at least in some PCAs. However, the variability between samples could be attributed 

to a loss of sulfhydration in organ bath and during the homogenisation step during 

PCA sample preparation. 
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3.6.4. Summary 

Briefly, the different assays for measuring sulfhydration could be useful. The biotin 

switch assay produced variable, and inconsistent results, potentially due to the 

complicated steps and procedure. The red maleimide assay results were encouraging, 

more so with GAPDH than MEK1. Also the red maleimide assay is simpler and easier, 

and it has fewer steps. The shift in the MW using immunoprecipitation and 

immunoblotting is an even simpler technique for measuring the sulfhydration, and it 

may be comparable to the red maleimide assay and could be explored further. 

The development of a reliable assay for measuring the sulfhydration is important 

because it may provide a useful tool to study the signalling pathways for H2S and as 

an index for H2S production in the heart, which may provide an enhanced 

understanding of the biological role and impact of H2S in the cardiovascular system, 

particularly in cardiovascular diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

198 

 

 

 

 

 

 

Chapter Four  

 

Comparison of Signalling Pathways 

of Hydrogen Sulfide Sources (Na2S, 

GYY4137 and AP39) in the 

Relaxation Response of Porcine 

Coronary Artery 

 

 

 

 

  



 

199 

 

4.1. Introduction:  
The results of the present study demonstrated low H2S generation in the heart, but 

the addition of the myocardial tissue led to relaxation of PCA. Therefore, H2S 

generated in the myocardial tissue could act in a paracrine manner, rather than 

directly on atrial or ventricular contractility. Thus, comparison the effects of 

exogenous H2S using three different H2S sources on PCA could be useful.  

Hydrogen sulfide (H2S) has been shown to be involved in the cardiovascular system 

(CVS) of mammals. Thus, H2S sources (donors, drugs) reduce the damage of 

particular cardiovascular insults (Geng et al., 2004; Lilyanna et al., 2015; Chen          

et al., 2016). In 1997, Hosoki’s study reported that H2S has relaxing effects on the 

vascular tissues, such as rat portal vein and aorta (Hosoki et al., 1997). Moreover, it 

has been reported that there is an inverse relationship between H2S level and oxygen 

level (Olson et al., 2006; Olson, 2013). Therefore, relaxing effects of H2S could be 

changed depending on oxygen level (Olson et al., 2006). For example, in rat aorta, 

low H2S levels (about 5-100 µM) lead to a contraction response at high oxygen level 

(about 200 µM), while a relaxation response is at high H2S levels (about 200-400 

µM) and at low oxygen level (about 40 µM) (Koenitzer et al., 2007). Thus, removal 

of oxygen is suggested to cause relaxation of coronary artery segments and this 

relaxation response could be mediated via H2S, at least in part. 

Most of the literature of H2S is based on use of H2S salts as a source for H2S. These 

inorganic salts, such as NaHS and Na2S release a large amount of H2S in a short time, 

a fast release H2S source and they could lead to supra-physiological concentrations. 

Therefore, there is a question mark about how useful and reliable these data are. 

These H2S salts could be considered as the classical H2S sources used in many 

previous studies (Wang, 2012; Powell et al., 2018). 

Using three different H2S donors (sources), which release H2S by different 

mechanisms could have an effect on the relaxation response and the mechanism of 

relaxation.  In this study three different H2S sources were used. First, inorganic H2S 

salts, such as NaHS and Na2S, a fast release H2S source. Second, GYY4137 

[morpholin-4-ium 4 methoxyphenyl (morpholino) phosphinodithioate] is an organic 

slow-release rate H2S source, which releases a small amount of H2S slowly over time, 

a slow release H2S source (Li et al., 2008; Karwi et al., 2016). It is unclear whether 

GYY4137 releases H2S inside or outside the cells and this may be due to a slow 

hydrolysis of GYY4137 (Yu et al., 2010). 
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Third, AP39 [(10-oxo-10-(4-(3-thioxo-3H-1,2-dithiol-5-yl) phenoxy) decyl) 

triphenylphosphonium bromide]  is a mitochondria-targeted organic H2S source, 

which releases H2S in the mitochondria (Ahmad et al., 2016; Karwi et al., 2017). 

AP39 has two parts, one part is triphenylphosphonium (TPP+), which a 

mitochondrially targeted part and the other part is dithiolethione, which is the H2S 

donor part, and these two parts are connected by an aliphatic linker. GYY4137 and 

AP39 could be considered as new generation H2S sources in recent studies. 

Signalling mechanisms in response to exogenous H2S application by H2S sources in 

the CVS are relatively established, and multiple signalling mechanisms have been 

reported in mammals, such as interactions with NO and nitrosothiol formation. 

Modulation of ion channels, such as the opening of potassium channels, blocking of 

calcium channels and opening TRPV channels. Moreover, H2S may mediate the 

relaxation response at low oxygen level condition (hypoxia) and act as an oxygen 

transducer (Olson et al., 2006). However, these studies are usually carried out with 

inorganic H2S salts, such as NaHS and Na2S. Therefore, the key aims of this chapter 

were to determine whether there are any differences in the relaxation response and 

mechanism of relaxation among different types of H2S sources. Thus, it would be 

important to compare the effects of compounds releasing H2S by different ways on 

vascular tone. 

This chapter aimed to gain a greater insight into the role and molecular mechanism/s 

of H2S in the vasculature and identify whether distinct exogenous H2S salts and 

sources (donors, drugs) differentially influence tone in the PCA and to compare these 

effects. Furthermore, to investigate the mechanisms of relaxation responses of these 

three H2S sources under different conditions, such as the presence and absence of 

nitric oxide synthase inhibitor (L-NAME), potassium channels blockers, calcium-free 

condition, glucose-free condition, hypoxia and reoxygenation.   

 

 

 

 

 

  



 

201 

 

4.2. Materials and Methods: 

4.2.1. Tissue Preparation:  

Hearts from large white hybrid pigs of either sex, aged 4-6 months, and weighing 

about 50 kg were obtained from a local abattoir and transported to the laboratory in 

ice-cold Krebs’-Henseleit solution ([mM]: NaCl 118, KCl 4.8, CaCl2 1.3, NaHCO3 25, 

KH2PO4 1.2, MgSO4 1.2, glucose 11.1) (Fisher Scientific, Loughborough, UK) on ice.  

The Krebs’-Henseleit solution had been pre-gassed with 95% O2/ 5% CO2.  The left 

circumflex PCA was then dissected out. 

 

4.2.2. Isolated organ bath experiments: 

The PCA was put in Krebs’-Henseleit solution pre-gassed with 95% O2/ 5% CO2 for 

overnight storage at 4 °C. The next day, the fat and connective tissue were removed 

from the PCA, vessels finely dissected to prepare paired PCA rings from each artery 

ensuring vessels were not stretched/ or damaged and then cut into rings of ~ 5 mm 

in length (~2-3 mm internal diameter) and were suspended in a multichannel 20 ml 

or 5 ml tissue baths. PCA segments were attached to two metal hooks placed through 

the lumen, ensuring that the hooks were not overlapping. One hook was connected 

to a glass rod, and the other was connected to an isometric force transducer by a silk 

thread. Each bath was filled with 20 ml or 5 ml of Krebs-Henseleit solution and 

maintained at 37 °C and constantly gassed with 95% O2, 5% CO2. After about 20 

min equilibration period, 8-10 g tension was applied to each segment, and tissues 

allowed to equilibrate for about 60 min. Previous experiments indicated that 8-10 g 

was the optimum level of tone for the PCA. This tension was measured by isometric 

force transducer and recorded using a Power-Lab data acquisition system computer 

program (AD Instruments, Sydney, Australia). Transducers were calibrated with a 10 

g weight on a daily basis.  

When a stable baseline was reached, 60 mM KCl was added to allow standardisation 

of responses and to check tissue viability. After about 10 min, the KCl was washed 

out with fresh Krebs’-Henseleit solution. Following the return to a stable baseline and 

a further 20-30 min recovery period, exposure to KCl was repeated. Once again, the 

tissue was washed out with Krebs’-Henseleit solution, to allow the segment tone to 

re-stabilise to a baseline. 
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4.2.3. Effect of different H2S sources on U46619-induced contractions 

These experiments were performed in order to assess the effect of Na2S, GYY4137 

and AP39 on vascular tone, in particular, the relaxation response. U46619, a 

thromboxane A2 mimetic contractile agent, was used to induce contraction of PCA 

rings. PCA rings were exposed to U46619 (1 nM-300 nM) in a cumulative manner to 

about 40-60% of the final response to KCl contraction. After the contraction had 

reached a plateau, a single (bolus) concentration of H2S source was added: Na2S 

(300 µM or 1 mM) or vehicle control (distilled water); GYY4137 (100 µM) or vehicle 

control (0.1 % v/v DMSO); AP39 (1, 5, 10 and 30 µM) or vehicle control (0.1 % v/v 

DMSO), and then recording tension for about 60 min (Rashid et al., 2013; Donovan 

et al., 2017; Donovan et al., 2018). Relaxation responses were expressed as the 

change in contractility expressed as a percentage of the U46619 response as the y-

axis. 

In some experiments, cumulative concentration-response curves (CRC) of Na2S or 

NaHS in U46619 pre-contracted PCA segments were performed. In other 

experiments, the effects of Na2S and NaHS as a single addition were compared with 

cumulative concentrations in U46619 pre-contracted PCA. 

4.2.4. The effect of different H2S sources on calcium-induced contractions 

In some experiments, tissues were washed with Krebs-Henseleit solution in which 

the calcium was replaced with 2 mM ethylene glycol bis (β-aminoethyl ether)-N, N, 

N’, N’- tetra acetic acid (EGTA, calcium chelator). Tissues were then washed with 

calcium-free Krebs without EGTA. Next, PCA tissue was pre-incubated with each one 

of the three different H2S sources, 1 mM Na2S (or distilled water vehicle control for 

Na2S) or 100 µM GYY4137 (or 0.1 % v/v DMSO vehicle control for GYY4137) or 30 

µM AP39 (or 0.1 % v/v DMSO vehicle control for AP39) for 15 min in order to 

determine the effect of H2S donors on calcium influx induced contractions. Next, 60 

mM KCl was added to open voltage-gated calcium channels prior to the addition of a 

single concentration of calcium chloride to a final concentration 1 mM. 

 

 

 

 

 



 

203 

 

4.2.5. The effect of different H2S sources on the BayK8644-induced 

contractions 

BayK8644 is a dihydropyridine derivative and L-type calcium channel opener 

(Thomas et al., 1985). In order to determine the involvement of calcium channels, 

in particular, L-type voltage-gated calcium channels in the H2S-mediated relaxation 

responses, the effect of H2S sources on BayK8644-induced contractions were 

determined. The PCA tissues were contracted to 40-60 % of KCl contraction response 

by BAYK8644 addition. Then, each H2S sources: 1 mM Na2S (or distilled water vehicle 

control for Na2S) or 100 µM GYY4137 (or 0.1 % v/v DMSO vehicle control for 

GYY4137) or 30 µM AP39 (or 0.1 % v/v DMSO vehicle control for AP39) was added 

and then the larger relaxation responses were measured. 

4.2.6. Investigating the mechanism/s of relaxation responses to different 

H2S sources in the isolated pre-contracted PCA 

In this series of experiments, the mechanisms of relaxation evoked by different 

sources of H2S were tested. 

300 µM L-NAME (N-nitro L-arginine methyl ester) was employed to inhibit nitric oxide 

synthase activity and the production of nitric oxide from the endothelium. 10 mM TEA 

(tetraethylammonium) was used to block potassium channels non-selectively. 1 µM 

glibenclamide or 100 µM tolbutamide was used to inhibit KATP channels selectively. In 

order to confirm that glibenclamide was selective for KATP channels in the PCA, the 

effect of 1 µM glibenclamide on the response to pinacidil, a KATP channel opener 

(Gollasch, 1995; Zhao et al., 2001), was determined. Glucose-free conditions were 

administered to determine mitochondrial ATP synthesis in comparison to energy 

supply from glycolysis. Therefore, in order to investigate the cellular energy source, 

glucose-free Krebs was employed during the whole experiment 

FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) acts by uncoupling 

the mitochondrial respiratory chain and impairing ATP production (Módis et al., 2013; 

Szczesny et al., 2014). Therefore, in order to determine the role of mitochondria in 

the relaxation responses to AP39, relaxations to a submaximal concentration of AP39 

were determined in the presence of FCCP. The concentration of 1 µM was used based 

on previous observations in the laboratory, about the role of mitochondria in 

simvastatin (lipid-lowering drug) mediated relaxation responses in PCA (Almukthar 

et al., 2016). 10 µM capsazepine was used to block TRPV1 channel , according to 

study about H2S-mediated relaxation responses in rat mesenteric arteries (White       

et al., 2013), which suggests that TRPV1 channels involved in H2S vasorelaxation 

responses. 
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These modulators L-NAME, TEA, glibenclamide, tolbutamide, FCCP, and capsazepine 

were administered for about 60 min to PCA segments, which were then contracted 

to 40-60 % of KCl contraction response by U46619 addition, and then exposed to the 

indicated sources of H2S. 

4.2.7. The effects of oxygen level on the relaxation responses of different 

sources of H2S  

Since molecular oxygen may oxidise H2S and decrease H2S availability (Olson et al., 

2006; Olson, 2008), the influence of changing the oxygen level from 95 % O2/CO2 

mix (control) to 21 % O2/5 % CO2 (air-like) throughout the experiment was 

examined. Tissues were contracted in the presence of U46619 as before, and then 

the different sources of H2S were added. 

 

4.2.8. The effects of different sources of H2S before or after the addition of 

U46619 on the hypoxia and recovery responses in PCA  

In order to determine the effect of the H2S sources on the hypoxic response in the 

PCA, tissues were pre-incubated (15 min) with 1 mM Na2S, 100 µM GYY4137 or 30 

µM AP39 before U46619 addition. Then, U46619 was added to get 40-60 % of the 

KCl contraction. Next, hypoxia (replacing the 95 % O2/5 % CO2 gas with 95 % N2/5 

% CO2) was applied for 15 min. PCA segments were then reoxygenated (oxygen 

reintroduction). Subsequent hypoxia response, peak (maximum) relaxation response 

of hypoxia, hypoxia-induced contraction and peak recovery response to 

reoxygenation were measured (figure 4.2). 

Pre-incubation with the different sources of H2S before U46619 may lead to loss of 

the H2S before the induction of hypoxia, because of the time required for U46619 to 

produce a contraction. Therefore, the experiment was repeated by contracting with 

U46619 to get 40-60 % of the KCl contraction, prior to addition of the H2S sources 

for 15 min and subsequent induction of hypoxia (replacing the 95 % O2/5 % CO2 gas 

with 95 % N2/5 % CO2) for 15 min. PCA segments were then reoxygenated (oxygen 

reintroduction). Subsequent hypoxia response, peak (maximum) relaxation response 

of hypoxia, hypoxia-induced contraction, and peak recovery response to 

reoxygenation were measured. 
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4.2.9. The effects of endogenous H2S on responses to hypoxia and 

reoxygenation 

There is some evidence in the results of this study, which suggests that H2S sources, 

such as GYY4137 could decrease the recovery response to reoxygenation (oxygen 

reintroduction after hypoxia). As before, U46619 was added to get 40-60 % of the 

KCl contraction. Next, hypoxia (replacing the 95 % O2/5 % CO2 gas with 95 % N2/ 5 

% CO2) was applied for 15 min before adding 100 µM AOAA and 100 µM PPG for 30 

min to inhibit CBS and CSE, respectively. The PCA segments were then reoxygenated 

(oxygen reintroduction), and subsequent changes in tone monitored. 

4.2.10. Defining time-dependent parameters of changes in tone 

Two time-dependent parameters for relaxation were quantified: t100 was defined as 

the time latency to reach maximal relaxation (pr, peak relax) after administering the 

different sources of H2S, while t50 was defined as the time at which 50 % of the peak 

relaxation was attained (figure 4.1). 

 

 

 

 

 

 

Figure 4.1: a representative trace recording to illustrate the time-dependent 

relaxation parameters measured following administration of GYY4137. 
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In the response to reoxygenation, two time-dependent parameters were quantified: 

tr100 was defined as the time latency following switching the gas source to high 

oxygen levels to reach peak recovery response to reoxygenation (prr), while tr50 was 

defined as the time at which 50 % of the peak recovery response to reoxygenation 

was attained. There was a gap for gas change for about 5 min (figure 4.2). 

 

 

 

 

 

 

 

Figure 4.2: a representative trace recording to illustrate the time-dependent 

relaxation due to hypoxia and the recovery of tone following reoxygenation. 

4.2.11. Drugs and Chemicals:  

NaHS (296200250, Acros Organics, USA); AP39 (17100, Caymen chemicals, UK); 

U46619 (1932), BAY K8644 (1544) and pinacidil (1503), were from Tocris Bioscience, 

Bristol, UK. Na2S (208043), GYY4137 (SML0100), L-NAME (N5751), TEA (205583), 

glibenclamide (G0639), tolbutamide (T0891), FCCP (C2920), capsazepine (C191) 

and EGTA (E4378) were from Sigma-Aldrich, Poole, UK. 

A stock solution of Na2S was freshly dissolved immediately before use in distilled 

water and kept on ice. A stock solution of GYY4137 or AP39 was prepared in dimethyl 

sulfoxide (DMSO).  

Stock solutions of L-NAME were prepared in distilled water. TEA was dissolved in 

Krebs’-Henseleit solution.  Glibenclamide, tolbutamide and pinacidil were dissolved 

in DMSO. FCCP and capsazepine were dissolved in ethanol. 

Stock solutions of U46619 were made to 10 mM in ethanol, and all further dilutions 

of the stock solutions were made using distilled water. Except where indicated, stock 

solutions of reagents were kept frozen at -20 oC.  
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4.3. Statistical Analysis: 

Relaxation responses are presented as the change in contractility expressed as a 

percentage of the U46619 response. Data analysis and statistics were performed 

using Graph-Pad PRISM 6 (Software version 6, USA). All data were expressed as 

means ± standard error of the mean (SEM). For comparisons between two data sets, 

a two-tailed unpaired Student’s t-test was used, or for paired data, a two-tailed 

paired Student’s t-test. Differences between three or more groups were assessed 

using one-way ANOVA (analysis of variance) or two-way ANOVA following by Sidak’s 

post-hoc test. The P-value <0.05 was considered statistically significant between the 

data sets. * represents P-value <0.05, ** represents P-value <0.01, *** represents 

P-value <0.001, where n= number of experiments from separate animals. 
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4.4. Results: 

 

4.4.1. The effects of Na2S and NaHS on vascular tone 

 

The aim of these experiments was to identify the concentration-dependence of 

responses to Na2S and NaHS. 

Cumulative concentration-response curve experiments for Na2S and NaHS were 

carried out. Relaxation responses were only apparent at higher concentrations (0.3 

and 1 mM) of both Na2S and NaHS, although only responses to 1 mM NaHS were 

statistically significant (figure 4.3). 
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Figure 4.3: Cumulative concentration-response curve (CRC) to Na2S and NaHS in 

U46619 pre-contracted PCA. The Y-axis represents the change in contractility 

expressed as a percentage of the U46619 response. Data are mean +/- SEM of 12 

animals. * P<0.05 NaHS vs control (vehicle control, distilled water) using two-way 

ANOVA followed by Sidak’s post hoc test, (n=12). 

 

 

 

 

 

 

  



 

209 

 

As H2S is unstable with a short half-life, the effects of single additions of the two 

highest concentrations on U46619 pre-contracted PCA were assessed. 

300 µM NaHS produced a relaxation numerically larger than 300 µM Na2S. At 1000 

µM, the relaxation response was numerically larger to Na2S than NaHS (figure 4.4). 

Both concentrations of the two sources of H2S were significantly different from the 

baseline. Subsequently, a single concentration of 1000 µM Na2S was used in the next 

experiments. 
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Figure 4.4: The effects of single additions of hydrogen sulfide salts on PCA 

contractility. Tissues were pre-contracted in the presence of U46619 before single 

additions of either 300 or 1000 µM NaHS or Na2S were applied and the maximal 

change recorded. The Y-axis represents the change in contractility expressed as a 

percentage of the U46619 response. Data are individual points from 8 (NaHS) or 9 

(Na2S) independent experiments, with the horizontal line indicating the mean value. 

** P<0.01, *** P<0.001 one-sample t-test compared to baseline, (n=8-9). 
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4.4.2. The effects of GYY4137 on vascular tone 

The aim of these experiments was to identify the effects of the H2S donor GYY4137 

on responses to U46619 pre-contracted PCA. There were significant relaxations at 

25, 50 and 100 µM GYY4137 vs 0.1 v/v % DMSO (vehicle control) (figure 4.5). 

Relaxations at 100 µM GYY4137 were significantly larger than those at 50 µM 

indicating a clear concentration dependence of GYY4137-evoked relaxations. In 

subsequent experiments, 100 µM GYY4137 was used as a comparator. 

  

DMSO control 25 µM 50 µM 100 µM

-100

-80

-60

-40

-20

0

C
h

a
n

g
e
 i
n

 c
o
n

tr
a
c
ti

li
ty

(
%

 c
h

a
n

g
e
 i

n
 U

4
6

6
1

9
 r

e
s
p

o
n

s
e
)

*

*

**
#

 

Figure 4.5: The effects of single additions of the hydrogen sulfide donor GYY4137 

on PCA contractility. Tissues were pre-contracted in the presence of U46619 before 

single additions of the indicated concentrations of GYY4137 or the vehicle control 

DMSO were applied and the maximal change recorded. The Y-axis represents the 

change in contractility expressed as a % of the U46619 response. Data are individual 

points from six independent experiments, with the horizontal line indicating the mean 

value. *P<0.05, **P<0.01 compared to the DMSO control (vehicle control, 0.1 v/v 

% dimethyl sulfoxide, DMSO); #P<0.05 compared to 50 µM, P<0.01 compared to 25 

µM GYY4137, one way repeated measures ANOVA with post-hoc Dunnett’s test; n=6.  
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4.4.3. The effects of AP39 on vascular tone 

The aim of these experiments was to identify the effects of the mitochondrial-

targeted H2S donor AP39 on tone of the pre-contracted PCA. There were significant 

differences compared to the DMSO (0.1 v/v % DMSO, vehicle control) at 5, 10 and 

30 µM AP39 (figure 4.6: A). Relaxations at the highest concentration were 

significantly larger than the lowest concentration (figure 4.6: B, C, D, E and F). 30 

µM AP39 was used in the following experiments.  
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Figure 4.6: The effects of single additions of the mitochondrial targeted hydrogen sulfide 

donor AP39 on PCA contractility. Tissues were pre-contracted in the presence of U46619 before 

single additions of the indicated concentrations of AP39, or the vehicle control DMSO (vehicle 

control, 0.1 v/v % dimethyl sulfoxide) were applied and the maximal change recorded. The Y-

axis represents the change in contractility expressed as a % of the U46619 response. 

Representative traces in the presence of DMSO control (B), 1 µM AP39 (C), 3 µM AP39 (D), 10 

µM AP39 (D), 30 µM AP39 (F). Data are individual points from six independent experiments, 

with the horizontal line indicating the mean value. *P <0.05, **P <0.01 compared to the DMSO 

control, #P<0.01 compared to 1 µM GYY4137, one-way repeated measures ANOVA with post-

hoc Dunnett’s test.  
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4.4.4. The effects of the nitric oxide synthase inhibitor, L-NAME, on 

responses to three different sources of H2S  

Several studies have reported conflicting results regarding the interaction between 

H2S and nitric oxide (NO) in the vasculature (Hosoki et al., 1997; Whiteman et al., 

2006; Kubo et al., 2007; Webb et al., 2008; Donovan et al., 2017). Therefore, the 

aim of these experiments was to investigate the role of NO using 300 µM L-NAME, as 

a NO synthase inhibitor. L-NAME produced a significant enhancement in the 

relaxation responses of 1 mM Na2S, 100 µM GYY4137 and 30 µM AP39 in U46619-

precontracted PCA (figure 4.7: A, B and C). 
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Figure 4.7: The effects of the NOS inhibitor L-NAME (300 µM) on single additions of 

hydrogen sulfide salt and donors on PCA contractility. Tissues were pre-contracted in 

the presence of U46619 before single additions of either Na2S (1 mM) (A), GYY4137 

(100 µM) (B) or AP39 (30 µM) (C) or the vehicle control for L-NAME distilled water 

were applied and the maximal change recorded. The Y-axis represents the change in 

contractility expressed as a % of the U46619 response. Data are individual points 

from seven (Na2S) or eight (GYY4137) or six (AP39), independent experiments. 

**P<0.001, ***P<0.001 compared to the distilled water vehicle control for L-NAME 

using a two-tailed paired Student’s t-test. 
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4.4.5. The effects of the spasmogen on responses to different sources of H2S  

U46619 is a thromboxane A2 mimetic used to induce contraction of PCA rings (Choi 

et al., 2016). Many studies have reported that the H2S relaxing effects are mediated 

by potassium channels, in particular, KATP channels (ATP-sensitive potassium 

channels) (Zhao et al., 2001). KCl causes smooth muscle contraction by membrane 

depolarisation leading to the opening of voltage-gated calcium channels, and the 

subsequent influx of calcium from the extracellular compartment causing contraction 

(Ratz et al., 2005). The aim of these experiments was to investigate the role of 

potassium channels in responses to different sources of H2S by examining two 

different contracting agents, U46619 vs KCl. There were no significant differences in 

the relaxation responses of GYY4137 (-34.1± 3 vs -39.3± 6.1) or AP39 (-32.5± 3.9 

vs -45± 5.5) (Figure 4.8: B and C), although there was a significant increase in 

relaxation to Na2S (-31.3± 2.8 vs -55.8± 6.5) in KCl-precontracted compared to 

U46619-precontracted PCA (figure 4.8: A).  
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Figure 4.8: The effects of the contractile agent on single additions of hydrogen 

sulfide salt and donors on PCA contractility. Tissues were pre-contracted in the 

presence of either U46619 or KCl before single additions of either Na2S (1 mM) (A), 

GYY4137 (100 µM) (B) or AP39 (30 µM) (C) were applied and the maximal change 

recorded. The Y-axis represents the change in contractility expressed as a % of the 

U46619 response. Data are individual points from eight (Na2S), eight (GYY4137) or 

ten (AP39) independent experiments. **P<0.01 compared to the response in the 

presence of U46619 using a two-tailed paired Student’s t-test. 
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4.4.6. The effects of the potassium channel blocker, tetraethyl ammonium 

chloride (TEA) on relaxation responses to different sources of H2S 

Tetraethyl ammonium chloride (TEA) is a non-selective potassium channels blocker. 

(Khodakhah et al., 1997; Lenaeus et al., 2005). The presence of 10 mM TEA 

unexpectely enhanced relaxation responses to all three sources of H2S (figure 4.9: 

A, B and C). There were no significant effects of 10 mM TEA on the concentration of 

U46619 needed to achieve 40-60 % of KCl response (data not shown). 
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Figure 4.9: The effects of TEA (10 mM, tetraethylammonium, non-selective 

potassium channel blocker) on single concentration additions of hydrogen sulfide salt 

and donors on PCA contractility. Tissues were pre-contracted in the presence of 

U46619 before single additions of either Na2S (1 mM) (A), GYY4137 (100 µM) (B) or 

AP39 (30 µM) (C) or the vehicle control for TEA Krebs’-Henseleit solution were applied 

and the maximal change recorded. The Y-axis represents the change in contractility 

expressed as a % of the U46619 response. Data are individual points from eight 

(Na2S) or eight (GYY4137) or six (AP39), independent experiments. *P<0.05 

compared to the vehicle control for TEA Krebs’-Henseleit solution using a two-tailed 

paired Student’s t-test.  
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4.4.7. The effects of potassium channel blocker, tetraethylammonium 

chloride (TEA) on the time dependence of responses to different sources of 

H2S 

The aim of these experiments was to investigate the effect of 10 mM TEA on the time 

profile of relaxation responses to the different sources of H2S in U46619-

precontracted PCA segments. Two time-dependent parameters were quantified: t100 

was defined as the time latency to reach peak relaxation (pr), while t50 was defined 

as the time at which 50 % of the peak relaxation was attained (see 4.2.9) and (figure 

4.10: D)   

There were significant reductions in t50 and t100 of responses to Na2S (figure 4.10: A) 

and GYY4137 (figure 4.10: B and E) in the presence of TEA. For AP39 (figure 4.10: 

C), there was only a significant reduction in the t100 in the presence of TEA. These 

results indicating a quicker relaxation response in the presence of TEA (figure 4.10: 

D and E). 
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Figure 4.10: The effects of 10 mM TEA (tetraethylammonium chloride, non-selective 

potassium channel blocker) on the time profile parameters t100 (time to reach to the 

peak relaxation [pr]) or t50 (time to reach to 50% of the peak relaxation [pr]) of the 

relaxation responses of 1 mM Na2S (A); 100 µM GYY4137 (B); 30 µM AP39 (C); as a 

single concentration addition in U46619-precontracted PCA. The Y-axis represents 

the time of the relaxation response in min; control (vehicle control Krebs’-Henseleit 

solution, in the absence of TEA) group vs +TEA (in the presence of 10 mM TEA). 

Representative trace recordings for the effects of the absence of 10 mM TEA (control, 

vehicle control Krebs’-Henseleit solution, in the absence of TEA) (D) or presence of 

10 mM TEA (E) on peak relaxation (pr) and 50 % peak relaxation of the relaxation 

responses of 100 µM GYY4137 as a single concentration addition in U46619-

precontracted PCA. *p< 0.05 vs control; **p-value < 0.01 vs control using two-tailed 

paired Student’s t-test; n=6.  
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4.4.8. The effect of KATP channel blockade on the relaxation evoked by 

three different sources of H2S 

The effect of TEA was unexpected as previous studies suggested an inhibition of the 

relaxation, not an enhancement. In vascular tissues, such as rat aorta, it has been 

reported that H2S relaxation responses were mediated via KATP channels opening and 

glibenclamide was suggested as selective inhibitor of KATP channels (Zhao et al., 

2001; Tang et al., 2005). Therefore, the effect of a selective inhibitor of KATP channels 

was investigated. In the presence of 1 µM glibenclamide, there was a significant 

enhancement of the relaxation responses to Na2S and GYY4137 (figure 4.11: A and 

B), but not to AP39 (figure 4.11: C).  

 

+ 
N
a 2

S

G
lib

en
cl

am
id

e+
 N

a 2
S

-150

-125

-100

-75

-50

-25

0

C
h

a
n

g
e
 i
n

 c
o
n

tr
a
c
ti

li
ty

(
%

 c
h

a
n

g
e
 i

n
 U

4
6

6
1

9
 r

e
s
p

o
n

s
e
)

**

A

+ 
G

Y
Y
41

37

G
lib

en
cl

am
id

e+
 G

YY
41

37

*
B

+ 
A
P
39

G
lib

en
cl

am
id

e+
 A

P
39

NS

C

 

Figure 4.11: The effects of the KATP channel blocker glibenclamide (1 µM) on single 

additions of hydrogen sulfide salt and donors on PCA contractility. Tissues were pre-

contracted in the presence of U46619 before single concentration additions of either 

Na2S (1 mM) (A), GYY4137 (100 µM) (B) or AP39 (30 µM) (C) were applied and the 

maximal change recorded. The Y-axis represents the change in contractility 

expressed as a % of the U46619 response. Control (in the absence of glibenclamide, 

vehicle control, 0.1 % v/v DMSO) group vs +glibenclamide (in the presence of 1 µM 

glibenclamide); *p-value < 0.05, **p-value < 0.01; NS (non-significant) p-value             

> 0.05 using two-tailed paired Student’s t-test; n=7-12. 
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In the presence of glibenclamide, the t50 values of responses to all three agents were 

unchanged, while only the t100 of GYY4137 and AP39 responses was quicker (figure 

4.12: B and C). 
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Figure 4.12: The effects of 1 µM glibenclamide (KATP channel blocker) on the time 

profile parameters t100 (time to reach the peak relaxation [pr] response) or t50 (time 

to reach 50% of the peak relaxation response) of the relaxation responses of 1 mM 

Na2S (A); 100 µM GYY4137 (B); 30 µM AP39 (C); as a single concentration addition 

in U46619-precontracted PCA. The Y-axis represents the time of the relaxation 

response in min; control (vehicle control 0.1% v/v DMSO, in the absence of 

glibenclamide) group vs +glibenclamide (in the presence of 1 µM glibenclamide); 

data are individual points, and the horizontal line represents mean value.  NS 

represents non-significant p> 0.05, *p< 0.05 vs control; using a two-tailed paired 

Student’s t-test; n=7-12 
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4.4.9. The effect of tolbutamide on the relaxation responses to different 

sources of H2S 

Glibenclamide is a sulfonylurea oral antidiabetic agent, acting as a KATP channel 

blocker (Schwanstecher et al., 1994; Zünkler et al., 1997). Tolbutamide is also a 

sulfonylurea oral antidiabetic agent (Zünkler et al., 1997). Therefore, in order to 

confirm the effects of glibenclamide, the experiment was repeated in the presence of 

tolbutamide. In the presence of 100 µM tolbutamide there were significant 

enhancements in relaxation responses of all three different sources of H2S in U46619-

precontracted PCA (figure 4.13: A, B and C). 
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Figure 4.13: The effects of KATP channel blocker tolbutamide (100 µM) on single 

concentration additions of hydrogen sulfide salt and donors on PCA contractility. 

Tissues were pre-contracted in the presence of U46619 before single concentration 

additions of either Na2S (1 mM) (A), GYY4137 (100 µM) (B) or AP39 (30 µM) (C) 

were applied and the maximal change recorded. The Y-axis represents the change in 

contractility expressed as a % of the U46619 response. Control (in the absence of 

tolbutamide, vehicle control, 0.1 % v/v DMSO) group vs +tolbutamide (in the 

presence of 100 µM tolbutamide); *p-value < 0.05, **p-value < 0.01 using two-

tailed paired Student’s t-test; n=6-8. 
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There were significant differences in t100 values for Na2S (figure 4.14: A) and 

GYY4137 (figure 4.14: B), but not to AP39 (Figure 4.14: C). There were significant 

reductions in t50 with GYY4137 (figure 4.14: B) and AP39 (figure 4.14: C), but not 

Na2S (figure 4.14: A). 
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Figure 4.14: The effects of 100 µM tolbutamide (KATP channel blocker) on the time 

profile parameters t100 (time to reach the peak relaxation [pr] response) or t50 (time 

to reach 50% of the peak relaxation response) of the relaxation responses of 1 mM 

Na2S (A); 100 µM GYY4137 (B); 30 µM AP39 (C); as a single concentration addition 

in U46619-precontracted PCA. The Y-axis represents the time of the relaxation 

response in min; control (vehicle control 0.1% v/v DMSO, in the absence of 

tolbutamide) group vs +tolbutamide (in the presence of 100 µM tolbutamide). Data 

are individual points, and the horizontal line is the mean value.  *p< 0.05 vs control; 

**p< 0.01 vs control using two-tailed paired Student’s t-test; n=6-8. 
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4.4.10. The effect of the KATP channel blocker, glibenclamide on the 

relaxation responses of the KATP channel opener, pinacidil 

In order to confirm that glibenclamide was acting by blocking KATP channels, the effect 

of glibenclamide on the response to pinacidil, a KATP channel opener (Gollasch, 1995), 

was determined. Glibenclamide evoked a significant decrease in the relaxation 

responses to pinacidil at higher concentrations (figure 4.15). 
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Figure 4.15: The effect of the KATP channel blocker glibenclamide (1 µM) on the 

relaxatory responses to the KATP channel opener pinacidil. Tissues were pre-

contracted in the presence of U46619 in the absence or presence of glibenclamide. 

The Y-axis represents the change in contractility expressed as a % of the U46619 

response, while the X-axis is the logarithm of the pinacidil concentration. Data are 

mean ± SEM from ten independent experiments. ***P<0.001 compared to the 

response in the absence of glibenclamide (0.1 % v/v DMSO vehicle control) using a 

two-way ANOVA matched for tissue donor, with a post-hoc Sidak’s multiple 

comparison test, n=10. 
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4.4.11. The effect of glucose removal on relaxation responses to three 

different sources of H2S 

Mitochondria play essential roles in energy production and vascular tone (Polhemus 

et al., 2014). The absence of glucose from the Krebs’-Henseleit solution should 

increase the cells dependence on mitochondrial respiration by oxidative 

phosphorylation more than cytosolic glycolysis for the generation of ATP (Yang et al., 

2017). Relaxation responses of GYY4137 and AP39 were unaffected by the removal 

of glucose (figure 4.16: B and C), while it enhanced the relaxation to Na2S (figure 

4.16: A). The removal of glucose from Krebs’s solution necessitated a significant 

increase in the concentration of U46619 needed to get a contraction to 40-60 % of 

KCl response (figure 4.16: D). 
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Figure 4.16: The effects of glucose-free Krebs’ solution on single additions of hydrogen sulfide 

salt and donors on PCA contractility. Tissues were pre-contracted in the presence of U46619 

before single additions of either Na2S (1 mM) (A) or GYY4137 (100 µM) (B) or AP39 (30 µM) 

(C) were applied and the maximal change recorded. The Y-axis represents the change in 

contractility expressed as a % of the U46619 response. The x-axis represents Krebs’ solution 

(control Krebs, in the presence of glucose) group vs glucose-free Krebs solution (in the absence 

of glucose). The concentration of U46619 needed to get 40-60 % of KCl response (D); * p-

value < 0.05 (n=20-25), ** p-value < 0.01; NS (non-significant) p-value > 0.05 using a two-

tailed paired Student’s t-test; n=6-8. 
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4.4.12. The effect of glucose on relaxation responses of submaximal 

concentrations of the mitochondrial-targeted H2S donor AP39 

There was no effect on the relaxation response to 30 µM AP39, the mitochondrial-

targeted H2S donor in the absence of glucose (glucose-free Krebs solution) (figure 

4.16). However, the relaxation response was near maximal using this concentration 

in these experiments. Therefore, the effect of removal of glucose on lower 

concentrations of AP39 was determined. The results of these experiments 

demonstrated that removal of extracellular glucose had no effect on the relaxation 

to 10 µM AP39 (figure 4.17: A), but it resulted in a significant enhancement in the 

relaxation responses to 5 µM AP39 in U46619-precontracted PCA (figure 4.17:  B). 
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Figure 4.17: The effects of the glucose-free Kreb’s solution on single additions of 

the mitochondrial-targeted H2S donor AP39 on PCA contractility. Tissues were pre-

contracted in the presence of U46619 before single additions of either AP39 (10 µM) 

(A) or AP39 (5 µM) (B) were applied and the maximal change recorded. The Y-axis 

represents the change in contractility expressed as a % of the U46619 response. The 

X-axis represents Krebs’ solution (control, in the presence of glucose) group vs 

glucose-free Krebs’ solution (in the absence of glucose); NS (non-significant) p-value 

> 0.05; * p-value < 0.05 using two-tailed paired Student’s t-test; n=6-8. 
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4.4.13. The effect of the mitochondrial uncoupling agent FCCP on relaxation 

responses of submaximal concentration of the mitochondrial-targeted H2S 

donor AP39 

FCCP is a mitochondrial uncoupling agent, which impairs ATP production in the 

mitochondria (Szczesny et al., 2014). Therefore, in order to determine the role of 

mitochondria in the relaxation responses to AP39, relaxations to a submaximal 

concentration of AP39 were determined in the presence of FCCP (Szczesny et al., 

2014). 1 µM FCCP had no effect on the relaxation responses of 5 µM AP39 in U46619-

precontracted PCA (figure 4.18: A). 1 µM FCCP had no effect on the concentration of 

U46619 needed to get 40-60 % of KCl response (figure 4.18: B). 
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Figure 4.18: The effects of 1 µM FCCP on single additions of the mitochondrial-

targeted H2S donor AP39 on PCA contractility. Tissues were pre-contracted in the 

presence of U46619 before single additions of 5 µM AP39 (A) were applied, and the 

maximal change recorded. The amount of U46619 needed to get 40-60 % of KCl 

response (B). The Y-axis represents the change in contractility expressed as a % of 

the U46619 response. The X-axis represents ethanol control (0.1 % v/v ethanol, 

vehicle control for FCCP, in the absence of FCCP) group vs FCCP (in the presence of 

1 µM FCCP); NS (non-significant) p-value > 0.05 using two-tailed paired Student’s   

t-test; n=14. 
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4.4.14. The effect of different sources of H2S on calcium-induced 

contractions   

It has been reported that H2S is able to inhibit the influx of calcium by blocking 

calcium channels (Zhao and Wang, 2002; Al-Magableh and Hart, 2011). Therefore, 

the aim of these experiments was to determine whether H2S could inhibit contractions 

caused by an influx of extracellular calcium. Tissues were pre-incubated for 15 min 

with each one of the three different sources of H2S in calcium-free Krebs’ solution. 

Next, 60 mM KCl was added to open voltage-gated calcium channels, and 

contractions were induced by addition of 1 mM CaCl2 at the final step of the 

experiment. Pre-incubation with the three different sources of H2S led to significant 

decreases in the contractile responses after addition of 1 mM CaCl2 in PCA (figure 

4.19: A, B and C). 
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Figure 4.19: The effects of pre-incubation (15 min) with the different sources of H2S 

1 mM Na2S (A); 100 µM GYY4137 (B); 30 µM AP39 (C) on 1 mM calcium chloride 

(CaCl2) induced contraction responses of PCA. The Y-axis represents contractility 

tension in gram (g) after addition of 1 mM calcium chloride (CaCl2). The X-axis 

represents distilled water control+CaCl2 (vehicle control: distilled water for Na2S) and 

Na2S+CaCl2 (15 min pre-incubated with 1 mM Na2S) (A).  The X-axis represents 

DMSO control+ CaCl2 (vehicle control 0.1 % v/v DMSO for GYY4137) and 

GYY4137+CaCl2 (15 min pre-incubated with 100 µM GYY4137) (B). The X-axis 

represents DMSO control+ CaCl2 (vehicle control 0.1 % v/v DMSO for AP39) and 

AP39+CaCl2 (15 min pre-incubated with 30 µM AP39).  *p< 0.05, **p < 0.01 using 

two-tailed paired Student’s t-test; n=6-8. 
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Investigation of the time-profile of these responses after different periods of pre-

incubation (0, 15, 30 and 60 min) with 1 mM Na2S, 100 µM GYY4137 and 30 µM AP39 

may be useful to determine whether the H2S donors have prolonged effects. There 

was a significant reduction in the contraction to calcium with Na2S (figure 4.20: A), 

GYY4137 (figure 4.20: B) and AP39 (figure 4.20: C) compared to control (vehicle 

control distilled water for Na2S or 0.1 % v/v DMSO for GYY4137 and AP39). There 

was no difference in the size of the reduction when Na2S or GYY4137 or AP39 was 

pre-incubated for 15, 30  or 60 min, indicating a maintained response (figure 4.20: 

A, B and C). 
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Figure 4.20: The effect of different periods of pre-incubation (15, 30 and 60 min) 

with different sources of H2S donors 1 mM Na2S (A); 100 µM GYY4137 (B); 30 µM 

AP39 (B) on the addition of 1 mM calcium chloride (CaCl2) induced contraction 

responses of PCA. The Y-axis represents contractility tension in gram (g) after 

addition of 1 mM calcium chloride (CaCl2). The X-axis represents control (vehicle 

control: distilled water for Na2S) and Na2S+CaCl2 (15, 30 and 60 min pre-incubated 

with 1 mM Na2S) (A). The X-axis represents control (vehicle control: 0.1 v/v % DMSO 

for GYY4137) and GYY4137+CaCl2 (15, 30 and 60 min pre-incubated with 100 µM 

GYY4137) (B). The X-axis represents control (vehicle control: 0.1 v/v % DMSO for 

AP39) and AP39+CaCl2 (15, 30 and 60 min pre-incubated with 30 µM AP39) (C). * P 

< 0.05 vs control, **p < 0.01 vs control, ***p < 0.001 vs control using one-way 

ANOVA followed by Sidak’s post-hoc test; n=6-10.  
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4.4.15. The effect of three different sources of H2S on BayK8644-

precontracted PCA 

The above experiments suggest the involvement of calcium channels, in particular, 

voltage-gated calcium channels in the H2S-mediated relaxation responses. BayK8644 

is an L-type calcium channel activator (Thomas et al., 1985). Therefore, the effect of 

the three different sources of H2S: 1 mM Na2S, 100 µM GYY4137 and 30 µM AP39 on 

BayK8644-precontracted PCA was determined. 1 mM Na2S (figure 4.21: A), 100 µM 

GYY4137 (figure 4.21 B) and 30 µM AP39 (figure 4.21 C) produced significant 

relaxations in BayK8644-precontracted PCA.  
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Figure 4.21: The effects of three different sources of hydrogen sulfide on PCA 

contractility. Tissues were pre-contracted in the presence of BAYK8816 before single 

concentration additions of either Na2S (1 mM) or vehicle control (distilled water for 

Na2S) (A); GYY4137 (100 µM) or 0.1 v/v % DMSO control (vehicle control for 

GYY4137) (B), AP39 (30 µM) or 0.1 v/v % DMSO control (vehicle control for AP39) 

were applied and the maximal change recorded. The Y-axis represents the change in 

contractility expressed as a % of the BAYK8816 response. Data are individual points; 

*P<0.05 compared to control, **P<0.01 compared to control using a two-tailed 

paired Student’s t-test; n=6-8. 
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4.4.16. The effect of capsazepine on relaxation responses to three different 

sources of H2S in U46619-precontracted PCA 

Recently, there is some evidence, which suggests transient receptor potential (TRP) 

channel involvement in the relaxation response of blood vessels to H2S (White et al., 

2013; Naik et al., 2016). Therefore, the effect of 10 µM capsazepine, a TRPV1 channel 

blocker, on relaxation responses to H2S using 1 mM Na2S, 100 µM GYY4137 and 30 

µM AP39 on U46619-precontracted PCA was determined. 10 µM capsazepine led to a 

significant decrease in the relaxation responses of all three different sources of H2S, 

1 mM Na2S (figure 4.22: A), 100 µM GYY4137 (figure 4.22: B), and 30 µM AP39 

(figure 4.22: C) in U46619-precontracted PCA. 

et
han

ol c
ontr

ol+
 N

a 2
S
 

C
ap

sa
ze

pin
e+

  N
a 2

S

-200

-150

-100

-50

0

C
h

a
n

g
e
 i
n

 c
o
n

tr
a
c
ti

li
ty

(
%

 c
h

a
n

g
e
 i

n
 U

4
6

6
1

9
 r

e
s
p

o
n

s
e
) *

A

et
han

ol c
ontr

ol+
 G

Y
Y
41

37

C
ap

sa
ze

pin
e+

  G
YY

41
37

*

B

et
han

ol c
ontr

ol+
 A

P
39

C
ap

sa
ze

pin
e+

 A
P
39

*

C

 

Figure 4.22: The effects of 10 µM capsazepine (TRPV1 blocker) on single 

concentrations of hydrogen sulfide sources on PCA contractility. Tissues were pre-

contracted in the presence of U46619 before single concentration additions of either 

Na2S (1 mM) (A), GYY4137 (100 µM) (B) or AP39 (30 µM) (C) were applied and the 

maximal change recorded. The X-axis represents ethanol control (0.1 % v/v ethanol 

vehicle control for capsazepine, in the absence of capsazepine) + Na2S (1 mM) or 

capsazepine (10 µM) + Na2S (1 mM) (A). The X-axis represents ethanol control (0.1 

% v/v ethanol vehicle control for capsazepine, in the absence of capsazepine) 

+GYY4137 (100 µM) or capsazepine (10 µM) + GYY4137 (100 µM) (B). The X-axis 

represents ethanol control (0.1 % v/v ethanol vehicle control for capsazepine, in the 

absence of capsazepine) + AP39 (30 µM) or capsazepine (10 µM) + AP39 (30 µM) 

(C). The Y-axis represents the change in contractility expressed as a % of the U46619 

response. Data are individual points; *P<0.05 compared to ethanol control using a 

two-tailed paired Student’s t-test; n=6. 
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4.4.17. The comparison of 95 % oxygen and 21 % oxygen on relaxation 

responses in U46619-precontracted PCA 

It has been suggested that oxygen gas may oxidise H2S and decrease H2S availability 

(Olson et al., 2006). Thus, decrease of oxygen level may lead to increase of H2S 

availability. Therefore, the effect of two levels of oxygen, 21% and 95%, on 

relaxation responses to the three different sources of H2S, 1 mM Na2S, 100 µM 

GYY4137 and 30 µM AP39 in U46619-precontracted PCA was determined. 

Unexpectedly, there was a significant decrease in the relaxation responses to 1 mM 

Na2S in the presence of 21% oxygen compared to 95% oxygen (figure 4.23: A). 

There was no significant difference in the relaxation responses of 100 µM GYY4137 

in the two oxygen conditions (figure 4.23: B). Intriguingly, there was a significant 

enhancement in the relaxation responses of 30 µM AP39 in U46619-precontracted 

PCA in the presence of 21% oxygen compared to 95% oxygen (figure 4.23: C). There 

was no significant difference in the contraction responses of 100 µM GYY4137 and 30 

µM AP39 in U46619-precontracted PCA in the presence of 21% oxygen compared to 

95% oxygen (figure 4.23: E and F), but there was a significant increase in the 

contraction responses of 1 mM Na2S in U46619-precontracted PCA in the presence of 

21% oxygen compared to 95% oxygen (figure 4.23: D) and this may responsible for 

decrease in the relaxation responses to 1 mM Na2S in the presence of 21% oxygen 

compared to 95% oxygen (figure 4.23: A). Furthermore, there was no significant 

difference in the concentration of U46619 needed to get 40-60 % of KCl response 

(data not shown). 
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Figure 4.23. Comparison of the effects of 95% oxygen gas/ 5% CO2 (control) gas 

mixture and 21% oxygen gas/5% CO2 (air) gas mixture on single concentration 

additions of hydrogen sulfide donors on PCA contractility. Tissues were pre-

contracted in the presence of U46619 before single concentrations of either Na2S (1 

mM) (A), GYY4137 (100 µM) (B) or AP39 (30 µM) (C) were applied and the maximal 

change recorded. The X-axis represents 95% oxygen gas/ 5% CO2 (control) gas 

mixture+ Na2S (1 mM) and 21% oxygen gas/5% CO2 (air) gas mixture+ Na2S (1 

mM)(A). The X-axis represents 95% oxygen gas/ 5% CO2 (control) gas mixture+ 

GYY4137 (100 µM) and 21% oxygen gas/5% CO2 (air) gas mixture+ GYY4137 (100 

µM) (B). The X-axis represents 95% oxygen gas/ 5% CO2 (control) gas mixture+ 

AP39 (30 µM) and 21% oxygen gas/5% CO2 (air) gas mixture+ AP39 (30 µM) (C).  

The contraction responses of the three different H2S sources 1 mM Na2S (D), 100 µM 

GYY4137 (E), and 30 µM AP39 (F). The Y-axis represents the change in contractility 

expressed as a % of the U46619 response. Data are individual points. * P < 0.05 vs 

control, NS (non-significant) p> 0.05 using a two-tailed paired Student’s t-test; n=7-

8. 
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4.4.18. The effects of different sources of H2S before or after U46619 on the 

hypoxia and recovery responses in PCA  

In order to determine the effect of the H2S donors on the hypoxic response in the 

PCA, tissues were pre-incubated (15 min) with 1 mM Na2S, 100 µM GYY4137 or 30 

µM AP39 before U46619 addition.  

4.4.18.1. The effects of 1 mM Na2S added before U46619 addition 

The results of these experiments demonstrated that were no significant effects of 1 

mM Na2S pre-incubation (15 min) on: the size of the hypoxia response, peak 

(maximum) relaxation response (figure 4.24: A, F and G), the recovery response to 

reoxygenation (figure 4.24:  A, F and G), the peak relaxation (pr)-time (t100, the 

time required to reach the peak relaxation response after hypoxia) (figure 4.24: B), 

the t50-time (the time required to reach 50 % of the peak relaxation response after 

hypoxia) (figure 4.24: B), the tr100-time (the time required to reach peak recovery 

response after 95 % oxygen/ 5 % CO2 reintroduction/reoxygenation) (figure 4.24: 

B), the tr50-time (the time required to reach 50 % of the peak recovery response 

after 95 % oxygen/5 % CO2 reintroduction/reoxygenation) (figure 4.24:  B and G). 

Pre-incubation with 1 mM Na2S before U46619 led to no significant difference in the 

hypoxia-induced contraction response (figure 4.24: C). Pre-incubation with 1 mM 

Na2S before U46619 led to no significant difference in U46619 contraction (figure 

4.24: D); however 1 mM Na2S led to a significant increase (about double) in the 

concentration of U46619 required to reach 40-60 % contractility response of KCl  

(figure 4.24: E).  
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Figure 4.24. The effects of 1 mM Na2S pre-incubation (15 min) on the hypoxia 

response and recovery response (A); the t100-time (the time required to reach the 

peak relaxation response after hypoxia), the t50-time (the time required to reach 50 

% of the peak relaxation response after hypoxia), tr100-time (the time required to 

reach the peak recovery response after 95 % oxygen/5 % CO2 reintroduction/ 

reoxygenation), the tr50-time (the time required to reach 50 % of the peak recovery 

response after 95 % oxygen/5 % CO2 reintroduction/reoxygenation) (B). The 

contraction response of hypoxia with control (vehicle control for Na2S distilled water) 

or Na2S (1 mM) (C). U46619 contraction response with control (vehicle control for 

Na2S distilled water) or Na2S (1 mM) (D). The concentration of U46619 required to 

reach 40-60 % contractility response of 60 mM KCl response with control (vehicle 

control for Na2S distilled water) or Na2S (1 mM) (E). The representative trace of the 

hypoxia relaxation response and recovery response in the presence of control (vehicle 

control for Na2S distilled water) (F) or Na2S (1 mM) (G). The control represents in 

the absence of 1 mM Na2S (vehicle control distilled water); Na2S represents in the 

presence of 1 mM Na2S (Na2S pre-incubated for 15 min before U46619 addition). NS 

(non-significant) p> 0.05, * p< 0.05 using two-tailed paired Student’s t-test; n=7-

8.  
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4.4.18.2. The effects of 100 µM GYY4137 added before U46619 addition 

The results of these experiments demonstrated that were no significant effects of 

pre-incubation with GYY4137 on: the size of hypoxia response, peak (maximum) 

relaxation response (figure 4.25: A and F), recovery response after reintroduction of 

oxygen (figure 4.25: A and F), peak relaxation (pr)-time (t100-time, the time required 

to reach the peak relaxation response after hypoxia)(figure 4.25: B), t50-time (the 

time required to reach 50 % of the peak relaxation response after hypoxia) (figure 

4.25: B), tr100-time (the time required to reach the peak recovery response after 95 

% oxygen/5 % CO2 reintroduction/reoxygenation) (figure 4.25: B), tr50-time (the 

time required to reach 50 % of the peak recovery response after 95 % oxygen/5 % 

CO2 reintroduction/reoxygenation) (figure 4.25: B), the concentration of U46619 

required to reach 40-60 % contractility response of KCl response (figure 4.25: D). 

Pre-incubation with 100 µM GYY4137 before U46619 led to significant decrease in 

the size of the hypoxia-induced contraction response (figure 4.25: C). Representative 

traces in the presence of control (figure 4.25: E) and 100 µM GYY4137 (figure 4.25: 

F). 
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Figure 4.25: The effects of 100 µM GYY4137 pre-incubation (15 min) before U46619 

on the hypoxia response and recovery response (A); t100-time (the time required to 

reach the peak relaxation response after hypoxia), t50-time (the time required to 

reach 50 % of the peak relaxation response after hypoxia), tr100-time (the time 

required to reach the peak recovery response after 95 % oxygen/5 % CO2 re-

introduction/re-oxygenation), tr50-time (the time required to reach 50 % of the peak 

recovery response after 95 % oxygen/5 % CO2 re-introduction /re-oxygenation) (B); 

the contraction response of hypoxia with control (vehicle control for GYY4137 0.1 % 

v/v DMSO) or  GYY4137 (100 µM) (C). The amount of U46619 required to reach 40-

60 % contractility response of 60 mM KCl response with control (vehicle control for 

GYY4137 0.1 % v/v DMSO) or  GYY4137 (100 µM) (D). The representative trace of 

the hypoxia relaxation response and recovery response in the presence of control 

(vehicle control for GYY4137 0.1 % v/v DMSO) (E) or GYY4137 (100 µM) (F). The 

control represents in the absence of 100 µM GYY4137 (vehicle control, 0.1 % v/v 

DMSO); GYY4137 represents in the presence of 100 µM GYY4137 (GYY4137 pre-

incubated for 15 min before U46619 addition); NS (non-significant) p> 0.05, * p< 

0.05 using a two-tailed paired Student’s t-test; n=7.  
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4.4.18.3. The effects of 30 µM AP39 addition before U46619 addition 

There were no significant effects of pre-incubation with 30 µM AP39 on: the size of 

hypoxia response, peak (maximum) relaxation response (figure 4.26: A), the peak 

relaxation (pr)-time (t100-time, the time required to reach the peak relaxation 

response after hypoxia) (figure 4.26: B), the t50-time (the time required to reach 50 

% of the peak relaxation response after hypoxia)(figure 4.26: B), the tr100-time (the 

time required to reach the peak recovery response after 95 % oxygen/ 5 % CO2 

reintroduction/reoxygenation)(figure 4.26: B), the tr50-time (the time required to 

reach 50 % of the peak recovery response after 95 % oxygen/ 5 % CO2 

reintroduction/reoxygenation)(figure 4.26: B), the hypoxia-induced contraction 

response (figure 4.26: C), U46619 response (figure 4.26: D), the concentration of 

U46619 required to reach 40-60 % contractility response of 60 mM KCl response 

(figure 4.26:  E). Interestingly, 30 µM AP39 addition before U46619 led to a 

significant decrease in the size of the recovery response after reintroduction of 

oxygen (reoxygenation) (figure 4.26: A, F and G). 
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Figure 4.26: The effects of 30 µM AP39 added (15 min) before U46619 on the hypoxia 

response and recovery response (A); the t100-time (the time required to reach the peak 

relaxation response after hypoxia), the t50-time (the time required to reach 50 % of the peak 

relaxation response after hypoxia), the tr100-time (the time required to reach the peak recovery 

response after 95 % oxygen/5 % CO2 reintroduction/reoxygenation), the tr50-time (the time 

required to reach 50 % of the peak recovery response after 95 % oxygen/5 % CO2  

reintroduction/ reoxygenation) (B). The contraction response of hypoxia with control (vehicle 

control for AP39 0.1 % v/v DMSO) or AP39 (30 µM) (C). U46619 response with control (vehicle 

control for AP39 0.1 % v/v DMSO) or AP39 (30 µM) (D). The concentration of U46619 required 

to reach 40-60 % contractility response of 60 mM KCl response with control (vehicle control 

for AP39 0.1 % v/v DMSO) or AP39 (30 µM) (E). The representative trace recording of the 

hypoxia relaxation response and recovery response with control (vehicle control for AP39 0.1 

% v/v DMSO) (F) or AP39 (30 µM) (G). The control represents in the absence of 30 µM AP39 

(vehicle control, 0.1% v/v DMSO); AP39 represents in the presence of 30 µM AP39 (AP39 

incubated for 15 min before U46619 addition); NS (non-significant) p> 0.05, *p< 0.05 vs 

control using a two-tailed paired Student’s t-test; n=6.  
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Pre-incubation with the different sources of H2S before U46619 may lead to loss of 

the H2S before the induction of hypoxia, because of the time required for U46619 to 

produce a contraction. Therefore, the experiment was repeated by contracting with 

U46619, prior to addition of the H2S sources and subsequent induction of hypoxia. 

4.4.18.4. The effects of 1 mM Na2S addition after U46619 addition 

1 mM Na2S incubation after U46619 had no significant effect the time-profile 

parameters of the hypoxia response (t100 and t50) or the recovery response (tr100 and 

tr50) after reintroduction of oxygen (reoxygenation) (figure 4.27: B), and had non-

significant effect on the size of the relaxation response to hypoxia (figure 4.27: A, D 

and E). However, 1 mM Na2S incubation after U46619 led to a significant decrease in 

the size of the recovery response after reintroduction of oxygen (reoxygenation) 

(figure 4.27: A, D and E) and a significant decrease in the size of the hypoxia-induced 

contraction response (4.27: C). 
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Figure 4.27: The effects of 1 mM Na2S incubation (15 min) after U46619 addition 

on the hypoxia response and recovery response (A); the t100-time (the time required 

to reach the peak relaxation response after hypoxia), the t50-time (the time required 

to reach 50 % of the peak relaxation response after hypoxia), the tr100-time (the time 

required to reach the peak recovery response after 95 % oxygen/5 % CO2 

reintroduction/reoxygenation), the tr50-time (the time required to reach 50 % of the 

peak recovery response after 95 % oxygen/5 % CO2 reintroduction/reoxygenation) 

(B). The contraction response of the hypoxia in the presence of control (vehicle 

control, distilled water) or 1 mM Na2S (C). The representative trace of the hypoxia 

relaxation response and recovery response in the presence of control (vehicle control, 

distilled water) (D) or 1 mM Na2S (E). Control represents in the absence of 1 mM 

Na2S (vehicle control, distilled water); Na2S represents in the presence of 1 mM Na2S 

(Na2S incubated for 15 min after U46619 addition); NS (non-significant) p> 0.05, * 

p< 0.05 vs control using two-tailed paired Student’s t-test; n=8. 
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4.4.18.5. The effects of 100 µM GYY4137 addition after U46619 addition 

Incubation with 100 µM GYY4137 after U46619 addition led to significant enhancing 

of the peak (maximum) relaxation response of hypoxia (figure 4.28: A). Interestingly 

100 µM GYY4137 incubation after U46619 addition led to a significant decrease in 

the recovery response after reintroduction of oxygen (reoxygenation) (figure 4.28: A 

and C) and moreover, there was a significant decrease in the time-profile parameters 

of the hypoxia response (t100 and t50) (figure 4.28: B) and also there was a significant 

delay in the recovery response (tr100 and tr50) (figure 4.28: B). Thus, it seemed that 

100 µM GYY4137 made the hypoxia relaxation response quicker (figure 4.28: B and 

D). Furthermore, 100 µM GYY4137 incubation after U46619 led to a significant 

decrease in the hypoxia-induced contraction response (figure 4.28: C and E). 
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Figure 4.28: The effects of 100 µM GYY4137 incubation (15 min) after U46619 

addition on the hypoxia response and recovery response (A); the t100-time (the time 

required to reach the peak relaxation response after hypoxia), the t50-time (the time 

required to reach 50 % of the peak relaxation response after hypoxia), the tr100-time 

(the time required to reach the peak recovery response after 95 % oxygen/5 % CO2 

reintroduction/reoxygenation), the tr50-time (the time required to reach 50 % of the 

peak recovery response after 95 % oxygen/ 5 % CO2 reintroduction/reoxygenation) 

(B). The contraction response of hypoxia in the presence of control (vehicle control 

for GYY4137 0.1% v/v DMSO) or GYY4137 (100 µM) (C). The representative trace of 

the hypoxia relaxation response and the recovery response after oxygen 

reintroduction (reoxygenation) in the absence of GYY4137 control (vehicle control, 

0.1% v/v DMSO) (D) or in the presence of GYY4137 (100 µM) (E). The control 

represents in the absence of 100 µM GYY4137 (vehicle control, 0.1% v/v DMSO); 

GYY4137 represents in the presence of 100 µM GYY4137 (GYY4137 incubated for 15 

min after U46619 addition); NS (non-significant) p> 0.05, * p< 0.05, ** p< 0.01 

using a two-tailed paired Student’s t-test; n=8.  
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4.4.18.6. The effects of 30 µM AP39 addition after U46619 addition 

The results of these experiments demonstrated that 30 µM AP39 incubation led to no 

significant difference in the time-profile parameters of the hypoxia response (t100 and 

t50) (figure 4.29: B). Moreover, there were no significant effects of 30 µM AP39 

incubation after U46619 addition on the size of the hypoxia response, peak 

(maximum) relaxation response (figure 4.29: A and E). However, there was a 

significant decrease in the size of the recovery response after reintroduction of 

oxygen (reoxygenation) (figure 4.29: A). Also, there was a significant delay in the 

time-parameters of the recovery response after reintroduction of oxygen 

(reoxygenation) (tr100 and tr50) (figure 4.29: B). The above results indicate that there 

were significant effects of 30 µM AP39 incubation after U46619 addition on the time 

profile of the recovery response (figure 4.29: B and D). Moreover, 30 µM AP39 

incubation after U46619 led to a significant decrease in the size of the hypoxia-

induced contraction response (figure 4.29: C and E). 
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Figure 4.29: The effects of 30 µM AP39 incubation (15 min) after U46619 addition 

on the hypoxia response and the recovery response (A); the t100-time (the time 

required to reach the peak relaxation response after hypoxia), the t50-time (the time 

required to reach 50 % of the peak relaxation response after hypoxia), the tr100-time 

(the time required to reach the peak recovery response after 95 % oxygen/5 % CO2 

reintroduction/reoxygenation), the tr50-time (the time required to reach 50 % of the 

peak recovery response after 95 % oxygen/5 % CO2 reintroduction/reoxygenation) 

(B). The contraction response of hypoxia in the presence of control (vehicle control for AP39 

0.1% v/v DMSO) or AP39 (30 µM). The representative trace of the hypoxia relaxation 

response and recovery response in the absence of AP39 control (vehicle control for 

AP39, 0.1 v/v % DMSO) (D) and in the presence of AP39 (30 µM) (E). The control 

represents in the absence of 30 µM AP39 (vehicle control for AP39 0.1% v/v DMSO); 

AP39 represents in the presence of 30 µM AP39 (AP39 incubated for 15 min after 

U46619 addition); NS (non-significant) p> 0.05, *p< 0.05 vs control, **p< 0.01 vs 

control using a two-tailed paired Student’s t-test; n= 10.  
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4.4.19. The effects of inhibition of endogenous H2S production on the 

recovery response after 15 min hypoxia in the U46619-precontracted PCA  

Depending on the above results, there is some evidence which suggests that the H2S 

sources may decrease the size of the recovery response after reoxygenation (oxygen 

reintroduction) after hypoxia. Therefore, the aim of this experiment was to determine 

the effect of inhibiting endogenous H2S synthesis using enzyme inhibitors AOAA (CBS 

inhibitor) and PPG (CSE inhibitor) on the recovery response to reoxygenation after 

15 min of hypoxia. In the presence of AOAA/PPG, there was a significant increase in 

the size of the recovery response to reoxygenation by 95 % oxygen/5 % CO2 (95 % 

oxygen/ 5 % CO2 reintroduction/reoxygenation) (figure 4.30: A, B and C). 
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Figure 4.30: The effects of H2S synthesising enzymes inhibitors in combination, 100 

µM AOAA (aminoxyacetic acid, CBS inhibitor) and 100 µM PPG (propargylglycine, CSE 

inhibitor) on the recovery response to reoxygenation by 95 % oxygen/ 5 % CO2 (95 

% oxygen/ 5 % CO2 reintroduction/reoxygenation) after 15 min hypoxia in U46619 

precontracted PCA (B) compared to control (vehicle control distilled water for 

AOAA/PPG) (A). The X-axis represents control (in the absence of AOAA/PPG, vehicle 

control distilled water for AOAA/PPG) vs + AOAA/PPG (PCA pre-incubated with 100 

µM AOAA and 100 µM PPG for 30 min, presence of AOAA/PPG). The Y-axis represents 

the change in contractility expressed as a percentage of the U46619 response. Data 

are individual points. *p< 0.05 using a two-tailed paired Student’s t-test; n=6. The 

representative trace for the effects of H2S synthesising enzymes inhibitors in control 

(vehicle control distilled water for AOAA/PPG) (B) and presence of combination, 100 

µM AOAA and 100 µM PPG on the recovery response to reoxygenation (C). 
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4.5. Discussion  

Most of the literature of H2S is based on the use of salts as a source of H2S. These 

salts release a large amount of H2S in a short time and this could lead to supra-

physiological concentrations. Therefore, there is a question mark about how useful 

and reliable these data are.   

Therefore, the key aims of this chapter were to determine whether there are any 

differences in the relaxation responses and mechanism of relaxation among three 

different types of H2S sources. Thus, in this chapter, we compared the effects of three 

different H2S sources on the relaxation response in the PCA. Next, we compared 

mechanisms of relaxation of these three different H2S sources in the PCA. First, Na2S 

salt, which releases H2S in a large amount in a short time, a fast release H2S salt, 

which may be regarded as the classical H2S salt/source used in many previous 

studies. Second, GYY4137, which releases H2S slowly over time, a slow-release H2S 

source. Third, AP39, which releases H2S in the mitochondria, mitochondrial-targeted 

H2S source. GYY4137 and AP39 could be regarded as new generation H2S sources in 

recent studies. 

Thus, this chapter aimed to gain greater insight into the role and molecular 

mechanism/s of H2S in the vasculature and to identify whether distinct exogenous 

H2S sources differentially influence the tone in the PCA by comparison of signalling 

pathways of these three different H2S sources: Na2S (fast release), GYY4137 (slow-

release) and AP39 (mitochondrial-targeted) in the relaxation response of PCA under 

different conditions. 

The results of this study demonstrated there was no difference in the relaxation 

responses between the three different H2S sources, Na2S, GYY4137 and AP39.  In 

other words, there was no difference in the relaxation response in PCA between the 

non-specific targeted H2S sources (Na2S and GYY4137) and the mitochondrial-

targeted H2S source AP39. Thus, the previous studies looking at the vascular 

responses to H2S using the salts might be useful in determining the relaxation 

response to H2S in PCA. 

Next, there was no difference in the mechanism of relaxation response among the 

three different H2S sources.  Moreover, results in this chapter demonstrated that the 

potassium channels, in particular, KATP channels and NO do not play a major role in 

H2S-mediated vasorelaxation in PCA. Our results suggested that H2S vasorelaxation 

is potentially mediated by blocking voltage-gated calcium channels and opening 

TRPV1 channels.  



 

247 

 

First, we did the cumulative response curve (CRC) for H2S sources, and we observed 

that a single (bolus) concentration (dose) of H2S is more effective than cumulative 

additions of H2S because H2S has a rapid loss and unstable properties. Therefore, we 

used a single (bolus) concentrations of 1 mM Na2S, 100 µM GYY4137 and 30 µM AP39 

in our next experiments. Although these concentrations of 1 mM Na2S, 100 µM 

GYY4137 and 30 µM AP39 may seem higher than the concentrations used previously 

in other studies in cells (Wang, 2012, Powell et al., 2018), the possible explanation 

for this difference may be due to multiple layer structure of PCA tissues which may 

impede and slow the access of H2S in tissues in comparison to monolayer structure 

of cells though H2S is lipid soluble, or it may be due to different effect of H2S on PCA 

tissues in comparison to cells, or that PCA tissues may interact with H2S in a different 

way compared to cells. For example, AP39 in about 30-300 nanomolar concentrations 

was effective to protect against oxidative stress and maintain mitochondria function 

in murine brain endothelial cells (Szczesny et al., 2014), rat renal epithelial cells 

(Ahmad et al., 2016) and murine microvascular endothelial cells (Gerő et al., 2016).  

Zhao and co-workers reported that NaHS produced vasorelaxation with the measured 

H2S level of about 50 µM in rat aorta (Zhao et al., 2001). These concentrations are 

reported by Hosoki’s study that 50 µM-160 µM are physiological levels (Hosoki et al., 

1997) and also the measured H2S concentrations under physiological conditions are 

about 1 µM-160 µM in the blood and tissue of mammals (Abe and Kimura, 1996; 

Zhao et al., 2001). However, in the present study these concentrations failed to 

produce significant relaxation responses in PCA. This could be due to the H2S escaping 

the tissue bath very quickly, so the concentration that actually reaches the tissue is 

very low. 

1 mM concentration of inorganic salts, such as NaHS was used in many studies and 

produced hypotension and relaxation in a dose-dependent manner in vascular 

tissues, such as human internal mammary artery (Webb et al., 2008), aorta and 

portal vein (Hosoki et al., 1997; Zhao and Wang, 2002; Ali et al., 2006; Kubo et al., 

2007; Al-Magableh and Hart, 2011; Bucci et al., 2012), coronary artery (Kuo et al., 

2015; Donovan et al., 2017), and mesenteric artery (Cheng et al., 2004; di villa 

Bianca et al., 2011; Materazzi et al., 2017). 

100 µM to 1 mM GYY4137 concentrations led to anti-inflammatory effect in LPS-

induced endotoxic shock in rats and mouse macrophages via a significant decrease 

of TNF-α level and NF-kB activation (Li et al., 2009; Whiteman et al., 2010). In a 

concentration-dependent manner, 50 µM, 100 µM, 200 µM and 500 µM GYY4137 

concentrations produced an increase of cell viability, antioxidant and mitochondrial 

protective effects against high-glucose levels in H9c2 cells (Wei et al., 2014). 100 µM 
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GYY4137 led to a relaxation of mouse aorta (Bucci et al., 2012) and bovine ciliary 

artery in a dose-dependent manner (Chitnis et al., 2013). 

Generally, H2S concentrations of more than 100 µM led to vasorelaxation in rat aorta 

and mesenteric arteries (Whiteman et al., 2011). These blood vessels, rat aorta and 

mesenteric arteries are very much smaller than the PCA and this may make a 

difference. These differences in concentration of H2S donors used may be attributed 

to variations in the methodology, such as tissue or cells types, species rat or pig and 

experimental approaches: measurement assay, organ-bath or patch-clamp, 

conditions hyperoxic or hypoxic. These factors may lead to crucial effects on the 

concentrations of H2S sources used to induce an effect on vasculature. Similarly, low 

concentrations of L-cysteine (H2S precursor) led to contractions, while high 

concentrations of L-cysteine led to relaxations of rat mesenteric artery (Cheng et al., 

2004) and mouse aorta (Al-Magableh and Hart, 2011). 

The effects of H2S on the vasculature are complex and sometimes contradictory 

(Wang, 2012). For example, H2S may lead to a relaxation in some vessels and 

contraction in other vessels, or relaxation or contraction in the same tissue depending 

on the oxygen level. The size of the relaxation or contraction responses are also 

variable between studies. H2S can lead to both contraction and relaxation, depending 

on the H2S level. For example, Kubo and his colleagues reported that a low NaHS 

concentrations (100 µM-300 µM) produced contraction in rat aorta by inhibition of 

NO synthase. These contraction responses at low H2S concentrations are commonly 

associated with H2S salts rather than other H2S sources, such as slow-release H2S 

sources GYY4137. In contrast, high NaHS concentrations (1000 µM-3000 µM) 

resulted in relaxation (Kubo et al., 2007). Moreover, NaHS in low concentration 

(dose) (10 µM -100 µM) led to a contraction in rat aorta while relaxation in rat aorta 

was produced by higher concentration (400 µM- 1600 µM) (Ali et al., 2006). 

Donovan’s study reported that NaHS and Na2S produced contraction at low 

concentrations and relaxations at concentrations in PCA (Donovan et al., 2017). 

Similarly, NaHS and GYY4137 led to a vasorelaxation relaxation response in a 

concentration-dependent pattern in bovine ciliary artery (Chitnis et al., 2013). 

Materazzi’s study reported that NaHS led to relaxation in human mesenteric arteries 

in a concentration-dependent pattern (Materazzi et al., 2017). 
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Ali and co-workers reported that low H2S concentrations led to an increase in blood 

pressure. In contrast, high H2S  concentrations of H2S led to a decrease in blood 

pressure which may be via vasoactive effects of H2S on blood vessels of anesthetised 

rats (Ali et al., 2006). The results of the present study demonstrated that contraction 

responses at low H2S concentrations are observed with H2S salts rather than other 

H2S sources, such as slow-release H2S sources GYY4137 and mitochondrial-targeted 

H2S sources AP39. Furthermore, low concentrations of GYY4137 and AP39 led only 

to small relaxation responses. 



 

250 

 

4.5.1. L-NAME effects: NO role 

The results of the interaction between H2S with NO are contradictory. Some studies 

reported the interaction as enhancement of the relaxation, such as Zhao and Wang’s 

study, which reported that endothelial-denudation and L-NAME led to decrease of 

NaHS relaxation response in rat aorta (Zhao and Wang, 2002). On the other hand, 

other studies demonstrated the interaction of H2S with NO is antagonistic via 

formation of inactive nitrosothiol, which did not relax or contract blood vessels. They 

depended on biochemical and physiological evidence (Whiteman et al., 2006). This 

observation could be due to physiological antagonism between H2S and NO, and that 

nitrosothiol formation might be a mechanism to control the prolonged NO 

vasorelaxation effect. Therefore, H2S may modulate NO effects on vascular tone by 

controlling the availability of NO via chemical interaction and the formation of inactive 

nitrosothiol. For example, mixing of NaHS with NO donor, sodium nitroprusside led 

to a decrease in the relaxation effect of NaHS in rat aorta (Ali et al., 2006).  

The results of the current study showed that inhibition of NO synthesis by L-NAME 

led to a significant enhancement in the relaxation response of all our three different 

H2S sources in PCA. Moreover, transient contraction was observed with H2S salt Na2S 

rather than GYY4137 and AP39. In line with these results, Donovan’s study found 

that inhibition of NO synthesis by L-NAME led to a decrease in the transient 

contraction phase and increase in relaxation response of Na2S in PCA. They suggested 

that this observation may be due to antagonism in physiological functions between 

NO and H2S (Donovan et al., 2017). These observations could be due to NO with H2S 

could lead to the formation of inactive nitrosothiol, which presumably prevents the 

relaxation of H2S as well as NO (Whiteman et al., 2006). Thus, formation of 

nitrosothiol blocked by L-NAME. Therefore, removal of NO by L-NAME led to a higher 

detectable relaxation caused by H2S in PCA. Similarly, co-administration of AP39 with 

L-NAME in vivo led to augmentation of the hypotensive effect of AP39 and decrease 

of heart rate in rat hearts (Tomasova et al., 2014). In another study, the interaction 

of NO and NaHS (H2S salt) leads to contraction responses in rat and mouse aorta by 

direct inhibition of NO synthase activity in the endothelium (Geng et al., 2007; Kubo 

et al., 2007). They also reported that denudation lead to presence of only 

vasorelaxation in response to NaHS. Similar observation was reported in and human 

internal mammary artery (Webb et al., 2008). Therefore, these results could suggest 

a physiological antagonism between H2S and NO. Thus, in this case NO is reducing 

the H2S relaxation response, which could be happened in the current study. 
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L-NAME produced no difference in IK-1001 (H2S donor) relaxation response in rat 

aorta (Kiss et al., 2008). Similarly, Chitnis’s study reported that L-NAME led to no 

difference in NaHS and GYY4137 relaxation responses in bovine ciliary artery muscle 

and they suggested an alternative mechanism for H2S mediated relaxation possibly 

via inhibition production of excitatory-prostanoids, such as PGF2α by flurbiprofen 

(NSAIDs) (Chitnis et al., 2013).  
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4.5.2. KCl, TEA and glibenclamide effects: K+ channels role and KATP 

channels roles  

Some studies in the literature reported that H2S vasorelaxation is mediated by 

opening potassium channels, in particular, KATP channels and the effect of NaHS (H2S 

salt) was similar to pinacidil (KATP channel opener) and reduced by glibenclamide (KATP 

channels blocker) (Zhao et al., 2001; Cheng et al., 2004; Tang et al., 2005). 

Moreover, Kubo and his colleagues reported that 10 µM glibenclamide led to a partial 

decrease of NaHS-mediated relaxation in rat aorta (Kubo et al., 2007). Moreover, 

blocking of potassium channels, BKca and Kv channels resulted in a partial decrease 

in NaHS-mediated relaxation in mouse aorta (Al-Magableh and Hart, 2011).  

In contrast to these previous studies about the role of KATP channels in H2S mediated 

relaxation, the results of the present study demonstrated that vasorelaxation in PCA 

is not principally mediated by KATP channels opening. Furthermore, blocking of 

potassium channels by TEA (non-selective potassium channels blocker) and by 

glibenclamide (KATP channels blocker)/tolbutamide (KATP channels blocker) 

interestingly produced a significant enhancement in the relaxation response to Na2S 

and GYY4137 in PCA. Regarding AP39 results, there was no apparent effect of 

glibenclamide, but there was a significant enhancement with tolbutamide. KATP 

channels are reported to be involved in relaxation responses and they are likely to 

be the plasma membrane channels, not the mitochondrial ones. Therefore the 

question is, does releasing H2S in the mitochondria affect KATP channels on the plasma 

membrane. Donovan et al’s study reported that 10 mM TEA led to an inhibition of the 

contraction phase of the hypoxia response to both NaHS and Na2S, and also 10 mM 

TEA led to an increase in relaxation response of Na2S in PCA. They indicated that 10 

µM glibenclamide did not change the relaxation response of Na2S in PCA (Donovan 

et al., 2017) and these results might be due to non-specific effects of glibenclamide 

at this concentration. 

It has been reported that glibenclamide needs to be in high concentrations of 10-50 

µM to be effective in blocking KATP channels (Zhao et al., 2001; Cheng et al., 2004; 

Kubo et al., 2007; Webb et al., 2008; Chitnis et al., 2013). Some studies that have 

used these high concentrations of glibenclamide have indicated that H2S-mediated 

relaxation mechanisms are independent of KATP channels (Zhao et al., 2001; Cheng 

et al., 2004; Kubo et al., 2007). However, in the present study, 10 µM glibenclamide 

inhibited the contraction to U46619 and this suggesting non-selective effects of 

glibenclamide at these concentrations. Therefore, we used a submaximal 

concentration of 1 µM glibenclamide. Kiss’s study reported that 100 µM glibenclamide 

led to no significant change in IK-1001 mediated relaxation in rat aorta (Kiss et al., 
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2008). They suggested alternative mechanisms of H2S relaxation via inhibition of ATP 

generation and intracellular acidification.  

The results of the present study indicated that 1 µM glibenclamide inhibited the 

pinacidil induced relaxations (KATP channel opener), indicating that this concentration 

is effective in inhibiting KATP-mediated relaxations. This supports our conclusion that 

H2S relaxations are not mediated via KATP channel opening. It is possible that the 

inhibitory effects seen with glibenclamide in other studies could be due to other 

mechanisms of actions of glibenclamide other than KATP channels blocking, such as 

calcium channels blocking effect (Lee and Lee, 2005) and this could be the reason 

that glibenclamide inhibits the U46619 induced contraction at the higher 

concentration. In agreement with our results, glibenclamide led to enhancement of 

NaHS-mediated relaxations in human mesenteric arteries (Materazzi et al., 2017). 

They suggested alternative mechanisms of H2S relaxation via decrease of prostanoid 

biogenesis.  

The other possible explanation for TEA and glibenclamide results may be due to 

variation in animal species or tissue between rat and pig and also because of most 

of the studies of potassium/KATP channels opening role were in rat aorta, mesenteric 

and vascular smooth muscle cells (Zhao et al., 2001; Cheng et al., 2004). Therefore, 

in our results in the presence of potassium/KATP channels blockers, there was a 

significant enhancement of H2S source-mediated relaxation responses. This 

observation might be attributed to that blocking of potassium/KATP channels might 

sensitise the PCA to H2S-mediated relaxation via calcium channels, such as voltage-

gated calcium channels blocking, or it might alter the effects of H2S on other 

contracting systems of blood vessels, such as inhibition of the angiotensin-converting 

enzyme (ACE) (Laggner et al., 2007; Al-Magableh et al., 2015). Another possible 

interpretations that the delay in tissue transport and tissue deterioration might lead 

to excessive potassium/KATP channels opening and that TEA might have other effects, 

such as anti-inflammatory and cardiovascular protective effects in sepsis in rats 

(Sordi et al., 2011). 
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4.5.3. The role of calcium channels  

The results of the present study demonstrated that the three different H2S sources, 

Na2S, GYY4137 and AP39 blocked calcium-induced contractions, which could be 

through the blocking of voltage-gated calcium channels (VGCC). Interestingly, we 

observed that the inhibition of the calcium-induced contraction was maintained after 

15, 30 and 60 min periods of incubation of PCA with all the three different H2S 

sources, even though levels of H2S in the buffer are likely to have dropped. This 

observation may be attributed to the sulfhydration of calcium channels, which 

resulted in prolongation of H2S-mediated relaxation in PCA. The sulfhydration of ion 

channels is a suggested mechanism for H2S-mediated relaxation in blood vessels as 

a post-translational modification (Mustafa et al., 2009). In agreement with our 

results, NaHS caused a significant inhibition of voltage-gated calcium channels in 

mouse aorta via direct blockade of calcium channels (Al-Magableh and Hart, 2011). 

Similarly, H2S resulted in blockade of calcium channels potentially via sulfhydration 

in vascular smooth muscle cells (Dai et al., 2019) and in cardiomyocytes (Zhang        

et al., 2012). 

In the line of these results, our results showed that all three different H2S sources 

Na2S, GYY4137 and AP39 led to a significant decrease in the Bay K8644-induced 

contractions in PCA and these results indicate that H2S-mediated relaxation is 

dependent on calcium channel blockade. Thus, these data indicate the calcium 

channels blockade is principally implicated in H2S-mediated relaxation response in 

PCA. 

Other studies have also indicated that H2S could cause inhibition of calcium channels 

(L and T type dihydropyridine voltage-gated calcium channel), and therefore H2S 

leads to inhibition of extracellular calcium influx (figure 1.6) (Sun et al., 2008; Li      

et al., 2011; Al-Magableh and Hart, 2011; Zhang et al., 2012). In 2002, Zhao and 

Wang study was the first study which revealed that H2S produced direct blockade of 

calcium channels in rat aorta (Zhao and Wang, 2002).  

Moreover, it was reported that the relaxation responses of NaHS in mouse and rat 

aorta was decreased in calcium-free conditions or in the presence of calcium channel 

blockers, such as nifedipine (Zhao and Wang, 2002; Al-Magableh and Hart, 2011; 

Zhang et al., 2012; Avanzato et al., 2014). In a similar study, NaHS directly relaxes 

vascular smooth muscle cells via calcium channel blockade (Dai et al., 2019). 

Therefore, H2S caused calcium channel blockade, which was mimicked by nifedipine, 

a calcium channels blocker, and antagonised by Bay K8644 (L-type calcium channels 

opener). 
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Similarly, NaHS caused inhibition of contraction and negative inotropic effect 

measured by an electrophysiological method in rat cardiomyocytes by inhibition of L-

type calcium channels (Sun et al., 2008; Zhang et al., 2012). Additionally, Xu’s work 

revealed that NaHS reduced calcium influx, which was reduced by Bay K8644 in 

human atrial fibres (Xu et al., 2011). In line with these results, Zhang’s study found 

a similar result; they found that NaHS resulted in a suppressive effect on L-type 

voltage-gated calcium channels currents in rat cardiomyocytes (Zhang et al., 2012). 

Moreover, in rat cerebral artery, NaHS caused relaxation via calcium channel 

blockade but not KATP channel (Streeter et al., 2012; Tian et al., 2012). Furthermore, 

AP39 (mitochondria-targeted, H2S donor) produced sustained decrease of blood 

pressure via blocking calcium channels in rat hearts (Tomasova et al., 2015). 

Additionally, application of NaHS to oxidative stress condition induced by H2O2 leads 

to decrease of cell death and increase of cell survival via blockade of calcium channels 

(Avanzato et al., 2014). Therefore, the blockade of calcium channels could participate 

in the H2S antioxidant effect. In the lung Na2S and GYY4137 decreased the 

intracellular calcium level by attenuation of release of calcium from endoplasmic 

reticulum through InsP3 (inositol-1, 4, 5 triphosphate) and therefore, it led to smooth 

muscle relaxation (Castro-Piedras and Perez-Zoghbi, 2013).  Therefore, H2S may lead 

to the closure of the calcium channels and then decrease in the intracellular calcium 

concentration and decrease in muscle tone in the blood vessels and heart and 

decrease of the blood pressure (Yang et al., 2008; Zhang et al., 2012; Dai et al., 

2019).  

Increase of intracellular calcium level has been reported to play a pivotal role in IRI 

(ischaemia- reperfusion injury) because an increase of calcium level leads to leakage 

of cytochrome c oxidase (complex IV) from the mitochondria via increase of 

mitochondrial permeability, swelling of mitochondria, triggering of apoptosis and 

necrosis (Ott et al., 2002; Boehning et al., 2003). Thus, calcium accumulation may 

lead to dysfunction of the mitochondria in heart and blood vessels. H2S decreases 

intracellular calcium (Zhao and Wang, 2002; Pan et al., 2008; Sun et al., 2008; Al-

Magableh and Hart, 2011, Xu et al., 2011, Avanzato et al., 2014). Therefore, a 

decrease of intracellular calcium level by H2S may be beneficial to IRI (Morris et al., 

1996; Pan et al., 2009) via possibly maintaining calcium homeostasis, preserving 

mitochondria function and structure, increasing of blood flow during ischaemia by 

relaxation, and decreasing of over-contraction injury during reperfusion. Therefore, 

these results suggest that H2S acts by blocking calcium channels and also inhibiting 

a calcium-induced contraction pathway. 
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4.5.4. The role of TRPV1 channels   

Transient receptor potential (TRP) channels are non-selective ion channels, which 

play a role in the influx of cations, such as calcium, sodium and potassium. TRPV1, 

the capsaicin receptor participates in the signalling of inflammatory pain (Phan et al., 

2020). Recently, there is some evidence, which suggests TRP ankyrin (TRPA1) and 

TRP vanilloid (TRRPV1) channel involvement in the relaxation response of blood 

vessels to H2S (White et al., 2013; Naik et al., 2016).  

The results of the present study demonstrated that blocking of TRPV1 channel by 

capsazepine (TRPV1 channel blocker) led to a significant decrease in the H2S-

mediated relaxation in PCA with all three different H2S sources Na2S, GYY4137 and 

AP39 and these results suggest the involvement, at least in part, of TRPV1 channel 

opening in H2S-mediated relaxation in PCA. These results of TRPV1 channels together 

with calcium channels results might suggest that there might be a possible link 

between calcium channels and TRPV1 channels which led to H2S-mediated relaxation 

in PCA. This might be due to that blocking of calcium influx by blocking calcium 

channels by H2S might sensitise PCA to relaxation by TRPV1 channel opening. The 

other suggested explanation is that H2S blocks TRPV1, which then leads to inhibition 

of calcium influx, or H2S isn’t acting on calcium channels directly. White et al‘s study 

reported that activation of TRPA1 channels led to the release of 

neurotransmitters/relaxing neuropeptide from sensory nerves and this could lead to 

indirect blockade of calcium channels and result in relaxation in rat mesenteric 

arteries (White et al., 2013) and the case might be similar in TRPV1 channels in PCA. 

NaHS led to the activation of TRPV1 channels, contraction and inflammation in guinea 

pig bronchi via the release of neuropeptide from sensory nerves (Trevisani et al., 

2005) and in 2008, Lu et al’s group reported that NaHS produced transient activation 

and prolonged blockade of TRPV1 channels in the smooth muscle contraction in rat 

duodenum and they suggested that might involve of the release of substance P 

(tachykinin) as a relaxing factor (Lu et al., 2014). It has been reported that substance 

P produces a relaxation through the endothelium. In the results of the present study, 

blocking of NO synthesis led to enhancement of relaxation in PCA with all the three 

different H2S sources. Therefore, further studies with endothelial denudation are 

required to test whether the case is similar in PCA.  
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4.5.5. The role of mitochondria  

It has been reported that H2S acts to maintain the mitochondrial electron transport 

chain at low concentrations and inhibit the mitochondrial electron transport chain at 

high concentrations by inhibition of cytochrome c oxidase, complex IV of the electron 

transport chain in the mitochondria (Goubern et al. 2007; Módis et al., 2013). The 

absence of glucose should make the cell depend on the mitochondria for energy 

production via oxidative phosphorylation (Yang et al, 2018). Therefore, glucose-free 

conditions were administered to emphasise mitochondria-evoked cellular ATP 

production in comparison to energy supply from glycolysis. 

The results of the present study demonstrated that there were no significant 

differences in the relaxation responses of the three different H2S sources in the 

absence of glucose. This result might suggest that oxidative phosphorylation does 

not play a major role in H2S mediated relaxation and that alteration of mitochondrial 

function may not be involved in the effects of H2S in blood vessels. However, at low 

concentration of AP39 (5 µM) there was a significant enhancement of the AP39-

mediated relaxation in the PCA, which may be via maintaining the mitochondria roles, 

such as control of the cellular bioenergetics, and reduction of ROS and calcium 

store/uptake, or that in low glucose condition there may be more dependence on the 

mitochondria and so AP39 is acting in the mitochondria to inhibit function, leading to 

relaxation. 

In order to investigate the role of the mitochondria further, we used FCCP a 

mitochondrial uncoupling agent. Our results with 1 µM FCCP and 5 µM AP39 indicated 

that FCCP had no effect on the relaxation seen with 5 µM AP39. In contrast to the 

effects of removal of glucose, these observations suggest that the AP39 relaxation is 

not dependent on mitochondrial function. Alternatively, it could be that FCCP was 

less effective to inhibit mitochondrial function at 1 µM FCCP concentration because 

this concentration is used in isolated mitochondria studies to depolarise the 

mitochondrial membrane, or that AP39 protected the mitochondria and reduced the 

FCCP impact. 
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4.5.6. The effects of hypoxia  

Ischaemic heart diseases (IHD) are one of the common causes of death in the 

developed world (Murray and Lopez, 1997; Polhemus et al., 2014). Ischaemia is the 

decrease in the blood flow to a tissue leading to hypoxia. Hypoxia is a harmful 

situation, and it leads to a negative impact on heart function. The hypoxic relaxation 

response in the porcine coronary artery during hypoxia is vital to maintain the blood 

flow and heart function (Donovan et al., 2017).  

There are several factors which have been suggested in the hypoxia-induced 

relaxations in the coronary arteries, such as pathways mediated by NO, KATP channel 

opening, prostaglandins (PGs), calcium channel inhibition (Smani et al., 2002), 

adenosine release (Berne, 1985), decrease of ATP synthesis, increase of lactic acid 

and decrease in the intracellular pH (Gupte and Wolin, 2006). Gupte and Wolin 

revealed that hypoxia produced relaxation in the bovine coronary artery is mediated 

by decreased levels of calcium and NADPH (nicotinamide adenine dinucleotide 

phosphate), and that the hypoxia-induced relaxation was less dependent on NO, 

prostaglandins or ROS (Gupte and Wolin, 2006). Moreover, hypoxia may inhibit the 

oxidative phosphorylation in the mitochondria by inhibition of cytochrome c oxidase, 

which leads to decrease in ROS levels to a low level (physiological level) and decrease 

in ATP synthesis. These effects are suggested to be mediated by H2S (Sun et al., 

2012; Olson, 2013). Similarly, Kiss’s study suggested that inhibition of oxidative 

phosphorylation and decrease of ATP levels by H2S lead to vasodilation in rat aorta 

(Kiss et al., 2008) and also in human mesenteric arteries (Materrazi et al., 2017). 

This reversible and competitive inhibition of the cytochrome c oxidase in the 

mitochondria could lead to hypo-metabolic condition, hypothermia and decrease in 

the oxygen consumption as a suspended animation-like phenomenon, hibernation-

like in a non-hibernating animal, and this phenomenon may help the mice to resist 

and survive after lethal hypoxia (Blackstone et al., 2005; Roth and Nystul, 2005; 

Blackstone and Roth, 2007; Elrod et al., 2007). Moreover, the hypoxia response is 

mediated via many other factors, such as chloride channels via activation of Cl-/HCO3
- 

exchange, which results in cellular acidification (Lee et al., 2007;  Donovan et al., 

2017). Additionally, hypoxia relaxation may be mediated via cyclic GMP and soluble 

guanylate cyclase which may be activated by H2S. H2S synthesising enzyme activity 

increased in hypoxia, especially CBS in PCA and therefore, CBS has a crucial 

contribution in hypoxia relaxation in PCA (Donovan et al., 2017). 
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H2S has been implicated as an important mediator in the hypoxia relaxation response 

as an oxygen transducer for several reasons, such as the similarity in the relaxation 

responses of H2S and hypoxia (Olson 2008; Olson, 2013; Olson, 2015; Donovan        

et al., 2017). In lamprey aorta, bovine pulmonary artery, rat aorta and pulmonary 

artery, H2S was reported to increase the hypoxic response, while H2S-synthesising 

enzyme inhibitors decreased the hypoxia response (Olson, 2006). Moreover, CBS was 

reported to play a pivotal part in hypoxia response and AOAA inhibited hypoxia 

response in PCA (Donovan et al., 2017). Decreasing of the oxygen level may cause 

a decrease in H2S oxidation and increase in H2S availability because H2S level is the 

net of H2S generation minus H2S oxidation. Moreover, low concentration of Na2S led 

to relaxation at low oxygen level in rat aorta; in other words, the vasoactive effects 

of H2S are reported to be oxygen-dependent (Koenitzer et al., 2007). Additionally, 

there was an enhancement of the relaxation response of IK-1001 (H2S source) in rat 

aorta under low oxygen circumstances (Kiss et al, 2008). Moreover, Wang’s study 

demonstrated that hypoxia could lead to an increase in enzymatic biosynthesis of 

H2S and relaxation response in PCA by increase of CBS/CSE within about 4 h (Wang          

et al., 2014). In other words, there is an inverse relationship between the H2S level 

and oxygen level. Low oxygen levels may also influence stores of H2S. Thus, hypoxia 

lead to increase of H2S synthesis/accumulation and enhancement of H2S-mediated 

effects. Therefore, H2S may be considered as an oxygen sensor (Olson, 2008; Olson, 

2013). Thus, H2S could protect the heart and blood vessels from ischaemic injury 

during hypoxia. 

Hypoxia could lead to transient contraction responses, which may be due to alteration 

in the local levels of endogenous metabolites and their effects due to alteration in 

their accumulation and production over period of hypoxia (Donovan et al., 2017). 

The results of the present study demonstrated that the decrease in oxygen level to 

21% led to a decrease in Na2S mediated relaxation in PCA. This result might be due 

to a transient contraction, which is observed in the results with Na2S, and this 

transient contraction of Na2S became detectable with 21% oxygen level. This 

transient contraction may affect the maximal detected relaxation level of Na2S in 

PCA, and also the decrease in the oxygen level may lead to a decrease in the H2S 

oxidation and an increase in the H2S level. All of these events may lead to 

accumulation of high H2S levels in a short time and lead to contraction. Moreover, 

the contraction might reduce the relaxation response and this contraction may be 

due to fast H2S release rate properties of Na2S, which releases a high concentration 

of H2S in a short time period and this may be less physiologically relevant. This 

transient contraction was not observed with GYY4137 and AP39, which release H2S 

over a longer period of time. Therefore, the time frame of H2S release is important. 
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In contrast, the results of the present study demonstrated that the decrease of 

oxygen gas to 21% led to an increase in AP39 mediated relaxation in PCA. This result 

could be attributed to an increase in H2S level availability in the mitochondria and 

maintaining of mitochondria function, and this may lead to a decrease of reactive 

oxygen species to physiological levels and increase of glutathione levels (antioxidant 

effects) (Szczesny et al., 2014). Mitochondria-targeted H2S sources, such as AP39 

has been reported to be safe and produce antioxidant effect about 1000 times more 

than H2S salts, Na2S (Gerő et al., 2016). 

In the present study we investigated the effects of the three different H2S sources, 

Na2S, GYY4137 and AP39 on the hypoxia response, peak (maximum) relaxation 

response and peak (maximum) recovery response (contraction) after reoxygenation 

in two different ways. First way, we preincubated PCA with the three different sources 

for 15 min before the addition of U46619 and then hypoxia application for 15 min 

and next reoxygenation. Second way, after the addition of U46619, PCA was 

incubated with the three different sources for 15 min and then the hypoxia application 

for 15 min and next reoxygenation.  

The results of the present study demonstrated that pre-incubation of PCA with Na2S, 

and GYY4137 before the addition of U46619 caused no significant effect on the size 

and time of both the hypoxia and recovery responses. Pre-incubation of PCA with 

AP39 before the addition of U46619 caused no significant effect on the size and time 

of the hypoxia response and time of the recovery response, but pre-incubation with 

AP39 caused significant decrease in the size recovery response, which suggests 

prolonged effect of H2S via AP39 possibly via sulfhydration of calcium channels. 

The results of the present study demonstrated that the incubation of PCA with Na2S 

after the addition of U46619 caused no significant effect on the size and time of the 

hypoxia response and time of the recovery response, but incubation with Na2S caused 

a significant decrease in the size of the recovery response. The incubation of PCA 

with GYY4137 after the addition of U46619 caused significant increase in the size of 

the hypoxia response, significant decrease in time of the hypoxia response, 

significant decrease in the size of the recovery response, and significant increase in 

the time of the recovery response. The incubation of PCA with AP39 after the addition 

of U46619 caused no significant effect on the size and time of the hypoxia response, 

but incubation with AP39 caused significant decrease in the size of the recovery 

response, and significant increase in the time of the recovery response. 
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These different results of Na2S, GYY4137 and AP39 could be due the differences in 

the release of H2S. For example, GYY4137 is reported to be a slow-release H2S source 

and therefore, GYY4137 may have prolonged actions, or that GYY4137 might have 

additional properties, such as antioxidant, anti-inflammatory effects and blood 

pressure-lowering effects more than Na2S and AP39. Whiteman’s study reported that 

NaHS Led to contradictory and inconsistent effects on inflammation in comparison to 

consistent anti-inflammatory effects of GYY4137 (Whiteman et al., 2010). Thus, the 

time frame of H2S release is important. 

The reperfusion, reoxygenation could lead to complex and detrimental impacts. For 

example, reoxygenation may lead to the generation of high concentrations of ROS, 

such as superoxide and hydrogen peroxide (Kashiba et al., 2002), and a decrease in 

the NO level and endothelial dysfunction (Olson, 2013). Oxidative stress is an 

important cause of tissue injury (Avanzato et al., 2014). Moreover, reoxygenation 

and high level of ROS lead to an increase in calcium influx and smooth muscle 

contraction (Olson, 2013). Therefore, excessive production of ROS led to a cellular 

insult in rat cardiomyocytes (Sun et al., 2012). H2S has been reported to decrease 

ROS levels via antioxidants effects, in particular through mitochondrial protection 

from ROS. For example, treatment of rat cardiomyocytes with NaHS produced a 

decrease in ROS level and an increase in the activity of ROS scavenging mechanisms 

of the mitochondria, such as superoxide dismutase, catalase and glutathione 

peroxidase (Sun et al., 2012). Additionally, Geng’s study reported that NaHS 

application in rat myocytes produced a decrease in the oxidative injury induced by 

isoprenaline via ROS scavenging and decrease in the malondialdehyde (MDA) levels, 

one of end-metabolites of lipid peroxidation, which is commonly used as a biomarker 

of oxidative stress (Geng et al., 2004).  

Many studies have reported that cardioprotective effects of H2S in IRI conditions are 

mediated by the antioxidants effects of H2S (Karwi et al., 2017) and similar effects 

could be in the vascular tissues. Susuki’s study reported that NaHS protected rat 

aorta from hyperglycemic-oxidative stress by mitochondria protection via antioxidant 

effects of NaHS (Susuki et al., 2011). In line with this idea, AP39 reduced oxidative 

stress in murine brain endothelial cells via mitochondria DNA protection and 

maintenance of cellular energy. Therefore, it could be useful for mitochondria-related 

pathology (Szczesny et al., 2014). Also, AP39 reduced oxidative stress after cardiac-

arrest by antioxidant and mitochondria protective effects; therefore, it led to 

cardioprotective and cytoprotective effects on mice heart and brain (Ikeda et al., 

2015). Moreover, AP123 and AP39 decreased the hyperglycemia-induced oxidative 

stress in murine vascular endothelial cells.  
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Moreover, Predmore’s study revealed that the use of DATS, diallyl trisulfide long-

acting natural H2S source in mouse hearts with IRI led to increase in the transcription 

level of the Nrf2, which enhances antioxidant expression at the genetic level and this 

effect likely needs more than 30 min to occur, by increasing its localisation in the 

nucleus in myocardial ischaemia model in mouse hearts. Therefore, Nrf2 is reported 

to play essential roles in the increase of the antioxidant defences and reduction of 

oxidative stress (Predmore et al., 2012). Similarly, pre-treatment of mouse hearts 

with IRI, with Na2S as a preconditioning before IRI lead to cytoprotective effects via 

augmentation of Nrf2 signalling and they reported that Na2S resulted in a beneficial 

decrease in caspase-3 activity (Calvert et al., 2009). These results could be attributed 

to H2S antioxidant effects, which protect the mitochondria from oxidative stress and 

preserve mitochondria function and structure. 

H2S may directly augment Nrf2 signalling, which might indirectly control H2S 

production by enhancing CSE expression as a positive feedback loop and this process 

likely takes hours to occur. Similarly, GYY4137 decreased oxidative stress and 

inflammation in the aorta of mice with diabetes and atherosclerosis via augmentation 

of Nrf2 signalling (Xie et al., 2016). Additionally, Elrod’s study demonstrated that 

application of Na2S to mouse hearts with IRI led to decrease of inflammation, 

apoptosis and maintenance of mitochondrial function, architecture, and mitochondrial 

recovery after reperfusion (reoxygenation) (Elrod et al., 2007). Moreover, they 

reported that H2S leads to a decrease of the mitochondrial enlargement and 

enhancement of mitochondrial structure using electron microscopy. Therefore, 

mitochondrial protection could play an important role in H2S-mediated 

cytoprotection. 

AP39 produced antioxidant effects by decreasing the oxidative stress in rat kidney 

epithelial cells and renal IRI (Ahmad et al., 2016). Application of NaHS in rat H9c2 

cardiomyocytes with H2O2-induced oxidative stress leads to increase of cell viability, 

survival and decrease of apoptosis (Wu et al., 2015). Moreover, in oxidative stress 

condition induced by H2O2, the application of NaHS leads to a decrease of the cell 

death and increase of cell survival via blockade of calcium channels (Avanzato et al., 

2014). Therefore, H2S antioxidant effect may be mediated by blockade of calcium 

channels, and this effect may lead to a decrease of mitochondrial suffering and 

dysregulation under oxidative stress and high calcium level circumstances. Therefore, 

H2S decreases oxidative stress and increases antioxidant defences and therefore, H2S 

decreases the heart or blood vessel injury via its antioxidant, antiapoptosis, and anti-

inflammatory, cardiovascular protective and cytoprotective actions. 
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The reoxygenation could lead to injury via multiple mechanisms, such as increase of 

ROS generation, calcium accumulation, mitochondrial dysregulation and 

inflammation. Thus, H2S can decrease the injury of reoxygenation by several possible 

mechanisms, such as an increase in the level of cyclic GMP and protein kinase G and 

RISK pathway (reperfusion injury salvage kinase) and SAFE pathway (survival 

activating factor enhancement). H2S might also cause a decrease of the apoptosis 

and maintenance of the mitochondrial function, permeability integrity, and 

adjustment of the sarco endoplasmic reticulum calcium-ATPase (SERCA) activity to 

prevent calcium overload (Polhemus et al., 2014).  

The results of the present study demonstrated that the presence of three different 

H2S sources Na2S, GYY4137 and AP39 led to significant decrease in the recovery 

response to reoxygenation in PCA and this result may suggest extended effect of H2S 

and this effect may be by sulfhydration of calcium channels and/or TRPV1 channels 

as post-translational modifications. Decrease of the recovery response might be 

beneficial to decrease the possible excessive and uncontrolled contractions induced 

by reoxygenation, which might lead to IRI, which is likely due to increase of ROS and 

calcium overload. Moreover, the three different H2S sources produced a decrease in 

the size of the recovery response and this may be due to the decrease of the ROS 

generation and excessive calcium accumulation, and maintenance of the 

mitochondrial function and structure integrity.  

In isolated rat hearts, Hu et al’s study suggested that the mechanism of NaHS 

cardioprotection in IRI is by decreasing the infarction area via an increase in the 

activity of PI3K/Akt (phosphoinositide 3-kinase/protein kinase B) and phosphokinase 

G pathway, which led to inhibition of Na+/H+ exchanger-1 (NHE-1) and inhibition of 

excessive calcium accumulation (Hu et al., 2011). In another study in rat isolated 

hearts, the cardioprotection mechanism of NaHS are mediated through stimulation 

of PKG/ERK1/2 (protein kinase G/extracellular signal regulated kinase) and Akt 

pathway (risk pathway) to produce an antiapoptotic effect (Hu et al., 2008). Na2S 

reduced the infarction size in pig hearts by a decrease of lactate and enhanced the 

response to noradrenaline (Simon et al., 2008). Na2S produced vascular protection 

during IRI by anti-inflammatory effects in PCA (Sodha et al., 2009). Furthermore, 

H2S may decrease the autophagy, apoptosis and mTOR (mammalian target of 

rapamycin) in pig hearts during IRI (Osipov et al., 2009). The mitochondrial 

protection by H2S leads to a decrease in the level of apoptosis and cell death 

(Polhemus et al., 2014). The effects of H2S sources on the hypoxia and recovery 

responses during IRI in organ bath (ex vivo) may be similar to the cardioprotective 

effects of H2S against ischaemia reperfusion injury (Shen et al., 2015). The results 
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of the present study showed that the incubation of PCA with AOAA/PPG after hypoxia 

enhanced the contraction in the recovery phase, and this effect is opposite of the H2S 

sources effect. These effects suggest the effects of endogenous H2S on maintaining 

the hypoxia relaxation response and decreasing of the contraction response in the 

recovery phase. 

4.5.7. Summary  

To summarise, first, there were no differences in the relaxation responses among the 

three different H2S sources Na2S, GYY4137 and AP39 in PCA. Thus, the studies 

looking at the vascular responses to H2S using the salts might be useful in 

determining the response to H2S in PCA. Second, there were no differences in the 

signalling mechanisms, such as NO, potassium channels, KATP channels, calcium 

channels, TRPV1 channels, among the three different H2S sources Na2S, GYY4137 

and AP39 in PCA. NO, and potassium channel/KATP opening do not play a major role 

in H2S-mediated relaxation by the three different H2S sources in PCA. H2S sources 

have several potential signalling pathways, notably via calcium channel blocking and 

might be by TRPV1 opening. Third, GYY4137 could be relatively more effective in PCA 

with ischaemia reperfusion injury than Na2S and AP39. 
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H2S appears to play a role in the regulation of vascular tone. However, little is known 

about H2S role in the heart. Moreover, although many signalling pathways for H2S 

have been proposed, they are still unclear. Therefore, there were three main aims of 

this study:  

First, the measurement of endogenous H2S production in the heart by investigating 

the expression level of H2S synthesising enzymes (CBS, CSE and MST) in different 

parts of the heart and the parallel activity of these enzymes under different conditions 

in order to develop assays for measuring H2S generation.  

Second, the development of an assay to measure the sulfhydration level of target 

proteins, such as GAPDH and MEK1 as an index of H2S production and potential 

signalling mechanism for H2S in the heart.  

Third, investigating the effects of different types of H2S sources (Na2S, GYY4137 and 

AP39) on vascular tone in PCA and also under different conditions in order to 

determine and investigate the potential signalling pathways of the three different H2S 

sources.  

All these aims could help to develop an understanding of H2S generation, regulation, 

signalling, vascular reactivity and mechanism of action of different sources of H2S in 

the heart and blood vessels. These results may hopefully help in the development 

and translation of H2S-relating sources (H2S-based medicines) as potential drugs for 

treatment of some CVD. Therefore, this study could define the potential for novel 

signalling pathways which may regulate cardiac function and allow future studies to 

measure any changes in cardiac dysfunction. 

CBS and MST were detected in the heart, but low enzyme activity was detected in 

the heart compared to the liver. The possible explanation might be that low enzyme 

activity is related to the physiological state, or that the H2S produced may be stored 

as bound forms, such as sulfane sulfur (persulfides) and therefore not measured. 

Therefore, the sulfhydration could be as a potential signalling pathway for H2S in the 

heart. Our data show that H2S is endogenously produced in the myocardium and 

addition of the myocardial tissue led to relaxation of the coronary artery and so could 

be important in the maintenance of blood flow. This is because the coronary artery 

is vital for the blood supply to the myocardium and coronary artery pathologies lead 

to many CVD. Thus, H2S generated in the myocardial tissue could act in a paracrine 

pattern, rather than directly on atrial or ventricular contractility. Further 

investigations about the myocardial tissue contribution will be discussed next. 
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In coronary artery diseases H2S production is reduced. Therefore, the application of 

H2S sources as an exogenous sources of H2S can lead to cardiovascular protection 

against ischaemic injury. Our data in PCA suggest that the presence of the three 

different H2S sources Na2S, GYY4137 and AP39 led to a significant enhancement in 

the hypoxia relaxation response and decrease in the contraction response in the 

recovery phase after reoxygenation. 

It has been reported that sulfhydration of proteins results in conformational 

alterations in the targeted proteins, which lead to the alteration of protein activity. 

For example, sulfhydration of some proteins, such as GAPDH by NaHS may lead to 

an increase in the enzyme activity of GAPDH by about seven-fold (Mustafa et al., 

2009). Conversely, sulfhydration of other proteins may lead to decreasing of protein 

activity and closing of ion channels. The results of the present study demonstrated 

that the three different H2S sources, Na2S, GYY4137 and AP39 blocked calcium-

induced contractions, which could be through the blocking of voltage-gated calcium 

channels. Interestingly, we observed that the inhibition of the calcium-induced 

contraction was maintained after 15, 30 and 60 min periods of incubation of PCA with 

all the three different H2S sources, even though levels of H2S in the buffer are likely 

to have dropped. This observation may be attributed to the sulfhydration of calcium 

channels, which resulted in prolongation of H2S-mediated relaxation in PCA as long-

term effects. Further investigations about the measurement of sulfhydration of 

calcium channels will be discussed next. Zhang’s study suggested that sulfhydration 

is the responsible mechanism for the blockade of calcium channels and negative 

inotropic effects induced by H2S. This is because in rat cardiomyocytes, diamide is an 

oxidant sulfhydryl modifier decreases the availability of free sulfhydryl and therefore, 

diamide decreases the calcium channel blockade induced by NaHS in rat 

cardiomyocytes (Zhang et al., 2012). In another study, sulfhydration of the heart 

protein phospholamban (PLN) led to relaxation of the myocardial tissue of rats and 

frogs likely via decrease of intracellular calcium level (Mazza et al., 2013). Similarly, 

sulfhydration may be responsible for NaHS mediated calcium channel blockade in rat 

vascular smooth muscle cells (Dai et al., 2019).  
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5.1. Measurement of Hydrogen Sulfide Generation in the Heart 

The development of a reliable assay for the measurement of H2S level is crucial to 

understanding the physiological importance of H2S. Therefore, in this chapter, we 

tried to develop a sensitive and reliable assay to measure H2S production in the heart. 

We found that CBS and MST as H2S synthesising enzymes were expressed in the 

heart, but CSE was not detected. Interestingly, the CBS detected in the heart was 

consistently present at a high MW band, suggesting the less active propeptide, in 

comparison with the liver that had higher expression of the low MW bands active 

form. This may reflect the difference in biological effect of H2S and post-translational 

modifications in the heart compared to the liver.  

We found that there was a low amount H2S produced in the heart compared to the 

liver using both the methylene blue and SF7-AM assays. There are several possible 

explanations for the low level of H2S synthesis.  

The results of the present study demonstrated that there was low H2S production in 

the heart compared to the liver. The simple explanation may be that the heart just 

did not generate much H2S as liver. However, the addition of the myocardial tissue 

led to relaxation of PCA and this effect blocked by H2S-synthesising enzyme 

inhibitors. Therefore, further investigations are needed in order to confirm the link. 

For example, stimulation of the endogenous H2S generation in the myocardial tissue 

via incubation with L-cysteine and after that addition of the myocardial tissue to the 

U46619-precontracted PCA. Stimulation of the endogenous H2S generation in PCA 

tissue via incubation with L-cysteine, or inhibition of the endogenous H2S generation 

in PCA tissue via incubation with H2S-synthesising enzyme inhibitors and then, PCA 

contracted to 40-60 % of KCl contraction response by U46619 addition, which could 

determine the effect of endogenous H2S generation on U46619 induced-contractions. 

Determination of the effect of myocardial tissue addition on U46619-precontracted 

myocardial strips (atria/strips) of pigs and humans could demonstrate the functional 

consequences of H2S on the myocardial tissue tone in an autocrine manner. 

Measuring H2S concentration/enzyme activity in tissue and in Kreb’s solution after 

hypoxia as the following: making PCA only hypoxic and then, measuring H2S 

concentrations/enzyme activity in the Krebs’s solution and PCA tissue; making the 

myocardial tissue hypoxia and then, measuring H2S concentrations/enzyme activity 

in the Krebs’s solution and the myocardial  tissue. It has been reported that CBS, 

CSE and MST were expressed in porcine PVAT and also H2S could be released from 

PVAT and increase PCA relaxation during hypoxia. Therefore, investigation the effect 

of PVAT on the myocardial tissue-mediated PCA relaxation by incubation of the 
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myocardial tissue without/with PVAT could help to determine the role of PVAT in H2S-

mediated PCA relaxation. 

Therefore, the produced H2S by myocardial tissue could be in bound forms. Thus, 

most of the biological H2S may be stored as a bound form in the heart, which may 

be releasable under specific conditions. Therefore, it could be important to detect and 

consider these stored forms of H2S, such as reductant-labile stores (sulfane sulfur), 

which releases stored H2S under reducing or alkaline conditions, and acid-labile, 

which releases stored H2S under acidic condition (Ubuka et al., 2002; Whitfield et al., 

2008). Sulfhydrated proteins (persulfides, reductant-labile) can be considered as 

stores of H2S, which can release H2S under specific conditions, such as reducing 

conditions (Ubuka, 2002; Modis et al., 2013). Therefore, sulfhydrated drugs, could 

be regarded as H2S prodrugs, which promising medical use for the treatment and 

prophylaxis of cardiac and vascular diseases. These storage forms could affect the 

level of H2S detection and tell us how much H2S is stored, but not the activity of the 

enzymes. Thus, measurement of these forms of H2S stores would be useful to 

measure and understand H2S generation in the heart.  

It is possible that low enzyme activity was due to the delay in the time taken for 

tissues to come from the abattoir. Indeed, enzyme activity in rat tissues which were 

frozen immediately after death, was higher than porcine tissues. Although we found 

that rapidly frozen sample also had low H2S synthesis level, it may be useful to 

measure CBS and MST activity by the robust SF7-AM assay in rapidly collected and 

frozen tissue on dry ice if collected soon after slaughter of the pig, to decrease any 

possible tissue deterioration and optimise tissue quality.  

We found that H2S production and in the pig and rat heart mitochondrial fraction was 

higher than cytosol, because there was a decent MST activity in the mitochondrial 

fraction. The possible explanation that MST could be abundant in the mitochondria 

compared to cytosol, or that the delay in tissue storage and transport may lead to 

tissue hypoxia/stress and migration of CBS and CSE to the mitochondria, although 

CBS was only detected in the pig heart cytosol. Therefore, more investigation about 

CBS and CSE expression in the mitochondrial fraction of pig, rat and human hearts 

could explain the low H2S production in pig heart cytosol compared to rat liver and 

biological role of H2S in the heart. Moreover, it has been reported that H2S is an 

oxygen sensor and that hypoxia could lead to an increase of enzyme expression and 

activity of H2S-synthesising enzyme/s to protect the tissue from hypoxia. Therefore, 

the investigation of whether the expression and activity levels of MST and CBS/CSE 

are altered under stress circumstances, such as hypoxia may be helpful to elucidate 

the biological role of H2S-synthesising enzymes and H2S production under various 



 

270 

 

circumstances, such as hypoxia and oxidative stress in the PCA, human coronary 

artery, and heart (Fu et al., 2012; Teng et al., 2013). Moreover, extension of this 

investigation CBS, CSE and MST translocation from the cytosol to mitochondria at 

the cellular level in cells, such as H9c2 rat cardiomyocytes and rat, porcine, human 

vascular smooth muscle cells, which are important part of blood vessels and play 

important role in control of vascular tone, blood pressure and blood flow, may help 

to understand this phenomenon at the cellular level in the heart and vasculature (Wu 

et al., 2015; Yang et al., 2017).  

To my knowledge, the detection of which H2S synthesising enzymes (CBS, CSE, and 

MST) are present in human heart has not looked yet. The presence of CBS and CSE 

was detected in human tissues, such as liver, brain, aorta, internal mammary artery, 

mesenteric artery, umbilical vein, lung, eye, joint, colon, ovary and uterus has been 

demonstrated (Webb et al., 2008; Whiteman et al., 2011; Yang et al., 2011; Wang, 

2012; di Villa Bianca et al., 2015; Leucker et al., 2017; Materazzi et al., 2017). Less 

extent of MST was reported in human brain and red blood cells (Whiteman et al., 

2011). Therefore, future studies about the responsible enzymes for H2S generation 

in human heart are needed in order to confirm the roles of H2S pathways in the 

physiology and treatment of cardiovascular diseases in humans. 

In the results of present study CSE was not detected in the pig heart. It has been 

proposed that the use of L-cysteine compared to homocysteine in combination with 

L-cysteine might underestimate CBS activity and bias H2S production towards CSE 

(Singh et al., 2009; Kabil et al., 2011). They proposed that CBS is more efficient to 

produce H2S from a combination of L-cysteine with homocysteine than L-cysteine 

alone, but this would not be a problem in the present study because CSE was not 

detected in pig heart. CBS is also responsible for homocysteine detoxification. 

Therefore, it would be worth looking at different substrates, such as homocysteine 

using the robust SF7-AM assay to determine whether homocysteine could lead to an 

increase of CBS enzyme activity. 

Moreover, it could be useful to assess positive controls, such as the recombinant 

enzymes (Asimakopoulou et al., 2013) or CBS-transfected cell-lines, such as H9c2 

rat cardiomyocytes (Szabo and Hellmich, 2013; Szabo et al., 2013) which have high 

CBS expression, which may be a useful tool to investigate and evaluate CBS activity 

and effect of different CBS inhibitors. This could help to evaluate the effect of some 

factors, such as SAM on CBS activity. The results of the present study found that 

there was no significant effect of SAM on CBS activity. Also,  in our results there was 

no selective inhibition by AOAA and PPG. Thus, the development of selective CBS 

inhibitors is important to determine and confirm the role of CBS. 
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MST needs alkaline pH and a reducing agent, such as DTT in vitro and thioredoxin 

and dihydrolipoic acid (DHLA) in vivo to produce H2S in the presence of α-

ketoglutarate (Kimura, 2014). Therefore, it could be useful to compare the results of 

DTT versus the proposed endogenous reducing agents thioredoxin and DHLA. These 

could increase the activity of MST. Aspartic acid (AA, aspartate) was used a potential 

inhbitor of CAT activity, which could help to determine the contribution of CAT/MST 

pathway in H2S production (Shibuya et al., 2009; Donovan et al., 2017; Donovan et 

al., 2018). Our data show that AA produced no significant effect on L-cysteine-

derived H2S production. Therefore, it may be helpful to investigate the effects of our 

new candidate MST inhibitor 1-(3,4-Dihydroxyphenyl)-2-[(4-hydroxy-6-methyl-2-

pyrimidinyl)sulfanyl] ethanone on MST activity. 

Intriguingly, at pH 9 there was an increase in H2S detection which may be due to an 

increase in H2S stability and detectability. Moreover, H2S loss/volatilisation is higher 

at physiological or acidic pH. Therefore, the preparation of heart samples at alkaline 

pH, such as pH 9 is recommended to enhance H2S detection. 

Next step, was to use a recent and sensitive assay to measure enzyme activity by 

SF7-AM assay. By using this assay there was an increase in H2S detection level in the 

heart, but it was still less than the liver. An increase of pH to pH 9 led to an increase 

in H2S detection via CBS enzyme activity only. At the same time, there was no 

significant difference with the MST enzyme activity. This might be due to instability 

or decomposition of SF7-AM with mercaptopyruvate at high pH, or that SF7-AM with 

L-cysteine might be more stable at high pH.  

Dialysis of samples of the heart led to an increase in the activity of the CBS and MST 

enzymes in both males and females, and this observation might be due to the 

removal of endogenous inhibitor, which might interfere with SF7 probe assay. 

Therefore, further experiments about dialysis of samples with the methylene blue 

assay could help to determine whether endogenous inhibitor interferes with H2S or 

SF7-AM, which could affect H2S detection. 
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PPG and AOAA have non-selective actions. Thus, there is no selective and potent 

inhibitor for CBS, or CSE. This dilemma of the absence of selective and potent 

inhibitors for CBS, CSE, impedes the detailed understanding of specific role and 

participation of each H2S-synthesising enzyme in H2S production. Therefore, the 

discovery and development of new candidate of CBS, CSE and MST inhibitors are 

important to confirm or exclude the role of each one of these enzymes in H2S 

production. Phenylpyruvic acid was not useful as MST inhibitor due to non-specific 

and off-target effects. Therefore, it would be useful to investigate the effect of our 

new candidate MST inhibitor on MST activity in the heart.   

It may be useful to compare H2S measurement using SF7-AM assay with the recent 

methods, such as monobromobimane (MBB)-fluorimetric assay combined with HPLC, 

which has some advantages, such as it is sensitive to low-oxygen level and also it 

has a detection limit about 5 nM higher than PHSS (polarographic H2S sensor) (Olson 

et al., 2014; Shen et al., 2015).  

Regarding the use of rat tissues, many studies have validated their use in studying 

H2S effect on vascular tone, blood pressure and flow. Moreover, rat genetic, 

behavioural and biological properties are similar to human. Investigation of the 

presence of this phenomenon in human tissue could be important to understand H2S 

role in control of vascular tone during hypoxia in human tissues, which may lead to 

possible translation of H2S potential use in the treatment of cardiovascular diseases, 

such as ischaemia in humans. 

Genetic manipulation of H2S synthesising enzymes by knock-out of CBS, CSE and 

MST, although it is a costly experimental approach, would be an alternative approach 

to confirm the contribution of each of H2S-synthesising enzyme in H2S biosynthesis. 

Moreover, genetic manipulation could be useful for studying of H2S-based drugs, such 

as H2S sources application, because H2S sources may lead to improvement of 

symptoms depending on the knocked out enzyme. For example, in animal with CSE 

knocked out there is hypertension. Therefore, use of H2S sources, such as Na2S leads 

to improvement of hypertension and restoring normal blood pressure. CBS knock out 

leads to death due to cardiac issues. Therefore, it could be useful to investigate the 

effect of MST knockout on vascular tone and H2S production in the heart. 
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Although our results demonstrated that there was no significant effect for the gender 

on H2S production using both the methylene blue and SF7-AM assays in pigs, it may 

be useful to reappraise gender difference effect in humans because H2S levels are 

reported to be affected by gender in rats and mice and the case could be similar in 

humans. In CSE-deficient mice, hyperhomocysteinemia was about 9 fold higher in 

females than males (Yang et al., 2008). H2S levels in human plasma was higher in 

males compared to females (Brancaleone et al., 2015). Therefore, further studies 

devoted to H2S-related gender difference, in human hearts and the effect of 

testosterone and oestrogen on H2S production may need investigation and evaluation 

to illustrate the regulation of H2S synthesis in the cardiovascular system. 

In the absennce of PLP, there would be no conversion of L-cysteine to H2S via 

CBS/CSE and mercaptopyruvate via CAT. Therefore, in situations associated with low 

or restriction vitamin B6 and L-cysteine nutrition. This would lead to decrease of 

endogenous H2S prouction via these enzymes in tissues and these situations were 

reported to be associated with increase of cardiovascular pathologies (DeRatt et al., 

2014; Mys et al., 2017). Thus, supplementation of PLP (vitamin B6 derivative) and 

L-cysteine in the wider context leas to stimulation of the endogenous H2S production 

via CBS and CSE as well as CAT, and cardiovascular protective effects. Therefore, 

the development and refining of H2S detection methods would be useful for the 

diagnosis of diseases associated with disturbance of H2S levels and monitoring of H2S 

levels during treatment of CVD.  
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5.2. Development of an Assay to Measure Sulfhydration in the 

Pig Heart 

Sulfhydration of proteins and ion channels has been reported as a potential signalling 

pathway for H2S. Therefore, in this chapter, we tried to develop a reliable assay to 

measure the sulfhydration level, which could be implicated as an index for H2S 

production and potential signalling pathway for H2S in the pig heart. In the present 

study, sulfhydration of proteins, such as GAPDH and MEK1 was measured in the 

heart, PCA and liver. Therefore, sulfhydration could be an important signalling 

pathway for H2S in the heart. Thus, sulfhydrated proteins (persulfides, reductant-

labile) can be considered as endogenous stores of H2S, which can release H2S under 

specific conditions, such as reducing conditions (Ubuka, 2002; Modis et al., 2013). 

Therefore, sulfhydrated drugs, could be regarded as H2S prodrugs, which have an 

promising medical use in the treatment of cardiovascular diseases (CVD). 

In the biotin switch assay, there was an increase of sulfhydration level of GAPDH and 

MEK1 bands, but the results were variable. These results may be due to the prolonged 

procedure and multiple steps of precipitations which may lead to H2S loss and then 

decrease in the detected sulfhydration.  

Next, we moved to test a recent technique called the red maleimide assay to measure 

sulfhydration. In the results of red maleimide assay, there was a decrease of the 

fluorescence in the presence of Na2S and presence of DTT of GAPDH and MEK1 

protein. However, whether these detected sulfhydrated bands corresponded to 

GAPDH and MEK1 is difficult to judge, and this observation may indicate the 

sulfhydration of several proteins by H2S in the heart. The red maleimide assay is a 

simple technique, and the results were less variable and promising in comparison to 

the biotin switch assay. 

Interestingly, we observed the shifting of GAPDH and MEK1 bands to a lower MW 

with the presence of double bands in the presence of Na2S and absence of DTT. The 

same observation was also detected by the immunoprecipitation and Western 

blotting. The possible explanation of this observation might be due to changes in the 

protein structure in the presence of Na2S and absence of DTT (non-reducing 

condition) with sulfhydration causing a shift in the MW that the protein runs at. A 

similar effect is seen with phosphorylation. 

Therefore, all these results indicate the presence of sulfhydration in the heart, in 

particular, the presence of low MW bands by the immunoprecipitation and Western 

blotting method, which is a simple technique and its results were even comparable 

to the red maleimide assay results. The presence of the shift in the apparent MW 
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may play an important role in the sulfhydration of protein, which may change the 

protein structure and biological function. Application of mass spectrometry to look at 

the shift in MW might be helpful to determine whether this shift in MW is due to 

sulfhydration. 

Using the shift in MW as a simpler assay could be explored further in the PCA, human 

coronary artery, and human coronary artery smooth muscle cells, and rat 

cardiomyocytes H9c2 cells because in our study H2S production was detected in rat 

heart and sulfhydration might be an index of H2S production. These experiments may 

illustrate the sulfhydration biological effects, such as sulfhydration of calcium 

channels as a potential signalling of H2S in the heart and vasculature, and at the 

cellular level. Therefore, the development of a reliable assay for the measurement of 

the sulfhydration is crucial to understanding H2S signalling and biological effects of 

H2S in humans. Using the red maleimide assay/shift in MW to investigate the 

sulfhydration level of mitochondrial proteins, such as Bcl-Xl and Bad of human 

cardiomyocytes, heart tissue and blood vessels with H2S donors, in particular AP39 

could be useful to demonstrate the signalling pathway/s of H2S in the heart and blood 

vessels. 

Mass spectrometry is reported to be a useful tool for studying PTMs of proteins by 

determination of which protein is modified and which cysteine residues are modified, 

such as presence of sulfhydrated GAPDH, which is sulfhydrated at cysteine residue 

150. Therefore, mass spectrometry could characterise sulfhydration of proteins and 

their sulfhydration locations (Aracena-Parks et al., 2006; Mustafa et al., 2009; Park 

et al., 2015; Longen et al., 2016). Therefore, application of mass spectrometry 

analysis to look at the shift in MW might be useful to determine that this shift in MW 

is due to sulfhydration. Thus, it may be helpful to subject the red maleimide gel, or 

biotin labelled protein gel to mass spectrometry analysis, which may reveal more 

details about the sulfhydrated proteins at the molecular level (Meng et al., 2017). 

Then, depending on the proteomic database, the sulfhydrated proteins can be 

characterised, and particular targeted sulfhydrated cysteine locations can be 

identified (Park et al. 2015; Meng et al., 2017). Therefore, this study could provide 

more molecular insight into the sulfhydration in biological systems (Longen et al., 

2016). 

The change in the observed MW in proteins run under non-reducing conditions in the 

red maleimide assay is potentially due to sulfhydration, which could be proved by the 

mass spectrometry. First, it is important to confirm that the protein is sulfhydrated 

using presence of low MW bands, immunoprecipitation with immunoblotting, and the 

red maleimide assay under the presence of H2S source and non-reducing conditions. 
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In the proteomic analysis, the identification of protein is the principal goal. We can 

use the tryptic digestion in order to digest the protein into peptides and then the 

peptides with persulfides are eluted with tris(2-carboxyethyl)phosphine. Next the 

persulfides containing peptides are analysable using liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) and this method is simple and sensitive and it is 

especially useful for low visibility in-gel proteins with Coomassie brilliant stain 

(Aracena-Parks et al., 2006; Huynh et al., 2009; Mustafa et al., 2009; Longen et al., 

2016). Alternatively, we could do immunoprecipitation for the protein of interest and 

then immunoblotting and next cut the band and subject it to mass spectrometry. 

There were several sulfhydrated proteins detected by the red maleimide assay. In 

our results, there were some bands observed with the molecular weight correlated 

to about 90 kDa other than GAPDH and MEK1. Therefore, it may be useful to detect 

other presumably sulfhydrated proteins, which were reported by many studies such 

as heat-shock protein90 (HSP90) at ~90 kDa (Mustafa et al., 2009; Meng et al., 

2017). Thus, it might be helpful to detect this presumably sulfhydrated protein in 

PCA, PHH and human heart and blood vessels. 

A tag-switch is suggested to have relatively higher selectivity and sensitivity than the 

biotin switch assay, because in this assay, both sulfhydrated and non-sulfhydrated 

thiols are blocked by IAA (iodoacetic acid). Then, the sulfhydrated thiols are reduced 

by DTT and then labelled with ILB (iodoacetamide linked biotin) and pulled down by 

streptavidin and then visualised by immunoblotting (Zhang et al., 2014). Therefore, 

it may be useful to investigate this method in the heart and PCA to enhance the 

sulfhydration role in cardiovascular functions. Thus, development of assay for 

measuring sulfhydration level would useful for the monitoring H2S levels during the 

cardiovascular diseases. 
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5.3. Comparison of Signalling Pathways of Hydrogen Sulfide 

Sources (Na2S, GYY4137 and AP39) in the Relaxation Response 

of Porcine Coronary Artery 

Most of the literature of H2S is based on the use of salts as a source of H2S. These 

salts release a large amount of H2S in a short time and this could lead to supra-

physiological concentrations. Therefore, there is a question mark about how useful 

and reliable these data are. Using of three different H2S sources, which release H2S 

by different ways will shed light on whether there are differences in the relaxation 

response and the mechanism of relaxation.  

Therefore, the key aims of this chapter were to determine whether there are any 

differences in the relaxation responses and mechanisms of relaxation among the 

three different types of H2S sources. In this chapter, we compared the effects of the 

three different H2S sources on the relaxation response in PCA. The results of the 

present study demonstrated there was no difference in the relaxation responses 

though the use of three different H2S sources, Na2S, GYY4137 and AP39.  

The results of this chapter showed that there was a significant enhancement of the 

relaxation responses of all the three different H2S sources in the presence of L-NAME, 

TEA and glibenclamide. The results of L-NAME could suggest chemical interaction of 

H2S with NO led to formation of inactive nitrosothiol. This result was in agreement 

with many studies, such as Ali et al., (2006) and Whiteman et al., (2006). According 

to Whiteman’s study, the interaction of H2S with NO leads to formation of inactive 

nitrosothiol molecule, which does not relax or contract blood vessels. This result is 

also reported by Ali’s study. This observation could be due to physiological 

antagonism between H2S and NO via nitrosothiol formation. Therefore, in this case 

NO is reducing the H2S relaxant effect.  

Some studies in the literature reported the involvement of potassium channels, in 

particular, KATP channels in the H2S-mediated relaxation. In contrast, our results with 

TEA and glibenclamide demonstrated non-involvement of potassium channels, in 

particular, KATP channels in the H2S-mediated relaxation responses in U46619-

precontracted PCA. Interestingly, the blocking of potassium channels by TEA and KATP 

channels by glibenclamide led to an enhancement of the H2S-mediated relaxation, 

and these results are in contrast with many previous studies that have been reported 

that H2S relaxation was mediated via potassium channels, such as KATP channels as 

in the study of Zhao et al (2001). Therefore, in order to address why there is an 

enhanced relaxation in the presence of K+ channel inhibitors, the effects of K+ channel 

inhibitors on calcium-induced contractions and Bay K8644-induced contractions could 

be investigated further. Moreover, the effect of K+ channel inhibitors on angiotensin 
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converting enzyme (ACE) and angiotensin II activity and expression could be useful. 

These experiments could be helpful to clarify why the use of K+ channels inhibitors 

led to enhancing the relaxation response of the three different H2S sources and also 

it could suggest alternative mechanism/s for the relaxation response of H2S, because 

several studies demonstrated that H2S could block angiotensin II activity and effects, 

but whether this effect is increased by K+ channels inhibitors needs to be clarified.  

Therefore, alternative pathways for H2S effects as a vasorelaxant could merit further 

exploration, because it has reported by many studies that H2S sources, such as NaHS 

decreased ACE and angiotensin II activity and effect (Laggner et al., 2007; Zhao      

et al., 2008; Liu et al., 2014; Snijder et al., 2014; Al-Magableh et al., 2015; Snijder 

et al., 2015). Therefore, determination of the effects of new generation H2S sources 

GYY4137, and AP39 on ACE and angiotensin II expression level and activity, and 

angiotensin II type1 receptor expression in PCA, human tissues, such as human 

cardiac tissue and mesenteric arteries (Materazzi et al., 2017) by techniques, such 

as using immunoblotting and ELISA (enzyme-linked immunosorbent assay) could be 

useful to demonstrate the effects of H2S on vascular tone and cardiac function. 

There was significant inhibition of calcium-induced contractions by all the three 

different H2S sources, and these effects were maintained after 15, 30 and 60 min 

periods of incubation of PCA with all the three different H2S sources, even though 

levels of H2S in the buffer are likely to have dropped. This observation may be 

attributed to the sulfhydration of calcium channels, which resulted in extension of 

H2S-mediated relaxation in PCA. Moreover, there was a significant inhibition of Bay 

K8644-precontracted PCA by all three different H2S sources, and thus, these results 

suggest that H2S acts by blocking calcium channels in agreement with the results of 

Zhao and Wang, (2002), Sun et al. (2008) and Zhang et al. (2012). Therefore, it 

would be important to determine whether calcium channels are sulfhydrated using 

red maleimide assay which is simple assay in PCA and human vascular smooth muscle 

tissue/cells. It may be useful to extend this investigation to human tissues, such as 

internal mammary artery (Webb et al., 2008) and mesenteric arteries (Materazzi      

et al., 2017) in order to determine whether H2S could also block calcium channels via 

sulfhydration in human tissue. This would help to understand the possible translation 

of H2S drugs (H2S donors) in the treatment of cardiovascular diseases in human. 
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Electrophysiological studies, such as patch-clamp technique could help to determine 

the effects of the new generation H2S sources, such as GYY4137 and AP39 on calcium 

channels currents measurements in human cardiomyocytes and vascular smooth 

muscle cells. Moreover, monitoring the change in intracellular calcium concentration 

using Fluo-4 imaging techniques. These techniques would be important to illustrate 

the effects of H2S on the calcium level in the cardiovascular system at the cellular 

level.  

Our results showed that the presence of 1 µM FCCP led to no significant effects on 

the response to 5 µM AP39. Therefore, in order to demonstrate the role of 

mitochondria in vascular tone in response to H2S, it might be useful to repeat these 

experiments with a combination of different known inhibitors of the electron transport 

chain of the mitochondria (10 µM rotenone which inhibits complex I, 10 µM antimycin 

which inhibits complex III, 10 µM oligomycin which inhibits complex V of the electron 

transport chain) to investigate whether there is an effect for the full inhibition of the 

electron transport chain on the relaxation responses to AP39 in PCA. Thus, this 

experiment may demonstrate the role of mitochondria in vascular tone in response 

to H2S. 

The effect of Na2S was decreased by the use of low oxygen level, and this might be 

because decrease of oxygen level may result in an increase H2S availability with Na2S, 

which releases a large amount of H2S during a short time. This would lead to a very 

high H2S level and result in decrease of the relaxation response to Na2S. In the results 

of GYY4137, there was no significant difference. In contrast, the effects of AP39 were 

enhanced by the using of low oxygen level. This may be because the decrease of 

oxygen level may result in an increase H2S availability in the PCA mitochondria and 

decrease mitochondrial ROS levels to physiological levels. This could enhance the 

relaxant effects to AP39 due to release of H2S in the mitochondria. So the time frame 

of H2S release is important. 
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The three H2S sources caused some increase in the hypoxia relaxation response and 

decrease in the recovery response. Decreasing size of the recovery response might 

be beneficial to decrease the possible excessive and uncontrolled contractions 

induced by reoxygenation, which might lead to IRI, which is likely due to increase of 

ROS and calcium overload. Decrease size of the recovery response may be due to a 

decrease in ROS generation and excessive calcium accumulation, and maintenance 

of the mitochondrial function and structure integrity. These results could be similar 

or mimic the protective effects of H2S against ischaemia and reperfusion injury at 

least in part. Therefore, H2S sources may be considered as preconditioning agent 

against ischaemia reperfusion injury. This effect may be tested by application of the 

three H2S sources before the reoxygenation of PCA. 

It has been reported that H2S may be toxic at high concentrations. Therefore, it might 

be helpful to determine at which concentrations the effects of GYY4137 and AP39 

would be toxic on cell-lines, such as human cardiomyocytes and vascular smooth 

muscle cells. H2S levels could be measured using the SF7-AM assay in a time-scale 

pattern and it may be useful to measure cell viability using the MTT assay (Szczesny 

et al., 2014). The use of human cells would help to understand the possible 

translation of H2S drugs in the treatment of cardiovascular diseases in humans. In 

short, in the heart and vasculature, there is accumulating evidence about the 

potential contribution of H2S pathways in the physiology, pathology and treatment of 

CVD. Overall, the application of exogenous H2S via H2S drugs and stimulation of 

endogenous H2S production via L-cysteine and vitamin B6 in the wider context leads 

to cardiovascular protective effects and these effects emphasise the druggability of 

H2S in the cardiac/vascular physiology and treatment of many CVD. 
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Conclusion 

The development of an assay to measure CBS and MST enzyme activity in the heart, 

such as the SF7-AM assay is useful to understand H2S production level, regulation 

and monitoring changes in H2S level in the heart. H2S production in the heart leads 

to relaxation of coronary artery, suggesting that the cardiac tissue contributes to 

control of vascular tone in the coronary artery in a paracrine manner. 

The development of an assay to measure sulfhydration in the heart, such as the red 

maleimide assay and immunoprecipitation/immunoblotting are useful to measure 

sulfhydration, which could be considered as an index of H2S production and potential 

signalling pathway for H2S in the heart. This approach could help to understand 

mechanism of relaxation possibly via sulfhydration of calcium channels in the heart 

and coronary artery.  

Low H2S production has been associated with many cardiovascular pathologies. Thus, 

application of H2S sources leads to a decrease in IRI in coronary artery via relaxation 

through calcium blockade. Therefore, the use of H2S drugs (sources) could be used 

in ischaemic heart diseases, which considered as one of the common causes of death.  

H2S biology appears to have complicated and conflicting aspects, which merit further 

investigation. Most of the literature reports have depended on the use of inorganic 

H2S salts, which highlight many disadvantages, controversies and questions about 

the credibility of H2S influences, consistency and mechanism of action in the field. 

Although, some reports which suggested H2S salts-mediated relaxation responses 

and mechanisms of relaxation may need re-evaluation with the new generation H2S 

sources, such as GYY4137 and AP39, the results of present study demonstrated that 

there was no difference in the relaxation responses and mechanisms of relaxation 

among the three different sources of H2S, Na2S, GYY4137 and AP39.  

Most H2S studies were carried out in animal models and in vitro, which may not 

imitate the human environment. Therefore, there would be inevitable obstacles, such 

as the physiological and toxic concentrations, and the active form of H2S, which may 

hamper the translatability of H2S donors (drugs) to the clinic. 

The development of methods for measuring of H2S-synthesising enzyme activity, H2S 

levels and H2S-mediated signalling pathways and then, application of these methods 

on human tissues are important to understand the biological role of H2S and 

translation of H2S-releasing drugs to the clinical field. Intriguingly, suspended 

animation (hibernation-like) induced by H2S in mice if applicable in human tissues 
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could help during transport of organs and buying extra-time during tissue injury and 

surgery as well. 

Interestingly, the comparison of H2S-relasing drugs with the classical ones suggests 

promising preclinical results and may provide an excellent opportunity for drug 

candidate discovery or as additional/alternative and prophylactic medicine based on 

H2S, especially in the cardiovascular system.  

Many studies have suggested that the administration of moderate amounts of natural 

food-derived H2S sources, such as garlic derivatives is healthy and improves 

cardiovascular diseases. Therefore, in the heart and vasculature, there is 

accumulating evidence about the potential contribution of H2S in the pathology and 

treatment of cardiovascular diseases. Finally, the heart is an important source of H2S, 

and we still learning from H2S. Hopefully, H2S donors (drugs) could follow a similar 

historical and therapeutic path (fate) to NO donors (nitrates). Therefore, today 

research about H2S biological profile may translate to drug tomorrow. 
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Appendices 

The attended training courses and seminars 
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The attended training courses 

1. First year: 

 

 

 

 

 

 

 

 

 

 

Training course            Date Points 

1. Radiation - Safe Working with Ionising Radiations 07 October 2015 0 

2. Microsoft Word: Introduction 11 November 2015 2 

3. Introduction to Research Data Management 12 November 2015 1 

4. Laboratory Practice 2 - basic techniques 20 November 2015 1 

5. Planning your research 25 November 2015 1 

6. Presentation skills for researchers (all disciplines) 08 December 2015 2 

7. Creating and Managing Long Documents in Microsoft 

Word 
18 December 2015 2 

8. More Functions in Excel 06 January 2016 2 

9. Nature of the doctorate and the supervision process 19 January 2016 1 

10. Prism use and applications  25 January 2016 0 

11. Laboratory Practice 1 - basic practice, health and 

safety 
08 February2016 1 

12. Creating a Poster in PowerPoint 15 February 2016 1 

13. Using Excel as a Database 25 February 2016 2 

14. Researcher information skills for new researchers in 

Medicine & Health Sciences 
08 March 2016 0 

15. Mathematics in the Lab 18 March 2016 1 

16. Microsoft PowerPoint: Introduction 31 March 2016 2 

17. Preparing for your confirmation review 19 April 2016 0 

18. Basic Statistics with SPSS 04 May 2016 2 



 

317 

 

2. Second year 

 

3. Third year 

 

 

 

 

 

 

 

 

 

 

Training course            Date Points 

1.   Recruitment Interviews & Selection Exercises: 

Developing Confidence & Strategies 

06/12/2017 1 

2.  Creative Problem Exploration in Research 18/01/2018 2 

3.  Preparing for the viva 03/02/2018 1 

4.  Applying for academic jobs - PhD students 02/05/2018 1 

5.  What do I want to get out of a conference - and 

how do I do it? 

19/06/2018 1 

Training course            Date Points 

1. How to be an Effective Researcher for Research 

Students  

28/07/2016 3 

2. Microsoft Powerpoint: Creating a Research Poster   23/11/2016 1 

3. Demonstrating in Laboratory Practicals    18/01/2017 1 

4. Writing Scientific Abstracts  18/01/2017 1 

5. Foundations of Teaching in HE  03/02/2017 1 

6. Public Engagement for Researchers: Community, 

Schools, and Colleges (SSAGC)  
27/02/2017 1 

7. Presentation skills for researchers (all disciplines)  28/02/2017 1 

8. Good Laboratory Practice: Techniques      17/03/2017      1 

9. Critical Appraisal of scientific literature 1 (non-

clinical)  
28/03/2017 1 

10. Photographs: Working with GIMP  25/04/2017 1 
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The attended seminars: 
 

1. First year: 

Date Presenter Title 

14 Jan 2016 Chris Wood Camera choices for microscopy 

19 Jan  2016 Hazel Rogers 

Therapeutic targeting of the PI3K signaling 

pathway for the treatment of the 

childhood brain tumour ependymoma 

20 Jan 2016 Steve Griffin 

Using small molecules to understand and 

target the functions of virus-coded ion 

channels 

18 Nov 2015 Julie Welburn 

Mechanism and regulation of microtubule 

motors 

29 Jan  2016 

Prof. Marysia 

Placzek Hypothalamic stem cells and homeostasis 

9 Feb  2016 Dr. Nick Hannan 

Human Foregut Stem Cells: 

Developmental Modelling, Regenerative 

Medicine, and Translational Research 

23 Feb 2016 Hoang Minh 

Creating Human Cellular Models to 

Investigate Cardioprotective Functions of 

GRK5 Hln41Leu using CRISPER/Cas 

Technology 

24 Feb 2016 

Nigel Minton 

(SoLS Research 

Group 

Presentation)  

Microbial Engineering 

29 Feb 2016  

Maria Rosa 

Dominogo 

Sananes 

Irreversible bistability in a Trypanosoma 

brucei developmental switch 

12 Apr  2016 
Sebastiaan 

Winkler 

Post-transcriptional control of gene 

expression in tumour cells 

15 Apr  2016 

Dr. Karen 

Gregory (Monash 

Institute of 

Pharmaceutical 

Sciences) 

Novel discovery strategies for modulating 

glutamatergic neurotransmission 
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2. Second year: 

 

 

 

Date Presenter Title 

31  Oct 

2016 

Stephen Knight 

(from Fisher 

Scientific) 

Overview of qPCR and the Basic Principles of qPCR, 

Common Chemistries and the Applications of qPCR – 

going through DNA, RNA and protein applications 

10 Nov 

2016 

Isabella 

Maiellaro 

(University of 

Wurzburg) 

“cAMP Signals in Drosophila Motor Neurons Are 

Confined to Single Synaptic Boutons 

16 Nov 

2016 

Peter Kolb 

Professor of 

Pharmaceutical 

Chemistry, 

Philipps-

Universität 

Marburg, 

Germany. 

Cell Signalling and Pharmacology Research Group 

Forum (Searching for (selective) GPCR ligands in 

chemical space 

17 Nov 

2016 

Christopher 

McDevitt 

Molecular mechanisms of metal ion homeostasis in 

Streptococcus pneumonia 

30 Nov  

2016 Fred Sablitzky Molecular Cell Biology and development 

 7 Dec 

2016 Ian Holt Mitochondrial DNA loops the loop 

11 Jan 

2017 

Professor Paul 

Harrison 

/University of 

Oxford 

“Recent advances in schizophrenia genetics and their 

implications” 

1 Feb 2017 Mark Field 

Evolution of the nuclear pore complex and nuclear 

lamina 

15 Feb 

2017 

Dr. Andrew 

Fenton 

(Sheffield 

University) 

Identification of new cell wall Biogenesis factors in 

Steptococcus pneumoniae using TnSeq 

22 Feb 

2017 

Dr. Derek 

Davies 

Flow cytometry, its numerous applications, and 

technical advances. 
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3. Third year: 

 

 

 

 

 

 

Date Presenter Title 

17 Jan 

2018 

Professor Anthony Heagerty 

(Division of Cardiovascular 

Sciences, School of Medical 

Sciences, University of 

Manchester) 

The Role of Perivascular Adipose 

Tissue in Health and Obesity 

07 Feb 

2018 

Mike Benton FRS (University of 

Bristol) 

Homology and deep homology: 

exploring the origin of feathers in 

pterosaurs, dinosaurs, and birds 

14 Feb 

2018 

Elizabeth Cartwright (University of 

Manchester) 

Understanding the role of the calcium 

extrusion pump PMCA in heart failure” 

21 Feb 

2018 

Mike Trenell (Newcastle 

University) 

“Lifestyle, metabolism and ageing; do 

we have a reverse gear?” 

28 Feb 

2018 

Prof Andrew Fry (University of 

Leicester, UK) 

'Microtubule organization in dividing 

cells: from molecular mechanisms to 

cancer therapies’ 

7 March 

2018 

Elisabetta Verderio Edwards 

(Nottingham Trent University) Transglutaminases and kidney fibrosis 

14 March 

2018 

Tanmay Bharat (University of 

Oxford) 

Structural biology inside cells using 

electron cryotomography” 

21 March 

2018 

Ransom Lecture Mark Caulfield 

(Queen Mary University of 

London) 

Ransom Lecture: “The 100,000 

Genomes Project” 

20 Apr 

2018 
John Armour 

“Human alpha-defensin variation: 

blood cells, kidney disease and tooth 

loss” 

25 Apr 

2018 
Christian Rudolph (Brunel 

University) 

“ How colliding forks shape the 

landscape of the Escherichia coli 

chromosome” 

27 Apr 

2018 Jonathan Ball 

“Pseudo viruses in the art of cell 

entry” 
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4. Fourth year 

 

 

 

Date Presenter Title 

03 Apr 2019 Donald Davidson (University of 

Edinburgh) 

“Cathelicidin: an 

antimicrobial 

inflammomodulatory fire 

alarm in infectious lung 

disease” 

14 Jun 2019 Gustavo Lazzaro Rezende 

"Evolution, physiology and 

genetics of water relations 

in insect eggs" 

24 Jul 2019 Lauren Sumner-Rooney 

"Distributed visual systems: 

how do many-eyed animals 

see the world?" 

21 Jun 2019 Simona Huwiler and Jess Tyson 

"Predatory Bdellovibrio 

bacteriovorus: towards 

understanding the prey exit 

process and application as 

‘living antibiotic" 

10 Sep 2019 Professor Fernando Baquero 

Individual-Health, One-

Health and Global-Health in 

Antibiotic Resistance 


