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Thesis Summary 

Cardiovascular disease is the leading cause of morbidity and mortality globally. Endothelial 
dysfunction (ED) is implicated in the development and aggravation of cardiovascular 
complications. There is growing interest in understanding the pathophysiological 
mechanisms underlying ED and identifying therapeutic strategies that may prevent or 
reduce the risk of vascular complications and associated diseases. Hydrogen sulphide (H2S) 
is an endogenous gasotransmitter that can act as an essential biological mediator. In the 
vasculature, H2S can mediate beneficial effects through anti-inflammatory and redox-
modulating regulatory mechanisms. Reduced H2S bioavailability is reported in chronic 
diseases such as atherosclerosis, diabetes, hypertension and preeclampsia, suggesting the 
possible value of investigating H2S as a therapeutic strategy for vascular-related conditions.  

The study aimed to examine the cytoprotective roles of H2S against TNF-α-mediated ED. 
Human umbilical vein endothelial cells (HUVECs) were stimulated with TNF-α (1 ng/ml) 
followed by a slow H2S-releasing donor, GYY4137, post-treatment (100 µM). TNF-α proved 
to be an efficient agent enabling ED as evidence enhanced oxidising redox state, 
inflammation and apoptosis via mitochondrial-dependent downstream signalling pathway. 
Confocal microscopy and gene-transcriptional expression analysis revealed that TNF-α 
affects mitochondrial dynamics, characterised as well by fragmentation of the organelle. 
GYY4137 post-treatment balances the redox state that alleviates endothelial inflammation, 
mitochondrial dysfunction, and pro-apoptotic signalling. In addition, GYY4137 enhanced 
protein S-sulfhydration of Keap1 and caspase 3, stimulating Nrf2-downstream response 
and inhibiting caspase 3/7 activity, respectively.  

In conclusion, the findings of this research contribute to expanding the understanding of 
the overall role H2S underlying mechanisms and indicate that the slow-releasing H2S donor 
may have putative therapeutic applications in inflammation-associated ED.  
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1 General Introduction 
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1.1 The Cardiovascular System 

The cardiovascular system consists of the heart, blood vessels and blood. Its primary 

function is transporting nutrients, hormones, and oxygen-rich blood through the body 

and carrying deoxygenated blood back to the lungs. It also facilities the removal of waste 

products from the body. The heart pumps blood through the vasculature, maintaining an 

appropriate cardiac output. The delivery and return of blood in the systemic vasculature 

are through a network of blood vessels (Sherwood, 1997).  

1.1.1 Blood Vessel Anatomy 

Blood vessels are the body's highway that allows blood to flow quickly and efficiently 

from the heart through the body and back again. All blood vessels contain a hollow area 

called lumen through which blood can flow; surrounding the lumen is the wall of the 

vessel (Chaudhry, Miao and Rehman, 2021).  

There are three major types of blood vessels: arteries, capillaries and veins. In arteries, 

vessels exhibit a ticker and elastic walls to withstand high blood pressure levels. While 

capillaries are the smallest and thinnest of blood vessels, veins are the large return 

vessels of the body (Fishman, 1982).  

Arteries and veins are structurally layered into three distinct regions (Figure 1.1). The 

outer layer of blood vessels is called the tunica adventitia and comprises collagen, elastic 

fibres and connective tissue. Elastic fibres allow blood vessels to expand when 

experiencing blood flow pressure on the walls of the vessels.  

The middle layer, known as the tunica media, occupies the greatest area of the vessel 

wall and is composed of vascular smooth muscle (VSMc) cells, collagen and elastic 

fibres. This middle layer is responsible for most of the mechanical properties of the 

vessel, where VSMCs regulate constriction and dilation; elastic fibres help to maintain 

blood flow, and collagen ensures that excessive expansion and dilation of vessels are 

prevented. Finally, the tunica intima (inner layer) lines the luminal surface of the vessel 

and is composed of a monolayer of cells referred to as the vascular endothelium. 

Capillaries are composed of a single layer of endothelial cells (ECs), allowing the 

exchange of molecules between blood and the surrounding tissue (Vito and Dixon, 

2003).  
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1.2  The Vascular Endothelium 

The endothelium compromises a monolayer of individual endothelial cells that 

collectively lines the entire vascular system. Initially, it was viewed as the inert cell barrier 

that facilitated the nutrient exchange across itself. However, early studies in the '50s and 

electron microscopic reports of lymphocyte-endothelium interaction paved the way for 

subsequent research on the endothelium's multiple vital roles (Gowans, 1959; Fishman, 

1982).   

Currently, the endothelium is viewed as a dynamic organ with inducible synthetic and 

metabolic functions, partly due to its unique position at the interface between blood and 

surrounding tissue. Blood vessel diameter can be controlled by intrinsic signalling such 

as metabolic, mechanical, endothelial and paracrine (Meininger and Davis, 1992; 

Korthuis, 2011). Extrinsically, remote processes such as neuronal and hormonal 

mechanisms can also modulate vessel diameter (Sherwood, 1997; Korthuis, 2011) 

(Figure 1.2).  

Figure 1.1. Schematic diagram displaying the cross-section of an artery.  
The interior of the vessel (lumen) is surrounded by the wall of the vessel composed of three 
layers: Tunica Intima, Media and Adventitia. The endothelium lines the luminal surface. Created 
with Bio-render.com.  
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The functional capacity of the endothelium is elicited by its ability to secrete and respond 

to several molecules along with membrane-bound receptors and cell-to-cell interactions 

(Krüger-Genge et al., 2019).  

 

 

 

 

 

 

 

 

Like other organs, the numerous functions of the endothelium are mediated by 

differentiated ECs, and their heterogeneity depends on the vascular bed in which it is 

situated (Aird, 2003). Vascular-bed heterogeneity also covers surface protein expression 

and endothelial phenotype; for instance, the endothelial biomarker von Willebrand factor 

(vWf) varies within vessel type (Aird, 2007).  

The endothelium plays a fundamental role in regulating several homeostatic vascular 

processes in its quiescent state. The most widely studied and well-established functions 

are cell barrier, vascular development, control of vascular tone, coagulation, fibrinolysis, 

and interaction with blood cells (Michiels, 2003). 

 

Figure 1.2 Schematic diagram of blood vessel diameter influences.  
Vasomotor control mechanisms operant in endothelium and vascular smooth muscle cells in 
the walls of small arteries and arterioles. Intrinsic and extrinsic factors modify blood vessels 
diameter (constriction or dilation) and thus can influence blood flow in vascular beds. 
(Created with Bio-render.com. Modified from (Onyewu, Coombs and Kromah, 2021). 
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1.2.1 The endothelium functions 

The interface between blood and tissue is surrounded by ECs, interacting with circulatory 

cells on one hand and vascular wall cells on the other. This privileged location allows 

ECs to respond primarily to vascular changes and exhibit various functions. Detailed 

literature reviews have been published regarding ECs functions (Michiels, 2003; Galley 

and Webster, 2004; Krüger-Genge et al., 2019). Nevertheless, the most widely studied 

processes are briefly reviewed in this project. 

1.2.1.1  Vascular tone 

The simple, early acknowledgement of the endothelium as a structural barrier between 

circulation and surrounding tissue was challenged by Furchgott and Zawadzki's research 

report. The group found that rat VSMc relaxation in response to acetylcholine was 

endothelium-dependent (Furchgott and Zawadzki, 1980). Although the authors 

demonstrated the presence of an endothelium-derived relaxing factor (EDRF), the 

nature of the EDRF itself was not determined. Identification of EDRF as nitric oxide (NO) 

was later reported (Palmer, Ferrige and Moncada, 1987). To date, it is known that the 

vascular endothelium produces vasodilator agents modulating blood flow, which is 

fundamental in permitting individual tissues and organs to meet their changing metabolic 

demands at rest and under stress conditions. Additional regulation of the vasomotor tone 

relies on the production of vasoactive molecules such as prostacyclin (PGI2) and platelet-

activating factor (PAF) (Meade et al., 1996; Walterscheid, Ullrich and Nghiem, 2002). 

The representation of vasoconstrictor molecules began with the isolation of endothelin 

(ET) in 1989 (Inoue et al., 1989). Although three are three types of ET, vascular ECs 

only produce ET-1. In VSMc, vasoconstrictor actions emerge after binding to the 

endothelin A (ETA) receptor and later phospholipase C. Binding to ETB receptor on ECs 

results in vasoconstriction of some blood vessels (Gardiner et al., 1994; Mazzuca and 

Khalil, 2012).  

1.2.1.2 Cell proliferation and Angiogenesis 

The vascular network development requires complex and coordinated communication 

between different cell types. De novo vascularisation involves mesodermal-derived ECs 

forming a primitive vessel network (Conway, Collen and Carmeliet, 2001). On the other 

hand, new blood vessels created from pre-existing is referred to as angiogenesis, 
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resulting in the expansion of the vascular network (Ribatti and Crivellato, 2012). Vascular 

endothelial growth factor (VEGF), a well-known potent angiogenic factor, was first 

described as an essential growth factor for vascular endothelial cells. VEGF regulates 

several ECs functions, including proliferation, migration, differentiation and survival 

(Cross and Claesson-Welsh, 2001; Hoeben et al., 2004). 

In addition, VEGF exhibits its angiogenic processes through the interaction with cell-

surface family receptors, including VEGFR1, VEGFR2 (both expressed in the vascular 

endothelium), and VEGFR3 (only in lymphatic endothelium) (Carmeliet and Jain, 2011). 

Recently, a family of growth factors known as angiopoietins and their ligands (tie-1 and 

tie-2) have been associated with vascular effects, including vascular tree expansion and 

vascular wall formation (Rajendran et al., 2013).  

1.2.1.3 Interaction with circulatory cells 

As the interface between blood flow and subendothelial tissue, the endothelium can 

respond quickly to local changes by expressing cell surface molecules (Pober and 

Sessa, 2007). Upon stimulation, ECs become activated and change phenotype by 

expressing cell-associated molecules that contribute to directing the migration of 

platelets and leukocytes to specific regions of the endothelium (Videm and Albrigtsen, 

2008). Recruitment of circulating cells from blood to the inflamed tissue involves a 

multistep process dependent on specific adhesion receptors family and in response to 

chemical stimulus on the surface of ECs, including platelet-selectin (P-selectin), 

leukocyte-selectin (L-selectin), endothelial-selectin (E-selectin), immunoglobulin 

superfamilies (IgSF) members such as intracellular cell adhesion molecule 1 (ICAM-1) 

and vascular cell adhesion molecule 1 (VCAM-1) (Zhang et al., 2011; Nourshargh and 

Alon, 2014).  
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1.3 Endothelial Dysfunction 

Abnormality related to individual normal functions of the vascular endothelium 

predisposes a dysfunctional endothelial phenotype characterised, but not limited, by 

compromised cell barrier, increased leukocyte adhesion, oxidative stress, impaired 

processing of vasodilator substances, inflammation, altered metabolism, cell death, and 

senescence (Rajendran et al., 2013). However, the transition between ECs function and 

endothelial dysfunction (ED) is not always clear, but ED usually arises from otherwise 

adaptive responses that are excessive, sustained or temporally misplaced (Favero et 

al., 2014). 

An early description of ED was focused on structural changes or loss of anatomical 

integrity in the context of atherosclerosis, in which authors employed the term EC 

dysfunction to describe the hyperadhesiveness of the endothelium to platelets 

(Bevilacqua et al., 1987). Moreover, ED cannot simply include all interruptions in regular 

functions, as endothelium serves different roles in different organ systems, conferring a 

heterogeneous response to physiopathological stimuli (Aird, 2007). The endothelium 

shift towards, but is not limited to, vasoconstriction, inflammation, oxidative stress, 

leukocyte adhesion, altered metabolism, eNOS uncoupling, and cell death upon ED 

phenotype (Xu et al., 2021). Several classical and non-classical risk factors have been 

reported to induce ED, which precedes the progression of the underlying pathogenesis. 

Risk factors include hypercholesterolaemia, hyperlipidaemia, hypertension, chronic 

smoking, diabetes mellitus, chronic inflammatory disease, psoriasis, ageing or 

environmental factors (Nadar, Blann and Lip, 2004; Camici et al., 2007; Gagat et al., 

2014; Steyers et al., 2014). ED is thought to represent crucial steps in the initiation and 

progression of cardiovascular diseases (CVD) and vascular-related complications 

conditions such as atherosclerosis, hypertension, diabetes, peripheral arterial disease, 

metabolic syndrome, chronic kidney disease (CKD), neurodegeneration, cancer and 

more recently SARS-CoV-2 virus-induced COVID-19 condition (Rajendran et al., 2013; 

Al-Jameil et al., 2014; Tong et al., 2020). Thus, ED exhibits prognostic implications as a 

predictor of cardiovascular events and patients with risk factors, conceiving relevant 

implications for pathophysiological, diagnostic and therapy (Figure 1.3).  
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1.3.1 Redox Biology and Endothelial dysfunction 

The evolution of aerobic organisms that utilise oxygen for their energetic needs has led 

to a considerable diversification in the forms of life that have subsequently developed. 

In biological systems, redox reactions, which involve electron exchange (redox) 

processes between two chemical species with oxidation (loss of electrons) and reduction 

(gain of electrons), are essential to basic cellular functions, including metabolism and 

respiration. Cellular redox systems include cooperative and interconnect components 

grouped into small metabolites, often derived from oxygen, that may exhibit second 

messenger roles.  

Figure 1.3 Endothelial dysfunction and associated pathological conditions.  
There are different factors that can trigger ED such as excess of pro-oxidants, 
modified LDL, aging, cell and tissue injury, and virus such as SARS-CoV-2. These 
factors can induce a shift from executing physiologic functions to impaired 
dysfunctional vascular endothelium characterised by 1) vasoconstriction of vessels; 
2) eNOS uncoupling and less NO production; 3) apoptosis; 4) impaired ATP 
production and metabolic routes; 5) enhanced of leukocyte adhesion and migration; 
6) excessive pro-oxidants formation and decreased antioxidant defense; 7) release of 
pro-inflammatory cytokines and reduction of anti-inflammatory mediators. ED is more 
a composite of these dysfunctional aspects that emerges as a hallmark in the initiation 
and progression of neurodegeneration, CKD, atherosclerosis, diabetes, insulin-
resistance, and viral infections such as Covid-19. 
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In redox biology, one of the main essential components includes chemically reactive, 

oxidant molecules, potentially deleterious, defined as reactive oxygen species (ROS).  

Traditionally, ROS has been described as toxic by-products of metabolism with the 

potential to cause damage to lipids, proteins and DNA (Finkel, 1998). Nowadays, ROS– 

along with reactive nitrogen species (RNS) and recently reactive sulfur species (RSS)– 

are thought to be essential in cellular processes and may even act as second 

messengers, "redox signalling" (Sies, 2015).  

In the endothelium, various types of ROS that can be formed include superoxide anion 

(O2
•−), H2O2, hydroxyl radicals (•OH) and hypochlorous acid (HOCl) (Figure 1.4). Among 

the different ROS species, chemical properties such as half-life or lipid solubility 

characterised its ability as an efficient signalling mediator. For instance, O2
•−has a short 

half-life and is membrane impermeable; O2
•−can rapidly form H2O2 via superoxide 

dismutase (SOD). As a more stable molecule, H2O2 has a longer half-life compared to 

O2
•− and the ability to cross the membrane. In the presence of reduced transition metals 

(e.g. ferrous or cuprous ions) or to oxidise chloride (Cl−), highly reactive •OH or HOCl 

species can be formed. Alternatively, H2O2 is ultimately converted to water by antioxidant 

enzymes such as catalase (CAT) or glutathione peroxidase (GPX) (Thannickal and 

Fanburg, 2000). Furthermore, the reaction of oxygen with nitrogen results in RNS 

formation, such as nitric oxide (NO) and the reaction between NO and O2
•− forms one of 

the most potent oxidants, peroxynitrite anion (ONOO−) (Song and Zou, 2014).  
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A large part of ROS-mediated signal transduction relies on oxidative modifications of 

proteins (Figure 1.5). The sulfur-containing group (thiol) amino acids, especially cysteine 

(Cys), is believed to be primarily responsible for transmitting these redox cues. It is now 

known that ROS cannot mediate the oxidation of all Cys residues but only target Cys 

thiol groups displaying low pKa thiolate anions (Winterbourn, 2008). Specific properties 

such as susceptibility to ROS/RNS, selectivity in different local environments and 

flexibility by its reversible modifications; allow thiols in Cys residues to act as redox signal 

switches (Ferrer-Sueta et al., 2011). ROS-mediated modification of the sulfhydryl or thiol 

group (-SH) of a single Cys can be described as a sequential oxidation reaction from 

sulfenic (-SOH) to sulfinic (-SO2H), sulphonic (-SO3H) or S-glutathionylated (-SSG) 

derivatives (Figure 1.5) (Finkel, 2011).  

 

 

 

Figure 1.4 Biochemical reactions of critical endothelial ROS and RNS formation.  

The univalent reaction of molecular oxygen (O2) formed superoxide (O2
•−) that, upon 

dismutation reaction, is converted to H2O2. In transition metals or chloride presence, H2O2 

can be converted to hydroxyl radical (•OH) or hypochlorous acid (HOCl). Ultimately, 
enzymatic reactions lead to converting H2O2 to water. Peroxynitrite (ONOO−) is formed from 
the non-enzymatic reaction between O2

•− and nitric oxide (NO). 
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Sulfenic acid can be reversible and reduced via the cell's intrinsic antioxidant systems 

and exhibit physiological effects. In addition, sulfinic and sulfonic acids occur under high 

pro-oxidant levels and are in irreversible oxidation states (Benhar, 2020). If the critical 

Cys is located within the catalytic domain, these alterations can modify the functional 

activity of a protein or transcription factor.  

Furthermore, transcriptions factors such as nuclear factor erythroid 2-related factor 2 

(Nrf2), nuclear factor kappa B (NF-κB) and forkhead box O (FOXO) are redox-sensitive 

factors acting as redox sensors that pleiotropically reprogram cell's redox state (Song 

and Zou, 2014). One of the most potent transcription factors is Nrf2. Its complex, 

alongside Kelch-like ECH-associated protein1 (Keap1), plays a vital role as an oxidant 

sensor and regulator of redox homeostasis in ECs (Deshmukh et al., 2017). Exposure 

to ROS can enhance Keap1 inhibition, which subsequently promotes the nuclear 

translocation of Nrf2 and triggers the transcription of genes that encode antioxidant 

molecules (Ooi, Goh and Yap, 2017).  

In addition, the localisation of cysteine residues within a protein tertiary or quaternary 

structure can result in ROS-induced covalent intra- and inter-disulphide bond formation 

that elicits a conformation change. The transcription factor p53 displays oxidative-

reductive conformational modification at Cys near the DNA interface, regulating its 

transcriptional activation (Rainwater et al., 1995). Both antioxidant intracellular thiol 

redox systems thioredoxin (Trx) and glutathione (GSH), and their system components, 

including NADPH, thioredoxin reductase (TrxRD), oxidised GSH (GSSG) and 

glutathione reductase (GR), play a significant role in reversing thiol modifications (Ahsan 

et al., 2009). In addition, ROS and RNS catabolism depend on both Trx and GSH, and 

the crosstalk within both redox systems appears to be selective rather than a general 

manner and is involved in the modulation of several cell survival and death pathways 

(Figure 1.5) (Go et al., 2013; Ren et al., 2017).  
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Figure 1.5 Schematic diagram indicating reversible and irreversible ROS-induced redox 
modifications of cysteine residues on target proteins. 
Oxidation of cysteine thiol (RSH) by ROS or RNS leads to the generation of inter – and intra-
molecular disulfide bonds (RSSR) or reaction with glutathione (GSH) to become S-
glutathionylated (RSSG). These oxidative modifications are reversible, and reduction is catalysed 
by thiol redox systems thioredoxin (Trx) and GSH. Glutaredoxin (Grx) and Trx themselves result 
in oxidised forms, which are reduced by GSH and Trx reductase (TrxRD), respectively. Oxidised 
GSH (GSSG) is diminished by GSH reductase (GR). Both thiol redox systems received electrons 
from NADPH. Sequential oxidation of sulfenic (RSOH) to sulfinic (RSO2H) and sulfonic acid 
(RSO3H) are generally irreversible modifications. Adapted from (Abo and Weerapana, 2019).  

 

1.3.1.1 Source of ROS  

Cellular ROS-producing systems within the endothelium include reduced nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (NOX), xanthine oxidase and 

uncoupled eNOS and mitochondria (Meo et al., 2016; Abo and Weerapana, 2019).  

Mitochondrial ROS generation: The aerobic metabolic processes in the mitochondria, 

referred to as oxidative phosphorylation (OXPHOS), ultimately result in the condensation 

of the inorganic phosphate and adenosine diphosphate (ADP) to produce adenosine 

triphosphate (ATP), a valuable energy source. The process involves an electron 

transport chain (ETC) form of multi-subunit complexes (I to IV) alongside coenzyme Q 

(CoQ) and cytochrome c (cyto c); and the transport of electrons throughout the 

complexes and flux of protons into the intermembrane space that creates a gradient 

across the mitochondrial inner membrane, which drives the production of ATP by the 
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ATP synthase (complex V). During mitochondria respiration activity, most of the 

molecular oxygen is reduced to water, but around 1-2% of the oxygen, mainly by 

complexes I and III, is reduced to O2
•−, which is rapidly converted to H2O2 by the 

manganese-dependent SOD (MnSOD or SOD2) (Turrens, 2003) (Figure 1.6 A).  

Xanthine oxidase system: Xanthine oxidoreductase (XOR) catalyses hypoxanthine 

oxidation to xanthine and subsequently to uric acid, which are the final steps in the purine 

degradation pathway. The enzyme can be found in two interconvertible forms, xanthine 

oxidase (XO) and xanthine dehydrogenase (XDH) (McNally et al., 2003). The most 

common form, XDH, can be reversibly converted to XO by sulfhydryl oxidation at Cys535 

and Cys992 (Berry and Hare, 2004). In contrast, proteolysis results in irreversible 

oxidation to XO. Moreover, XDH reduces both NAD+ and O2, whereas XO does not 

interact with NAD+ and will form O2
•− and H2O2 by reduction of O2  (Figure 1.6Figure 1.6 

B) (Enroth et al., 2000).  

NADPH oxidase system: NADPH oxidase enzymes constitute a family of enzymes (1-

5 isoforms) whose function is to catalyse the transfer of electrons to O2, generating O2
•− 

or H2O2 using NADPH as an electron donor. The enzyme is composed of two membrane 

subunits, NOX and transmembrane protein p22phox,  alongside cytosolic subunits (Figure 

1.6 C) (Bedard and Krause, 2007; Gavazzi and Faury, 2021).  

Endothelial NOS: In mammals, three NOS isoforms are present, including inducible 

NOS (iNOS), neuronal NOS (nNOS) and endothelial NOS (eNOS), which is the 

predominant form in ECs (Balligand et al., 1995; Taddei et al., 1996; Zakhary et al., 

1997). In the endothelium, eNOS produces NO during the oxidation of L-arginine to L-

citrulline using cofactors such as BH4, FAD and NADPH (Govers and Rabelink, 2001). 

Mechanistically, deficiency of BH4 or L-arginine causes eNOS uncoupling, in which the 

reduction of O2 by NAPDH becomes uncoupled from L-arginine oxidation and NO 

synthesis; therefore, the NOS enzyme generates O2
•− instead of NO (Figure 1.6 D) 

(Moncada and Higgs, 2006).  

Additionally, S-glutathionylation of eNOS results in its inactivation, uncoupling of eNOS 

and excessive formation of O2
•−  (Chen et al., 2010). In addition, the production of ROS 

by uncoupled eNOS has been shown to enhance the development of cardiovascular-

related conditions such as diabetes mellitus and hypertension (Stroes et al., 1997; 

Dikalova et al., 2016). 
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Figure 1.6 Schematic diagram of ROS-generating sources in the endothelium.  
(A) Electron transport chain during oxidative phosphorylation in mitochondria and the production 
of O2

•− as by-products by complex I, II and III, which through dismutation formed H2O2. (B) 
Xanthine oxidoreductases exist in two interconvertible isoforms. Xanthine dehydrogenase (XDH) 
uses NAD+ as an electron acceptor and does not produce ROS. In contrast, xanthine oxidase 
(XO) uses oxygen (O2) as an electron acceptor and, thus, can form O2

•−. (C) NADPH oxidase 
enzymes compromise by membrane subunits (NOX and P22phox) in the endothelium promote 
the formation of O2

•− using NADPH as an electron donor. (D) The endothelial NO synthase 
(eNOS) can become uncoupled mainly through deficiency of cofactor BH4 or of the substrate L-
arginine. Uncoupled eNOS produces O2

•−. Created with Bio-render.com.  

 

1.3.1.2 Antioxidant systems 

Redox homeostasis involves maintaining a balance between the production and removal 

of ROS. As mentioned, optimal levels are modified for normal cell function of 

physiological processes, and enzymatic and non-enzymatic antioxidant systems 

maintain the optimal balance to avoid an excessive production of ROS (Münzel et al., 

2017). The antioxidant enzymes include SOD, CAT, GPx, peroxiredoxin (Prx) and 

paraoxonase (PON) (Table 1-1). 
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Table 1-1 Enzymatic antioxidants and their catalytic reactions. 

Enzyme systems 

 Reaction / Function 

Superoxide dismutase O2
•−             H2O2  + O2  

Catalase H2O2              H2O + O2 

Peroxidase GSH + H2O2              GSSG + H2O 

Peroxiredoxin H2O2              H2O (Trx as e- donor) 

Paraoxonase Inhibition of mitochondrial-ROS and myeloperoxidase activity 

 

In mammalian tissues, three isoforms of SOD can be found. Copper/zinc-SOD, SOD1, 

is in the cytoplasm and mitochondrial intermembrane space. SOD2 is located in the 

mitochondrial matrix, whereas copper/zinc-SOD (SOD3) is mostly extracellular. All three 

SOD forms catalysed the dismutation of O2
•− via the inactivation of iron-sulfur centres 

containing mitochondrial enzymes (Fukai and Ushio-Fukai, 2011). Once generated, 

H2O2 can be decomposed to molecular oxygen and water by antioxidant enzymes, 

including CAT and peroxidases (Ighodaro and Akinloye, 2018). Although CAT is mainly 

located in the peroxisome, evidence of mitochondrial locations has been reported 

(Csiszar et al., 2019).  

Another predominant antioxidant enzyme is GPx, which catalyses the decomposition of 

H2O2 using the monomeric GSH as an electron donor. In mammals, of the four different 

GPx isoforms, GPx-1 is the most abundant, which in ECs can be found in the cytoplasm 

and mitochondria (Handy et al., 2009; Ighodaro and Akinloye, 2018). Furthermore, Prx 

proteins are thiol specific-enzymes that catalyse the degradation of H2O2 using active 

cysteine residues and electron donors such as Trx  (Rhee, 2016). Six isoforms of Prx in 

mammals have been identified, with differences in the number of cysteine residues 

required for the catalytic activity (Sue, Ho and Kim, 2005). The PON family consists of 

three antioxidant isoenzymes. PON1 and PON3 are expressed mainly in the liver and 

kidneys and function as inhibitors of lipid peroxidation of the LDL and HDL particles in 

plasma. PON1 secreted by the liver exerts its antioxidative effects through the activity of 

myeloperoxidase (MPO) (Huang et al., 2013). PON2 is a more ubiquitous membrane-

bound form that exerts ROS-scavenging effects by interacting with coenzyme Q10 
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(Altenhöfer et al., 2010). An additional contribution to the antioxidant systems emerges 

from non-enzymatic compounds such as uric acid, bilirubin, GSH and vitamin (C and E) 

(Münzel et al., 2017). GSH is present at millimolar concentrations in the cell and 

scavenges ROS through GSSG formation. The ratio of GSSG:GSH can be used as a 

readout of the intracellular redox state. Indeed, when the intrinsic antioxidant system is 

overwhelmed by excessive ROS production, oxidative stress is induced, which manifests 

in cellular damage and disease (Shaito et al., 2022). 

1.3.1.3 Oxidative stress 

The term "oxidative stress" is broadly used to refer to imbalances in redox couples 

(reduced to oxidised), an imbalance between oxidant and antioxidant activity, or failure 

of the antioxidant system leading to excessive ROS/RNS/RSS. This imbalance alters 

normal cellular function, eventually causing cell dysfunction (Incalza et al., 2018). 

Although the "redox triangle model" is the most common representation of the oxidative 

stress design, the misleading and simplicity of the model have been recently questioned 

(Figure 1.7) (Held, 2020).  

 

 

 

 

 

 

 

 

 

Figure 1.7 Redox triangle model.  
A typical representation of the redox state and progression from homeostatic to signalling 
adaption towards oxidative stress, in which generation and excessive ROS levels are 
associated with inadequate antioxidant defence systems. Adapted from (Held, 2020). 
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Nevertheless, the implications of oxidative stress in the pathogenies of CVDs and other 

vascular conditions are undeniable, as exemplified by the regulation of blood pressure 

in ECs and VSMCs (Gage et al., 2013). In addition, oxidative stress-related research is 

constantly growing, focusing on unmasking underlying mechanisms. Several 

mechanisms have been reported, such as eNOS uncoupling, activation of NF-κB, 

mitochondrial DNA damage and lipid peroxidation (Landmesser et al., 2003; Romagnoli 

et al., 2010; Ivanova and Perkins, 2019; Nunes et al., 2021). Excessive lipid peroxidation 

is associated with the risk of thrombotic, hypertensive and diabetic patients  (Ito, Sono 

and Ito, 2019). In rodent-aged models, measurement of ONOO¯ in serum offers a 

quantitative marker for oxidative stress-associated NO (Ma et al., 2014).  

1.3.2 Inflammation and Endothelial dysfunction 

Pro-inflammatory mediators such as TNF-α, interleukin-1β (IL-1β) and 

lipopolysaccharide (LPS) can stimulate ECs. Upon activation, ECs secrete pro-

inflammatory cytokines, including IL-6, IL-8, and interferon-β (IFN-β), to contribute to the 

inflammatory response (Griffin et al., 2012; Libby, 2017; Tucureanu et al., 2017). 

Furthermore, anti-inflammatory cytokines such as IL-10 and IL-35 can block endothelial 

activation by reducing oxidative stress (Xinyuan Li et al., 2020). Interestingly, crosstalk 

between oxidative stress and inflammation has been reported  (Hajjar and Gotto, 2013); 

through the interaction between oxidants, NF-κB and C-Jun N-terminal kinase (JNK) 

(Nakano et al., 2006).  

Multiple studies suggest that oxidative stress regulates the extravasation of leukocytes 

in response to inflammatory stimuli via the activation of cellular adhesion molecules 

(JIANG et al., 2020, Liu et al., 2017, Zhao et al., 2017). H2O2 has been reported to induce 

inflammation in culture ECs by activating the transcription factor NF-κB (JIANG et al., 

2020). The NF-κB represents a master regulator of vascular inflammation by regulating 

many pro-inflammatory genes, such as IL-6 and IL-1β, in response to TNF-α (T. Liu et 

al., 2017). Inhibition of endothelium inflammation has emerged as a novel therapeutic 

strategy to reverse ED. For instance, a derivate of Danshen, a traditional herb that can 

reduce TNF-α-induced ED via ICAM-1 surface expression, is currently under clinical trial 

(Zhao et al., 2017). 
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1.3.3 Apoptosis and Endothelial dysfunction 

Following endothelial damage, programmed cell death or apoptosis may be initiated. 

Genetically determined morphological changes and energy-dependent biochemical 

mechanisms characterise apoptosis (Onyewu, Coombs and Kromah, 2021). Under 

homeostatic conditions, apoptosis maintains tissue cell population as a defence 

mechanism. Light and electron microscopy has identified apoptotic development stages: 

the early process involves cell shrinkage, pyknosis (irreversible condensation of 

chromatin in the nucleus) and smaller size. Subsequently, extensive plasma membrane 

blebbing occurs, destructive fragmentation of the nucleus and fragmented apoptotic 

bodies emerge within intact plasma membrane that macrophages can phagocytose 

(Obeng, 2021). The uncontrolled degradative process after cell death is called necrosis 

(an energy-independent type of death).  

Research indicates two main apoptotic pathways involving a cascade of molecular 

events, the extrinsic and intrinsic pathways. First, the extrinsic pathway involves a 

transmembrane receptor-mediated interaction involving death receptors members of the 

TNF receptor gene superfamily. The sequence of events that defines this model requires 

receptor-ligand binding followed by the recruitment of cytoplasmic adapter proteins, 

leading to the activation of procaspase 8 . Once caspase 8 is activated, the execution 

phase of apoptosis is triggered by the proteolytic cascade, in which one activated 

caspase can further activate other pro-caspases (Obeng, 2021). Interestingly, evidence 

of crosstalk between intrinsic and extrinsic pathways has been reported, involving the 

pro-death B-cell lymphoma (Bcl-2) family protein, Bid. Extrinsic-derived caspase 8 

truncated Bid commonly exhibits anti-apoptotic signalling in the intrinsic pathway, 

triggering the intrinsic cascade signalling (Figure 1.8) (Roy and Nicholson, 2000).  
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Secondly, the intrinsic signalling pathway commonly occurs upon non-receptor-

mediated stimuli that produce intracellular signals within the cell and are mitochondria-

initiated events. The intrinsic cascade signalling might be stimulated by positive 

stimulation of the pathway or by the absence of inhibition of the path, thereby triggering 

apoptosis (Figure 1.8) (Obeng, 2021). All these factors activate Bax and Bak, members 

of the Bcl-2 family and core regulators, by starting the opening of the mitochondrial 

permeability transition pore (MPTP) and releasing pro-apoptotic proteins into the cytosol 

(Peña-Blanco and García-Sáez, 2018). These pro-apoptotic mediators consist of cyto c, 

which binds and activates apoptotic protease-activating factor 1 and pro-caspase 9, 

forming an apoptosome complex. The apoptosome cleaves the pro-caspase form into 

the active form, caspase 9, which further stimulates the downstream caspase cascade 

signalling.  

 

Figure 1.8 Schematic diagram of the extrinsic and intrinsic apoptosis pathways.  
Binding ligand-death receptors can initiate the extrinsic pathway, activating caspase 8 and 
downstream proteins. In the intrinsic route, cellular stressors activate BAX and BAK 
proteins that trigger mitochondrial permeabilisation transition pore opening and release of 
pro-apoptotic molecules such as cytochrome c. After apoptosome formation, downstream 
caspase cascade signalling occurs, with caspase 3 as the primary effector. Crosstalk 
between both pathways has been associated with truncated BID protein by caspase 8. 
Created with Bio-render.com.  
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Caspase 3 emerges as the most crucial executor, which can be activated by any initiator 

(caspase 8, caspase 9, caspase 10). Moreover, additional pro-apoptotic proteins such 

as HtrA2/Omi and second mitochondria-derived activator of caspases (SMAC) can 

promote the intrinsic apoptosis pathway by inhibiting inhibitors of apoptosis proteins 

(IAPs) (Qin et al., 2015). Notably, there is evidence of crosstalk between both routes 

upon stimulation of TNF superfamily members in ECs (Chandrasekar et al., 2004).  

The ability to modulate cell survival exerts an immense therapeutic potential, reflected 

by the rapid research rate in the cell cycle machinery (Circu and Aw, 2008; Suen, Norris 

and Youle, 2008; Galimov, 2010). High circulating concentrations of low-density 

lipoprotein (LDL), disturbed blood flow, smoking, elevated levels of Ang-II, oxidative 

stress, and irradiation can induce endothelial cell apoptosis (Elmore, 2007). 

Atherosclerosis, a common cardiovascular condition with plaque formation inside 

arteries, is coupled with apoptosis of vascular cells where cell-derived extracellular 

vesicles contribute to the condition's progression (Paone et al., 2018). According to 

previous reports, TNF-α-induced apoptotic intracellular signalling in vitro and in vivo 

models (Jiang et al., 2016; J.-X. Chen et al., 2021). Further elucidation of these signalling 

pathways should offer relevant implications in anti-apoptotic therapy. 

1.3.4 Assessment and prevention of Endothelial dysfunction 

In some domains, analysis of dysfunctional vascular-related conditions has drifted from 

the research environment into the clinical field. Functional assessment of the 

endothelium includes in vivo, ex-vivo and in vitro techniques (Chia, Teo and Yeo, 2020). 

Table 1-2 describes some of these techniques.  

Despite the vast array of techniques available and the continued development of new 

strategies, our understanding of the human endothelium system is still incomplete (Musz 

et al., 2021). Various pharmacological therapies have been designed to reduce the 

development and progression of vascular conditions, with ED as an underlying 

mechanism (Favero et al., 2014). 
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Table 1-2 Summary of techniques in the measurement of ED.  

Technique Function Invasiveness Experiment type Limitations References 

Intra-arterial or intra-
venous infusion 

Vascular tone Invasive In vivo 
Interference of other cell functions 
and time-consuming 

(Newby et al., 1999; 
Lind, 2006) 

Flow-mediated dilation 
Artery diameter 
and dilation 

Non-invasive In vivo 
High cost and a high degree of 
operator skill.  

(Corretti et al., 
2002) 

Laser-based technique 
Skin 
microvascular 

Non-invasive  In vivo 
Elevated cost and strict protocol 
required 

(Debbabi et al., 
2010) 

Myograph Arteries stiffness Invasive Ex vivo Depending on opportunistic samples 
(Myers et al., 2005) 

Transendothelial 
electrical resistance 

Ion permeability N.A Ex vivo and In vitro 
Important in vivo features may be 
affected 

(Mahajan et al., 
2015; Srinivasan et 
al., 2015) 

Venous inclusion 
technique 

Coagulation and 
fibrinolysis 

Invasive In vivo N.A 
(Oliver, Webb and 
Newby, 2005) 

ELISA, molecular assay 
and MS 

ED biomarkers  Non-invasive  Ex vivo and In vitro 
Kinetics may not be well-known, and 
in vivo functions may be a lost.  

(Paulus, Jennewein 
and Zacharowski, 
2011; 
Lertkiatmongkol et 
al., 2016) 
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1.4 Gasotransmitters  

Signalling molecules come in all sizes and chemical structures, from large proteins, 

peptides, and amino acids to gaseous molecules. Gasotransmitter is a gaseous 

messenger molecule that participates in cell signalling. The discovery and 

characterisation of this family have altered the conventional paradigm of intercellular 

signalling. Unlike classical molecules, gasotransmitters are synthesised enzymatically 

on demand. As lipophilic molecules, gasotransmitters can freely cross cell membranes 

and do not require cell-bound receptors to amplify signal cascade. The most important 

unique feature relies on its capacity to chemically modify intracellular proteins, thus 

directly affecting cellular signalling and acting as second messengers (Mustafa, Gadalla 

and Snyder, 2009). Gaseous signalling molecules exert various effects within various 

cell types, leading to pleiotropic consequences.  

The endogenously generated gasotransmitter NO was the first to be categorised in this 

family. In addition to NO being identified as a gasotransmitter, carbon monoxide (CO) is 

endogenously produced and exhibits biological effects. Recently, hydrogen sulphide 

(H2S) has been the latest member to join the gasotransmitters family (Figure 1.9). More 

recently, these novel signalling molecules have been the subject of growing research, 

with H2S as the leader molecule (Mustafa, Gadalla and Snyder, 2009). 

 

 

 

 

 

 

Figure 1.9 Gasotransmitters.  
A representative illustration represents major endogenous gaseous 
signalling molecules. NO: nitric oxide, CO: carbon monoxide and H2S: 
hydrogen sulphide.  
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1.4.1 Nitric Oxide 

Since the 1700s, NO was identified as a gasotransmitter. Still, its importance in biology 

and medicine as a physiological mediator has not fully appreciated until 1988 its role in 

vascular (Taylor and Weston, 1988). As described in section 1.3.1.1, three isoforms of 

NO synthase can generate; NO, eNOS being the predominant isoform in the 

endothelium. A large part of the ubiquitous influence of NO on cellular signalling and 

mediation of redox-based physiological reactions relies on its post-translational 

modification capability, referred to as S-nitrosylation (SNO) (Foster, Hess and Stamler, 

2009). Generally, post-translational modification is the covalent modification of amino 

acid side chains on proteins by modifying an existing functional group or introducing a 

new one. For example, phosphorylation is known to be precisely controlled by activities 

of kinase and phosphatase families that serve to add and remove phosphate groups, 

respectively (Ardito et al., 2017a).  

Specifically, SNO is the covalent attachment of a nitrogen monoxide group to the thiol 

side chain of Cys. In tissues and biofluids, SNO concentrations have been measured in 

the low nM - µM range. S-nitrosylation regulates several cellular underlying mechanisms, 

including apoptosis, metabolism, and enzyme activities. The impact of the dysregulation 

of this post-translational modification has been observed in pathophysiological vascular 

conditions (Hess et al., 2005). For example, stimulation of NOS in neurons or 

macrophages triggers glyceraldehyde-3-phosphate dehydrogenase (GAPDH) S-

nitrosylation at Cys145, which enhances GAPDH-SNO nuclear accumulation and 

promotion of downstream cytotoxicity during apoptosis (Hara et al., 2005).  A primary 

mechanism for S-nitrosylation in vivo is the reversible transnitrosylation of protein thiol 

to GSH, yielding GSNO and protein Cys-SH as co-products (Foster, McMahon and 

Stamler, 2003). Accumulated GSNO can undergo denitrosylation enzymatic reaction by 

a GSNO reductase, acting as an indirect regulator for controlled SNO-protein levels 

(Table 1-3)  (Lu et al., 2013). 
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1.4.2 Carbon monoxide 

Similar in molecular size and structure to NO, CO is a diatomic, relatively non-radical 

stable gas due to weak chemical reactivity (Table 1-3) (Hartsfield, 2002). CO is 

physiologically generated via heme catalysis by a family of enzymes known as heme-

oxygenase (HO). This family comprises three isoenzymes; HO-1, HO-2 and HO-3, of 

which HO-1 and HO-2 are catalytically active proteins. While HO-1 becomes active upon 

stress stimuli such as inflammation or oxidative stress, HO-2 is constitutively expressed 

and is responsible for basal CO production in the brain and cardiovascular system 

(Sharma and Magde, 1999). CO exhibit anti-inflammatory, anti-apoptotic, anti-coagulant, 

vasodilation and antiviral. CO signalling shares similarities with NO via increased cGMP 

stimulation, resulting in v vessel vasorelaxation. However, the NO-cGMP effects exhibit 

a 5-fold growth compared to CO-mediate signalling (Wu and Wang, 2005). 

Dysregulation in CO levels or deficiency in HO-1 enzymes has been associated, for 

instance, with hypertension and impaired placenta development during pregnancy  

(Zhang et al., 2001; Zhao et al., 2009). To note, CO may also exert biological actions by 

inducing direct carbonylation of amino acids such as Cys, lysine, histidine, or arginine 

residues in target proteins. Carbonylation is irreversible and non-enzymatic, forming 

carbonyl derivates (e.g., aldehydes) and leading to protein damage (Wong et al., 2008). 

However, the role of CO and the oxidative-mediated signal transduction of this process 

remains contradictory and not fully understood, as no involvement of CO in the 

carbonylation has been reported (Suzuki, Carini and Butterfield, 2010). Despite the 

current observations, the complete biochemical mechanisms and underlying signalling 

through which CO acts are not fully known.  

Table 1-3 Biological features of NO and CO in the vasculature.  

 VASCULATURE SYSTEM 

 Nitric Oxide Carbon Monoxide 

Discovery of physiological functions 1988 1991 

Enzymatic Production nNOS, iNOS, eNOS HO-1 and HO-2 

Second messenger target(s) sGC-cGMP sGC-cGMP 

Blood concentrations Low nM nM to µM 

Chemical modification of proteins  S-nitrosylation Carbonylation? 
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1.5 Hydrogen sulphide 

H2S is a small colourless, flammable gas and sulfur analogue of the water molecule, 

which exhibits lipophilic characteristics allowing high permeability across biological 

membranes. The historical reputation of H2S as a highly toxic gas has been associated 

with inhibiting mitochondrial respiration via cytochrome c oxidase (mitochondrial 

Complex IV) (Szabo, 2018). As H2S is gas, inhalation can be the primary route for H2S-

associated pathology. According to the American Council of Government Industrial 

Hygienists (ACGIH), the newly proposed Threshold limit value-Short Term exposure limit 

(TLV-STEL) and Short-term exposure limit (STEL) for H2S stand for 1 part per million 

(ppm) and 5ppm, respectively.  Inhalation of H2S at high concentrations (30 and 80 ppm) 

significantly increased nasal lesions and neuron loss in adult male rats (Brenneman et 

al., 2000). In humans, exposure to 10 ppm of H2S leads to eye soreness and respiratory 

difficulty, and death occurs at≥ 500 ppm (Poda, 1966; Beauchamp et al., 1984; Malone 

Rubright, Pearce and Peterson, 2017).  

However, the re-appreciation of H2S from a toxic molecule to a physiological mediator 

began with the discovery of its endogenous production and neurological regulation ability 

(Abe and Kimura, 1996). This breakthrough initiated a wave of research with H2S as the 

primary research core in different systems, such as cardiovascular, immunological and 

nervous systems (Kimura and Hideo, 2014). At a cellular level, H2S can be synthesised 

in the vascular wall by both ECs and VSMCs. The production of H2S is shown to be 100-

1000 fold higher in smooth muscle (nanomolar) compared to EC lines (picomolar), 

allowing H2S to act as a smooth muscle relaxant (Scrivner et al., 2021).  

1.5.1  Physiochemical properties of H2S  

H2S is a flammable gas with a characteristic smell of rotten eggs. As a water-soluble gas 

remains in equilibrium with its gas phase when dissolved in a solvent, it is soluble in up 

to 120 mM at 20°C and 80 mM at 37°C in water. The combination of high solubility, 

inability to form hydrogen bonds, and slightly hydrophobic nature allows freely permeate 

migration across biological membranes, acting as a paracrine signalling molecule 

(Cuevasanta et al., 2012). Notably, mathematical models demonstrated that biological 

membranes might exhibit resistance partially to the diffusion of H2S, resulting in an 

elevated presence within the compartments (Cuevasanta et al., 2012).  
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As a weak acid [PKa1 ~6.76 and PKa2 ~11.96], under physiological conditions, it is 

dissociated to hydrosulfide anion (HS—) and sulfide anion (S2¯) in an aqueous solution 

as described in reactions  (1) and (2) (Cuevasanta, Möller and Alvarez, 2017).   

   REACTION (1) H2S ⇆ H+ + HS— 

REACTION (2) HS—
 ⇆ S2 + H+ 

In biological systems, at a physiological pH of 7.4 and 37°C, H2S is in fast equilibrium 

and primarily exists in its anionic deprotonated form, HS¯, while the level of S2 ¯ is nearly 

inexistent. The HS¯ ratio observed in biological fluids is three-fold higher compared to 

the undissociated H2S form, with a trace of S2 ¯ (Li, Lancaster and Jr., 2013). Moreover, 

sulfur exhibits a range of oxidation from -2 to +6 due to its six valence electrons and 

empty 3p orbital (Lau and Pluth, 2019). Characteristics of sulfur, including nucleophilicity, 

high polarizability and low electronegativity, defined the ability of HS¯ to donate a pair of 

electrons and form a covalent bond. H2S can be a strong reductant with a two-electron 

reduction potential E° of -0.23 V at pH 7.0, similar to main redox couples. Under aerobic 

conditions, H2S has a propensity for autoxidation, which enables the unfavourable 

thermodynamic reaction of H2S and HS¯ with O2. The oxidation of H2S by O2 can 

generate several sulfur species products and intermediates, in part, through the use of 

transition metal ions as catalysts. These sulfur species include, and are not limited to, 

polysulfide ions, sulfite (SO3
2¯), sulfate (SO4

2¯), thiosulfate (S2O3
2¯), polysulfides 

(Sn
2¯,R-n≥2) and elemental sulfur. Notably, inorganic polysulfides generated during H2S 

oxidation could have biological effects (Filipovic et al., 2018).  

The term “H2S” in this thesis denotes the gas and the mixture of species (H2S and HS¯) 

in an aqueous solution unless otherwise specified.  

1.5.2 Methods for H2S measurement 

As part of the growing interest in H2S biological roles, the development of H2S detection 

tools has rapidly expanded. In pure solutions, H2S solutions can be diluted in buffer at 

pH ~9.6, where the deprotonated and predominant form HS¯ can be determined by 

absorbance at 230 nm (Filipovic et al., 2018). However, in complex biological samples 

and mixtures, oxidation and other components such as labile sulfur compounds, iron-
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sulfur clusters, acid-labile sulfur pools or sulfur-containing species can interfere in the 

estimation of H2S concentration, with a variation from undetectable to >500 µM (Nagy et 

al., 2014). An overview of the most widely used methods for H2S detection is provided 

in Table 1-4.  

Detection techniques such as gas chromatography and chemiluminescence have 

revealed relatively organ-dependent low basal levels of H2S. In murine liver and brain, 

basal levels of H2S were estimated between ~10-15 nM (Furne, Saeed and Levitt, 2008). 

Notably, H2S levels in the aorta are significantly higher, ~1.5 µM (Levitt, Abdel-Rehim 

and Furne, 2011). The tissue-dependent concentration of H2S is evident in vascular 

beds, where the endogenous production in rat aorta and mesenteric artery are inferior 

compared to the rat tail artery and ileum (Zhao, 2001). In healthy humans, plasma levels 

were found between 70-125 µM using a microfluidic technique described by Karunya 

and collaborators (Karunya et al., 2019).  The low steady-state tissue concentrations are 

primarily due to high rates of H2S oxidation, as suggested by the significantly faster 

decay rates under aerobic conditions and dramatically decrease under hypoxic 

conditions in murine liver and brain (Vitvitsky, Kabil and Banerjee, 2012).  
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Table 1-4 Overview of Methods for detection of H2S 

Method Detection Technique Fundamental Drawbacks Reference 

Methylene Blue 
method 

The blue dye is detectable by 
spectrophotometric, chromatography 
or mass spectrometry (MS)  

H2S reacts with N, N-dimethyl-p-
phenylenediamine and Fe3+ in acidic 
conditions. 

Low sensitivity, lack of specificity 
and cross-reactivity with other 
sulfur species. 

(Mylon and Benoit, 2001; 
Small and Hintelmann, 
2007) 

Electrochemical 
Sensors 

Ion-Selective electrodes 
measurement against a glass pH 
electrode 

Silver sulfide membrane with S2- 

interaction results in potential change 
across the membrane. 

Require long equilibrium time, 
presence of artefacts and high pH  

(Searcy and Peterson, 
2004) 

Polarographic sensors offering real-
time monitoring by respirometer 
chamber 

H2S diffuses through the membrane, 
reducing potassium ferricyanide to 
ferrocyanide in an alkaline solution. 

Easy leakage, presence of 
impurities. 

(Doeller et al., 2005) 

Monobromobimane 
(MBB) 
Derivatization 

Fluorogenic sulfide dibimane thiol 
measured by reversed-phase 
fluorescence HPLC or MS 

Nucleophilic attack of H2S on MBB to form 
substituted thiol 

The relatively slow reaction rate (Shen et al., 2014) 

Fluorescent 
Probes 

Fluorogenic scaffold: rhodamine, 
dansyl or naphthalimide by 
microscopy, spectrophotometrically 

H2S-mediated reduction of an azide or 
nitro group to amines 

Slow reaction rates and possible 
interferences of other thiols 
species 

(Lin, Lippert and Chang, 
2013; Lippert, 2014) 

Fluorogenic scaffold with bis-
electrophilic centres: aldehyde and 
benzodithiolone or metal centres.  

H2S reaction with aldehyde and acrylate 
group. H2S react with disulfide and attacks 
ester forming benzodithiolone. Copper-
centred probes with H2S affinity 

Possibility of interferences 
(C. Liu et al., 2011; 
Sasakura et al., 2011) 

Gas 
Chromatography 

Ion chromatography, 
chemiluminescence or through silver 
particles  

With or without derivatisation of H2S to 
bis(pentafluorobenzyl) sulfide into organic 
phase and analysis. Absorption of H2S as 
Ag2S through silver particles.  

It required specialised and 
expensive equipment.  

(Ishigami et al., 2009; 
Islam et al., 2021) 
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1.5.3 Endogenous Synthesis and Oxidation of H2S 

The intracellular H2S concentration is maintained at a low steady-stare through a balance 

between biogenesis and metabolism (Kabil and Banerjee, 2010). While enzymatic and 

non-enzymatic routes can form H2S, the later pathway is underappreciated and involves 

less research (Kimura, 2014). The non-enzymatic routes, described in section 1.5.4.4, 

occur via the reduction of equivalents such as thiol-containing molecules from oxidative 

processes like oxidation of glucose or conversion of elemental sulfur  (Figure 1.10) 

(Kolluru et al., 2013; Yang et al., 2019). 

 

Figure 1.10 H2S biosynthesis by enzymatic and non-enzymatic pathways.  
The abbreviated enzymes involved in H2S production are CBS, cystathionine β- synthase; CSE, 
cystathionine γ-lyase; 3-MST, 3-mercaptopyruvate sulfurtransferase; CATf, cysteine 
aminotransferase; DAO, D-amino acid oxidase; SAM, S-adenosylmethionine; MS, methionine 
synthase. Transsulfuration pathway and cysteine catabolism cofactors abbreviations: α-kB, α-
ketoglutarate; 3-MP, 3-mercaptopyruvate; NH3, ammonia. Created with Bio-render.com. 
Adapted from (Predmore, Lefer and Gojon, 2012).  
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1.5.4 Biogenesis of H2S 

In mammals, three enzymes have been found to have the capacity to synthesize H2S, 

including cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE, also known as 

CTH) and 3-mercaptopyruvate sulfurtransferase (3-MST, also known as MPST) (Wang, 

2012; Bełtowski, 2019). The pyridoxal-5´-phosphate (PLP, metabolically active form of 

Vitamin B6)-dependent enzymes, CBS and CSE, form the transsulfuration pathways 

(canonical and reverse) and are mainly located in the cytosol (Kabil and Banerjee, 2010). 

The critical role of the transsulfuration pathway is the synthesis of cysteine (canonical 

pathway), which in turn results in a wide range of metabolic conversion, by-products and 

H2S (Kabil and Banerjee, 2010). The third enzyme is the PLP-independent 3-MST which 

resides in both mitochondria and cytoplasm compartments and utilizes different 

enzymatic reactions to produce H2S  (Rudolph and Freeman, 2009).  

1.5.4.1 Cystathionine β-synthase (CBS) 

CBS was the first H2S-producing enzyme to be identified and provided sulfur for the 

synthesis and catabolism of cysteine from the methionine cycle. (Munke et al., 1988). 

The reaction cycle of CBS comprises the conversion of homocysteine and serine to 

cystathionine in a reaction subject to regulation by its allosteric binding activator, s-

adenosylmethionine (SAM). Subsequently cleaved into cysteine and α‐ketobutyrate by 

CSE activity. In addition, CBS can accept cysteine as a substrate to produce H2S (Figure 

1.10) (Renga, 2011). Regulation of CBS, like CSE, is based on substrate affinity and 

concentration, such as deficiency of vitamin B6 and homocysteine concentration 

(Gregory et al., 2016). In mammals, the activity of CBS is mainly found in the brain and 

central nervous system (Robert et al., 2003; Jhee and Kruger, 2005), preferentially 

expressed in the glia and astrocytes (Enokido et al., 2005). Nevertheless, CBS can be 

expressed in other tissues, such as the liver, kidneys and lungs, but it might be rare and 

low (Kabil et al., 2011; Madurga et al., 2015).  

1.5.4.2 Cystathionine γ-lyase (CSE) 

CSE is considered the main H2S-producing enzyme within the cardiovascular system, 

with high expression in the heart, vascular endothelium, liver, kidney, uterus, placenta 

and pancreatic islets (Kabil, Motl and Banerjee, 2014).  The cytosolic location of CSE 

allows an array of catalytic reactions within the transsulfuration pathway, some of which 



51 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

result in the generation of H2S (Figure 1.10) (Yadav et al., 2016). Notably, compartment-

translocation of CSE depending on cellular needs has been reported. For instance, CSE 

can be translocated to the mitochondria under the regulation of Tom20, a mitochondrial 

protein import, in the mitochondrial membrane. Since the cysteine level inside 

mitochondria is about three times higher than in the cytosol, mitochondrial translocation 

of CSE elevates the production of H2S (Fu et al., 2012). The possible regulation of its 

activity appears from its ability to accommodate different substrates and thus habilitation 

for competition. The relevance of the CSE/H2S pathway in the vasculature was described 

by using the CSE-null mice model. Firstly, the homozygous CSE model results in H2S 

dropping by 80% in the aorta and heart and 50% in serum levels. Secondly, the CSE 

deficiency mutant developed age-dependent hypertension, and intravenously injection 

of an H2S-releasing donor showed a reduction in systolic blood pressure (Yang et al., 

2008a). Impaired CSE expression and activity lead to impaired H2S-mediated 

vasodilation and oxidative stress and contribute to the progression of cardiovascular 

conditions (Yang et al., 2008b).  

1.5.4.3 3-mercaptopyruvate sulfurtransferase (3-MST) 

The third H2S-producing enzyme is 3-MST, with predominant expression in the 

mitochondria. Unlike CBS and CSE, 3-MST H2S formation comprises the cysteine 

catabolism pathway. 3-MST generates H2S combined with cysteine aminotransferase 

(CATf) using L-cysteine and α-ketoglutarate as substrates in a 2-step manner. CATf 

converts these substrates into the intermediate 3-mercaptopyruvate (3-MP), creating a 

persulfidated form of 3-MST and pyruvate. The second half-reaction involves the 

reduction of persulfidated 3-MST in reductants such as Trx, which can subsequently 

liberate H2S (Figure 1.10) (Coletta et al., 2015). Unlike CBS and CSE, 3-MST is redox-

state-dependent rather than transcriptional-dependent(Shibuya et al., 2009). The active 

site cysteine (Cys248, Cys154 and Cys263) is redox-sensitive and modified to cysteine 

sulfenate, which can lead to activity loss under oxidative stress (Nagahara and 

Katayama, 2005; Nagahara, 2013). The combined role of 3-MST and CATf has a 

growing interest in the CATf: MST axis for H2S synthesis and cell metabolic rewiring 

(Predmore, Lefer and Gojon, 2012). Especially, H2S synthesis through this pathway is 

highly dependent on GSH levels, interconnecting cysteine bioavailability for protein 

synthesis and cellular redox status (Bełtowski and Jamroz-Wis̈niewska, 2014). The 

potential role of the 3-MST: CATf axis on ECs bioenergetics and metabolism has been 

recently reported through a 3-MST inhibition study (Abdollahi Govar et al., 2020).  
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In addition, an alternative route for forming 3-MP has been recently reported, including 

a catalytic activity of a fourth enzyme, D-amino acid oxidase, using D-cysteine (DAO) 

and oxidation of D-cysteine. The location of this route is in peroxisomes inside 

mitochondrial fractions that generate 3-MP, which ultimately is yielded to H2S through 3-

MST activity in neurons and kidneys (Shibuya et al., 2013) (Figure 1.10). This enzymatic 

pathway could offer some advantages in brain-conditions studies, as D-cysteine is a 

better substrate in the cerebellum than L-cysteine (Seki et al., 2018). However, the 

regulation of the synthesis of H2S via the DAO pathway is limited, except for a possible 

regulation involving Ca2+ flux (Filipovic et al., 2018). Nevertheless, D-cysteine 

administration has been suggested as a therapeutic approach to delivering H2S to 

specific tissues (Kimura, 2015).  

1.5.4.4 Non-enzymatic generation of H2S 

Finally, the concentration of H2S biogenesis is also determined by intracellular sulfur 

stores, representing a minor but relevant pool generation (Figure 1.10). In the 

mitochondria, the acid-labile sulfur pool releases H2S under acidic conditions and usually 

forms iron-sulfur complexes (Fe-S) (Kolluru et al., 2013). The second endogenous H2S 

sulfur pool, bound sulfide, is localized in the external nuclear membrane and contributes 

to H2S generation under reducing reaction (Wang, 2012). The existing forms of bound 

sulfide include polysulfides (RSSH), thiosulfate (S2O2
3¯), elemental sulfur (So) or 

polysulfides (RS(Sn)SR) (Kimura, 2015). A well-known process for H2S generation 

involves thiosulfate via glutathione-dependent reduction, which mediates signalling 

mechanisms in vascular cells (Leskova et al., 2017). 

1.5.5 Oxidation of H2S  

As a toxic molecule at high concentrations, accumulation of H2S would harm the cell, 

tissue, and organs (through its inhibition of Complex IV in the mitochondria); thus, tightly 

regulated oxidation is required (Abou-Hamdan et al., 2015). Therefore, the intracellular 

H2S rate is maintained at a low steady state by balancing biogenesis and catabolism. 

The most efficient known mechanisms of H2S within mammalian cells comprise 

mitochondria, where H2S is oxidised to thiosulfate (S2O3
2-) or sulfate (SO4

2-) (Picton et 

al., 2002). The clearance of H2S begins in the mitochondrial matrix and is completed in 

the inter-mitochondrial membrane space (Figure 1.11 A) (Picton et al., 2002; Caliendo 

et al., 2010a). 
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In the mitochondrial matrix, oxidation involves a cluster of mitochondrial enzymes, 

otherwise known as sulfide oxidation unit (SOU), that consists of sulfide quinone 

oxidoreductase (SQR), ethylmalonic encephalopathy 1 (ETHE1) thiosulfate 

sulfurtransferase (TST, also known as Rhodanese, (Rho)) and sulfite oxidase (SO). SQR 

mediates the first step of H2S oxidation to either a sulfane sulfur (S0) or by forming a 

persulfide (R-SSH) (Szabo et al., 2014; Marutani and Ichinose, 2020). SQR is a 

membrane-bound protein expressed on mitochondrial matrix, with two redox centres, an 

active site trisulfide and a FAD cofactor, which allow it to fuel two-electrons transport to 

CoQ and into the ETC via complex III and complex IV (Cherney et al., 2010; Abou-

Hamdan et al., 2015). The sulfur-bound persulfide is then transferred to an endogenous 

sulfur acceptor such as GSH or sulfite (SO3
2-) (Picton et al., 2002). Depending on which 

acceptor is employed, GSSH or thiosulfate can be yielded (Hildebrandt and Grieshaber, 

2008). The formed GSSH can be further oxidised to sulfite by mitochondrial matrix 

ETHE1. Subsequently, in the mitochondrial intermembrane space, sulfite can either be 

oxidized to form sulfate or reduced to generate thiosulfate by sulfite oxidase SO and 

TST, respectively  (Kabil and Banerjee, 2014). Thus, most H2S is finally excreted as 

sulfate or is metabolised through the urine (Benchoam et al., 2019).  

Apart from oxidation, H2S can also be catabolized through methylation. This cytosolic 

process yields methanethiol that can be further methylated to dimethyl sulfide (non-toxic 

compound) via thiol S-methyltransferase enzyme (TSMT) (Donnarumma, Trivedi and 

Lefer, 2017). Metabolically, dimethyl sulfide is a substrate for TST forming thiocyanate 

(SCN¯) and sulfate, the major end-product of H2S clearance (Levitt et al., 1999).  

Alternative H2S catabolism pathways include H2S scavenging by metalloproteins such 

as methemoglobin, forming sulfhemoglobin or disulfides such as GSSG (Figure 1.11 B) 

(Kimura, 2013), as evidence of the abolished antiproliferative effect of exogenous H2S 

in HEK-293 cells in the presence of methemoglobin treatment (Yang et al., 2004).  
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Figure 1.11 Schematic representation of H2S oxidation and metabolism. 
(A) The mitochondrial electron transport chain comprises four complexes designated I through 
V and transport e-. It creates a proton motive force, which is used by ATP synthase to ATP as 
an energetic outcome. Mitochondrial oxidation of H2S via electron donation occurs at the CoQ 
level, forming thiosulfate (S2O3

2-), sulfite (SO3
2-) and sulfate (SO4

2-). In the mitochondrial matrix, 
SQR oxidizes H2S using sulfite and GSH as electron acceptors, forming thiosulfate or GSSH. 
The enzymatic action of TR can convert thiosulfate to GSSH. Moreover, ETHE1 oxidizes 
GSSH to sulfite, which is further oxidized to sulfate and thiosulfate by SO and TST, 
respectively. (B) Cytoplasmic H2S metabolism can also occur via methylation or reaction with 
metalloproteins (e.g. containing heme centre). H2S is converted into dimethyldisulfide via TMT. 
TST further metabolizes Dimethyldisulfide to generate sulfate, which is excreted through urine. 
Created with Bio-render.com. (Adapted from Murphy et al, 2019). 

 

1.6 H2S Donors and Inhibitors 

As part of the growing interest in H2S and its biological functions, a wide range of subtype 

donors have been designed and have become increasingly important in understanding 

the underlying mechanisms of actions and tasks of H2S. On the other hand, due to this 

wide variability of available donors and the different releasing mechanisms mediated, 

conflicting results have arisen in the literature. In addition, this section provided a brief 

overview of the types and subtypes of H2S-releasing compounds and some 

characteristic features (Y. Zheng et al., 2015).  
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1.6.1 Natural Donors 

Allium vegetables, such as garlic and onion, have been recognized for years as natural 

products with beneficial effects. To date, organosulfur compounds from garlic release 

H2S upon thiol or GSH reaction,  generating low molecular weight persulfides. Garlic 

contains γ-glutamyl-S-allyl-L-cysteine and S-allyl-L-cysteine sulfoxides. Some of the 

subtypes of organosulfur agents include diallyl sulfide (DAS) (Ho et al., 2012) and diallyl 

disulfide (DADS) (Caro et al., 2012), and diallyl trisulfide (DATS) (Figure 1.12 A) 

(Hayashida et al., 2017). However, DADS have been reported to induce mitochondrial 

dysfunction in mouse liver via impaired mitochondrial membrane potential (Δψm) and 

depletion of GSH (Caro et al., 2012). In contrast, DATS administration inhibited 

apoptosis in high-glucose-induced ED via decreased mitochondrial ROS (Caro et al., 

2012). Shift toward sulfane sulfur compounds (e.g., polysulfides and persulfides) derived 

from H2S have been proposed as crucial modulators of garlic-derived compounds’ 

effects (Benchoam et al., 2019). 

1.6.2 Sulfide Salts 

Sulfide-containing salts such as sodium hydrogen sulfide (NaHS) and disodium sulfide 

(Na2S) are the standard options for exogenous H2S-releasing agents. In their hydrated 

forms, these salts have been used for decades as H2S equivalents to investigate the 

therapeutic potential of exogenous H2S delivery (Figure 1.12 C). These sulfide salts are 

immediately hydrolysed to give H2S (Chen et al., 2009). These donors have displayed 

cytoprotective actions in vascular models through direct modulation of mitochondrial 

biogenesis and function (Elrod et al., 2007; Suzuki et al., 2011; Untereiner et al., 2016). 

However,  using these H2S-releasing agents can carry certain disadvantages, from 

inaccurate concentration to the inability to mimic low endogenous concentrations of H2S. 

Notably, these agents can be helpful for proof-of-concept signalling studies (Y. Zheng et 

al., 2015). 
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Figure 1.12 Chemical structures of several H2S donors.  
(A) Garlic-derived molecules such as diallyl disulfide (DADS) and diallyl trisulfide (DATS) 
generate H2S upon reaction with GSH. (B) Thiol-activated donors release controlled H2S rates 
such as N-(benzoylthiol) benzamides. (C) Sulfide salts, in their hydrated forms, including 
hydrogen sulfide (NaSH•xH2O), are among the most common types of H2S donors. (D) A water-
soluble derivate of Lawesson’s reagent, GYY4137, releases H2S hydrolysis. (E, F) Hydrolysis-
triggered H2S donors, dithiolethiones can be conjugated to non-steroidal anti-inflammatory 
drugs (NSAIDs) or mitochondrial anchors, AP39. (G) Light-sensitive triggered compounds also 
release H2S.  

 

1.6.3 Synthetic H2S donors 

The creation of synthetic H2S donors appears due to the demand to recreate 

physiological H2S production. In contrast to sulfide salts, artificial donors can exhibit a 

slow(er)-release rate of H2S. This type of agent can be subdivided into (i) thiol-triggered 

release, (ii) hydrolysis-triggered release, and (iii) alternative-releasing agents (Y. Zheng 

et al., 2015). 
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1.6.3.1 Thiol-triggered H2S release 

The elevated presence of thiols within the cells makes possible the design of thiol-

triggered agents that release H2S through thiol exchange following nucleophilic addition. 

For instance, one of the first donors was N-(benzoylthio)benzamides with an N-mercapto 

template with the release of the gasotransmitters in the presence of thiols such as GSH 

(Figure 1.12 B). In addition, perthiol-based donors with an acyl group enhance stability 

and H2S-release capacity. Notably, both donors may create mixed disulfides, which can 

interfere with cell signalling (Filipovic et al., 2018). 

1.6.3.2 Hydrolysis-triggered H2S release 

Compounds such as Lawesson's reagent (2,4-bis(4-methoxyphenyl)-1,3,2,4-

dithiadiphosphetane-2,4-disulfide) are known to reach H2S release by spontaneous 

hydrolysis in aqueous solutions. However, the insolubility of the agent and uncontrolled 

hydrolysis limits its applications. On the contrary, one of the most commonly used 

commercially available H2S donors is a derivative of Lawesson's reagent, known as 

morpholin-4-ium 4-methoxyphenyl(morpholino) phosphine-dithioate (GYY4137) (Figure 

1.12 D). This easy-handling H2S-releasing agent is a water-soluble donor that offers a 

slow release (pH- and temperature-dependent), mimicking endogenous H2S content 

(Wei Lee et al., 2011). In the vascular endothelium, GYY4137 can protect against ED 

and mitochondrial dysfunction in a wide range of in vitro and in vivo models, including 

ischaemia/reperfusion (I/R) (Qiu et al., 2018), atherosclerosis (Liu et al., 2013), lung 

injury (Vadivel et al., 2014) and hypertension (Al-Magableh et al., 2014).  

Furthermore, dithiolethiones are another subtype of hydrolysis-releasing H2S donor, in 

which the H2S-releasing moiety is conjugated to pharmacologically active components 

such as non-steroidal anti-inflammatory drugs (NSAIDs) (Figure 1.12 E). ADTOH or 

triphenylphosphonium cation (TPP+) as mitochondrial anchors (Caliendo et al., 2010b). 

One of the most common and well-known mitochondrial-targeted H2S donors is AP39, 

which exhibits release content at a nanomolar level and organelle specificity (Figure 1.12 

F) (Gerő et al., 2016). AP39 improved mitochondrial function in glucose oxidase-induced 

oxidative stress in ECs and restored vascular homeostasis (Szczesny et al., 2014).  
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Both donors have been observed to decrease hyperpolarization of the Δψm and inhibit 

mitochondrial oxidant production whilst increasing the electron transport at complex III, 

thus improving cellular metabolism (Gerő et al., 2016). Recently, the CSE-generating 

H2S pathway in endothelial mitochondrial bioenergetic was restored by MZe786, an 

ADTOH H2S donor linked with aspirin in mice with increased expression of soluble Fms-

like tyrosine kinase 1 (sFlt-1) (Sanchez-Aranguren, Ahmad, et al., 2020). Dithiolethiones 

can be conjugated to diclofenac to create HS-NSAID-hybrid ATB-337 and analogous 

such as ATP-429 and ATB-346. Notably, the latter compound is currently under phase 

2 clinical trial for gastrointestinal conditions as an anti-inflammatory drug (Wallace et al., 

2020).  

1.6.4 Other H2S donors 

In addition to those widely used subtypes, several prodrugs that can release H2S in the 

presence of triggers, such as enzymes, pH, and UV light, have been designed. For 

instance, Xian and colleagues identified a gem-dithiol with a phot-cleavable structure 

added, and these molecules release H2S under UV irradiation (365 nm) (Figure 1.12 G) 

(Xiao et al., 2017). A novel prodrug, SG-1002, a polysulfur mixture, has been shown to 

release H2S and promote H2S bioavailability in heart failure patients (Polhemus et al., 

2015). In a murine model with induced transverse aortic constriction, SG1002 preserved 

cardiac function following the activation of VEGF-Akt-eNOS-NO-cGMP signalling 

pathways (Kondo et al., 2013). However, although several studies have reported the 

protective effects of SG-1002 as an H2S-releasing drug, the release mechanism has not 

been described (Polhemus et al., 2015). In addition, elimination-based ROS-sensitive,  

esterase-sensitive or cysteine-sensitive prodrugs have been developed to allow more 

specific mechanisms (Zhao and Pluth, 2016; Zhao, Steiger and Pluth, 2018; Bakalarz et 

al., 2021). Interestingly, the organosulfur compound methylsulfonylmethane (MSM)-

releasing H2S compound has been used as a dietary supplement (Butawan, Benjamin 

and Bloomer, 2017).  
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1.6.5 Inhibitors of H2S 

The enzymatic production of H2S has encouraged the development of specific blockers 

for H2S-producing enzymes. This category includes propargylglycine (PPG), an 

antibiotic which inhibits CSE irreversibly (Yang, Sun and Wang, 2004). The activity of 

CBS can be suppressed by hydroxylamine and aminooxyacetate (AOA) (Kimura, 2002). 

In addition, currently available, there are endogenous inducers of H2S-generating 

enzymes, including SAM, epidermal growth factors, s-nitroso-N-acetylpenicillamine 

(SNAP) or microRNAs-21 (Enokido et al., 2005; Jhee and Kruger, 2005; Patel et al., 

2009; Yang et al., 2011). Recently, it was reported that the administration of SAM could 

potentially inhibit vascular endothelial growth factor-A-related diseases induced by 

adverse effects of long-term treatment of levodopa (L-dopa) (Yan et al., 2020). 

1.7 Physiological Effects of H2S 

Since its discovery as an endogenous biological modulator in the brain (neuromodulator) 

by controlling synaptic plasticity, the evidence relating to its role as a physiological 

mediator has grown exponentially, with a wide range of effects in different systems, 

tissues and conditions (Predmore, Lefer and Gojon, 2012). Based on the chemical 

reactivity of H2S, its mechanisms of action can be categorized into distinct groups: (i) 

crosstalk and scavenging ROS/RNS, (ii) binding to and redox reactions with metal 

centres, and (iii) oxidative post-translational modification of protein cysteines, referred 

as S-sulfhydration (Bindu D Paul and Snyder, 2015b). The post-translational signalling 

modification of proteins by H2S is further explored in section 1.8.  

1.7.1 H2S and metal centres interaction 

The interaction of H2S (or HS¯) with a metal centre may go through a coordination 

reaction, reduction of metal centre, or modify heme porphyrin covalently. A classical and 

well-known metal interaction with H2S comprises mitochondrial ETC. At a low level, H2S 

reduces ferric heme a3, which promotes oxygen binding and thus serves as a substrate 

for mitochondrial ETC (Módis et al., 2013). However, in the presence of H2S excess, 

HS¯ binds the ferric heme a3 and CuB, thereby inhibiting the enzymatic activity of 

complex IV (Collman et al., 2009). An alternative covalent reaction is between H2S and 

ferric haemoglobin, which forms stable complexes (Kraus and Wittenberg, 1990). 



60 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

Furthermore, H2S oxidation can be mediated by metalloproteins, oxidising H2S to 

thiosulfate (Mustafa, Gadalla and Snyder, 2009).  

1.7.2 Interaction of H2S with oxidants 

Chemically, an -2 oxidation state of sulfur only allows an oxidation reaction forming 

sulfate, sulfite, thiosulfate, persulfides, elemental sulfur and polysulfides (Cuevasanta, 

Möller and Alvarez, 2017). H2S can react with H2O2, with HSOH as the primary product. 

Peroxynitrite and H2S reactions exhibit higher complexity involving nucleophilic 

substitution on peroxynitrous acid (ONOOH), giving HSOH and NO2¯. Subsequently, 

HSOH can further react with H2S to yield HSS¯/HSSH. Elevated content of H2S 

alongside reaction with hypochlorous acid leads to elemental sulfur and polysulfides. 

The one-electron reduction potential of H2S determines that only strong oxidants such 

as •OH can oxidise H2S to sulfyil radical (HS•/S•— ). In addition, sulfyil radicals can further 

react with O2 to form SO2
•¯  that can further react with O2 forming superoxide (Benchoam 

et al., 2019).  

Several studies have shown the ability of H2S to scavenge ROS and RNS, likeO2
•−, in 

the brain and peripheral tissues (Bindu D Paul and Snyder, 2015b). However, its 

capacity to serve as an antioxidant is questionable due to its physiologic concentration 

at the sub-micromolar rate in vivo (Furne, Saeed and Levitt, 2008), the dependency on 

kinetic factors and the inability to reach adequate speed in biological contexts to support 

the scavenging roles. To date, evidence has concluded that scavenger of oxidants in 

biological systems exhibited by H2S is more likely due to indirect effects on enzymes, 

transports or other targets rather than direct scavenging function (Filipovic et al., 2018).  

1.8 Protein S-Sulfhydration  

In biological systems, chemical reactions maintain homeostasis, of which sulfur-centred 

chemistry is essential, and the amino acid Cys may exhibit a wide range of redox 

modifications. However, due to their ideally suited chemical reactivity, sensitivity and 

oxidation, Cys can be targeted directly in biological macromolecules, which serve as 

covalent modifications (Chung et al., 2013). Oxidate reversible modifications of thiol 

groups (-SH) can be used in cellular signalling, including S-nitrosylation, S-

glutathionylation, S-Sulfenylation and S-Sulfhydration (also known as persulfidation) 

(Figure 1.13) (Filipovic, 2015). The third mechanism mediated by H2S that explains its 
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pleiotropic biological effects, S-sulfhydration, has received the attention of researchers. 

However, the mechanism(s) and actual physiological outcomes of biological targets 

affected by S-sulfhydration remain unclear.  

 

Figure 1.13 Reversible Post-translational modifications of cysteine.  

 

1.9 Properties of Sulfhydration 

This reversible covalent modification of cysteine residues with low pKa involves the 

conversion of free thiol group (–SH) into persulfide groups (–SSH) (Bindu D Paul and 

Snyder, 2015a). Thermodynamically unfavourable, H2S cannot directly modify cysteine 

residues to form persulfides because both sulfur oxidation states are the same (Reaction 

3).  

REACTIION (3) RSH + HS—  → RSS—  + 2H+ + 2e—   E°’ = + 0.18 V  

The reaction requires prior oxidation of the thiol group to disulfide/sulfenic acid or 

oxidation of H2S to polysulfides (H2Sn) (Kimura, 2015). In addition, several enzymes 

involved in Cys metabolism have been reported to form persulfides in their catalytic cycle 

or form low molecular weight persulfides through transsulfuration reactions. For 

instance, the mitochondrial 3-MST enzyme forms an intermediate Cys-SSH and 

pyruvate through the catalysis of 3-MP. Nucleophilic sulfur of Cys-SSH will be 

transferred to a nucleophilic acceptor such as Trx (Abdollahi Govar et al., 2020).  
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Several research groups highlighted polysulfide action (a bound sulfur species) as the 

intermediate species in H2S-induced protein thiol modification (Yuan et al., 2016) 

(Greiner et al., 2013). In addition, polysulfides have been reported to oxidize thiols and 

may produce HS¯ or persulfide by reacting with the -SH group of proteins (Benchoam 

et al., 2019). However, the exact chemical mechanism of action of H2S is far from clear 

and remains controversial (Ju et al., 2017). From a chemical point of view, the persulfide 

group (R-SSH) carries two sulfur atoms of distinct properties. While the inner sulfur is 

considered sulfane sulfur with an oxidation state of 0 and becomes a target for 

nucleophilic attack, the outer sulfur has an oxidation state of -1, makingit nucleophile  

and attack electrophilie (Figure 1.14) (Filipovic, 2015).  

 

 

 

 

 

 

 

At physiological pH conditions, R-SSH exists predominantly in the anionic form, R-SS. 

As a strong nucleophiles, persulfides react with 1- and 2-electron oxidants (Filipovic et 

al., 2018). The nucleophilic attack of HS— anion to -SH groups can involve a series of 

proposed reactions, illustrated in  Figure 1.15 (Iciek et al., 2016). Moreover, the 

reversibility of persulfides sustains the idea that S-sulfhydration of thiols can prevent 

irreversible Cys over-oxidation (Sue, Ho and Kim, 2005). Sulfhydration is considered to 

be a reversible post-translational modification. It has been postulated that the Trx/TrxRD 

system can enzymatically reduce persulfides. The disulfide bond in Trx undergoes a 2-

electron reduction and regenerates reduced Trx by TrxRD (Dóka et al., 2016). 

Interestingly, an in vitro study reported that Trx has higher efficiency at reducing Cys-

SSH on protein tyrosine phosphatases (PTPs) in HEK-293 cells than other reducing 

agents (Krishnan et al., 2011). 

 

 

 

 

 

 

Figure 1.14 Properties of persulfide sulfur atoms in cysteine.  
The inner sulfur is slightly electrophilic and thus could accept an electron 
pair. In contrast, the outer sulfur is nucleophilic and attacks electrophile  
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1.10 Involvement of H2S in vascular diseases 

S-sulfhydration could change the original function of proteins, serving as essential 

switchers or regulators in many physiological and pathophysiological processes 

(Predmore, Lefer and Gojon, 2012). Comparative S-sulfhydration with other post-

translational modifications, such as S-nitrosylation, has revealed some particularities of 

the former mechanism.  

For instance, while 10-25% glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-

tubulin and actin were S-sulfhydrated in rodents, S-nitrosylation of targeted proteins only 

is accountable for 1-2% (Mustafa et al., 2009). Furthermore, S-sulfhydration usually 

increases the modified protein's activity in contrast to S-nitrosylation, which appears to 

abolish protein catalytic activity, as exemplified by GAPDH studies (Hara et al., 2005).  

 

 

 

 

 

 

 

 

 

 

Figure 1.15 Proposed reactions for S-sulfhydrated proteins by H2S.  
At physiological pH, formation processes to form -SSH takes place. (A) Hydrosulfide anion 
(HS¯) reacts with sulfenic acids for sulfhydration thiol modification. (B) HS¯ can interact with 
S-nitrosated to form sulfhydration conversion. (C) Persulfides can be a carrier of 
sulfhydration and act as the processes of displacement reactions. (D) Interaction with 
cysteine disulfides (-S-S) for sulfhydration formation. (E) Persulfides of small protein and 
protein thiol could serve to produce protein persulfide. 
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In the vasculature, proteomic analysis has revealed that endothelial cells “S-

sulfhydrome” comprise around 3446 individual cysteine residues in 1591 proteins, of 

which cytosolic proteins were highly S-sulfhydrated (Bibli et al., 2021). Below is a brief 

overview of the biological effects controlled by sulfhydration of specific vascular-related 

proteins.  

ED is ubiquitously observed in multiple vascular disorders in arteries and small vessels. 

It is known that H2S contributes to vascular protection, as exemplified by the association 

of reduced H2S plasma levels with many pathological conditions such as stroke (Dou, 

Wang and Chen, 2016), diabetes (Jain et al., 2010), pulmonary hypertension (Sun et al., 

2014), chronic obstructive pulmonary disease (Chen et al., 2005) and age-related 

diseases (Hou et al., 2016). Over the last decade, increasing evidence has 

demonstrated that H2S is essential in maintaining cardiovascular homeostasis. In vivo 

studies showed that disrupted CSE/H2S pathway leads to enhanced atherosclerosis and 

ED (Wang et al., 2017). Administration of H2S donors or manipulating endogenous H2S 

production can improve cardiovascular function and disease outcomes in various animal 

CVD models, including atherosclerosis, heart failure and myocardial infarction. The 

beneficial effects of H2S are mediated through its role in anti-inflammation, anti-

apoptosis, anti-oxidative stress and proangiogenic (Wang et al., 2009).  

Atherosclerosis is a leading risk factor for CVD, narrowing and hardening arteries due to 

fatty plaque formation in the artery wall. Notably, H2S has been investigated as an 

attractive therapeutic option against atherosclerosis. In an ApoE-/- murine atherosclerotic 

experimental mode, lower H2S levels and CSE expressions were reported. These in vivo 

disturbances were significantly abolished by exogenous H2S administration (Zhang et 

al., 2012). In addition, oxidative stress-induced mitochondrial dysfunction in vascular 

cells is considered to play a role in the pathogenesis of atherosclerosis. Excessive O2
•− 

production by mitochondria can trigger a pro-inflammatory response and, ultimately, 

atherosclerosis development (Marzetti et al., 2009; Sena and Chandel, 2012). 

ED plays a vital role in the pathogenesis of diabetic complications such as vascular 

dysfunction, nephropathy, retinopathy, neuropathy and cardiomyopathy. Plasma levels 

of H2S were significantly decreased in patients with type 2 diabetes (~100 µM) compared 

with age-matched normal subjects (~130 µM) (Jain et al., 2010). In vivo and in vitro 

models showed that H2S could improve diabetes-related complications by inhibiting 

mitochondrial oxidative stress (Wei et al., 2014; Greaney et al., 2017; Ng et al., 2017). 
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Lower plasma levels of H2S have also been reported in hypertensive disorders. These 

findings are further supported by evidence showing reduced endogenous H2S pathways 

in hypertensive patients  (Greaney et al., 2017). Many authors have explored the role of 

the CSE/H2S pathway through H2S donors to prevent and/or treat hypertension. 

Intraperitoneal injections of GYY4137 reversed pulmonary hypertension in rats and 

demonstrated that H2S suppress oxidative stress by enhancing the activity of intracellular 

antioxidants such as SOD and CAT (Li et al., 2019). The molecular mechanisms 

associated with improved mitochondrial protection upon exogenous H2S were also 

demonstrated in HUVECs exposed to a high salt environment. This study showed that 

exogenous H2S inhibited apoptosis, O2
•−,  production, and cyto c release restored Δψm 

(Zong et al., 2015).  
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1.11 Research Hypothesis and Aims 

As outlined in the preceding section, ED comprises a complex phenotype with oxidative 

stress, inflammation and apoptosis as the predominant factors (Deanfield, Halcox and 

Rabelink, 2007). Due to the localisation of the endothelium and pleiotropic functions of 

ECs, dysfunctional endothelial phenotype has been implicated in the genesis of 

pathologies such as atherosclerosis, metabolic disorders, ageing and preeclampsia 

(Bonetti, Lerman and Lerman, 2003; Young, Levine and Karumanchi, 2010; Shenouda 

et al., 2011; Park et al., 2018). Usually, ED-associated pathologies exhibit impaired 

mitochondrial function (Doughan, Harrison and Dikalov, 2008; Tang et al., 2014), 

contributing to the progression of vascular damage (Shenouda et al., 2011). H2S has 

emerged as a beneficial biological mediator in the vasculature through the modulation 

of ECs functions (Yang et al., 2008b). Given that reduced H2S plasma content has been 

shown in vascular-related complications (Sun et al., 2007) and that novel H2S prodrugs 

are being evaluated in clinical trials against inflammation-related conditions (Wallace et 

al., 2018), the present study hypothesised that H2S might exert value as a therapeutic 

strategy for ED.   

Research Aims: 

1. To use endothelial in vitro model to establish and validate dysfunctional 

phenotype induced by TNF-α and to create an experimental design employing 

TNF-α and slow-releasing H2S donor, GYY4137.  

2. To determine the role of GYY4137 in reversing the TNF-α-induced ED cellular 

markers and its action on mitochondria function. 

3.  To elucidate the mechanism of S-sulfhydration in vitro, and the role of S-

sulfhydrated proteins in ED.  
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2 Materials and Methods 
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This chapter details the cell culture procedure and molecular and biological methods 

involved in this research to assess endothelial function.  

2.1 Materials 

A complete list of consumables, including equipment, software, commercial kits and 

reagents with their corresponding reference numerals, are shown in Appendix a.  

2.2 Cell Culture  

In this thesis, two cell lines were used to address the objectives; immortalised EA.hy926 

cells and primary HUVECs were used in experimental settings to test endothelial 

functions.  

2.2.1 Cell Lines  

Human EA.hy926 cells, an umbilical vein immortalised endothelial cells line obtained 

from American Type Culture Collection (ATCC) (Edgell et al., 1990), routinely maintained 

in cDMEM media for cellular maintenance (Table 2-1). This cell line has been generated 

by the fusion of primary human umbilical vein endothelial cells (HUVECs) with A549 (a 

human lung carcinoma cell line) (Lieber et al., 1976).  

Human primary umbilical vein endothelial cells, HUVECs, were obtained from PromoCell 

(Jaffe et al., 1973) and maintained in cEGM media (Table 2-1). Primary cells like 

HUVECs have an average life span of 10 serial passages, which implies that no long-

term in vitro experiments can be performed. Therefore, the behaviour of primary ECs 

strongly differs depending on their different donor origin.  

2.2.2 Cell culture media and solutions  

As in this thesis, two ECs models were used as a specific medium for growth, 

maintenance, passaging and treatment, which can be found in their precise content 

details below Table 2-1.  
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Table 2-1. Cell culture media 

EA.hy926 

Medium 
Culture 
Purpose 

Medium 
Type 

Medium Content Medium Supplement 

cDMEM 
Cellular 
Growth 

Dulbecco's 
Modified 
Eagle's 
Medium 

high glucose, L-
glutamine, sodium 
bicarbonate and 
without sodium 
pyruvate 

FBS up to a final 
concentration of 10% 
(v/v)   and penicillin (100 
µg/ml)/ streptomycin 
(100 µg/ml) solution to a 
1% (v/v) final 
concentration 

cM199 

Cellular 
Treatment 
and 
Neutralise 
trypsin-
EDTA 

Medium 
199 

Earle's BSS, L-
glutamine, 25 mM  

HEPES and 2.2 g/L 
sodium bicarbonate 

FBS up to a final 
concentration of 10% 
(v/v)   and penicillin (100 
µg/ml)/ streptomycin 
(100 µg/ml) solution to a 
1% (v/v) final 
concentration 

HUVECs 

cEGM 

Cellular 
Growth 
and 
Cellular 
Treatment 

Endothelial 
Cell Growth 
Medium 2 

fetal calf serum, 0.02 
ml/ml; epidermal 
growth factor, 5 ng/ml; 
basic fibroblast growth 
factor, 10 ng/ml; 
insulin-like growth 
factor, 20 ng/ml; 
vascular endothelial 
growth factor 165, 0.5 
ng/ml; ascorbic acid, 1 
µg/ml; heparin, 22.5 
µg/ml and 
hydrocortisone, 0.2 
µg/ml. 

penicillin (100 µg/ml)/ 
streptomycin (100 
µg/ml) solution to a 1% 
(v/v) final concentration. 

nM199 
Neutralise 
trypsin-
EDTA 

Media 199 

Earle's BSS, L-
glutamine, 25 mm 
HEPES and 2.2 g/L 
NaHCO3 

FBS  up to a final 
concentration of 20% 
(v/v), penicillin (100 
µg/ml)/ streptomycin 
(100 µg/ml) solution to a 
1% (v/v) final 
concentration  
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2.2.3 Cell culture maintenance  

EA.hy926 cells and HUVECs were routinely cultured in 75 cm2 (T75) flasks in a 

humidified environment at 37°C with 5% carbon dioxide (CO2) as standard conditions. 

Immortalised and primary ECs were incubated until they reached 80-90% confluence, at 

which point they were passaged inside a laminar flow hood [Envair Lab-VCS2-4, 

Lancashire, UK] under sterile conditions. For experimental settings, cells were used up 

to passage 40 for EA.hy926; and up to passage 4 for HUVECs. The basal growth 

medium for each cell type was changed every 48 hours until the desired confluency was 

obtained.  

Seeding or passaging actions were performed after detached endothelial adherent cells 

by adding 0.05% trypsin-EDTA (2 ml) [Sigma-Aldrich, Gillingham, UK] and incubating for 

3 minutes at 37°C with 5% CO2. Neutralisation of trypsin-EDTA was carried out with 

specific media for each cell type. Briefly, 10 ml of fresh pre-warm cDMEM and nM199  

medium were added for EA.hy926 and HUVECs, respectively. The content was 

transferred into a 15 ml Falcon cell culture tube [Eppendorf #5702, Hamburg, Germany] 

and centrifuged at 200 x g for 6 minutes. The supernatant was discarded, and the cell 

pellet was resuspended into fresh warm cDMEM or cEGM medium for EA.hy926 cells 

and HUVECs, respectively.  

2.2.4 Cell counting 

Trypan blue [Thermo Fisher Scientific, Loughborough, UK]  is a diazo dye that, due to 

its inability to cross intact cell membranes, allows selective staining of dead or dying 

cells, allowing distinction from live cells (Tennant, 1964). The endothelial cell suspension 

was diluted with trypan blue (dilution factor:2), and cells were carefully mixed before 

loading 10 µl of the cell suspension onto a Neubauer hemocytometer chamber and 

counted. The seeding of cells was carried out under aseptic conditions inside a laminar 

flow hood, using a wide range of cell culture plates and dishes based on the experimental 

settings and assay to be performed. The size of dishes and cell culture plates used, 

along with valuable numbers such as surface area and medium volume, are given in 

Table 2-2.  
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Table 2-2. Cell culture seeding numbers. 

 

2.2.5 Freezing the cells  

Healthy cells were subjected to freezing in liquid nitrogen to be stored for long periods. 

Briefly, cells were pelleted by centrifugation (200 x g) and resuspended in 1% (v/v) 

dimethyl sulfoxide (DMSO) in FBS for EA.hy926 cells. HUVECs were resuspended in 

1% (v/v) DMSO in nM199 medium. The resuspended pellets are placed into cryovials 

containing 5x105 cells per vial. The vials were stored overnight in a Mr Frosty™ Freezing 

container with isopropanol at -80°C for 1-2 days. This simple container allows the 

gradual freezing of cells, preventing ice crystals' formation. Afterwards, the cryovials are 

transferred to the liquid vapour cylinders for long-duration storage.  

2.2.6 Thawing the cells 

Frozen cells were kept in cryovials in nitrogen vapour. They were thawed rapidly by 

being placed in a 39°C beads bath. After the cells were defrosted, they were transferred 

under aseptic conditions to a 15 ml universal tube containing 10 ml of prewarmed 

medium (cDMEM or cEGM) for EA.hy926 and HUVECs, respectively; and added 

dropwise with mixing. Then the cells were transferred into a T75 tissue culture flask and 

kept in the incubator at 37°C with 5% CO2 to grow. Cells were routinely incubated for 

48-72 h at 37°C to grow and yield the cultured confluence. Cells have split a ratio of 1/4 

for either experiment, frozen down or discarded.  

 
Surface area (cm2) Seeding (cell/well) Growth medium 

 Dishes 

60 mm 21.5 2.5x105 3 to 5 ml 

100 mm 56.7 3.5x105 6 to 8 ml 

 Culture plates 

96-well 0.32 1.5x104 100  to 200 µl 

24-well 1.9 5x104 500 µl to 1ml 

6-well plate 9.6 2.0x105 1 to 2 ml 
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2.2.7 Cell Treatment settings 

2.2.7.1 GYY4137 reagent 

A stock solution of 50 mM of slow-releasing H2S donor was prepared by dissolving 10 

mg of GYY4137 [Sigma-Aldrich, Gillingham, UK] with dH2O aliquoted in 0.6 ml tubes and 

stored at -20°C for long duration storage.  

2.2.7.2 TNF-α reagent  

A stock solution of 20 µg/ml of human TNF-α [R&D Systems, Bio-Techne, Inc., Oxford, 

UK] was prepared by adding 1 ml of 1X phosphate-buffered saline (PBS) [Sigma-Aldrich, 

Gillingham, UK] with 0.1% Bovine Serum Albumin (BSA) [Fisher Scientific, 

Loughborough, UK]. Aliquots were stored at -20°C for long-term use.  

2.2.8 Cell culture experimental settings  

ECs grow into T75 flasks until desired confluency (80-90%). Then, cells were detached 

with trypsin-EDTA (see section 2.2.3). Based on the assay, cells were seeded into a 

specific culture plate at the desired density (see Table 2-2) with overnight incubation at 

37°C with 5% CO2. The next day, treatment began in specific experimental settings. In 

this thesis, ECs are divided into four groups unless otherwise stated:  

• Control (group 1): untreated cells  

• GYY4137 (group 2): treated only with GYY4137  

• TNF-α (group 3): treated only with TNF-α  

• TNF-α and GYY4137 (group 4): treated with TNF-α and GYY4137  

Experimental settings for TNF-α-mediated ED and GYY4137 recovery's ability were 

optimised using the EA.hy926 cell line. After deciding on an experimental design, further 

experiments were conducted in HUVECs.  

Concentrations and incubation time of TNF-α were selected based on previous reports 

using ECs (Hughes, Murphy and Ledgerwood, 2005; Tang et al., 2015; S. Wang et al., 

2018). GYY4137 non-toxic doses were determined based on cell metabolic capacity 

assay (see section 2.3) and oxidant formation (see section 2.5.1). All three designs were 
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tested only in EA.hy926 cells, whereas the selected post-treatment was applied in 

HUVECs. Initial adaptation of post-treatment conditions in HUVECs was required to 

mimic prior results in EA.hy926 cells. Once treatments were completed, molecular and 

cellular assays were conducted (Figure 2.1).   

 

1- The pre-treatment setting was conducted by incubating ECs in a growth medium 

containing GYY4137 at a specific concentration for 18 or 21 hours. Then, the 

medium was removed, and cells were incubated in a fresh warm medium with 

TNF-α at particular attention for 6 or 3 hours, leading to final cell treatment up to 

24 hours. 

2- The post-treatment setting involves an initial TNF-α treatment at a specific 

concentration for 6 or 3 hours, followed by washing with 1X PBS. Subsequently, 

 

Figure 2.1. Timeline of experimental settings in ECs. 
TNF-α was added to ECs at specific working concentration. Under pre-treatment setting, 
GYY4137 donor was added for 18 or 21 hours followed by 3 or 6 hours of TNF-α treatment. 
In the post-treatment setting, ECs were incubated with TNF-α for 3 or 6 hours prior GYY4137 
treatment was conducted for 18 or 21 hours. Finally, both GYY4137 and TNF-α were added 
to the cells at the same time for 24 hours under co-treatment setting. 
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ECs were incubated in a fresh warm medium with GYY4137 at a specific 

concentration for 18 or 21 hours, which totalled 24 hours of treatment.  

3- The co-treatment setting was performed, incubating ECs in a fresh warm medium 

containing TNF-α and GYY4137 at specific concentrations for each compound 

for 24 hours.  

2.3 Metabolic capacity assay 

This fluorometric assay is based on converting blue resazurin into pink resorufin product 

by metabolic living cells and estimates viable cell numbers. EA.hy926 and HUVECs cells 

were seeded at the density of 1.5x104 cells/well in a 96-well tissue culture plate with their 

corresponding growth medium (see Table 2-1). ECs were incubated at 37°C with 5% 

CO2 overnight, followed by treatment with GYY4137 in new growth pre-warm medium 

with 0, 50, 100, 200, 300, and 400 µM for 24 hours. Then 20 µl of CellTiter-Blue® reagent 

was added to each well. ECs were incubated at 37°C and 5% CO2 for 3 hours according 

to the manufacturer's instructions. 

Once incubation was completed, fluorescence values were measured at 560 nm 

excitation and 590 nm emission using a multi-plate reader (Spark-TECAN Trading AG, 

Switzerland). Samples without cells were used as a sample blank to normalise results. 

Samples were seeded in three replicates, and the relative cell viability (%) was 

calculated relative to control groups (untreated cells).  

2.4 In situ cellular H2S measurement 

Free sulfide was measured in cells using a specific fluorescent probe, sulfidefluor-7-

acetoxymethyl ester (SF7-AM) [Sigma-Aldrich, Gillingham, UK]. Upon exposure to H2S, 

the azide functional groups are reduced to primary amines, restoring the fluorescence 

of the caged fluorophore and resulting in a fluorescence signal.  

EA.hy926 and HUVECs cells were seeded at the density of 1.5x104 cells/well in a 96-

well tissue culture plate with the corresponding growth medium (see Table 2-1). ECs 

were incubated overnight at 37°C with 5% CO2, followed by treatment with non-toxic 

GYY4137 in a fresh pre-warm medium at 37°C  and  5% CO2  for 24 hours to grow. 
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Based on the metabolic capacity assay results, EA.hy926 cells were treated with 50 µM 

GYY4137, while HUVECs were treated with 100 µM GYY4137.  

After the medium was discarded, cells were incubated with 2.5 µM SF7-AM in fresh 

growth medium for 20 minutes and rinsed gently twice with 1X PBS. To stain the nucleus 

DAPI [Sigma-Aldrich, Gillingham, UK] in PBS (1:1000 dilution) was added to the cells for 

10 minutes in the dark. After two additional washes with PBS, the turn-on fluorescence 

response of SF7-AM to H2S in ECs was visualised by a Nikon Ti + T-P2 fluorescence 

microscope (20x magnification, scale bar = 10 µm). SF7-AM fluorescence (green 

spectrum) was visualised at 495 nm excitation and 519 nm emission. DAPI nucleus-

staining was imagined at 358 nm excitation and 461 nm emission (blue spectrum). 

Results of fluorescent intensity are presented as a percentage relative to the control 

group (untreated cells). The analysis of the fluorescence intensity was performed by 

ImageJ 1.80 software. 

2.5 Assessment of ROS formation 

2.5.1 Detection of Hydrogen peroxide production 

The intracellular ROS were analysed using the fluorescence probe 2', 7’-

dichlorofluorescein diacetate (CM-H2DCFDA™) [ThermoFisher Scientific, Gloucester, 

UK]. The assay is based on converting intracellular non-fluorescent de-esterified DCFDA 

to fluorescent 2', 7’-dichlorofluorescein (DCF) upon oxidation by ROS, which can be 

detected by fluorescence microscopy. CM-H2DCFDA  was dissolved in DMSO to a final 

concentration of 10 mM. HUVECs were seeded at a density of 5x104 cells/well in a 24-

well culture plate in the cEGM medium overnight at 37°C and 5% CO2 to grow. ECs were 

subjected to experimental settings divided into 4 general groups (see section 2.2.8). 

After treatment settings were applied, HUVECs were incubated with DAPI stain in 1X 

PBS (1:1000 dilution) for 10 minutes at 37°C in the dark. The PBS was removed, and 

cells were incubated in serum-free prewarm cEGM medium containing CM-H2DCFDA 

(10 µM of final concentration) for 30 minutes at 37°C in the dark. Then, cells were 

washed twice with PBS and resuspended in a fresh prewarm medium. The fluorescence 

intensity result was analysed using a Nikon Nikon Ti + T-P2 fluorescence microscope 

(20x magnification, scale bar = 10 µm) at 484 nm excitation and 529 nm emission (green 
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spectrum). Untreated and unstained cells were used as a negative control group [not 

shown]. DAPI stain for the nuclear location was determined at 358 nm excitation and 

461 nm emission (blue spectrum). Results of fluorescent intensity are presented as a 

percentage relative to the control group (untreated cells). The analysis of the 

fluorescence signal in all samples was performed by ImageJ 1.80 software. 

2.5.2 Detection of mitochondrial superoxide production 

The MitoSox™ red probe [ThermoFisher Scientific, Gloucester, UK] is a fluorogenic dye 

targeted to mitochondria oxidised only by superoxide to 2-hydroxyethidium with a 

fluorescence response determining the relative generation of mitochondrial superoxide. 

MitoSox reagent was dissolved in DMSO to 5 mM as the final concentration. HUVECs 

cells were seeded at 5x104 cells/well in a 24-well culture plate in a growth cEGM medium 

and incubated overnight at 37°C and 5% CO2 conditions. HUVECs were subjected to 

experimental settings divided into the general 4 groups (see section 2.2.8).  

After treatments concluded, HUVECs were cultured with 5 µM MitoSox in fresh cEGM 

medium at 37°C for 30 minutes, followed by DAPI stain for 10 minutes at 37°C in the 

dark. Subsequently, cells were washed twice with PBS and resuspended in a fresh 

cEGM medium. Untreated cells without a fluorescence probe were represented as a 

negative control group [not shown]. The fluorescence intensity was determined at 510 

nm excitation and 580 emissions (cherry spectrum) using a Nikon Ti + T-P2 fluorescence 

microscope (10x magnification, scale bar = 100 µm). The nucleus was stained using 

DAPI solution at 358 nm excitation and 461 nm emission (blue spectrum). Results of 

fluorescent intensity are presented as a percentage relative to the control group 

(untreated cells). The analysis of the fluorescence intensity in all samples was performed 

by ImageJ 1.80 software.  

2.6 Flow Cytometry analysis 

The cells were stained with a specific antibody or reagent, followed by analysis using a 

BD Accuri C6 Plus flow cytometer. Each sample was analysed using 10,000 cellular 

events, and cells were plotted according to scatter forward (FSC), and side scatters 

(SSC) profiles and then gated to exclude cellular debris. Due to many biological 

processes are co-dependent, flow cytometry allows the study of multiple variables in 
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parallel accomplished through the use of fluorescent probes, which differs in their 

wavelength (emission of fluorescent light). The BD Accuri C6 Plus flow cytometer 

presents four fluorophores phycoerythrin (PE), allophycocyanin (APC), fluorescein 

isothiocyanate (FITC) and peridinin chlorophyll protein-Cyanine5.5 (PerCP-Cy5.5).  

2.6.1 Assessment of cell adhesion molecules expression 

ECs were seeded at a density of 2.5x105 cells/well in a 6-well culture plate and incubated 

overnight under 37°C and 5% CO2 conditions to grow. Cells were divided into 4 groups 

for experimental settings with TNF-α and GYY4137. Once treatments were completed, 

cells were detached with Trypsin-EDTA as previously described (see section 2.2.3). 

Subsequently, cells were resuspended in pre-cold 1X PBS containing 10% FBS (100 

µl). Primary antibodies (Table 2-3) were added at the required concentration and 

incubated for 1 hour on ice. At the end of the incubation, ECs were washed twice with 

PBS and pellet down by centrifugation at 200 x g for 5 minutes. The cells were washed 

twice with PBS and resuspended in 500 µl PBS before analysis in the flow cytometer. 

Table 2-3. Antibody used for flow cytometry. 

 

 

 

 

 

 

 

 

 

Antibody Conjugate 
Emission/ 
Excitation 

(nm) 

Concentration 
(µg/ml) 

Reference # 

VCAM-1/CD106 PE 667/496 1.25 12106942 

IgG1-CD106 K 
isotype 

PE 667/496 1.25 12471442 

ICAM-1/CD54 APC 660/650 5 17054942 

IgG1-CD54 K 
isotype 

APC 660/650 5 17471442 

IgG1-CD62 K 
isotype 

FITC 488/520 1.25 11471442 

E-selectin/CD62 FITC 488/520 1.25 BMS110FI 
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The initial gating strategy step was plotting all events according to FSC vs SSC. 

Unstained and untreated cells set the photomultiplier tube amplification voltage gain and 

the gates. The primary acquisition gate (referred to as "cells") allows the exclusion of 

debris. Then, events from this gate are sorted as CD54-APC (ICAM-1), CD106-PE 

(VCAM-1) and CD62-FITC (E-selectin) vs Count in a histogram plot. Fluorochrome-

matched isotype (IgG1) controls were used to differentiate negative from positive cells 

by line boundaries  (Figure 2.2). Results of fluorescent intensity are presented as a 

percentage of each group.  

 

 

 

 

 

 

 

 

Figure 2.2 Representative flow cytometer histogram showing adhesion molecule 
(CD54)-positive and IgG cells.  
Cells were stained with IgG1-CD54 and CD54-APC to discriminate positive from negative 
cells and conducted a correct gating. IgG1 was captured in the P1 channel, and the CD54 
positive cells were gated in the P2 section.  

 

2.6.2 Assessment of apoptosis using Annexin V-PI  

Apoptosis was measured using Annexin V/PI Apoptosis detection Kit APC [BioLegend, 

UK], which employs R-phycoerythrin-labelled Annexin V in concert with Propidium iodide 

(PI) to evaluate the sub-population of cells undergoing apoptosis. HUVECs were seeded 

at a density of 2.5x105 cells/well in a 6-well culture plate in cEGM medium and incubated 

at 37°C and 5% CO2 overnight to grow. On the following day, the post-treatment setting 

with TNF-α (1ng/ml, 3 hours) and GYY4137 (100 µM, 21 hours) was applied to the cells 

divided into 4 groups (see section 2.2.8). A positive control group (200 µM H2O2 
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treatment for 3 hours) was used to ensure the correct gating strategy. After treatments, 

the medium was discarded, and cells were detached with the Trypsin-EDTA process 

(see section 2.2.3). The endothelial pellet was washed twice with 1X PBS  and one 

washed with 1X binding buffer (150 mM NaCl, 10 mM HEPES (pH 7.5), 2.5 mM CaCl2 

in distilled water) [provided by the kit]. Then, cells were resuspended in cold biding buffer 

at the concentration of 1.5x106 cells/ml and counted by a haemocytometer. Then, 100 µl 

of the pellet resuspended was transferred to a flow cytometry tube per group, which was 

incubated with 10 µl of fluorochrome conjugate Annexin V and 5 µl of PI solution for 15 

minutes at room temperature in the dark. Finally, 400 µl of Annexin binding buffer was 

gently added to each tube for mixing. Samples were then analysed on a BD Accuri C6 

Plus flow cytometer, and data were analysed using BD Accuri C6 Plus software.  

Compensation set-up was performed before each experiment to ensure the results' 

accuracy and quality and to discriminate the fluorescence background from the Annexin 

V fluorescence signal. Four tubes were set up as follows:  

• Tube 1: No stain 

• Tube 2: PI dye 

• Tube 3: Annexin V dye 

• Tube 4: Both PI and Annexin V dyes 

The initial gating strategy involves plotting all events according to FSC vs SSC. Events 

are then sorted as Annexin V-FITC vs PerCPcy5-5 for PI stain. To generate a cell 

population without debris, four different gating boundaries were applied: necrotic cells 

(Q1), late apoptosis (Q2), live cells (Q3) and early apoptosis (Q4). Untreated and 

unstained cells were used to ensure accuracy. A representative analysis of the gating of 

the four different boundaries is displayed in Figure 2.3.  
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Figure 2.3 Representative diagram of annexin V staining quadrants.  
Events were plotted according to FSC vs SSC to exclude debris. Then events are sorted as 
Annexin V for FITC vs PerCPcy5-5 for PI stain. Four different boundaries were applied to the 
cell population: live cells (Q3), necrotic cells (Q1), early apoptosis (Q4) and late apoptosis 
(death cells) (Q2). 

 

2.7 Caspase 3/7 activity assay 

The caspase 3/7 activity was conducted using the Caspase-Glo® 3/7 assay kit 

purchased from [Promega, GmbH, Southhampton, UK]. The kit provides a luminogenic 

caspase 3/7 substrate [Aminoluciferin] attached to tetrapeptide, which is specific for 

protease cleavage by the executors' caspases, caspase 3 and caspase 7.  

HUVECs were seeded in a white-walled 96-well plate at 1.5x104 cells/well density in 

cEGM medium and allowed to adhere and grow for 24 hours in an incubator at 37°C with 

5% CO2 as standard conditions. The following day, the medium was replaced, and cells 

(in duplicates) were incubated with TNF-α and GYY4137 in a post-treatment setting (see 

section 2.2.8) at 37°C with 5% CO2. Before the execution of the experiment, H2O2 (1 mM) 

was added to normal cells in a cEGM medium for 6 hours to create a positive control 

signal for apoptosis. Additional controls were used to set up the assay, such as blank 

(reagent without cells) and negative control (untreated cells without reagent). The 

medium was removed, and fresh medium (100 µl) was added per well.  
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A total of 100 µl of Caspase-Glo reagent was added to each well. The plate was then 

mixed using a plate shaker at 400 rpm for 30 seconds and left in the dark at room 

temperature for 1 hour. The caspase 3/7 was then measured using a luminometer plate 

reader [Spark®, TECAN Group Ltd., Männedorf, Switzerland]. Results were represented 

as luminescence relative light units (RLU) after subtracted values from the blank.  

2.8 GSH: GSSG ratio assay 

The GSH:GSSG ratio was conducted using the GSH:GSSG-Glo assay kit purchased 

from  Promega, GmbH, Southhampton, UK. The assay is a luminescence-based method 

to detect and quantify total glutathione and oxidised glutathione, which can be used to 

calculate the GSH:GSSG ratio in cultured cells. The light signal is directly proportional 

to the amount of GSH present (Error! Reference source not found.). HUVECs were s

eeded in a white opaque-walled 96-well plate at 1.5x104 cells/well density in cEGM 

medium and allowed to adhere and grow for 24 hours in an incubator at 37°C with 5% 

CO2 as standard conditions. The following day, the medium was replaced, and cells (in 

duplicates) were incubated with TNF-α and GYY4137 in a post-treatment setting (see 

section 2.2.8) at 37°C with 5% CO2. All reagents were prepared within 30 min of 

execution of the assay with the provided components as described in the kit 

documentation. For HUVECs, 50 µl Glutathione lysis reagent, 50 µl luciferin generation 

reagent and 100 µl luciferin detection reagent per reaction were used. Adjust the total 

volume of the reagents for the total number of responses performed, including blank (no-

cells), and the standard curve was applied. Once cultured cell treatments were 

concluded, the medium was removed to avoid interfering with the assay, and cells were 

washed with prewarm 1X PBS. Once all reagents were added and incubation time 

completed, the luminescence was measured in a plate reader [Spark®, TECAN Group 

Ltd., Männedorf, Switzerland].  

2.9 Immunofluorescence microscopy 

Immunostaining microscopy was applied to determine immortalised cells' phenotype, the 

subcellular accumulation of Nrf2 and mitochondrial morphology. 
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2.9.1 Endothelial phenotype fluorescent microscopy 

To determine the endothelial phenotype of immortalised EA.hy926 cells, the presence 

of two exclusive endothelial markers, Von Willebrand factor and CD31 (PECAM-1) was 

examined. EA.hy926 were seeded at 1.5x104 cells/well in a 96-well plate in cDMEM 

medium and incubated overnight at 37°C with 5% CO2 to grow. The next day, the 

medium was discarded, and cells were washed with 1X PBS and fixed with pre-cooled 

methanol for 5 minutes at room temperature. Subsequently, cells were washed with cold 

PBS and permeabilised with 0.15% Triton X-100 in PBS for 10 minutes at room 

temperature. Afterwards, cells were blocked with 10% goat serum in PBS with 0.1% 

Tween-20 for 1 hour at room temperature. The same blocking solution was used to dilute 

anti-von Willebrand and anti-CD31 primary antibodies (see Table 2-4) for overnight 

incubation with gentle rotation at 4°C. The next day, cells were washed twice with PBS 

and incubated with secondary antibodies congregated to Alexa Fluor-488 nm diluted in 

PBS for 2 hours at room temperature in the dark (see Table 2-5). After an additional 

wash, DAPI (1:1000 dilution) in PBS was added for nuclear staining (358 nm excitation 

and 461 nm emission, blue spectrum) with 10 minutes of incubation in the dark, followed 

by an additional wash step and subsequently microscopy examination. Fluorescence 

images were visualised by Nikon Ti + T-P2 microscope.  

2.9.2 Cellular localisation of Nrf2 

An immunostaining microscopy analysis was conducted to determine the distribution of 

Nrf2 within ECs. HUVECs were seeded at 1.5x104 density in 300 µl cEGM medium on 

22x22 mm coverslips in a culture10 mm dish and incubated at 37°C with 5% CO2 to allow 

attachment. Then, 1 ml of cEGM medium was added to each dish, and cells were 

incubated overnight at 37°C with 5% CO2. The next day, treatment of TNF-α and 

GYY4137 was conducted following the post-treatment setting as described in section 

2.2.8. Once treatment was concluded medium was discarded, and cells were washed 

once with 1X PBS, followed by fixing using pre-cooled methanol for 5 minutes at room 

temperature. Next, methanol was discarded, and cells were washed twice with PBS and 

permeabilised with 0.15% Triton X-100 in PBS for 10 minutes at room temperature. 

Blocking with 10% goat serum in PBS with 0.15% Tween-20 for 1 hour at room 

temperature was conducted after cells were washed once with PBS. Cells were rinsed 

with primary anti-Nrf2 antibody in blocking buffer (see Table 2-4) and incubated 
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overnight with gentle rotation at 4°C. Then, the cells were washed three times with PBS 

before adding the fluorescently conjugated Alexa Fluor-488 nm secondary antibody (see 

Table 2-5) diluted in PBS for 2 hours with gentle rotation at room temperature in the dark 

and rewashed twice with PBS for 5 minutes. A DAPI mounting nuclear stain solution 

(350 nm excitation and 465 nm emission, blue spectrum) was added for 20 minutes 

before the cover glass was sealed with nail polish. Fluorescence images were visualised 

by Nikon Ti + T-P2 microscope.  

2.9.3 Mitochondrial network fluorescence analysis 

Localisation of mitochondria was determined by immunostaining followed by 

fluorescence microscopy. To assess the mitochondrial morphology, cells were stained 

with MitoTracker Red (ThermoFisher Scientific, Gloucester, UK). HUVECs were plated 

on 13 mm coverslips at 1.5x104 density in cEGM medium overnight incubation at 37°C 

with 5% CO2. The next day, cells were subjected to TNF-α and GYY4137 was conducted 

following the post-treatment setting described in section 2.2.8. Subsequently, cells were 

treated with Mitotracker Red (100 nM) for 30 minutes at 37°C, followed by three times 

washing with 1X PBS. The cells were fixed with 4% PFA for 10 minutes at room 

temperature and washed with PBS.  

A DAPI mounting nuclear stain solution (350 nm excitation and 465 nm emission, blue 

spectrum) was added for 20 minutes before the cover glass was sealed with nail polish. 

Cells images were acquired using a 63x objective oil APO lens using a confocal lighting 

microscopy TCS SP8 system [Leica Microsystems Ltd, UK] and analysed using 579 nm 

excitation and 599 nm emission for Mitotracker. Analysis of mitochondrial morphology 

was conducted using ImageJ's FIJI open-source macro tool, MiNA (Mitochondrial 

Network Analysis), designed by (Valente et al., 2017). Settings were kept consistent 

across images, and a "mean" filter was selected. A total of 30 cells per group per 

individual experiment was consolidated and analysed. The network's branching and 

branch length was measured using the tool. 
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Table 2-4. Primary antibodies used during immunofluorescence with their specific 
dilutions, host and supplier details.  

Primary 
Antibody 

Host Dilution Manufacturer 
Reference 

# 

Von Willebrand 
factor 

Mouse 1:50 Abcam ab11713 

CD31 Rabbit 1:50 Abcam ab32457 

Nrf2 Mouse 1:100 
Santa Cruz 

Biotechnology 
Sc-365949 

 

Table 2-5. Secondary conjugated antibodies with their specific dilutions, host and supplier 
details.  

Secondary 
Antibody 

Host Dilution Manufacturer 
Reference 

# 

Alexa Fluor 488  Mouse 1:500 Abcam ab11713 

Alexa Fluor 488 Rabbit 1:500 Abcam ab32457 

 

2.9.4 Phalloidin F-actin staining 

ECs cytoskeleton was assessed using Alexa Fluor 647 Phalloidin [Thermo Fisher 

Scientific, Loughborough, UK]. HUVECs were plated on 13 mm coverslips at 1.5x104 

density in cEGM medium overnight incubation at 37°C with 5% CO2. The next day, cells 

were incubated overnight with or without GYY4137 (100 µM). Next, the cells were fixed 

with 4% PFA in 1x PBS for 10 minutes at room temperature and permeabilized in 0.1% 

Triton X-100 for 10 minutes. Next, cells were blocked in PBS with 2% BSA for 1 hour at 

room temperature, followed by three washes with 1x PBS and stained with F-actin with 

phalloidin for 2 hours. After washing three times with 0.05% Tween-20 PBS, cells were 

mounted in DAPI mounting nuclear stain solution (350 nm excitation and 465 nm 

emission, blue spectrum) before the cover glass was sealed with nail polish. Cells 

images were acquired using a 63x objective oil APO lens using a confocal lighting 
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microscopy TCS SP8 system [Leica Microsystems Ltd, UK] and analysed using 650 nm 

excitation and 668 nm emission for Phalloidin.  

2.10  Senescence (SA-β-gal) staining 

The presence of senescence in cells was achieved using the senescence-associated 

SA-β-gal staining assay. Ultrapure water was used for all reagent dilutions. All reagents 

and chemical dilutions were prepared as described in Table 2-6. HUVECs cells were 

seeded at the density of 1.5x104 cells/well in a 96-well tissue culture plate with the 

corresponding growth medium (see Table 2-1). Cells were allowed to adhere and grow 

for 24 hours in an incubator at 37°C with 5% CO2. The next day, cells were treated with 

TNF-α and GYY4137 post-treatment. After incubation, the growth medium was aspirated 

from cells and discarded. Subsequently, cells were washed twice with 1X PBS, and the 

required volume of fixation buffer (200 µl) was added to cells with 15 min incubation at 

room temperature. Afterwards, fixation buffer was discarded, and cells were washed with 

PBS for 5 min at room temperature, followed by two additional washes with PBS/MgCl2 

for 5 min at room temperature. Then, 200 µl of freshly prepared X-Gal solution was 

added to each well and incubated at 37°C in a CO2-free incubator for 4 hours in the dark. 

The staining solution was removed, cells were washed twice with PBS for 5 min at room 

temperature, and pictures were taken. The stained blue cells were visualised using a 

Nikon phase contrast light microscope with a scale bar 10 µm.  

Table 2-6. Components of staining mixture for SA-β-gal staining 

Reagent Composition 

X-Gal staining solution 

PBS/MgCl2  

0.2 mM Potassium ferricyanide (III) 

0.2 mM Potassium hexacyanoferrate (II) 
trihydrate 

PBS/MgCl2 1mM MgCl2 in PBS pH: 6.0 

X-Gal stock (40X) 40 mg/ml X-Gal in N, N-dimethylformamide 

0.2 M Potassium ferricyanide (III) 0.66 gr in 10 ml dH2O 
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Fixation buffer 0.5% Glutaraldehyde solution in PBS  pH: 7.4 

0.2 M Potassium hexacyanoferrate 
(II) trihydrate 

0.85 gr in 10 ml dH2O 

 

2.11  ELISA assay 

The pro-inflammatory effect of TNF-α and the potential protective role of GYY4137 on 

ECs was tested using the sandwich Enzyme-Linked Immunosorbent Assay (ELISA). 

Analysis of IL-6 secretion in the medium was conducted using the Human IL-6 DuoSet 

[R&D Systems, Minnesota, US], following the manufacturer's instructions.  

Cells were cultured at 2x105 cells/well in a 6-well culture plate and incubated at 37°C 

and 5% CO2 overnight to grow. The next day, cells were treated with specific compounds 

(TNF-α and GYY4137) following experimental settings (see section 2.2.8). After 

treatments, the culture medium was collected and transferred into 1.5 ml tubes, followed 

by centrifugation at 10,000 x g for 10 minutes to remove dead cells and any cell debris.  

On the day of the experiment, the recombinant IL-6 standard was reconstituted in 

distilled water to a stock concentration following manufacturer recommendations. Then, 

a seven-point standard curve using a two-fold serial dilution in Reagent diluent [provided 

by the kit] was prepared. The plate was transferred into a microplate spectrophotometer 

for an optical density (OD) reading of 450 nm. Wavelength correction was carried out, 

setting the reading to 540 nm. The standard curve was created by generating a four-

parameter logistic (4-PL) curve-fit and calculating an unknown sample concentration.  

2.12  Tube formation assay 

The angiogenic capacity of ECs was studied using the Tube formation assay. The assay 

is based on the ability of endothelial cells to form three-dimensional capillary-like tubular 

structures when cultured on a gel of growth factor-reduced basement membrane matrix. 

Matrigel matrix [Corning, UK] is a solubilised membrane rich in extracellular matrix 

proteins extracted from the Engelbreth-Holm-Swarm mouse sarcoma cells and is 
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commonly used in assessing the in vitro angiogenic capacity of endothelial cells (Lin et 

al., 2020).  

HUVECs were maintained in cEGM medium at 37°C and 5% CO2 until the day before 

the experiment. Growth factor reduced Matrigel was thawed at 4°C overnight, and 50 

µl/well was added into a cooled sterile transparent 96-well plate on ice with a cooled 

sterile tip and incubated at 37°C for 30 min to solid. Cells, at less than 70-80% 

confluence, were detached with Trypsin-EDTA (see section 2.2.3), resuspended 

Media199 with 1% FBS and 1% (v/v) penicillin/streptomycin and counted (see section 

2.2.4). A total of 1x104 cells/well in duplicate were seeded onto Matrigel. Plates were 

incubated at 37°C and 5% CO2 for 1 hour.  

The cells were divided into the formal 4 groups and treated with TNF-α and GYY4137 in 

Media199 medium following a post-treatment setting as indicated in section 2.2.8 before 

microscopic examination. In each well, phase-contrast images were captured at 4X 

magnification (scale bar = 100 µm) using a Nikon eclipse Ts2 microscope. The total tube 

length in each image was determined using the ImageJ software Angiogenic plugin.  

2.13  Isolation of Nuclear and Cytoplasmic protein 

fractions 

Following manufacturer instructions, cytosolic and nuclear proteins were extracted using 

the Nuclear Extract Kit [Active Motif, UK]. Briefly, cells were seeded in a T75 flask and 

incubated at 37°C with 5% CO2 overnight. The next day, ECs were treated with TNF-α 

and GYY4137 compounds. After the treatment, cells were washed with ice-cold 1X PBS 

after removing the medium by aspiration. Trypsin-EDTA detached cells (see section 

2.2.3). The cell pellet was kept on ice and resuspended in 1x hypotonic buffer [provided 

by the kit] gently and incubated for 15 minutes on ice to expand the cell membrane. At 

that time, detergent [supplied by the kit] was added to isolate cytoplasmic proteins; a 

homogeniser was used for 40 seconds for a complete cell lysate. The supernatant 

containing the cytoplasmic fraction was collected by centrifugation at 14,000 x g at 4°C 

for 1 minute. The pellet was washed with PBS and resuspended in lysis buffer [provided 

by the kit] supplemented with 10 mM DTT and protease inhibitor (1:100 dilution).  
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The protein pellet was homogenised by vortex and incubation for 30 minutes on ice. 

Centrifuge at 14,000 x g for 10 minutes allows for collecting the nuclear fraction. 

Cytosolic and nuclear proteins were stored at -80°C until further immunoblotting 

experiments.  

2.14 Characterisation of Mitochondrial Δψm  

The lipophilic cation commercial JC-1 dye, which is specific for Δψm, highly sensitive 

and unaffected by changes in the plasma membrane potential, was used in this thesis. 

The membrane-permeant fluorescent dye undergoes a reversible colour change from 

green fluorescence (529 nm emission) for the monomeric form to red-orange 

fluorescence (590 nm emission) to indicate aggregates as the Δψm increases.  

HUVECs were seeded into a 24-well plate at 5x104 cell/well density and incubated 

overnight at 37°C and 5% CO2 for cultured growth. The next day, cells were divided into 

the formal experimental groups and treated with TNF-α and GYY4137 following post-

treatment settings, as illustrated in section 2.2.8. Cells were incubated with JC-1 to a 

final concentration of 5 µM in fresh free-serum cEGM medium and set at 37°C for 20 

minutes in the dark. Afterwards, cells were gently washed twice with 1X PBS and rinsed 

with a new cEGM medium. At this point, a Nikon Ti + T-P2 microscope captured 

microscopic pictures of monomers (green spectrum) and aggregates (red range). Δψm 

was derived from the ratio of red (aggregates) to green (monomers) fluorescence.  

2.15  Characterisation of Bioenergetic profile.  

2.15.1 Seahorse Mito Stress test  

Cell metabolism in live  ECs can be assessed by directly monitoring the oxygen 

consumption rate (OCR) on the Seahorse Extracellular Flux Analyzer XF24. The 

Seahorse XF Cell Mito Stress Test enables the measurement of critical parameters of 

mitochondrial function based on built-in injection ports adding pre-measured 

compounds, which can modulate mitochondrial electron chain components (Figure 2.4). 

The mentioned compounds comprise oligomycin, antimycin A, rotenone and FFCP 

[carbonyl cyanide-4-(trifluoromethoxyphenylhydrazone)]. The protocol for OCR 

measurement assay by Seahorse XF analyser is shown below.  
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Stage 1: Cell culture 

HUVECs were plated at 5x104 cells/well density into an XF 24-well microplate in cEGM 

medium (200 µl) and allowed to grow at 37°C and 5% CO2 overnight. The next day, cells 

were treated with TNF-α and GYY4137 following post-treatment settings as illustrated in 

section 2.2.8 using cEGM medium.  

Stage 2: Preparation of sensor cartridge.  

An XF24 sensor cartridge was hydrated overnight the day before the Mito Stress assay 

by submerging the sensors in an XF 24-well plate filled (800 µl) with XF calibrant solution 

at 37°C without CO2.  

 

Figure 2.4 Representative graph of the Mito Stress test in the 
Seahorse instrument.  
Illustration of the injections with complexes modulators compounds and 
parameters evaluated, such as basal respiration, OCR-drive ATP 
production, maximal respiration, spare capacity, and non-mitochondrial 
oxygen consumption. Figure created with Bio-render.com. Adapted from 
Mito Stress Kit Datasheet.  

 

Stage 3: Seahorse Analysis 

Before starting the Mito Stress assay, XF base medium was prepared using un-buffered 

DMEM (Agilent Scientific Instruments, US) comprising glucose (10 mM), pyruvate (1 

mM) and L-glutamine (2 mM) at pH 7.35 conditions.  
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The treating media was removed in the cultured-cells plate, leaving 50 µl in the well. The 

cells were gently rinsed twice with 450 µl of prewarm XF base medium. Next, HUVECs 

were incubated with 475 µl XF assay medium in a non-CO2 incubator at 37°C for 1 hour 

before analysis. At the same time, compounds for loading in the sensor cartridge were 

prepared using constant loading volume. Compounds were prepared in XF base 

medium, and 75 µl of each prepared compound was added into each injection port of 

the cartridge for each well to give the final concentrations described in Table 2-7. The 

sensor cartridge was then calibrated for 15 minutes on the instrument tray. After 

measurement of OCR basal rates, compounds were sequentially injected from the 

sensor cartridge ports at 14, 34 and 54 minutes for oligomycin, FCCP and 

rotenone/antimycin A, respectively. Rates were normalised to protein content quantified 

using the Bradford assay (see section 2.16). Bioenergetic parameters, including basal 

mitochondrial respiration, non-mitochondrial respiration, ATP production, maximal 

respiration, mitochondrial reserve capacity and proton leak, are automatically calculated 

based on the normalised protein followed rate measurement equations (see Table 2-8) 

using Seahorse XF Cell Mito Stress Test Report Generator.  

Table 2-7. Injection Mito Stress test compounds on the XF24 Seahorse instrument 

Port 
Injection 

Compound 
Actions 

Stock 
concentration 

(µM) 

Port 
concentration 

(µM) 

A Oligomycin 
Complex V 

inhibitor 
100 1 

B FCCP 
Proton 

uncoupling 
reagent 

100 0.5 

C 
Rotenone/Antimycin 

A 
Complex I and 

III inhibitors 
50 0.5 

 

Table 2-8. Mitochondrial bioenergetic parameters for Mito Stress test.  

Parameter Indicates 
Rate measurement 

equation 

Non-mitochondrial 
oxygen 
consumption 

Oxygen consumption due to 
cellular enzymes for accurate 
measure of respiration 

Minimum rate measurement 
after Rotenone/Antimycin A 
injection 
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Basal respiration 
Energetic demand on the cell 
under baseline conditions 

(Last rate measurement 
before 1st injection) – (non-
mitochondrial respiration 
rate) 

ATP production 
ATP contributes to meeting 
the energy needs of the cell 

(Last rate measurement 
before oligomycin injection) – 
(minimum rate measurement 
after oligomycin injection) 

Maximal 
respiration 

Maximum rate of respiration 
that the cell can achieve 

(Maximum rate measurement 
after FCCP injection) – (non-
mitochondrial respiration) 

Mitochondrial 
reserve capacity 

Ability to respond to energetic 
demand 

(Maximal respiration) – (basal 
respiration) 

Proton leak 
Remaining basal respiration 
not coupled to ATP 
production 

(Minimum rate measurement 
after oligomycin injection) – 
(non-mitochondrial 
respiration) 

 

2.15.2 Seahorse Glycolytic Test assay 

Glycolysis is one of the main energy-producing pathways in the cells. The Glycolysis test 

measures the extracellular acidification rate (ECAR) in basal conditions and response to 

modulators on the Seahorse Extracellular Flux Analyzer XF24. The Seahorse XF 

Glycolysis Stress Test allows the analysis of glycolytic flux parameters based on built-in 

injection ports adding pre-measured compounds. The Glycolysis Stress test is similar to 

Mito Stress assay and shares many similarities regarding cell preparation, cartridge 

hydration and protocol steps. Nevertheless, the modulation of the glycolytic pathway 

required using specific compounds and analysis of determined bioenergetic parameters, 

as described below. The Glycolysis Stress test comprises glucose, oligomycin and 2-

deoxy-glucose (2-DG) (Figure 2.5). Measurement of ECAR in the cells was performed 

as described in the following protocol. 

Stage 1: Cell culture 

Seeding and treatment of HUVECs were conducted following the same parameters as 

the Mito Stress test (see section 2.15.1).  

Stage 2: Preparation of sensor cartridge.  
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The hydration of the cartridge the day before the Glycolytic Stress assay was performed 

under the same conditions described in section 2.15.1.  

Stage 3: Seahorse Analysis 

The Glycolysis Stress assay required preparing a specific XF base medium using un-

buffered DMEM with glutamine (2 mM) at pH:7.35 conditions. The cell culture treatment 

medium in the cell culture XF2 24-well plate was changed to a warmed glycolytic XF 

base medium, and place the cell culture microplate into a 37°C non-CO2 incubator for 1 

hour before the assay. Stock compounds loading into the sensor cartridge were 

prepared using constant loading volume (75 µl) and at specific concentrations, as 

detailed in Table 2-9. Then, the utility plate with the loaded sensor cartridge was placed 

on the instrument tray to start calibration.  

 

Figure 2.5 Representative graph of the Glycolysis Stress test in 
the Seahorse instrument.  
Illustration of the injections with complexes modulators compounds 
and parameters evaluated, such as glycolysis, glycolytic capacity, 
glycolytic reserve and non-glycolytic acidification. Figure created with 
Bio-render.com. Adapted from Mito Stress Kit Datasheet. 

 

Once the baseline for ECAR measurement was obtained, compounds from the sensor 

cartridge ports were sequentially injected. The first cells were injected with a saturating 

glucose concentration (at 20 minutes), the second injection comprised oligomycin (at 40 

minutes), and the third injection was with 2-DG (at 60 minutes).  
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Like in the Mito Stress assay, normalisation to protein content was performed using the 

Bradford assay (see section 2.16). Glycolytic bioenergetic parameters, including 

glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic acidification, are 

automatically calculated based on the normalised protein followed rate measurement 

equations (Table 2-10) using Seahorse XF Cell Glycolysis Stress Test Report Generator.  

Table 2-9. Injection of Glycolysis Stress test compounds on the XF24 Seahorse instrument 

Port 
Injection 

Compound 
Actions 

Stock 
concentration 

(mM) 

Port 
concentration 

A Glucose Fuels glycolysis 100 10 mM 

B Oligomycin 
ATP synthase 

inhibitor 
100 1.0 µM 

C 2-DG Inhibits glycolysis 500 50 mM 

 

Table 2-10. Glycolytic bioenergetic parameters for the Glycolysis Stress test.  

Parameter Indicates Rate measurement equation 

Glycolysis 

Conversion of glucose to 
pyruvate by cell after addition 
of saturating amounts of 
glucose 

(Maximum rate measurement 
before oligomycin injection) – (last 
rate measurement before glucose 
injection) 

Glycolytic 
capacity 

Maximum glycolysis capacity 
reached by a cell 

(Maximum rate measurement 
after oligomycin injection) – (last 
rate measurement before glucose 
injection) 

Glycolytic 
reserve 

Capability of a cell to respond 
to an energetic demand  

(Glycolytic capacity) – (glycolysis) 

Non-glycolytic 
acidification 

Alternative sources of 
extracellular acidification  

Last rate measurement before 
glucose injection 
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2.16  Bradford assay  

Total protein concentration for Seahorse bioenergetic analysis was determined in cell 

lysates obtained by adding RIPA lysis buffer (20 µl) to each well of the XF 24-well 

microplate. A seven-point standard curve using a two-fold serial dilution in RIPA diluent 

was prepared in a 1.5 ml tube from 2 mg/ml BSA solution. Each tube was prefilled with 

100 µl RIPA diluent before the serial dilution.  

The Bradford assay Solution A was diluent with Bradford Reagent A [Bio-Rad 

Laboratories, Watford, UK] and Reagent S in a 1:50 ratio. A total volume of 50 µl of 

Solution A was added and mixed into each standard curve tube and each well of the XF 

24-well plate. Afterwards, 400 µl of Bradford Reagent B [Bio-Rad Laboratories, Watford, 

UK] was added to standards and samples. Then 200 µl of each sample and standard 

dilutions were added to a clear 96-well plate in duplicates, followed by optical density 

measurement using a microplate reader at 595/600 nm. Standard curve values (OD) 

served to plot samples' protein concentration (mg/ml) using the equation of the line and 

to take into account the coefficient of determination [R2] ≥ 0.95 value. 

2.17  Western Blot analysis 

2.17.1 Protein extraction 

The culture plates containing the treated groups see section 2.2.8 were removed from 

the incubator, the culture medium was removed, and cells were washed with pre-cold 

1X PBS. At that moment, whole-cell were prepared to lysate on dry ice for 5 minutes by 

adding 50 µl/well for 6-well plates or 300 µl for a T75 culture flask of RIPA lysis buffer 

[25mm Tris-HCL, pH 7.6; 150 mm NaCl; 1% NP-40; 1% sodium deoxycholate and 0.1% 

SDS] [Thermo Scientific, Loughborough, UK] supplemented with protease inhibitor 

cocktails (1:100) [Sigma-Aldrich, Gillingham, UK]. Centrifugation at 14,000 x g for 30 

minutes at 4°C was carried out to remove the debris. The supernatant was gently 

collected in a new pre-cooled 1.5 ml microtube. Determination of protein concentration 

was assayed by BCA protein assay, and samples of lysates were stored at - 20°C until 

further experiments.  
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2.17.2 BCA protein quantification 

A protein concentration assay was performed using a Bicinchoninic acid assay (BCA) kit 

[Thermo Scientific, Loughborough, UK]. BSA standard curve was prepared with 2 mg/ml 

stock concentration with a two-fold serial dilution in RIPA buffer according to the 

manufacturer's instructions. The cell lysate was diluted at a 1:5 ratio, and a total volume 

of 10 µl of samples and standards was added in duplicates into a 96-well clear plate. 

Then, a 200 µl mixture of reagent A (sodium carbonate, sodium bicarbonate, 

Bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide) and reagent B (cupric 

sulphate) at a 50:1 ratio was added to all wells. The plate with samples was transferred 

into a microplate reader [TECAN-Spark, Trading AG, Switzerland] and incubated at 37°C 

for 30 minutes. Purple colour had developed in the wells, and protein quantification was 

performed by measuring the microplate reader's optical density (OD) at 562 nm. 

Standard curve values (OD) served to plot samples' protein concentration (mg/ml) using 

the equation of the line and to take into account the coefficient of determination [R2] ≥ 

0.95 value.  

2.17.3 Sample preparation and gel electrophoresis 

The SDS polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins by 

molecular weight (Table 2-11). Protein samples were prepared for SDS electrophoresis 

by mixing them with Laemmli SDS loading buffer, reducing (6X) [Alfa Aesar-Thermo 

Fisher Scientific, Loughborough, UK]. Afterwards, samples were heated to 95°C for 5 

minutes in a dry heating block to promote protein denaturation and then processed for 

gel electrophoresis. An equal amount of lysates (10-15 µg) and molecular weight marker 

(Precision Plus Protein Kaleidoscope™ pre-stained, 5 µl) [Bio-Rad Laboratories, Hemel 

Hempstead, UK] were loaded into SDS-PAGE (10-15%) gels. The running buffer [3 gr 

Tris base, 14.4 gr Glycine, and 1 gr SDS in 1 L distilled water] was added to the cassette 

[Bio-Rad Laboratories, Watford, UK], and the gel ran at 110 Volts at constant voltage 

until the samples were reached the bottom.  
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Table 2-11. Reagents for resolving and stacking gels 

 

2.17.4 Protein transfer to the membrane [Semi-dry transfer] 

After SDS-PAGE electrophoresis separation, the proteins can be transferred to a solid-

state membrane to allow further antibody staining and protein expression. This project 

used nitrocellulose membrane [Amersham™ Protran®]. The membrane is placed on top 

of the acrylamide gel and held in place with blotting paper in a cassette.  

Once the electrophoresis was finalised, to equilibrate, the gel was submerged into 

transfer buffer [4.5 gr Tris base, 21.6 gr Glycine and 300 ml Methanol in 1200 ml of 

distilled water]. A rapid semi-dry transfer using the TransBlot® Turbo Transfer systems 

[Bio-Rad Laboratories, Hemel Hempstead, UK] was used to transfer the proteins from 

the acrylamide gel to a nitrocellulose membrane by sandwich transfer method. The 

transfer of proteins was carried out at 20 V for 30 minutes for each gel. The membrane 

was transferred into a cuvette with Tris-buffered saline (TBS) solution after the transfer 

with incubation for 1 minute in a rotator.  

 

 

Resolving gel Stacking gel 

Reagents 15% 10% Reagents 4 % 

Distilled water (ml) 3 5 Distilled water (ml) 4.87 

1.5 M Tris base + 0.4 % (w/v) 
SDS pH 8.4 buffer (ml)  

3 3 
0.5 M Tris base + 0.4 % (w/v) 
SDS pH 6.8 buffer (ml) 

1.87 

30% (w/v) Acrylamide 
solution (ml)  

6 4 
30% (w/v) Acrylamide solution 
(ml) 

0.75 

10% (w/v) Ammonium 
Persulphate (APS) in distilled 
water (µL) 

60 100 
10% (w/v) Ammonium 
Persulphate (APS) in distilled 
water (µL) 

100 

TEMED (µL) 6 10 TEMED (µL) 10 
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2.17.5 Blocking of membrane 

After the transfer was concluded, the membranes were blocked for 2 hours with 5% (v/v) 

non-fat dry milk in Tris-buffered saline + 0.05% Tween 20 (TBS-T) with agitation at room 

temperature. Then, the membranes were washed with TBS for 5 minutes, followed by 3 

additional washes with TBS-T (5 minutes each). The membrane was incubated overnight 

with primary antibody at 4°C with gentle shaking.  

2.17.6 Primary and Secondary antibodies 

Primary antibodies were diluted in TBS-T + 2% (v/v) BSA and 0.02% (v/v) sodium azide 

(to avoid bacteria growth) up to final volume of 10 ml. The list of antibodies used in this 

project is shown in Table 2-12.  

Table 2-12. Primary antibody used for immunoblotting 

Primary 
Antibody 

Host Manufacturer Reference # Dilution MW 

Anti-Nrf2 Mouse 
Santa Cruz 
Biotechnology 

Sc-365949 1:500 60 kDa 

Anti-Keap1 Mouse 
Santa Cruz 
Biotechnology 

Sc-365626 1:500 69 kDa 

Anti-Histone H3 Mouse 
Santa Cruz 
Biotechnology 

Sc-517576 1:500 15 kDa 

Anti-GAPDH Rabbit Abcam ab9485 1:2500 36 kDa 

Anti-Trx Rabbit Abcam ab16965 1:2000 12 kDa 

Anti-GcLC Rabbit Abcam ab53179 1:1000 73 kDa 

Anti-Cyt C Rabbit Abcam ab133504 1:500 kDa 

Anti-NQO1 Mouse 
Santa Cruz 
Biotechnology 

Sc-32793 1:500 31 kDa 

Anti-Caspase 3 Rabbit Cell Signalling 14220 1:500 35 kDa 

Anti-Cleaved 
caspase 3 

Rabbit Cell Signalling 9664 1:500 
17-19 
kDa 

Anti-ACTIN Mouse Abcam ab82241 1:2000 42 kDa 
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After incubation with a primary antibody, the membrane was washed in TBS for 5 

minutes and then washed in TBS-T for 5 minutes. The membrane was incubated with 

fluorescence-conjugated secondary antibodies for 2 hours at room temperature with 

gentle shaking in the dark. All IRDye® secondary antibodies were diluted (1:10000) in 

Intercept blocking buffer [Li-COR Biosciences Ltd, Cambridge, UK] (Table 2-13).  

Table 2-13 Secondary fluorescence-conjugated antibodies used for immunoblotting 

Secondary 
Antibody 

Fluorescent 
channel 

Host & Reactivity 
Manufacture

r 
Reference # 

680RD 700 nm (red) 

Donkey anti-mouse IgG 
(H+L) 

LI-COR 
Biosciences 

926-68072 

Donkey anti-rabbit IgG 
(H+L) 

926-68073 

800CW 
800 nm 
(green) 

Goat anti-mouse IgG (H+L) 926-32210 

Donkey anti-rabbit IgG 
(H+L) 

926-32213 

 

2.17.7 Detection of proteins 

Once the fluorescence-conjugated secondary antibody incubation concluded, the 

membranes were washed with TBS for 5 minutes, followed by four washed of 5 minutes 

in TBS-T washes, gently shaking, and then detected. The band intensity was detected 

using the Odyssey® imaging system [Li-COR Biosciences Ltd, Cambridge, UK], 

following the manufacturer's guidelines. Quantification was completed using Image 

studio 5x version software for the target protein and loading control. The target protein 

expression was normalised against the loading control via the Microsoft Excel program.  

2.18 Total RNA extraction and RT- qPCR analysis 

2.18.1 RNA extraction and quantification 

Total RNA of cells was extracted using Qiagen RNeasy Mini Kit according to the 

manufacturer's guidelinesTreated cells were washed with pre-cold 1X PBS followed by 

the combination of exposure to buffer [provided by the kit] and centrifugation steps, as 
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detailed manufacturer’s instruction. The isolated RNA was quantified using a UV 

spectrophotometry NanoDrop™ 1000/1000c [Thermo Fisher Scientific, Loughborough, 

UK] at 260 nm (1OD= 40 µg/ml). The purity of the RNA extracted was checked by 

260/280 nm and 260/230 nm ratio readings considering values ~2.0.  

2.18.2 Reverse transcription 

For the cDNA synthesis, random hexamers, dNTPs and total RNA were used by 

Biosystems thermal cycler [Sensoquest, GeneFlow]. First, 1 µg/µl of template RNA for 

each sample was added to a 0.6 ml microtube and maintained on ice. For each RNA 

sample,  reverse transcriptase Scrip cDNA Master mix [Roche Diagnostic Ltd, Burgess 

Hill, UK] containing 4 µl of reaction buffer [provided by the kit], 2 µl of enzyme buffer 

[supplied by the kit] and RNase-free water were added to bring the total volume to 20 µl 

per sample. After brief centrifugation, the microtubes were transferred into a thermal 

cycler under thermal cycle settings (Table 2-14). Finally, the cDNA was diluted 1:1 in 

RNase-free water and used directly for real-time PCR or stored at -80°C until further 

experiments.  

Table 2-14. Thermal cycle settings for reverse transcription from mRNA to cDNA.  

Cycles Temperature Time 

1 42°C 15 minutes 

2 85°C 5 minutes 

3 65°C 15 minutes 

4 4°C ∞ 

 

2.18.3 Real-time PCR 

Target and housekeeping genes were quantified using a real-time PCR (qPCR) Iq SYBR 

Green Kit [Bio-Rad Laboratories, Hempstead, UK]. The master mix was prepared by 

adding 3 µl of RNase-free water + 0.1 µl of each primer (reverse/forward) + 5 µl SYBR 

green mix and mixed gently through centrifugation. To each well, 9 µl of Master mix 

reaction was added to 1 µl of cDNA of samples (loaded in duplicate on a qPCR plate). 

The wells were sealed with strip caps and a centrifuge briefly to mix reagents.  
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Finally, RT-qPCR was conducted in a LightCycler 480 II platform [Roche Diagnostic Ltd, 

Burgess Hill, UK] set to the thermal profile detailed in Table 2-15. Automatically 

generating the melting curve ensures a single specific PCR product is generated with no 

primer dimers (Figure 2.6).  

Table 2-15. Real-time qPCR thermal profile.  

Stages of the reaction Time Temperature 

Pre-incubation 10 minutes 95°C 

Amplification 10 seconds 95°C 

10 seconds 58°C 

18 seconds 72°C 

Number of cycles: 45 

Melting curve 5 seconds 95°C 

1 minutes 65°C 

Continuous 97°C 

Cooling 10 seconds 40°C 

 

Automatically generating the melting curve ensures a single specific PCR product is 

generated with no primer dimers (Figure 2.6). 

 

Figure 2.6. Representative Melting curves in the RT-qPCR. 
A single peak indicates the generation of a pure and single specific 
amplification or qPCR product.  
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2.18.4 Quantification (Relative quantification method) 

Standard calibration curve quantification was conducted using Light Cycler II software 

to extrapolate the Ct Using the comparative cycle threshold method [ΔΔCt], the target 

gene's Ct is normalised to the reference gene (housekeeping), which stays constant 

through the siRNA or any treatment of cells. In the current project, YWHAZ (tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein zeta) and EEF2 

(eukaryotic translation elongation factor 2) genes were used as housekeeping due to 

their reproducibility and consistency compared with other genes (Figure 2.7).  

 

 

 

 

 

 

 

 

Figure 2.7 Comparative mRNA expression of different housekeeping genes.  
YWAZ, EEF2, ACTIN, GAPDH and TOP-1 internal controls gene expression was 
examined and expressed as Ct values in endothelial cells under TNF-α and GYY4137 
treatment settings. Values are represented as mean ± SEM (n=3). 

 

The relative fold change of the cDNA expression is calculated using the Livak method 

(Livak and Schmittgen, 2001). The quantitative method assumes that the target gene 

and the reference gene are being amplified simultaneously with amplification efficiencies 

between 90-110%. How to calculate the relative fold change is outlined below.  

First normalisation of Ct value as Δ Ct:  
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Δ Ct = Ct (target gene) — Ct (housekeeping genes) 

Once each sample is normalised to the reference gene, the experimental samples must 

be normalised to the control sample.  

ΔΔ Ct = Δ Ct (experimental sample) — Δ Ct (control sample) 

Finally, the outcome can be put in the formula from the Livak method: 2^ΔΔ Ct producing 

the normalised expression ratio between experimental and control samples.  

2.18.5 Primers 

Forward and Reverse primers [Integrated DNA Technologies IDT, Iowa, US] were 

reconstituted to 100 µM final concentration with RNase-free water. Bio-rad [Bio-Rad 

Laboratories, Watford, UK] forward and reverse primers were reconstituted to 1 µM final 

concentration. The list of human forward and reverse primer sequences used in this 

thesis is shown in Table 2-16.   

Table 2-16. List of forward and reverse primers sequences used in RT-qPCR experiments. 

Target Gene Forward 5'à 3' Reverse 5'à 3' 

YWHAZ CCTGCATGAAGTCTGTAACTGAG GACCTACGGGCTCCTACAACA 

EEF2 TGAACAAGATGGACCGCG GGATCGATCATGATGTTGCC 

eNOS GCTAGCCAAAGTCACCATCG TGGAAAACAGGAGTGAGGCT 

NRF2 TGAGCCCAGTATCAGCAACA AGTGAAATGCCGGAGTCAGA 

KEAP1 CATCCACCCTAAGGTCATGGA GACAGGTTGAAGAACTCCTCC 

HO-1 GGGTGATAGAAGAGGCCAAGACT GCAGAATCTTGCACTTTGTTGCT 

TRX GTGAAGCAGATCGAGAGCAAG CGTGGCTGAGAAGTCAACTAC 

TRXRD1 ATATGGCAAGAAGGTGATGGTCC GGGCTTGTCCTAACAAAGCTG 

NQO1 CAGCTCACCGAGAGCCTAGT GAGTGAGCCAGTACGATCAGTG 

GcLC TGTCACTGTTTTCACCATTCAA  GGACGAGGATGAGGAGGAG 

GcLM CTCATTCCGCTGTCCAGGT CCTTTGCAGATGTCTTTCCTGAA 

CAT TCTGAAGGATCCGGACATGG CATTCATGTGGCGATGTCCA 

GPX-1 TCTCTTCGTTCTTGGCGTTC CGGGACTACACCCAGATGAA 

DRP1 AAGCTGCTGCCATAGTCCTC ACCACAGCCATGTCAGTGTC 

MNF2 AACGCCAGGATTCAGAAAGCC GGACCGTGTGCTGCTCAAAC 

OPA1 TCTCATACTAGGATCGGCTGTTG CACAATGTCAGGCACAATCCCA 
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UCP2 GGCTGGAGGTGGTCGGAG CAGAAGTGAAGTGGCAAGGGAG 

P21 TGAGCCGCAACTGTGATG GTCTCGGTGACAAAGTCG 

P53 CCAGGGCAGCTACGGTTTC CTCCGTCATGTGCTGTGACTG 

SOD2 TAGGGCTGAGGTTTGTCCAG GGAGAAGTACCAGGAGGCGT 

 

2.19 Maleimide Red assay 

The maleimide assay was conducted to detect S-sulfhydrated proteins in EA.hy926 cells 

based on the published protocol (Bindu D Paul and Snyder, 2015b) based on the Cy5-

conjugated maleimide fluorescence reagent (Alexa Fluor 680 C2 Maleimide) (Figure 

2.12). Immortalised cells were seeded at the density of 5x105 in a T75 culture flask in 

fresh pre-warm medium cDMEM and incubated overnight at 37°C and 5% CO2 

conditions. EA.hy926 cells were treated overnight with and without GYY4137 (50 µM) in 

cDMEM at 37°C and 5% CO2. Treated cells were homogenized in lysis buffer (150 nM 

NaCl; 50 mM Tris, pH 7.5; 1.2% Triton X-100; and 1mM EDTA). Samples were incubated 

with 1 µM Alexa Fluor 680 Cy5-maleimide (red maleimide)[ ThermoFisher Scientific, 

Gloucester, UK] in lysis buffer for 2 hours at 4°C with gentle mixing. At this point, lysates 

were split into two tubes; therefore, one tube received lysis buffer and the other 1 mM of 

DTT. Samples were resuspended in SDS sample buffer without a reducing agent for gel 

electrophoresis separation (see section 2.17.3). The gel was scanned with the Li-Cor 

Odyssey system to detect red maleimide fluorescence signals. The scanned gel was 

transferred into a nitrocellulose membrane and subjected to western blot analysis for 

actin, as described in sections 2.17.6 and 2.17.7.  
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2.20 Modified Biotin Switch assay 

Based on the published protocol, the biotin-switch assay was used to detect S-

sulfhydrated proteins by H2S in endothelial cells (Mustafa et al., 2009); the biochemical 

reaction during the assay is briefly summarised in Figure 2.9. Endothelial cells were 

subjected to several steps to detect sulfhydrated protein modification. The reagents and 

buffers composition are described in Table 2-17.  

2.20.1 Experimental design conditions: 

Experiment optimisation was performed using EA.hy926 cells. Immortalised cells were 

seeded at the density of 5x105 cells in a T75 culture flask in fresh pre-warm medium 

cDMEM and incubated overnight at 37°C and 5% CO2 conditions. EA.hy926 cells were 

Figure 2.8 Illustration of Maleimide assay used to detect S-sulfhydration in cells.  
Free thiols and persulfide groups are labelled with Red maleimide. Lysate samples are 
separated into two groups, with only one receiving DTT. Adding the reducing agent 
decreases the fluorescence signal representative of S-sulfhydrated protein compared to 
samples without DTT.  
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treated with and without NaHS (100 µM) for 45 minutes and DTT (2 mM) for 30 minutes 

on ice before starting the experiment.  

HUVECs cells were seeded at the density of  5x105 cells in a T75 culture flask in fresh 

pre-warm medium cEGM overnight. After confluency was reached, cells were divided 

into 4 groups and treated with TNF-α and GYY4137 compounds as described in section 

2.2.8. At the endpoint of treatments, ECs were lysate by discarding the medium and 

washing cells with 10 ml of pre-cold 1X PBS. Pre-cold HEN buffer (400 µl) supplemented 

with inhibitor cocktails (1:100), and 1% (v/v) Triton X-100 [Sigma-Aldrich, Gillingham, 

UK] was added to the flask containing the cells. The flask containing HUVECs was 

incubated for 5 minutes on dry ice. Then, the cells were scraped using a cell scraper on 

ice; then lysate was collected into a pre-cooled 1.5 ml microtube. Centrifugation at 

14,000 x g for 30 minutes at 4°C was carried out to remove the debris.  

The supernatant was gently collected in a new pre-cooled 1.5 ml microtube. Protein 

concentration was determined by BCA assay  ( see section 2.17.2) and then adjusted to 

<0.5 mg/ml per sample. As positive control (group 5), untreated cell lysate was treated 

with 100 µM NaHS [Sigma-Aldrich, Gillingham, UK] for 45 minutes prior to starting the 

experimental protocol.  

2.20.2 Biotin Switch protocol 

Protein lysates were blocked with HENS buffer (4 volumes per sample) and incubated 

at 50°C for 20 minutes on a thermomixer with gentle rotation and in the dark. Acetone 

precipitation was selected to remove the MMTS (S-4-

bromobenzylmethanethiosulfanate): 4 volumes of pre-cold acetone were added into a 5 

ml tube for each sample incubated at -20°C for 1 hour. The samples were centrifuged at 

1500 x g for 10 minutes at 4°C. The supernatant acetone was carefully removed, and 

the protein pellet was resuspended in 500 µl of pre-cold acetone, followed by additional 

centrifugation at 1500 x g for 10 minutes. Finally, protein samples were recovered by 

removing all the acetone.  

The protein pellet was resuspended in 800 µL HENS buffer with 1% SDS per mg of 

protein (starting sample) and 200 µL of labelling Biotin-HPDP solution (4 mM final 

concentration). The samples were incubated at 25°C for 3 hours with gentle rotation in 
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the dark. Then, second acetone precipitation was performed, as explained above. During 

acetone precipitation, 3 mg of streptavidin beads (ml) per 0.2 mg of biotin-HPDP per 

sample were washed in 500 µl of HEN buffer, followed by centrifugation at 5000 x g for 

30 seconds. An additional volume of HEN buffer was added after discarding the 

supernatant, and beads were centrifuged at 5000 x g for 5 minutes. Finally, the beads 

were resuspended in 500 µl HEN buffer.  

Once the acetone precipitation was completed and the protein pellet obtained, samples 

were resuspended in 250 µl of HEN buffer and 750 µl of Neutralisation buffer. At this 

point, a small amount of volume (30 µl) per sample is separated into a new 0.5 ml 

microtube and stored at -80°C for total load protein. While we collect input samples, 

Neutr-Avidin Agarose Resin beads are washed twice with HEN buffer and collected by 

centrifuge at 5000 x g for 1 minute and 5 minutes for the first and second wash, 

respectively. Subsequently, the remaining protein lysate mixed with HEN buffer and 

Neutralisation buffer was integrated with 500 µl HEN buffer containing the Neutr-Avidin 

Agarose Resin beads. Protein samples with beads were incubated at 4°C overnight with 

gentle rotation.  

The next day, the streptavidin beads were collected by centrifugation at 5000 x g for 30 

seconds, and the supernatant was removed. The beads were washed with high salt 

neutralisation buffer six times, centrifuging at 5000 x g for 5 minutes. The supernatant 

was discarded, and a 1 ml syringe aspirated the dryness. Then, an elution buffer 

containing 1% of β-ME (50 µl) was added to each sample and proteins with beads were 

incubated at 37°C for 30 minutes with agitation at 1000 rpm. After pelleting down protein 

samples by centrifugation at 5000 x g for 5 minutes, the supernatant contains 

sulfhydrated proteins per sample.  



107 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

 

 

 

 

 

 

 

 

 

A total volume of 20 µl from each sulfhydrated sample was transferred into a new 

microtube. Total load and sulfhydrated samples were resuspended in 4X SDS-PAGE 

loading buffer without reducing agents (DTT or β-ME). Sulfhydrated and total load 

samples were incubated at 90°C for 5 minutes, followed by electrophoresis in a 10% 

SDS-PAGE gel (see section 2.17.3). Proteins were transferred into a nitrocellulose 

membrane, and total protein was examined before blocking the membrane using a 

Revert® 700 Total protein stain kit [LI-COR Biosciences, Nebraska, USA]. Target protein 

expression was detected using primary antibodies listed in Table 2-4 and fluorescence-

conjugated secondary antibodies (Table 2-5) following the steps described in section 

2.17.7. Quantification of sulfhydrated and input sample expression was conducted using 

ImageJ software. The expression of sulfhydrated protein was normalised against the 

expression of the total load sample. Results are presented relative to the control group.  

 

 

 

Figure 2.9 Schematic diagram of Modified Biotin switch assay.  
Free thiols (-SH) in cysteine residues of protein lysate were blocked with MMTS 
with incubation at 50° C for 20 minutes. Modified thiol group (-SSH) were labelled 
with Biotin-HPDP by incubation for 3 hours at 25 °C. Neutr-Avidin Resin beads 
were linked to Biotin -HPDP groups in cysteine residues. After overnight 
incubation at 4 °C, beads were collected by centrifugation at 5000 g and modified 
thiol group obtained by elution buffer incubation at 37 °C. Protein-modified thiol 
group and input protein samples were visualised by immunoblotting with 4x SDS 
loading buffer without reducing compounds.  



108 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

Table 2-17. Reagents used for Modified Biotin Switch assay 

Component MW pH Final Concentration 

HEN Buffer 

HEPES-NaOH 238.3 7.7 250 mM 

EDTA 292.24 8 1 mM 

Neocuproine NA NA 0.1 mM 

Deferoxamine 656.79 NA 100 U 

dH2O NA NA NA 

Triton X-100 NA NA 1% 

HENS buffer 

HEN buffer NA NA NA 

SDS Solution 25% (w/v)  2.5% 

MMTS 126.2  20 mM 

HENS buffer + 1 % SDS 

HEN BUFFER NA NA NA 

SDS   1% 

Biotin-HPDP 

Biotin-HPDP stock 539.78 NA 50 mM 

Labelling biotin-HPDP NA NA 4 mM 

Neutralisation buffer 

HEPES-NaOH 238.3 7.7 20 mM 

NaCl 58.44 8 100 mM 

EDTA 292.24 8 1 mM 

Triton X-100 NA NA 0.5% 

dH2O NA  NA 

High Salt Neutralization buffer 

HEPES-NaOH 238.3 7.7 20 mM 

NaCL 58.44 8 600 mM 

EDTA 292.24 8 1 mM 

Triton X-100 NA NA 0.5% 
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2.21 Statistical Analysis 

Statistical analysis of data was carried out using GraphPad Prism® version 8 software. 

All normally distributed variables were compared by unpaired Student's t-test and non-

normally variables were compared by Mann-Whitney U test. When comparing two or 

more groups, one-way ANOVA followed by Dunnett’s, Tukey’s or Sidak's post-hoc 

multiple comparisons test was applied, as specified in each experiment. Results are 

expressed as means ± SEM, and "n" represents the number of independent experiments 

or biological replicates. All results were statistically significant at p-values of *p<0.05, 

**p<0.01 and ***p<0.001.  

dH2O NA NA NA 

Elution Buffer 

HEPES-NaOH 238.3 7.7 20 mM 

NaCl 58.44 8 100 mM 

EDTA 292.24 8 1 mM 

β-ME  NA 1% (v/v) 

dH2O    
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3 Assessment of endothelial in vitro model using 

TNF-α and GYY4137 compounds 
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3.1 Introduction 

Reclassifying the endothelium from a simple cell barrier to a dynamic endocrine organ 

generated a lot of attention and contributed to the expansion of vascular system research 

(Durand and Gutterman, 2013; Rajendran et al., 2013). The endothelium phenotype can 

vary between organs, neighbouring cells within the same organ, and the subtype of 

blood vessels. Such variations include morphology, gene profile expression, 

extracellular matrix and cell surface properties (Aird, 2003). For example, the vWf is 

expressed within the endothelium of veins, whereas the endothelium present in the 

microvasculature of the heart lacks this marker (J. Liu et al., 2011).  

ECs culture has been a robust tool for studying the endothelium under physiological and 

pathophysiological conditions (Bachetti and Morbidelli, 2000). Nowadays, appreciation 

of endothelium function emerged primarily from studying primary  ECs such as HUVECs. 

As an in vitro model, HUVECs provide a more understandable idea of the actual 

physiological in vitro environment and the possibility for multifunctional prodrug tests. 

Indeed,  ED can be studied using HUVECs pro-inflammatory agents such as TNF-α 

(Jiang et al., 2016). Furthermore, previous authors have investigated the underlying 

mechanisms of endothelium-mediator molecules, including H2S, in pathological 

cardiovascular scenarios using HUVECs as in vitro model (Park et al., 2006; Lin et al., 

2020). However, a limited life span (within 10 passages) and the possibility of batch-to-

batch variation in HUVECs have increased the demand for immortalised cells (Jaffe et 

al., 1973). One of the most frequently used and best-characterised immortalised cell 

lines is EA.hy926, a hybrid of epithelial adenocarcinoma cell line A549 and HUVECs 

(Xie, Feng, et al., 2016). EA.hy926 cells exhibit several advantages such as unlimited 

life span, consistency across passages and presenting basic phenotypic features of ECs 

such as the presence of Weibel-palade bodies (Bouïs et al., 2001). However, their 

biological nature has been altered slightly due to cellular fusion, and thus EA.hy926 are 

a less representative in vitro model of true endothelial function.  

The pleiotropic cytokine TNF-α can regulate several signalling pathways in the 

endothelium by binding to its receptors (Aggarwal, Gupta and Kim, 2012). TNF-α is a 

cytokine that activates the endothelium and leads to the upregulation of surface proteins 

such as ICAM-1, VCAM-1 and E-selectin, which aid in the inflammatory process by 

binding to leukocyte receptors.  
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The migration of leukocytes into the subendothelium can occur as a defence 

mechanism, which further recruits leukocytes by releasing cytokines and chemokines 

(Muller, 2003; Yang, Zhao and Tian, 2016). In fact, TNF-α participates as a modulator 

against infection, as revealed in transgenic mice models with Listeria monocytogenes 

(Torres et al., 2005).  

However, malfunctioning ECs or continuous insult stimuli can lead to unregulated 

leukocyte recruitment and impair endothelial functions, degenerating into ED and later 

tissue damage (Manning et al., 2021). In line with these observations, TNF-α contributes 

to irreversible I/R injury, post-myocardial infarction and heart failure in association with 

ED in a dose- and time-dependent manner in ECs (Kleinbongard, Heusch and Schulz, 

2010). Furthermore, ECs damage upon TNF-α exposure has been previously reported 

in vitro by increased ROS levels, impaired antioxidant defence, pro-apoptotic 

environment and release of pro-inflammatory cytokines (e.g., IL-6 and IL-1β) (Liao et al., 

2010; C. Xu et al., 2015; Galkin et al., 2016; Batko et al., 2019).  

The endogenous H2S content comprises nanomolar to micromolar levels in most 

vascular beds (Filipovic et al., 2018; Bełtowski, 2019). Interestingly, H2S can regulate 

the vascular tone, redox state, inflammatory response and cell death (Predmore, Lefer 

and Gojon, 2012). For instance, vasodilation of SMVCs through ATP-sensitive K+ 

channels has been previously described by H2S (Zhao, 2001). Yang and colleagues later 

confirmed this physiological effect using a CSE knockout mouse model, in which blood 

vessel relaxation decreased, and blood pressure was elevated (Yang et al., 2008b). 

However, precautions are needed when working with H2S since high concentration 

results in cell death and tissue damage by inhibiting the mitochondrial ETC complex 

(Szabo, 2018). The manipulation of H2S content and its endogenous actions without 

cellular toxicity have been achieved using prodrugs (Yuan, Zheng and Wang, 2020). 

One well-established donor is GYY4137, a water-soluble derivative of Lawesson's 

reagents that release H2S upon hydrolysis slowly over a sustained period (Li et al., 

2008). These features have supported the application of GYY4137 as a suitable H2S 

donor in biological systems. For instance, GYY4137 protects against atherosclerosis, 

diabetes and mitochondrial dysfunction without cytotoxic effects by reducing oxidative 

damage and apoptosis in mice (Liu et al., 2013; Qiu et al., 2018) and ECs (Xie, Feng, et 

al., 2016). 
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Currently, most in vitro studies have described H2S modulation as a pre-treatment, 

where exogenous H2S is given before the systemic/cellular insult (Wen et al., 2013; Xie, 

Feng, et al., 2016; Potenza et al., 2017; Hao et al., 2019) or as co-treatment (Shen et 

al., 2013; Zhu et al., 2021); thereby focusing on a prevention strategy. For instance, 

GYY4137 pre-treatment for 4 hours exhibits anti-apoptotic and oxidative damage effects 

in H2O2-mediated EA.hy926 cells (Xie, Feng, et al., 2016). Even though these 

experimental approaches have advantages when investigating the manifestation of a 

condition, post-treatment may offer the ability to investigate underlying mechanisms to 

revoke a disease condition and test the suitability of a drug (Wallace et al., 2020).  

3.2 Aims 

This chapter aimed to optimise TNF-α as endothelial stressor stimuli and GYY4137 as 

a suitable H2S donor for applying the optimum experimental design to investigate H2S 

function in TNF-α-induced ED.  

This chapter focuses on methodology development, including the optimisation of agents 

with a focus on titration of the optimum dose for each compound and characterisation of 

the experimental design for the primary cell model. These key subjects demonstrated 

the workflow applied to achieve a cell culture model best suited for investigating the H2S 

role in altered endothelium.  

3.3 Materials and Methods 

3.3.1 Endothelial cell culture 

EA.hy926 cell line was used for all characterisation and optimisation experiments to 

identify the TNF-α dose and duration most suitable to induce  ED and to select an 

experimental setting approach for TNF-α and GYY4137 treatments. EA.hy926 cells were 

maintained under standard cell culture conditions as described in section 2.2.3, unless 

otherwise stated.  

HUVECs were used for data transferability from immortalised to the primary cell model. 

Comparable impact of TNF-α from EA.hy926 cells to HUVECs was assessed. Non-toxic 

GYY4137 was determined in HUVECs, the ongoing concentration for further 
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experiments. HUVECs were maintained following standard cell culture settings as 

explained in section 2.2.3, unless otherwise stated.  

3.3.2 Fluorescence microscopy 

Immunofluorescence staining of vWf and CD31 (platelet/endothelial cell adhesion 

molecule-1) was performed using Alexa Fluor 488 fluorescence conjugated antibodies 

to determine endothelial phenotype as described in section 2.9.1.  

SF7-AM fluorescence staining was used to assess intracellular H2S content, see section 

2.4.  

MitoSox fluorescence probe was used to analyse O2
•−  described in section 2.5.2.  

3.3.3 ELISA 

The release of IL-6 was analysed using supernatant by ELISA assay. For details of the 

entire procedure, see section 2.11.  

3.3.4 RT-qPCR 

Quantitative real-time PCR was performed by extracting the total RNA. Fold change 

relative expression was calculated using the ΔΔCt method when comparing gene 

expression under different treatments using YWAZ and EEF2 as housekeeping genes. 

For full details, see section 2.18.  

3.3.5 Flow cytometry 

The expression of the cell adhesion molecule, ICAM-1, was evaluated by flow cytometer 

analysis using the BD Accuri C6 Plus system. For full details on cell population gating 

and fluorescent antibodies, please refer to section 2.6.1.  

3.3.6 Statistical Analysis 

All values presented are as mean ± SEM. Unless otherwise stated, all usually distributed 

variables between two groups were compared by unpaired Student t-test. When 
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comparing two groups or more one-way ANOVA followed by Turkey’s and Dunnett’s 

post-hoc multiple comparison tests were applied. For statistical tests, p values less than 

0.05 (p<0.05) were considered significant.  
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3.4 Results  

3.4.1 Characterisation of EA.hy926 cells as in vitro endothelial 

model.  

The EA.hy926 cell line is one of the most common cell lines used for vascular research. 

(Edgell et al., 1990; Unger et al., 2002). To support previous observations and confirm 

that the EA.hy926 cell line is suitable in vitro EC  model, endothelial phenotypic markers 

such as vWf and CD31 were examined. Immunofluorescence analysis showed positive 

staining for vWf (Figure 3.1 A) and CD31 Figure 3.1 B) by ECs. 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, EA.hy926 cells displayed typical morphological characteristics of ECs, 

including polygonal cobblestone, elongated, and aligned features. These results 

demonstrate that the EA.hy926 cell line expressed EC markers, making it a suitable cell 

 

Figure 3.1 Expression of endothelial markers by EA.hy926 cells. 
Immunofluorescence staining images of (A) Von Willebrand factor 
(vWf) and (B) CD31 (green spectrum) in EA.hy926 cell. Nuclei stained 
with DAPI (blue spectrum). EA.hy926 cell line shows the typical 
cobblestone morphology. Pictures were taken using a Nikon Ti-S 
fluorescence microscope (20x magnification; scale bar is 10 µm).  
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culture model for studying vascular functions (Bachetti and Morbidelli, 2000; Riederer et 

al., 2010).  

3.4.2 Titration of the optimum GYY4137 dose and assessing 

intracellular H2S content in EA.hy926 cells.  

Several H2S donors are commercially available (e.g., sulfide salts) but can release non-

realistic high H2S concentrations. GYY4137 was the chosen donor as it has exhibited a 

gradual and sustained release of H2S rate in vivo and in vitro (Li et al., 2008). H2S can 

exhibit cell toxicity at high concentrations by inhibiting mitochondrial cyto c oxidase 

activity; therefore, examination of toxicity was required (Liu et al., 2013; Aroca et al., 

2020). Titrating the optimum dose of GYY4137 to increase intracellular H2S content 

without toxicity was undertaken using a well-established CellTiter-Blue metabolic activity 

assay. In Figure 3.2 A, five doses of GYY4137 were tested [0 µM (control), 50 µM, 100 

µM, 200 µM, 300 µM] to fit with doses of exogenous H2S donor widely used in previous 

studies with ECs (Xie, Feng, et al., 2016). After cells were treated with increasing doses 

of GYY4137 for 24 hours, samples were incubated with CellTiter-Blue allowing them to 

progress through colourimetric changes to assess the metabolic capacity of viable cells. 

As shown in Figure 3.2 A, exposure of EA.hy926 cells to 50 µM did not cause a decline 

in the metabolic ability of viable cells compared to untreated cells. Although 100 µM 

GYY4137 concentration causes a significant reduction in metabolic capacity compared 

to untreated cells, treatment with 200 µM, 300 µM and 400 µM showed a more profound 

reduction in the number of viable cells (***p<0.0001). 

Secondly, it was essential to distinguish whether treatment with GYY4137 was 

associated with changes in the intracellular H2S content. For this purpose, intracellular 

H2S levels were explored using the fluorescent probe SF7-AM (a cell-trappable 

fluorescent probe for H2S signalling), previously used in HUVECs (Yuan et al., 2016) 

(Figure 3.2 B). After EA.hy926 cells were cultured in the absence (0 µM) or presence of 

GYY4137 (50 µM), samples were stained with SF7-AM and analysed by fluorescence 

microscopy. As shown in Figure 3.2 B, after EA.hy926 cells were incubated with 

GYY5147 (50 µM) for 24 hours, H2S content increased compared to the control group, 

as evidenced by increased fluorescence emission of SF7-AM. These observations 

suggest that the threshold of intracellular H2S content is stimulated by non-toxic 

treatment with GYY4137 (50 µM) in ECs. 
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Figure 3.2 Titration of non-toxic GYY4137 dose and analysis of intracellular H2S content 
in EA.hy926 cells.  
(A) CellTiter-Blue™ assay on EA.hy926 cells was conducted to determine the metabolic 
capacity of GYY4137 dose-dependent treatment [50 µM, 100 µM, 200 µM, 300 µM and 400 µM] 
in comparison to the control group [0 µM] for 24 hours. (B) Intracellular H2S content was 
evaluated by SF7-AM (2.5 µM) staining probe (green spectrum) in untreated and treated 
EA.hy926 cells. Nucleus was stained with DAPI (blue spectrum). Pictures were taken using a 
Nikon Ti-S Inverted fluorescence microscope (20x magnification; scale bar is 10 µm). Data are 
represented as mean ± SEM (n=3) and analysed by one-way ANOVA, followed by a Dunnett's 
multiple comparison test. ***p< 0.0001 vs. control group. 
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3.4.4 Characterisation of TNF-α as an agent to alter endothelial 

functions in EA.hy926 cells. 

To investigate the impact of H2S on impaired endothelium, a stress stimulus was used 

to generate and activate endothelial phenotype. In this thesis, TNF-α was the chosen 

stressor agent as it has been reported to alter endothelial functions in a pleiotropic 

manner (Csiszar et al., 2008). In Figure 3.3, increasing concentrations of TNF-α [0 ng/ml 

(control), 1 ng/ml, 5 ng/ml and 10 ng/ml] were tested to fit with those doses, and an 

incubation time (6 hours)  previously used on the literature in EA.hy926 cells (S. Wang 

et al., 2018). The ability of TNF-α to modulate endothelial phenotype was identified using 

vital biological markers of endothelium function such as eNOS mRNA levels and pro-

inflammatory cytokine (IL-6).  

EA.hy926 cells were subjected to culture with the indicated doses of TNF-α, the 

supernatant was collected for IL-6 secretion analysis, and total RNA was extracted from 

samples for RT-qPCR analysis (Figure 3.3). All tested doses of TNF-α significantly 

decreased eNOS mRNA levels compared to untreated cells (**p<0.01) (***p<0.0001) 

(Figure 3.3 A). Furthermore, EA.hy926 cells exposed to TNF-α displayed a significant 

increase in the secretion of L-6 relative to control cells in a dose-dependent manner 

(**p<0.01) (***p<0.0001) (Figure 3.3 B). The lowest and highest levels of eNOS mRNA 

levels and IL-6 secretion were observed in the presence of 10 ng/ml. These results 

suggest that TNF-α might induce endothelial activation at the transcriptional level and 

inflammatory response in EA.hy926 cells.  
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Figure 3.3 Assessing TNF-α effect on endothelial activation in EA.hy926 cells.  
Cells were treated with TNF-α indicated concentrations for 6 hours before analysis. (A) Total 
RNA was isolated and analysed for eNOS mRNA levels using RT-qPCR. (B) Supernatants 
were collected, and IL-6 content (pg/ml) was assessed by ELISA assay. Results were shown 
as mean ± SEM (n=3). Significance was determined by one-way ANOVA followed by 
Dunnett's post-test comparing treatments to the 0 ng/ml TNF-α treated cell (control), **p<0.01 
and ***p<0.001 vs. control. 

 

 

3.4.5 Establishing an in vitro experimental model using TNF-α and 

GYY4137 compounds in EA.hy926 cells.  

All tested doses of TNF-α produced enhanced endothelial activation and inflammatory 

response following 6 hours of incubation. In addition, GYY4137 (50 µM) enhanced 

intracellular H2S content without toxicity. The next step was monitoring different 

experimental settings using both compounds. This approach would allow the 

assessment of the optimal in vitro conditions to investigate H2S effects on TNF-α-

induced ED. To fit with those H2S experimental intervals used in previous studies, three 

cell culture models (pre, co and post-treatment) were tested (Xie, Feng, et al., 2016; 

Potenza et al., 2017; Zhu et al., 2021). EA.hy926 cells were cultured with increasing 

TNF-α concentrations [1, 5 and 10 ng/ml] and with GYY4137 (50 µM) for the specified 

time. ELISA assay was chosen to examine the different cell culture designs (Figure 3.4). 
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As shown in Figure 3.4 A, the pre-treatment setting relies on overnight (18 hours) 

GYY4137 incubation before the addition of TNF-α for 6 hours. On the other hand, the 

co-treatment set-up comprises incubation with both agents (TNF-α and GYY4137) for 

24 hours at indicated concentrations. Upon the post-treatment approach, cells are 

incubated with TNF-α for 6 hours, followed by overnight (18 hours) GYY4137 treatment. 

In Figure 3.4  B, analysis of IL-6 secretion following the pre-treatment setting revealed 

that all three TNF-α concentrations significantly increased IL-6 levels compared to 

control cells (*p<0.05), with 10 ng/ml as the dose with the most significant rise 

(***p<0.0001). Notably, pre-treatment with GYY4137 did not modify the TNF-α-induced 

effect, as exemplified by IL-6 content. However, due to the poor efficiency of the pre-

treatment experimental setting to prevent the pro-inflammatory effect of TNF-α and the 

time restraints of this thesis, the pre-treatment model was discarded, and an alternative 

practical interval was tested.  

Subsequently, the co-treatment interval was approached by culturing EA.hy926 cells 

with TNF-α and GYY4137 simultaneously for 24 hours. Figure 3.4 C shows that IL-6 

content increases in line with the escalation of TNF-α doses, with 5 ng/ml (*p<0.05) and 

10 ng/ml (**p<0.01) expressing a significant response compared to the control group. In 

the presence of TNF-α at 10 ng/ml concentration, the highest increase of IL-6 secretion 

compared to untreated cells was observed. GYY4137 stimulation did not reduce IL-6 

levels in TNF-α-treated EA.hy926 cells. Furthermore, Figure 3.4 C shows that the 

GYY4137 treatment slightly reduced IL-6 content at 5 ng/ml TNF-α compared to the 

TNF-α treatment alone, but the change did not reach significance. These observations 

suggest that the H2S co-treatment model also failed to reduce the pro-inflammatory 

response in TNF-α-induced ECs. As a result, this treatment setting was abandoned.  

Finally, a post-treatment culture setting was investigated with cells undergoing TNF-α 

incubation before GYY4137 treatment. Similar to the previous experimental settings, 

EA.hy926 cells exposed to TNF-α exhibited a significant increase in IL-6 content in a 

dose-dependent (*p<0.05), with 10 ng/ml dose leading to the highest rise (**p<0.01) 

(Figure 3.4 D). Interestingly, the secretion of IL-6 (pg/ml) in the post-treatment setting is 

around 6-fold lower than in pre-treatment and co-treatment experimental models. Similar 

to pre-and co-treatment intervals, EA.hy926 cells treated with GYY4137 alone did not 

increase the secretion of IL-6 compared to control cells.  
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Upon TNF-α (1 ng/ml and 5 ng/ml) stimulation, no significant reduction in IL-6 levels was 

observed after GYY4137 treatment. Notably, TNF-α at 10 ng/ml followed by GYY4137 

post-treatment is the only interval that displayed a trend to decrease IL-6 secretion, 

although values did not reach statistical significance. These observations suggest that 

post-treatment might be a suitable culture model to investigate H2S underlying signalling 

mechanisms in dysfunctional endothelium. Considering the current results and the 

project's time limitations, the post-treatment design was selected for future experimental 

designs.  
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 Figure 3.4 Comparison between three experimental settings on the IL-6 secretion in EA.hy926 cells. 
(A) Scheme of the applied practical setting using TNF-α (1, 5 and 10 ng/ml) and GYY4137 (50 µM) compounds. Cells were cultured 
with indicated approach, and ELISA assay analysed IL-6 cytokine content (pg/ml). Graph bar for IL-6 content upon (B) pre-treatment, 
(C) co-treatment and (D) post-treatment experimental settings using TNF-α and GYY4137 treatments at indicated concentrations. 
Results are shown as means ) ± SEM (n=3). Significance was defined by one-way ANOVA followed by Tukey’s post-hoct comparing 
treatments, whereby *p<0.05, **p<0.01 and ***p<0.001 vs. control. 
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3.4.6 Assessment of the optimum and non-toxic dose of GYY4137 

for HUVECs. 

While immortalised, EA.hy926 cells are a suitable cell line for optimisation due to their 

long life span, reliability through the culture passages, and easy to handle; their hybrid 

nature provides a less representative model (Bouïs et al., 2001; Jiang et al., 2016). Once 

the optimum experimental design for the current thesis was selected (post-treatment), a 

more human-representative model was chosen. To fit with the cell culture model widely 

used in previous studies with TNF-α and GYY4137, HUVECs were selected (Jiang et 

al., 2016; Lin et al., 2020). However, HUVECs and EA.hy926 cells have different origins 

and some phenotypic features; therefore, readjustment was required (Lidington et al., 

1999).  

To select a non-toxic GYY4137 concentration, increasing doses of GYY4137 were 

tested. Titrating of four doses of GYY4137 was investigated [0 µM (control), 50 µM, 100 

µM, 200 µM, 400 µM] to fit with doses tested in previous studies using HUVECs (Zhu et 

al., 2021). Due to GYY4137 doses did not change the metabolic activity of HUVECs 

(S.3.1), an alternative method to identify the optimum GYY4137 concentration for 

HUVECs was assessed. Analysis of oxidant formation, in particular, O2
•−  was used as 

H2S exhibited toxicity by targeting mitochondria ETC (Feng et al., 2020). Once treatment 

with a specific GYY4137 dose for 24 hours was concluded, cells were stained with 

MitoSox, and the fluorescence intensity signal was analysed (Figure 3.5). As shown in 

Figure 3.5 A, exposure of HUVECs to 50 µM and 100 µM did not cause a significant 

increase in O2
•−  level, as indicated by the MitoSox fluorescence signal, with both doses 

showing similar O2
•− levels. On the other hand, exogenous stimulation with 200 µM and 

400 µM GYY4137 results in a significant rise in intracellular O2
•− fluorescence signal to 

control group (**p<0.01).  
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Figure 3.5 Characterisation of optimal non-toxic GYY4137 dose in HUVECs. 
Cells were treated with increasing GYY4137 concentration [50 µM, 100 µM, 200 µM and 400 
µM] in comparison to the control group [0 µM] for 24 hours, followed by incubation with O2

•− 
fluorogenic probe-MitoSox (5 µM) for 30 minutes. (A) Graph bar showing O2

•− levels in the 
presence of GYY4137 increasing doses. (B) To examine morphological changes, the 
endothelial phenotype was viewed under a Nikon Eclipse T s 2 inverted routine microscopes 
(20x magnification, scale bar is 10 µm). Data are represented as mean ± SEM (n=3) and 
analysed by one-way ANOVA, followed by a Dunnett's multiple comparison test. **p< 0.01 vs. 
control group. 

 

Since toxicity is a biological phenomenon that can induce morphological changes, 

HUVECs morphology was examined by phase-contrast microscopy to confirm further 

results obtained by MitoSox analysis. Figure 3.5 B illustrates that the typical cobblestone 

structure of ECs is modified in the presence of GYY4137 at 200 µM and 400 µM doses 

compared to control cells. This evidence suggests that GYY4137 may exhibit toxicity 

starting at 200 µM in HUVECs. Therefore, to observe the maximum effect without toxicity 

in H2S-cultured HUVECs and in line with previous HUVECs studies, GYY4137 at 100 

µM was chosen as a suitable dose (Henderson et al., 2010; Hao et al., 2019).  
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To further confirm that GYY4137 is a suitable exogenous H2S donor at 100 µM in 

HUVECs, an examination of the intracellular H2S content was required. Likewise, in 

section 3.4.2, changes in H2S content linked to GYY4137 stimulation were assessed by 

the fluorescent probe SF7-AM (Figure 3.6). As shown in Figure 3.6 A, after 24 hours of 

incubation with GYY4137 (100 µM), HUVECs displayed higher fluorescence intensity 

than untreated cells, suggesting an increased intracellular H2S content.  
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The quantification of the SF7-AM-associated fluorescence signal evidence that 

GYY4137 can enhance intracellular H2S content significantly in HUVECs  (**p<0.01) 

(Figure 3.6 B). These observations indicate that the threshold of intracellular H2S content 

is stimulated by non-toxic treatment with GYY4137 (100 µM) in HUVECs. These results 

suggest that 100 µM is suitable for elevating intracellular H2S levels without toxicity in 

HUVECs. Therefore, GYY4137 at 100 µM is this thesis's selected dose for subsequent 

experiments.  

3.4.7 Establishing TNF-α as an agent to induce endothelial 

activation in HUVECs.  

After acquiring the optimum GYY4137 concentration, adjustment of TNF-α in HUVECs 

was assessed. As primary cells, HUVECs are more sensitive than immortalised 

EA.hy926 cells; thus, the impact of TNF-α in primary cells at low doses could be 

comparable to high TNF-α doses in EA.hy926 cells. Creating an impaired endothelial 

environment without absolute cell death allows the examination of underlying signalling 

mechanisms during endothelial activation and dysfunction. Thus, titrating the optimum 

TNF-α dose was undertaken using three increasing concentrations [1 ng/ml, 5 ng/ml and 

10 ng/ml] to fit with doses tested in the above EA.hy926 cells experiments. Moreover, 

the sensitivity of HUVECs to extracellular insult stimuli also required a rearrangement in 

the incubation time. Previous studies demonstrated that TNF-α impacts apoptotic 

signalling pathways within 2 to 6 hours of treatment (Tafani et al., 2000; Hughes, Murphy 

and Ledgerwood, 2005). In line with an earlier study using HUVECs, TNF-α treatment 

was set up for 3 hours (Grambow et al., 2020).  

 

Figure 3.6 Intracellular H2S content in the presence of GYY4137 in HUVECs.  
Cells were treated with GYY4137 at 100 µM for 24 hours before staining with SF7-AM 
(2.5 µM) probe, followed by microscopy analysis. (A) Fluorescent images show SF7-
AM-associated signals (green spectrum) in untreated and GYY4147-treated HUVECs. 
Nucleus stained with DAPI (blue spectrum). Photos were taken with a Nikon Ti-S 
Inverted fluorescence microscope (20x magnification; scale bar is 10 µm). (B) 
Quantification of fluorescence intensity of untreated and GYY4137-treated HUVECs. 
Data are represented as mean ± SEM (N=3) and analysed by an unpaired Student t-
test. **p<0.01 vs. control group. 
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TNF-α is linked to ED via oxidative stress, which depends, in part, on the excessive and 

sustained formation of oxidant species that might lead to an oxidising redox state (Scioli 

et al., 2020). However, due to the present thesis's aim to investigate the redox state of 

ECs, it could be helpful to have a preliminary view of TNF-α effects on the redox state. 

To pursue this, O2
•−  formation was analysed using the MitoSox probe in untreated and 

TNF-α-treated HUVECs. Cells subjected to TNF-α treatment displayed a significant 

increase in O2
•− levels compared to untreated cells in a dose-dependent manner, as 

exemplified by the MitoSox-associated fluorescence intensity (*p<0.05) (***p<0.0001) 

(Figure 3.7 A). Considering the scope of the current project and based on TNF-α-

mediated O2
•− levels in HUVECs, 1 ng/ml of TNF-α was chosen as a suitable dose.  

Endothelial activation and dysfunction are linked with leukocyte trafficking and a pro-

inflammatory state, which depends on the cell surface expression of adhesion molecules 

such as ICAM-1 (Clark et al., 2007; Steyers et al., 2014). To analyse that TNF-α at 1 

ng/ml may mediate endothelial activation in  HUVECs and to fit with the previous TNF-α 

impact for 3 hours, ICAM-1 expression was evaluated by flow cytometer (Grambow et 

al., 2020). In this case, increased expression of ICAM-1 after TNF-α treatment would be 

expected. Primary cells were treated in the presence and absence of TNF-α for 3 hours, 

followed by adding fresh medium for up to 24 hours. At this point, samples were collected 

and incubated with ICAM-1 antibody, followed by BD Accuri C6 Plus flow cytometer 

analysis. IgG-ICAM-1 samples were run to 10,000 events to gate the region of the cell 

population in a histogram plot. The histogram plot revealed a higher ICAM-1-associated 

fluorescence with TNF-α (Figure 3.7 B). As shown in Figure 3.7 C, TNF-α incubation 

significantly increased the cell surface expression levels of ICAM-1, indicative of 

endothelial activation (***p<0.0001). These observations suggest that in HUVECs, TNF-

α treatment at 1 ng/ml concentration can shift endothelial phenotype toward an activated 

state with an oxidising redox environment. Therefore, TNF-α at 1 ng/ml is the selected 

dose for further experiments in HUVECs.  

Together, the results in this chapter show that GYY4137 is a suitable H2S donor in ECs 

by increasing its endogenous content. In addition, TNF-α treatment results in endothelial 

activation in immortalised and primary cells. Finally, a post-treatment experimental 

design offers an advantage model to investigate H2S effects on TNF-α-induced ED, 

which is examined in the following chapters.  



129 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

 

 

Figure 3.7 Effect of TNF-α increasing doses on endothelial activation in HUVECs.  
(A) Cells were treated with increasing TNF-α [1 ng/ml, 5 ng/ml and 10 ng/ml] doses in 
comparison to the control group [untreated] for 3 hours. MitoSox (5 µM) probe was used 
to analyse O2

•− levels. Data presented as mean ± SEM (n=3) and analysed by one-way 
ANOVA followed by Dunnett’s multiple comparison test. *p<0.05 and ***p<0.001 vs. 
control group. (B) HUVECs were cultured with or without indicated TNF-α dose followed 
by ICAM-1 antibody staining. The histogram plot represents the flow cytometry analysis 
of ICAM-1-activated HUVECs. (C) Bar graph quantification of ICAM-1 mean fluorescence 
signal in HUVECs with and without TNF-α treatment. Data presented as mean ± SEM 
(n=3) and analysed by unpair Student t-test. *p<0.05, **p<0.01 and ***p<0.0001 vs. 
control group. 
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3.5 Discussion 

The research presented in this chapter aimed to determine the optimum TNF-α dose to 

activate ECs and establish a non-toxic GYY4137 concentration, which modulates 

intracellular H2S content. In addition, to identify a suitable cell culture experimental 

setting using TNF-α and H2S prodrug in endothelial cells, any H2S-mediated changes in 

TNF-α-stimulated endothelial cells can be explored.  

The endothelium exhibits numerous biological functions through complex signalling 

pathways (Durand and Gutterman, 2013). Perturbations in the endothelium represent a 

hallmark in several vascular conditions (Incalza et al., 2018). In the present study, the 

initial step required was establishing a full-bodied endothelial model to test the 

hypothesis that H2S can mediate beneficial roles in ED. The culture of ECs has been 

indispensable in identifying signalling mechanisms and detecting complicated 

pathophysiological processes occurring within the vessel wall (Riederer et al., 2010). To 

date, isolation and culture methods for primary ECs have been successfully established 

(Riederer et al., 2010). This evidence embraces in vitro culture of primary cells as a fit 

model to study endothelial function. The in vitro cell model selected for the current project 

was HUVECs due to its primary nature and representation of the in vivo state providing 

a comprehensible idea of the physiological environment (Bachetti and Morbidelli, 2000). 

In addition, the monolayer of HUVECs has provided a critical model for significant 

breakthroughs in molecular medicine (Park et al., 2006). Previous work has shown how 

to study ED concerning pro-inflammatory agents such as TNF-α using HUVECs as in 

vitro model (Jiang et al., 2016). In addition, the study of gasotransmitters such as H2S 

has been extensively investigated using HUVECs as a cell culture system (Park et al., 

2006; Lin et al., 2020).  

However, due to HUVECs’ limited life span and time limitations of the present work, 

optimisation of experimental design and methods for the current research work was first 

applied in immortalised cells (Lidington et al., 1999; Bouïs et al., 2001). Immortalised 

ECs have been used to identify the endothelium's biochemical and functional features, 

providing insight into cell interactions, which can be later verified in primary cells and in 

vivo models (Wang et al., 2021). The EA.hy926 cell line is one of the most frequently 

used and best-described immortalised macrovascular lines (Bouïs et al., 2001).  
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Therefore, to assess the suitability of agents and experimental conditions for analysis of 

H2S roles in subsequent chapters, EA.hy926 cells were used as starting point as they 

represent a cell line close to HUVECs. Rieder and colleagues compared several 

phenotypic endothelial markers such as CD31, CD105 (endoglin), factor-VIII-related 

antigen, ICAM-1 and vWf in both EA.hy926 and HUVECs, showing the similarity 

between both culture models (Riederer et al., 2010). These observations align with 

current results in which endothelial markers such as vWf and CD31 were expressed by 

EA.hy926 cells, indicating that the EA.hy926 system is suitable for developing an 

optimum cell culture design (Wagner, Olmsted and Marder, 1982; Gale and 

Yancopoulos, 1999).  

Manipulating intracellular H2S content has allowed the study of its underlying 

mechanisms and, subsequently, its effect on vascular conditions. Some research groups 

select alteration of H2S-generating enzymes in transgenic mice such as CBS (George et 

al., 2019), CSE (Cheung et al., 2014) or 3-MST (Ahmad, Druzhyna and Szabo, 2019). 

Others rely on potent inhibitors of H2S enzymatic such as β-cyanoalanine or 

proparglycine for CSE activity (Asimakopoulou et al., 2013). Furthermore, some groups 

opted for prodrugs to deliver a particular dose in the biological system of choice (Yuan, 

Zheng and Wang, 2020). Within the H2S-prodrugs category, sulfide salts donors such 

as NaHS have been widely used in previous vascular studies (Sen et al., 2009; Han et 

al., 2011; R. Guan et al., 2019). For instance, NaHS improved diabetic-mediated ED by 

regulating vasorelaxation and NO bioavailability (Ng et al., 2017). However, NaHS 

releases H2S fast within biological systems, which could lead to non-realistic 

endogenous concentration and toxicity (Y. Zheng et al., 2015). For instance, aortic 

concentrations of free H2S levels comprise ~1.5 µM. In contrast, NaHS has been 

reported to release H2S up to 400 µM within the first 2 hours, followed by a drastic drop 

off nearly to undetected values in epithelial cells (Levitt, Abdel-Rehim and Furne, 2011; 

Wei Lee et al., 2011). An amperometric comparison revealed that while NaHS was 

released with a peaking time of ~ 8 seconds,  GYY4137 stimulation peaks at 10 minutes 

in phosphate buffer pH 7.4. The authors also showed a sustained H2S release rate in 

phosphate buffer (pH 7.4) for over 60 minutes with an increase in the rate at lower Ph, 

as determined spectrophotometrically (Li et al., 2008). A later study reported that 

GYY4137 maintained H2S levels in cell culture above baseline for over seven days (Wei 

Lee et al., 2011).  
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To create the most accurate in vitro model within the capability of the laboratory, the 

GYY4137 compound was selected as an H2S-releasing donor in this thesis based on its 

ability to maintain a sustained H2S release over time within a physiological intracellular 

concentration range (Li et al., 2008; Wei Lee et al., 2011). In concordance with these 

results, immunofluorescence microscopy and metabolic enzymatic analysis showed that 

GYY4137 at a specific dose increased endogenous H2S content for 24 hours while 

maintaining endothelial homeostasis.    

To pursue this project's aims, ECs must be activated and progress to ED, characterised 

by a shift toward abnormal function. While some ED-inducing stimuli (e.g. high glucose) 

tend to induce stress in cells in a manner that is dependent on the phase of the cell cycle 

(N. Liu et al., 2017); pro-inflammatory cytokine TNF-α actives the endothelium in a 

pleiotropic way by binding to its membrane receptors, TNFR1 and TNFR2 (Aggarwal, 

Gupta and Kim, 2012). TNF-α-mediated activation of the endothelium can progress 

toward ED under sustaining stimuli and an inefficient ability to cope with stress (S. Wang 

et al., 2018). ED upon TNF-α exposure has been previously reported in vitro, 

characterised by impaired redox state, secretion of pro-inflammatory cytokines and 

upregulation of cell adhesion molecules (Liao et al., 2010; Galkin et al., 2016; Batko et 

al., 2019). Upon activation by stimuli, including TNF-α, NF-κB translocates into the 

nucleus, followed by downstream regulation of pro-inflammatory genes such as IL-8 and 

IL-6 (Steyers et al., 2014; Chang et al., 2016). A complex interaction between 

inflammation and oxidative stress is responsible for the initiation and progression of ED 

(Savoia et al., 2017). Oxidative stress in ECs emerges partly due to the excessive 

formation of ROS alongside the inability of antioxidant defence mechanisms to cope with 

an excessive oxidising redox state (Chang et al., 2016; Deshmukh et al., 2017). TNF-α 

was previously shown to mediate vascular dysfunction through increased ROS formation 

in renal disease patients  (Batko et al., 2019).  

These findings align with the present results as TNF-α increased IL-6 secretion, O2
•− 

levels and ICAM-1 in ECs. Furthermore, NO bioavailability is a critical factor in the 

activation of ECs and progression toward dysfunction due to its role as a vasodilator and 

its ability to form toxic oxidants such as peroxynitrite (Sue, Ho and Kim, 2005). In 

concordance with previous findings, TNF-α efficiently reduced eNOS mRNA levels in a 

dose-dependent manner in ECs, as demonstrated by RT-qPCR analysis (Liu et al., 

2018).  
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These observations confirmed that TNF-α is a suitable stressor agent for endothelial 

activation and pro-inflammatory state and impairs endothelial function. Transferable 

settings of TNF-α optimum dose in HUVECs revealed that TNF-α treatment with 1 ng/ml 

leads for 3 hours to endothelial activation and impaired functions, mimicking previous 

TNF-α-treated primary ECs observations (Yang, Zhao and Tian, 2016; Grambow et al., 

2020). Therefore, 1 ng/ml was the chosen TNF-α dose for subsequent studies in 

HUVECs in the following chapters.  

Since its discovery, H2S has exhibited beneficial roles in the endothelium, including 

vascular tone, redox state, inflammation and cell death (Predmore, Lefer and Gojon, 

2012). However, most ECs studies investigating H2S rely on pre-treatment or co-

treatment approaches (Shen et al., 2013; Xie, Feng, et al., 2016). These culture settings 

apply H2S donors before or side-by-side with the systemic/cellular insult, thereby 

preventing rather than revoking cell damage. For instance, pre-treatment with an H2S-

releasing donor in HUVECs exposed to H2O2 preserved the redox state and 

mitochondrial function by decreasing excessive ROS formation and cyto c release into 

the cytosol (Wen et al., 2013). Co-treatment with GYY4137 protected hypertensive-rats 

isolated ECs by increasing eNOS expression and vascular growth (Zhu et al., 2021).  

A post-treatment approach offers the benefit of evaluating the suitability of a drug as a 

treatment for a disease condition. Moreover, post-treatment is a less-represented model 

in the literature, allowing the production of data that contributes insight into H2S 

mechanisms as a therapeutic agent (Wallace et al., 2020). With a list of possible 

identified experimental H2S settings, three culture models with TNF-α were performed to 

test the quantification of IL-6 release in supernatants. ELISA analysis allows for 

examining different measurements in an accountable, fast and accurate way. Titration 

of optimum practical design in EA.hy926 cells using IL-6 content revealed that pre-

treatment and co-treatment were unsuitable culture approaches using TNF-α and 

GYY4137 compounds to investigate the H2S beneficial role in impairing endothelium. 

These findings differ from previous studies where co-treatment with NaHS and TNF-α 

for 24 hours reduced IL-6 expression in cardiomyocytes reported by Lee and co-workers. 

However, a direct comparison with Lee and colleagues' report is impossible as different 

compound and cell models were used in the current project (Lee et al., 2019). 
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On the other hand, GYY4137 post-treatment in TNF-α-treated cells showed a reduced 

IL-6 secretion suggesting that post-treatment is a suitable experimental setting for 

investigating the H2S role in dysfunctional cells. This approach aligns with recent results 

investigating ECs integrity, inflammation and ROS formation using HUVECs with 

GYY4137 post-treatment settings (Spassov et al., 2022). Taken together, the post-

treatment setting was selected for subsequent experiments in the following chapters as 

the optimum experimental cell culture model for H2S effects on TNF-α-treated ECs.  

In summary,  the present study demonstrates that TNF-α could modulate endothelial 

function, induce endothelial activation, and upregulate the expression of endothelial 

dysfunction markers. The addition of slow-releasing H2S donor GYY4137 results in the 

increase of endogenous H2S content without cytotoxicity. After titration of the optimum 

experimental setting for cell culture with both agents and readjustment of TNF-α and 

GYY4137 doses for HUVECs, cultured with TNF-α at 1 ng/ml for 3 hours followed by 

post-treatment with GYY137 (100 µM) was the selected approach for the further 

experiments in the following chapters.  
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4 Investigation of the effect of H2S on TNF-α-

induced ED  
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4.1 Introduction 

The previous chapter demonstrated that TNF-α is a suitable stressor to induce 

endothelial activation by enhancing a pro-inflammatory and oxidising redox state 

environment. Moreover, H2S slow-releasing donor GYY4137 increased H2S intracellular 

content without toxicity in vitro. In addition, a post-treatment experimental setting with 

both agents was chosen to investigate whether H2S can revoke TNF-α-induced ED.  

Cardiovascular and metabolic conditions are the leading cause of morbidity and mortality 

globally. Oxidative stress and ED have been identified as the main alterations involved 

in the pathogenesis of macrovascular diseases. Endothelium impairment is a complex 

pathophysiological event that includes increased ECs activation and the onset of ED. 

Several studies have shown that oxidative stress plays a pivotal role in mediating the 

production and secretion of cytokines, thus linking ROS with inflammation and ED 

(Andersson-Sjöland, Karlsson and Rydell-Törmänen, 2016). Indeed, elevated ROS 

levels have been involved in the onset of several diseases, including neurodegenerative 

disorders, cancer, renal diseases, and metabolic diseases (Scialò, Fernández-Ayala and 

Sanz, 2017; Hameister et al., 2020). 

In a healthy cell, the intracellular environment is maintained under reducing conditions, 

but the redox state could switch to a more oxidising state under stress stimuli. Oxidative 

stress can emerge due to the excessive formation of oxidants overwhelming the cellular 

antioxidant defence within a biological system, leading to a shift in the redox state of the 

biological compartments towards one that is more oxidising (Meo et al., 2016). The 

dysfunctional activity of many proteins characterises this shift in the redox status. 

Impaired expression of homeostatic vascular molecules (e.g., NO), physical cell 

alterations (e.g., membrane lipids) and impaired bioenergetic profile (e.g., oxidative 

phosphorylation chain) have been observed in endothelial-oxidative stress (Nordberg 

and Arnér, 2001). Notably, the terms "free radicals" and "ROS" are also not synonymous, 

as many ROS (e.g., H2O2 andperoxynitrite) are not free radicals. However, excessive 

ROS production is associated with a redox state switch towards oxidising state and 

progress towards oxidative stress in individuals with cardiovascular risk factors in the 

arterial wall.   
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Over time oxidative stress can cause direct and irreversible oxidative damage to 

macromolecules alongside disruption of key redox-dependent signalling processes in 

the vascular wall. Perhaps the best-characterised mechanisms by which oxidative stress 

can promote vascular disease is via disruption of the vasoprotective NO signalling by 

either directly reacting with NO and forming peroxynitrite (a powerful oxidant); or by 

reducing the bioavailability of tetrahydrobiopterin leading to uncoupled eNOS enzyme, 

which causes NO lower bioavailability (Thomas, Witting and Drummond, 2008).  

In addition, ROS may directly promote vascular inflammation. Indeed, ROS actions can 

lead to the oxidation of crucial signalling proteins (e.g., kinases and phosphatases) and 

activate the pro-inflammatory redox-dependent transcription factor NF-κB. The 

activation of NF-κB results in the overexpression of cell adhesion molecules and the 

migration of leukocytes and macromolecules towards the subendothelium (Lugrin et al., 

2014). Furthermore, it was suggested that ROS could initiate the assembly of 

multiprotein signalling complexes known as inflammasomes, thereby leading to the 

processing and secretion of the pro-inflammatory cytokines. Regarding the pro-

inflammatory scenario, it has been demonstrated that the antioxidant compound N-acetyl 

cysteine (NAC) can attenuate TNF-α-induced apoptosis, implicating a ROS in the 

response (Shakibaei et al., 2005; Biniecka et al., 2011; Jiang et al., 2016). 

H2S is a mediator of several vascular endothelial functions, including regulating 

antioxidant enzymes and scavenging ROS/RNS species (Calvert et al., 2009). It is 

accepted that H2S mediates cytoprotective and antioxidant effects against excessive 

ROS production, which leads to oxidative stress and ED. These beneficial roles include 

cellular processes such as decreased ROS levels, amelioration of impaired ROS-

sources activity, increased antioxidant enzymes and upregulation of antioxidant systems 

(Yang et al., 2008a; Mustafa et al., 2009; Xie, Liu and Bian, 2016; Wu et al., 2017). Thus, 

through the downregulation of ROS levels and upregulation of antioxidant defence, H2S 

regulates the redox state towards a reducing environment. This cytoprotective role 

ultimately decreased ED and tissue injury in several vascular conditions (Yu et al., 2014). 

Furthermore, it has been reported that H2S affects cells' inflammatory state and apoptotic 

signalling (Zanardo et al., 2006). For example, fast-release H2S donors reduced 

oxidative stress and inflammatory environment in TNF-α-treated ECs by reducing cell 

adhesion molecule expression, enhancing antioxidant HO-1 protein expression and 

diminishing NF-κB activation (Pan et al., 2011).  
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4.2 Aims 

Following the previous chapter, the experimental post-treatment design with TNF-α and 

GYY4137 was applied to the analysis of ED in HUVECs. This chapter aimed to 

investigate whether GYY4137 post-treatment could reduce TNF-α-induced ED to 

uncover potential signalling targets in ECs regulated by H2S. For this purpose, several 

objectives were conducted:  

• To investigate oxidative stress damage by TNF-α treatment in HUVECs. 

• To study the role of H2S post-treatment with slow-releasing donor GYY4137 in 

oxidative stress in TNF-α-treated HUVECs.  

• To investigate the effect of TNF-α-induced inflammatory and apoptotic signalling 

pathway in HUVECs, and the role of GYY4137 post-treatment.  

 

4.3 Materials and Methods  

4.3.1 Endothelial cell culture. 

HUVECs were routinely maintained in T75 flasks with the complete supplemented 

medium at 37°C and 5% CO2 (see section 2.2.2). Endothelial seeding and experimental 

settings were explicitly conducted for each assay following general maintenance, as 

indicated in section 2.2.3. Cells were treated following the post-treatment experimental 

design with TNF-α (1 ng/ml) for 3 hours, followed by post-treatment with GYY4137 at a 

non-toxic concentration (100 µM) for 21 hours, giving an overall 24 hours experimental 

treatment. Next, HUVECs were analysed specifically for the desired assay. In general, 

cells were divided into four groups unless otherwise stated: control (untreated cells), 

GYY4137 (alone), TNF-α (alone), and TNF-α + GYY4137 (post-treatment model).  

4.3.2 Fluorescence microscopy 

CM-H2DCFDA™ staining probe was used to investigate H2O2 formation as described in 

section 2.5.1.  
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4.3.3 RT-qPCR 

Quantitative real-time PCR was performed by extracting the total RNA. Fold change 

relative expression was calculated using the ΔΔCt method. When comparing gene 

expression, the fold change relative mRNA levels of GcLC, GcLM, Trx1, TrxRD1, HO-1 

and eNOS were calculated using YWAZ and EEF2 as housekeeping genes. Full details, 

see section 2.18.  

4.3.4 Flow cytometry 

The mean fluorescence intensity signal of ICAM-1, E-selectin and VCAM-1 were 

evaluated by flow cytometer analysis using the BD Accuri C6 Plus system. For full details 

on cell population gating and fluorescent antibodies, please refer to section 2.6.1.  

Annexin V/PI assay was used to determine the apoptotic rate using a BD Accuri C6 Plus 

flow cytometer. For full details on the experiment, please reflect on section 2.6.2.  

4.3.5 Western blot 

Immunoblotting analysis of Trx protein expression was determined by SDS-PAGE as 

described in section 2.17.  

4.3.6 ELISA 

Plate-based assay for IL-6 secretion was determined as described in section 2.11.  

4.3.7 GSH: GSSG ratio assay  

The GSH: GSSG-Glo assay kit was conducted to assess the GSH: GSSG ratio following 

the manufacturer's instructions [Promega, GmbH, Southhampton, UK]. For full details of 

the experiment, please refer to section 2.8.  
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4.3.8 Statistical analysis 

All values presented are as mean ± SEM. Unless otherwise stated, all usually distributed 

variables between two groups were compared by unpaired Student t-test. When 

comparing two groups or more one-way ANOVA followed by Sidak's post-hoc 

comparisons was applied. For statistical tests, p values less than 0.05 (p<0.05) were 

considered significant. 
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4.4 Results 

4.4.1  Intracellular H2O2 content in TNF-α-treated HUVECs with 

GYY4137 post-treatment.  

The starting point to investigate whether TNF-α could induce oxidative stress was to 

analyse oxidants formation. H2O2, as a non-radical ROS, is produced by many different 

cell types and is considered the most abundant and stable ROS in the vasculature. Thus, 

the effect of TNF-α treatment on HUVECs was evaluated by determining H2O2 

production using CM-H2DCFDA fluorescence staining (green spectrum) combined with 

fluorescent microscopy analysis to determine the H2O2 fluorescence intensity signal in 

ECs. Representative images show that when HUVECs were stimulated with TNF-α, CM-

H2DCFDA-associated fluorescence intensity was increased compared to the control 

group. GYY4137 post-treatment ameliorated the CM-H2DCFDA-associated 

fluorescence intensity in TNF-α-treated cells (Figure 4.1 A). Quantitative analysis of the 

fluorescent intensity signal revealed that TNF-α treatment significantly increased H2O2 

generation in the presence (*p<0.05) or absence of GYY3147 (***p<0.0001) compared 

to untreated cells (control). This effect was partially reversed by post-treatment of 

HUVECs with GYY4137 in TNF-α-induced cells (##p<0.01) (Figure 4.1 B).  
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Figure 4.1 Effect of TNF-α and GYY4137 on H2O2 levels in HUVECs.  
HUVECS were seeded in a 24-well plate and treated with TNF-α (1 ng/ml, 3h) followed by 
GYY4137 post-treatment (100 µm, 21h) in cEGM medium. Next, cells were exposed to CM-
H2DCFDA (10 µM) for 30 minutes in the dark followed by PBS wash and microscopy 
examination. (A) Representative fluorescence images of HUVECs stained for H2O2 (green 
spectrum). The nucleus is counter-stained with DAPI (blue spectrum). Pictures were taken 
using a Nikon Ti-S Inverted fluorescence microscope (20x magnification, scale bar 10 µm). 
(B) Analysis and quantification of fluorescence intensity was conducted by ImageJ software. 
Results were shown as mean ± SEM (n=3). Significance was determined by ANOVA test 
followed by Sidak’s post-hoc test comparing treatments, whereby ns, (*) and (***) represents 
non-significant, p<0.05 and p<0.0001 respectively vs. control group. (##p<0.01) comparison 
between TNF-α alone and TNF-α with GYY4137 post-treatment.  
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4.4.2 Antioxidant effect of GYY4137 post-treatment in TNF-α-

treated HUVECs.  

Several antioxidant enzymes and antioxidant signalling systems maintain the cellular 

redox state balance (Shaito et al., 2022). To assess the effect of TNF-α on the levels of 

antioxidant transcriptional level in ECs and to test whether GYY4137 post-treatment 

could reverse TNF-α-actions, mRNA from treated and untreated groups was assessed 

using RT-qPCR. Data show that  TNF-α did not change the HO-1 and eNOS mRNA 

levels to untreated cells, although differences did not reach statistical significance 

(Figure 4.2). Notably, in the presence of GYY4137, post-treatment HO-1 and eNOS 

mRNA levels were significantly elevated in HUVECs cultured with TNF-α (#p<0.05) 

(Figure 4.2 A-B). 

 

 

Figure 4.2 Effects of TNF-α and GYY4137 post-treatment on antioxidant genes.  
HUVECs were subjected to TNF-α and GYY4137 post-treatment. Total RNA was extracted 
using a Qiagen RNA extraction kit. The extracted RNA was reverse-transcribed to cDNA 
followed by the analysis of mRNA levels by RT-qPCRBar graphs of relative HO-1 (A) and 
eNOS (B) mRNA expressions were analysed by RT-qPCR. YWHAZ and EEF2 were used 
as housekeeper genes. Results were shown as mean ± SEM (n=3-5). Significance was 
determined by the ANOVA test followed by Sidak's post-hoc test, whereby ns. and (*) 
represent non-significant and p<0.05, respectively vs. control. (#p<0.01) represents a 
comparison to TNF-α alone.  
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4.4.3 Thioredoxin and GSH systems in TNF-α and GYY4137 post-

treated HUVECs. 

Cells are well-endowed with antioxidant mechanisms, including GSH and Trx systems, 

to combat oxidative stress. The thioredoxin system is comprised of Trx, NADPH and Trx 

reductase. GSH synthesis, via expression of rate-limiting enzyme glutamate-cysteine 

ligase (GcL), GSH peroxidase and balance between reduced and oxidised GSH 

comprised the GSH antioxidant system the most important in mammalians (Ahsan et al., 

2009; Forman, Zhang and Rinna, 2009).  

Firstly, RT-qPCR and protein analysis was performed to investigate whether the Trx 

system reduces oxidant levels in TNF-α-treated cells. Treatment with TNF-α and 

GYY4137 post-treatment showed a significant increase in Trx1 mRNA levels compared 

to TNF-α alone (#p<0.05) (Figure 4.3 A). Furthermore, RT-qPCR analysis revealed no 

significant differences between untreated and treated HUVECs for TrxRD1, as showed 

Figure 4.3 B. Immunoblotting analysis did not show Trx protein expression changes in 

HUVECs subjected to treatments  (Figure 4.3 C-D).  

Following the analysis of the Trx system, the GSH antioxidant pathway components 

were examined to assess whether the observed decrease in ROS formation was also 

mediated by GSH signalling. HUVECs were treated with TNF-α before GYY4137 post-

treatment for a final 24 hours. The mRNA levels for GcLC show that TNF-α treatment 

significantly increases GcLC mRNA, not GcLM (Figure 4.4 A-B), compared to control 

cells. GYY4137 post-treatment in TNF-α-treated HUVECs significant increase GcLC 

mRNA levels in comparison to untreated cells (*p<0.05) (Figure 4.4 A), but this trend 

was not observed in the analysis of GcLM  (Figure 4.4 B). The GSH:GSSG ratio in 

treated and untreated HUVECs was assessed by quantifying luminescence. As shown 

in Figure 4.4 C, the GSH/GSSG ratio trend increased in TNF-α-treated HUVECs, but the 

data was not statistically significant compared to the control group. 
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Figure 4.3 Effects of TNF-α and GYY4137 post-treatment on Trx antioxidant system in 
HUVECs.  
HUVECs were treated with TNF-α and GYY4137 post-treatment followed by collection of 
total RNA and protein samples. Total RNA was reverse transcribed to cDNA and RT-qPCR 
analysis for target genes. (A) Relative Trx1 and (B) TrxRD1 mRNA levels were analysed by 
RT-qPCR with YWHAZ and EEF2 as housekeeper genes. (C) Protein concentration was 
determined by BCA assay. The nitrocellulose membranes were stained with antibodies 
against Trx and GAPDH (loading control) and detected by LICOR imaging system. 
Densitometry analysis of blots was performed using ImageJ software. (D) Bar graph showing 
Trx protein quantification relative to control. Results were shown as mean ± SEM; (n=3-5). 
Significance was determined by ANOVA test followed by Sidak’s post-hoc test comparing 
treatments to control (untreated cells), whereby ns. represents non-significant vs. control. 
(#p<0.05) represents comparison to TNF-α alone. 
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4.4.4 Assessing modulatory effects of TNF-α and GYY4137 on cell 

adhesion molecules surface expression.  

To test the activation of ICAM-1, VCAM-1 and E-selectin by TNF-α and whether 

GYY4137 post-treatment could ameliorate these molecules' surface expression was 

evaluated by flow cytometer. Live cells without debris were gated in the forward scatter 

(FSC), and side scatters (SSC) plot by running samples in the flow cytometer for 10,000 

events (Figure 4.5 A). Then, the IgG1 (isotype control) for ICAM-1 was run to determine 

the threshold of the ICAM-1 fluorescence intensity signal (Figure 4.5 B). Subsequently, 

treated and untreated cells with TNF-α and GYY4137 were analysed (Figure 4.5 C-F). 

After incubation with TNF-α, the fluorescence intensity in histogram plots revealed higher 

 

Figure 4.4 Glutathione role on the redox signalling state in treated HUVECs.  
After treatments, extracted RNA was reverse transcribed to cDNA. Bar graphs of relative (A) 
GcLC and (B) GcLM mRNA levels were analysed by RT-qPCR with YWHAZ and EEF2 as 
housekeeper genes. (C) The GSH/GSSG ratio was detected using Promega GSH/GSSG-Glo 
kit with luminescence detection. Results were shown as mean ± SEM (n=3-6). Significance 
was determined by ANOVA test followed by Sidak’s post-hoc test comparing treatments to 
control (untreated cells), whereby ns., (*) and (**) represents non-significant, p<0.05 and 
p<0.01, respectively vs. control group.  
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ICAM-1-associated fluorescence with peaks significantly shifted compared to the control 

group. Further detailed analysis of the flow cytometry results from independent replicates 

indicates that ICAM-1 mean fluorescence intensity (MFI) following TNF-α treatment was 

significantly increased compared to untreated cells (***p<0.0001). Post-treatment with 

GYY4137 significantly decreased ICAM-1-associated MFI expression in TNF-α-treated 

ECs (Figure 4.5 G) (##p<0.01). However, the expression of ICAM-1 remains significantly 

increased in TNF-α-treated HUVECs after GYY4137 treatment compared to the control 

group (***p<0.0001).  

Next, E-selectin expression, which enables the initial attachment for leukocyte rolling, 

was also analysed by flow cytometry. Consistent with ICAM-1 examination, live cells 

were precisely gated, and IgG1 was used as a fluorescence signal control (Figure 4.6 

A-B). HUVECs subjected to a post-treatment setting with TNF-α and GYY4137 were run 

in the flow cytometer and analysed in histogram plots (Figure 4.6 C-F). As shown in 

Figure 4.6 G, flow cytometry results from independent replicates reveal that E-selectin 

MFI following TNF-α treatment was significantly increased compared to untreated cells 

(*p<0.05). GYY4137 post-treatment trend to reduce E-selectin-associated fluorescence 

in TNF-α-cultured cells, but differences were not significant. Notably, the E-selectin-

associated MFI levels were five times lower than ICAM-1-associated MFI intensity. 

Finally, VCAM-1, another critical adhesion molecule in leukocyte attachment, was also 

examined by a flow cytometer. After living cells were gated and IgG1 as control analysed, 

treated and untreated cells were subject to VCAM-1 fluorescence intensity analysis as 

evidenced by histogram plots (Figure 4.7 A-F). Histogram plots revealed that GYY4137 

treatment alone did not alter VCAM-1 fluorescence intensity compared to untreated cells. 

TNF-α treatment resulted in a higher VCAM-1-associated fluorescence with peaks 

shifted positively than in the control group. Analysis of VCAM-1 MFI results confirmed 

the significant differences in TNF-α compared to untreated cells (***p<0.0001). Post-

treatment with GYY4137 significantly reduced VCAM-1 MFI levels in TNF-α-treated 

HUVECs (#p<0.05). Notably, the expression of VCAM-1-associated fluorescence 

intensity remains significantly increased in TNF-α-treated HUVECs after GYY4137 

treatment compared to the control group (*p<0.05) (Figure 4.7 G).  
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Figure 4.5 Flow cytometric primary plots analysis and quantification of ICAM-1 MFI (%) 
in ECs following TNF-α and GYY4137 treatment.  
HUVECs were incubated with anti-ICAM-1 antibody for 1 hour. Samples were analysed using 
a BD Accuri C6 flow cytometer showing ICAM-1 expression (CD54) at APC-A spectrum. (A) 
Representative live cells based on the forward scatter/side scatter (FSC/SSC) plot and (B) 
stained histogram plot IgG1 were used to set the gate for positive population of cells. (C-F) 
Representative histograms of control and treated groups, a marker was set on the left edge of 
control cells to set the ICAM-1 APC-geo MFI of cells (%) and used for comparison. (G) MFI (%) 
of ICAM-1 expression in HUVECs was plotted in bar graphs. Results were shown as mean ± 
SEM, (n=5). Significance was determined by ANOVA test followed by Sidak’s post-test 
comparing treatments to control (untreated cells), whereby (***) and ns. represents p<0.001 
and non-significant, respectively vs. control. (##p<0.01) represents comparison to TNF-α alone. 
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Figure 4.6 Flow cytometric primary plots analysis and quantification of E-selectin MFI 
(%) in ECs following TNF-α and GYY4137 treatment.   
HUVECs were incubated with anti-E-selectin antibody for 1 hour in the dark. Samples were 
analysed using a BD Accuri C6 flow cytometer showing E-selectin expression (CD62) at FITC-
A spectrum. (A) Representative live cells based on the forward scatter/side scatter (FSC/SSC) 
plot and (B) stained histogram plot IgG1 were used to set the gate for positive population of 
cells. (C-F) Representative histograms of control and treated groups, a marker was set on the 
left edge of control cells to set the E-selectin FITC-geo MFI of cells (%) and used for 
comparison. (G) MFI (%) of E-selectin expression in HUVECs was plotted in bar graphs. Results 
were shown as mean ± SEM (n=3). Significance was determined by ANOVA test followed by 
Sidak’s post-hoc test vs. control (untreated cells), whereby ns. and (*) represents non-
significant and p<0.05, respectively vs. control.  
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Figure 4.7 Flow cytometric primary plots analysis and quantification of VCAM-1 MFI (%) in 
ECs following TNF-α and GYY4137 treatment.   
Samples were analysed using a BD Accuri C6 flow cytometer showing VCAM-1 expression 
(CD106) at PE-A spectrum from the different stimulant stained: [IgG1] are untreated cells with 
anti-CD106-conjugatre isotype antibody. (A) Representative live cells based on the forward 
scatter/side scatter (FSC/SSC) plot . (B) Stained histogram plot IgG1 were used to set the gate 
for positive population of cells. (C-F) Representative histograms of control and treated groups, a 
marker was set on the left edge of control cells to set the VCAM-1 PE-geo MFI of cells (%) and 
used for comparison. (G) MFI (%) of VCAM-1 expression in HUVECs was plotted in bar graphs. 
Results were shown as mean ± SEM (n=3). Significance was determined by ANOVA test followed 
by Sidak’s post-hoc test comparing treatments to control (untreated cells), whereby ns. (***)  and 
(*) represents non-significant, p<0.0001 and p<0.05, respectively vs. control. (#p<0.05) 
represents comparison to TNF-α alone. 
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4.4.5 Monitoring inflammation and apoptosis in HUVECs subjected 

to TNF-α and GYY4137 post-treatment.  

The continuous activation of cell adhesion molecules is related to changes in the vessel 

network referred to as angiogenesis under TNF-α (S.4.1), specifically a significant 

reduction in the number of branches (*p<0.05), which is ultimately linked with 

inflammation and dysfunctional endothelium. Research suggests angiogenesis, ROS 

formation and activated adhesion molecules are associated with an inflammatory 

response, which may lead to apoptotic signalling in ECs (Du et al., 2014; Zhao et al., 

2017). This evidence and the above results in this chapter suggest that TNF-α could 

instigate inflammation and cell death. To investigate the inflammatory state of HUVECs, 

the secretion of pro-inflammatory cytokines was examined by ELISA assay. The results 

presented in Figure 4.8 A show that increased IL-6 secretion in the presence of TNF-α 

treatment was significantly increased compared to control cells  (***p<0.0001). Post-

treatment with GYY4137 can significantly revoke IL-6 content compared to the control 

group (**p<0.01) and compared to TNF-α-treated ECs (#p<0.05).  

 

 

 

 

 

 

 

Figure 4.8 Secretion of pro-inflammatory cytokines in response to TNF-α and GYY4137 
stimulation in ECs. 
HUVECs were treated with TNF-α and GYY4137 post-treatment setting as described in section 
4.31. Once treatments were concluded, the supernatant was collected, and the presence of 
cytokine IL-6 was. Results were shown as mean ± SEM (n=3-4). Significance was determined 
by the ANOVA test followed by Sidak's post-hoc test comparing treatments to control (untreated 
cells), whereby ns. (*), (**) and (***) represent non-significant, p<0.05, p<0.01 and p<0.0001, 
respectively vs. control. (#p<0.05) represents a comparison to TNF-α alone.  
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To confirm that the pro-inflammatory stimulation mediated by TNF-α could lead to cell 

death, the apoptotic rate of ECs was analysed using an Annexing V and PI staining kit 

by flow cytometer. The BD Accuri C6 Plus flow cytometer uses a 488nm blue laser to 

excite Annexin V-FITC or PI if bound to cells resulting in green and red wavelength 

emitted light that the cytometer measures and records. Scatter plots (FSC-A/SSC-A) 

(Figure 4.9 A) were used to gate the cell population and exclude debris. Then events 

within the gate were separated into four areas by gating boundaries: live cells (Annexin 

V— / PI— ), early apoptotic cells (Annexin V+ / PI— ), late apoptotic cells (Annexin V— / PI+ ) 

and death cells (Annexin V+ / PI+). As shown in Figure 4.9 B, positive control confirms 

the sensibility of the assay. Representative drop plots of early and late apoptosis 

quadrants displayed similar cell distribution in control and GYY4137-treated cells. It is 

clear that following TNF-α stimulation, stained-cell distribution is higher in the late 

apoptotic quadrant. On the other hand, after GYY4137 post-treatment, cells are lost from 

the late apoptotic zone of the TNF-α-treated HUVECs stained plots (Figure 4.9 C-F). 

Quantification of cell-positive Annexin V/PI staining (early and late apoptosis) in 

HUVECs under treatments revealed a significant increase in the apoptotic rate in the 

presence of TNF-α compared to the control group (*p<0.05). Post-treatment with 

GYY4137 shows a statistically significant decrease in the apoptotic rate in TNF-α-

stimulated cells (#p<0.05) (Figure 4.9 G). Research studies have demonstrated that 

TNF-α treatment has detrimental consequences on ECs by causing apoptosis and 

premature cellular senescence (Yamagata, Suzuki and Tagami, 2016; Khan et al., 

2017). While SA-β-Gal staining exhibited a slight trend in SA-β-Gal-stained cells in the 

presence of TNF-α (S.4.2), transcriptional expression of cell cycle regulatory markers 

associated with senescence such as p21 and p53 did not show any significant changes 

in the presence of TNF-α or GYY4137 treatment.  
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Figure 4.9 Flow cytometric primary plots analysis and quantification of apoptosis rate on 
ECs following TNF-α and GYY4137 treatment.  
The initial gating involves plotting all events based on FSC/SSC to exclude debris (gate: cells). 
Then events within the gate were sorted as Annexin V-FITC spectrum vs PI-PerCP-Cy5.5 in a 
scatter plots with four gating boundaries applied: live cells (red highlight), early apoptosis (green 
highlight) and late apoptosis (blue highlight).  (B) Cells cultured with ethanol as positive control. 
(C-F) Representative scatter plots for Annexin Vvs PI and the four gating boundaries applied for 
each group. (G) Apoptosis rate (%) in HUVECs was plotted in bar graphs. Results were shown 
as mean ± SEM (n=7). Significance was determined by ANOVA test followed by Sidak’s post-
hoc test comparing treatments to control (untreated cells), whereby ns. and (*) represents non-
significant and p<0.05 vs. control. (#p<0.05) represents comparison to TNF-α alone. 
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4.5 Discussion 

The research presented in this chapter aimed to determine the effects of TNF-α on 

endothelial activation and dysfunction and investigate the effects of exogenous H2S as 

a beneficial mediator. ECs are routinely cultured with exogenous H2S under pre-

treatment or co-treatment models. Still, in the post-treatment experimental approach, 

cells were cultured with a non-toxic concentration of GYY4137 under a post-treatment 

model. The results presented in this chapter showed that TNF-α induced endothelial 

activation, oxidative stress, inflammation, and apoptosis. These findings agree with 

several studies where TNF-α has been described as a pro-inflammatory and pro-

apoptotic molecule (Du et al., 2014; Zhao et al., 2017). The results confirmed that 

exogenous H2S could generate an antioxidant response and decrease the inflammatory 

environment and apoptotic rate in dysfunctional ECs.  

The role of oxidants in inducing inflammation has been vigorously investigated in all 

experimental models. Among the commonly used inflammatory mediators in the 

vasculature, the cytokine TNF-α is a common pro-inflammatory molecule. TNF-α 

superfamily can impair ROS-dependent cellular functions (Gaur and Aggarwal, 2003). 

Early studies have demonstrated that 1 ng/ml of TNF-α is within the TNF-α levels 

detected in patients with vascular conditions such as myocardial ischemia-reperfusion 

(Başaran et al., 1993). Furthermore, in vitro analysis using human aortic ECs 

demonstrated that short-term incubation (20 minutes) with TNF-α (1 ng/ml) can increase 

ROS formation (Yang, Zhao and Tian, 2016).  

This chapter shows that treating HUVECs with TNF-α (1 ng/ml, 3 hours) increases 

intracellular ROS, specifically H2O2, determined by CM-H2DCFDA staining. Moreover, 

GYY4137 was able to decrease this elevation in post-treated HUVECs. The reduction in 

H2O2 production observed upon GYY4137 was comparable to the previous pre-

treatment study in high glucose-induced EA.hy926 cells (Xie, Feng, et al., 2016). Due to 

most in vivo and in vitro vascular studies have described H2S roles in a pre-treatment 

setting or co-treatment design (L. L. Liu et al., 2014; Feng et al., 2016; Hu et al., 2017; 

N. Liu et al., 2017; Behera, Kelly and Tyagi, 2021), the present study has expanded on 

the small amount of evidence on the effect of H2S against ED in post-treatment settings 

(L. L. Liu et al., 2014).  
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However, besides the used fluorogenic probe CM-H2DCFDA has been used in TNF-α-

treated HUVECs (de Oliveira et al., 2018); oxidisation upon exposure to light may give 

a false increase in fluorescence leading to misleading results (Kalyanaraman et al., 

2012; Brandes, Rezende and Schröder, 2018). Further analysis combining the effect of 

CM-H2DCFDA with flow cytometry or HPLC could offer a sensitive and selective reading 

of H2O2 content; in combination with robust controls such as silencing-H2O2 enzymes 

(Lippert, Van De Bittner and Chang, 2011; Tsuboi, Maeda and Hayashi, 2018). 

Furthermore, ROS exhibits a multi-functional role in ECs, including proliferation, 

migration and angiogenesis (Freed and Gutterman, 2013). According to published 

angiogenic analysis, TNF-α negatively affects endothelial vessel formation (Zhu et al., 

2007; Shi et al., 2018). Stimulation of vessel formation observed in exogenous H2S 

confirms previous data (Papapetropoulos et al., 2009).  

ROS-scavenger capacity in the vasculature is associated with an antioxidant response. 

GSH and Trx are central antioxidant systems alongside several antioxidant enzymes. 

HO-1 and eNOS have been previously demonstrated to exhibit antioxidant roles (Choi 

et al., 2018). In agreement with previous evidence, exogenous H2S upregulates 

antioxidant gene expression in HUVECs treated with TNF-α (Nicholson et al., 2013; 

Leskova et al., 2017). However, to conclude that H2S can upregulate antioxidant 

response completely, an assessment of the levels of the corresponding proteins and 

antioxidant enzyme activity would be required. This limitation is essential for future 

experiments as the presence of changes at the transcriptional level (mRNA levels) does 

not imply that proteins behave in the same proportion.  

The Trx-GSH antioxidant systems are commonly linked to regulating cellular 

oxidation/reduction and protecting cells from oxidative stress (Munro et al., 2016). 

Interestingly, Trx and GSH systems significantly maintain sulfide signalling by fine-tuning 

sulfide signalling pathways (Dóka et al., 2016). It has been demonstrated that Trx1 is 

essential for the exogenous H2S cardioprotective role in murine (Nicholson et al., 2013). 

In this study, exogenous H2S enhanced the Trx and GSH machinery by increasing Trx1, 

and GcLC mRNA levels in TNF-α stimulated cells. Although GSH/GSSG ratio shows no 

significant difference in the GYY4137-treated cells, previously exogenous H2S improved 

GSH/GSSG ratio and increased Trx1 expression in the injured liver (Jha et al., 2008).  



156 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

When oxidised, GSSG is either recycled to GSH by the enzyme GR or exported out of 

the cell to maintain the intracellular redox, which may explain the GSH/GSSG ratio 

observed in H2S post-treatment (Forman, Zhang and Rinna, 2009). From our data, it can 

be suggested that H2S donors could ameliorate TNF-α-induced ROS production by 

enhancing antioxidant defence through the intervention of Trx-GSH systems, which 

might create a positive feedback loop maintaining sulfide signalling. However, without 

additional experiments (e.g.activity of antioxidant enzymes), a direct link between H2S's 

beneficial role and Trx-GSH antioxidant systems cannot be assumed.  

Evidence has emerged that oxidative stress plays a crucial role in the development of 

inflammation (Kundu et al., 2012). ECs activate upon stimulation with pro-inflammatory 

cytokines such as TNF-α, LPS or IL-1β. During activation, the expression of adhesion 

molecules for leukocytes binding on the luminal surface dramatically increases, and the 

endothelium becomes procoagulant. Selectins mediate the weak adhesion of 

leukocytes, while firm adhesion involves VCAM-1 and ICAM-1 action (Videm and 

Albrigtsen, 2008; Lugrin et al., 2014). Exposure to TNF-α (50 ng/ml) increased leukocyte 

transmigration via E-selectin expression and ROS formation associated with 

phosphorylation of p66Shc, an inducer of oxidative stress (Laviola et al., 2013). In line 

with previous observations, exposure of HUVECs with TNF-α showed a significant 

increase in ICAM-1, VCAM-1, and E-selectin mean fluorescence intensity levels, as 

demonstrated by flow cytometry analysis (Laviola et al., 2013; Yang, Zhao and Tian, 

2016; Gapizov et al., 2018). To note, the low levels of E-selectin compared to ICAM-1 

and VCAM-1 could be explained due to ECs not expressing E-selectin constitutively. 

Therefore, it is plausible that E-selectin expression decreased after weak adhesion 

mediated by E-selectin and strong adhesion by ICAM-1 and VCAM-1 (Silva, Videira and 

Sackstein, 2018).   

In addition, in the present study there was a visible decrease in ICAM-1 and VCAM-1 

MFI levels in ECs with exogenous H2S treatment; this effect reached significance. Pre-

treatment with a fast-release H2S donor has been shown to reduce ICAM-1 and VCAM-

1 protein expression and E-selectin mRNA levels in TNF-α-treated HUVECs (Pan et al., 

2011). Although direct comparison cannot be assessed due to the variety in the 

experimental approach between the current work and Pan's study, the present data 

suggest that slow-releasing H2S donors can reduce cell adhesion molecules in TNF-α-

treated cells.  
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Activated ECs led to endothelial inflammation by releasing pro-inflammatory cytokines 

and chemokines such as IL-6, IL-8 and IP-10 (Gapizov et al., 2018). Previous evidence 

shows that TNF-α induces inflammation associated with elevated ROS formation and 

activation of NF-κB. Interaction between IL-6 and TNF-α contributes to ED in the type 2 

diabetes murine model (Lee et al., 2017). Previously, exogenous GYY4137 exhibited 

anti-atherosclerotic activity in mice through ROS inhibition and decreased ICAM-1 and 

IL-6 mRNA levels (Liu et al., 2013). Here, H2S post-treatment decreased IL-6 secretion 

in ECs exposed to TNF-α, suggesting that H2S has beneficial effects against endothelial 

inflammation.  

When inflammation exceeds defensive cell capacity, the caspase signalling cascade is 

activated, causing cell death (Steyers et al., 2014). Previous evidence showed that TNF-

α (> 10 ng/ml) induces apoptosis in vascular cells and in vivo models (Xu et al., 2011; 

Jiang et al., 2016). Conversely, TNF-α has shown cellular apoptosis and senescence 

stimulation in ECs (Yamagata, Suzuki and Tagami, 2016; Khan et al., 2017). Although 

present data showed no detectable change in the expression of pro-senescence genes, 

SA-β-Gal staining seems to display an effect of TNF-α in ECs. Due to HUVECs culture 

exhibiting narrow cell culture passages limiting senescence study and considering the 

scope of the present study, no further investigation regarding senescence was 

conducted. 

A HUVECs report showed that the apoptotic rate under TNF-α (1 ng/ml) treatment for 24 

hours was not significantly increased (Tang et al., 2015). In contrast to this observation, 

the present work shows that TNF-α at 1 ng/ml can dramatically enhance apoptosis rate, 

as evidenced by flow cytometry analysis. Discrepancies with this study could rely on the 

unspecified details of whether the apoptotic rate was concluded from early and late 

apoptosis combined data reported by the authors. In addition, the differences in the 

incubation time with 24 hours of treatment could lead to an adaptation to TNF-α by ECs. 

Moreover, exogenous H2S revoke apoptosis in stress-ECs by flow cytometry analysis, 

which aligns with the previous anti-apoptotic effect of H2S in ECs (Xie, Feng, et al., 2016). 

Besides its substantial advantages, Annexin V/PI assay false positive results may 

appear due to binding to negatively charged aldehyde adducts or unbound labelled 

protein contributing to background signal (Demchenko, 2013).  
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In the current study, using several controls and correct sample manipulation supports 

the strength of the obtained data. However, results are limited to the specific duration 

and concentration of TNF-α treatment. Thus, further investigation of TNF-α effects in a 

dose-dependent manner by a kinetic analysis might clarify the progression from early to 

late apoptosis in ECs.  

Overall, this study supports previously published work on TNF-α-induced endothelial 

activation, which progress to ED and H2S exhibits a protective effect against TNF-α-

induced ED. One limitation of this study was that the selected TNF-α concentration might 

not lead to a chronic inflammatory response; therefore, some features of prolonged 

inflammation were not detectable or significantly different compared to basal levels. 

Furthermore, this study used HUVECs as in vitro model, which restricted the culture 

passages, causing a limitation of prolonged pro-inflammatory and pro-apoptotic effects. 

In future work, it would be interesting to determine whether senescence in TNF-α is 

highly associated with cytokine concentration or by a biphasic effect of concentration 

and culture passaging.  
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5 Assessment of the effect of H2S and TNF-α in 

mitochondria 
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5.1 Introduction  

Mitochondria are crucial organelles to maintain cell viability via energy-linked processes 

and metabolic activities. Paradoxically, this simple notion contradicts the established 

concept that mitochondria play a unique role in cell death (Crompton, 1999). Events 

related to mitochondrial dysfunction include the profound imbalance between ATP 

synthesis, the impairment of ionic homeostasis and ROS formation, and accelerating or 

even determining the evolution of cell injury toward apoptosis or necrosis (Madamanchi 

and Runge, 2007; Dikalov and Ungvari, 2013). The main link between mitochondria and 

vascular damage is oxidative stress, as evidenced by several vascular-related conditions 

such as atherosclerosis and hypertension (Lisa et al., 2009; Dikalov and Ungvari, 2013). 

Mitochondria are not only the source of ROS in vascular cells but also represent targets 

of cellular ROS. Oxidative modifications of mitochondrial proteins, lipids and DNA result 

in losing their functions (Zorov, Juhaszova and Sollott, 2014). When O2
•¯ and NO are 

produced, they rapidly react, yielding the highly oxidising peroxynitrite anion, which is 

also toxic to mammalian mitochondria (Radi, Cassina and Hodara, 2002). In HUVECs, 

TNF-α induces ROS formation mainly at the ubisemiquinone site, as exemplified by the 

use of mitochondrial ETC inhibitors desipramine and dimethylaminopurine (Corda et al., 

2001). In addition, several factors tightly regulate mitochondrial ROS generation, 

including antioxidant systems that maintain the redox state in equilibrium. For example, 

SOD dismutase O2
•¯ to H2O2 is diffusible across the mitochondrial membrane 

(Andersson-Sjöland, Karlsson and Rydell-Törmänen, 2016). 

Cellular metabolism compromises the utilisation of carbohydrates, fats and proteins to 

synthesise energy (Nolfi-Donegan, Braganza and Shiva, 2020). In 1957, Peter Siekevitz 

referred to the mitochondrion as the “powerhouse” of the cell. Since then, it has become 

clear that mitochondria are highly dynamic organelles that contribute to cellular 

homeostasis by producing ATP (Siekevitz, 1957). Furthermore, mitochondria are highly 

dynamic organelles that contribute to cellular homeostasis by maintaining ATP levels 

and generating basal ROS levels for cell signalling (Zhang and Gutterman, 2007; Nolfi-

Donegan, Braganza and Shiva, 2020). For instance, O2
•¯ produced by mitochondria 

mediates shear stress-H2O2 production in human coronary arteries (Liu et al., 2003). 

Notably, the importance of mitochondria function varies by cell type. Cardiomyocytes 

rely on mitochondria to supply >95% of the energy required. 
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In contrast, ECs rely more heavily on glycolysis than mitochondria for ATP formation 

(Oldendorf, Cornford and Brown, 1977; Barth et al., 1992). As one of the primary sources 

of ROS formation, early studies estimated that 1-2% of electrons entering the ETC 

contributed to O2
•¯ production, which has been re-evaluated to a lower value in vivo with 

fluctuations depending on ETC function (Turrens, 2003; Quinlan et al., 2012). Complex 

III has been reported as the primary source of ROS production in HUVECs in the 

presence of TNF-α (Mukherjee, Mukhopadhyay and Hoidal, 2005).  

Physiologically, OXPHOS is not entirely coupled, and low levels of proton leak dissipate 

the proton electrochemical gradient potential or electrochemical protonmotive force 

(Δp)(Jastroch et al., 2010). The total force driving protons into the mitochondria 

combines the Δψm and the mitochondrial pH gradient (ΔpH) (Cadenas, 2018). While Δp 

provides the bioenergetic driving force and regulates ATP generation, the Δψm 

component provides the charge gradient required for mitochondrial Ca2+ sequestration 

and regulates ROS production (Cai, Yang and Jones, 1998). During cellular stress, Δψm 

may be altered by dysregulation of intracellular ionic charges, subsequently changing 

Δp and thus ATP production. The expression of specific uncoupling proteins (UCPs) 

within the inner mitochondrial membrane facilitates the leak of inducible protons from the 

intermembrane space back to the matrix without the involvement of the ATP synthase 

(Fink et al., 2005). Research shows that TNF-α mediates mitochondrial uncoupling and 

enhances ROS-dependent migration via NF-κB in liver cells (Kastl et al., 2014). 

Selective elimination of damaged mitochondria by autophagy occurs in specific settings, 

while large-scale autophagy of mitochondria has been described during apoptosis, 

where the opening of the MPTP was found (Wang et al., 2012). Cell death can involve 

a cascade of molecular events through the extrinsic pathway via transmembrane 

receptor death receptors affecting the activation of caspase 8 and downstream caspases 

cascade (Chandrasekar et al., 2004; Obeng, 2021). On the other hand, mitochondria-

initiated events comprise the activation of Bcl-2 family proteins triggering MPTP opening 

and release of pro-apoptotic mediators from mitochondria into the cytosol, which leads 

to the activation of initiator and executor caspases (Chandrasekar et al., 2004; Peña-

Blanco and García-Sáez, 2018). Notably, although TNF-α is known to mediate the 

extrinsic apoptotic pathway by the death receptor binding, evidence reported an impact 

on the intrinsic way (Chandrasekar et al., 2004).  
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Furthermore, it has been shown that the TNF-α-induced apoptotic effect is associated 

with changes in Δψm, upregulation of cyto c plasma levels and activation of caspase 3 

and 7 in ECs (Xu et al., 2011).  

Observations suggest an individualistic and linear model of the mitochondrial life cycle: 

a mitochondrion gradually deteriorates to Δψm dissipation, at which energy is targeted 

for recycling by autophagy (Twig, Hyde and Shirihai, 2008). Mitochondria undergo 

constant cycles of fission and fusion to maintain quality control and metabolic 

requirements (Westermann, 2010). Mitochondrial dynamics are tightly regulated by 

nuclear-encoded GTPases (fission and fusion proteins) (Tilokani et al., 2018). Fission is 

driven by the DRP1 protein, whereas fusion is mediated by MFN1/2 and OPA1 anchor 

proteins that promote fusion of the mitochondrial outer and inner membrane, respectively 

(Losó n et al., 2013; Tilokani et al., 2018). 

Under pathological conditions, pro-fission proteins and signalling pathways are 

increased, and autophagy is impaired, leading to a loss of mitochondrial networks, 

mitochondrial fragmentation, and increased mitochondrial ROS (Watanabe et al., 2014). 

Previous studies showed that vitamin D3 could decrease TNF-α-induced lung 

inflammation by reducing mitochondrial fission and fragmentation (Y. C. Chen et al., 

2021). On the other hand, the disruption of pro-fusion proteins results in mitochondrial 

dysfunction (Kushnareva et al., 2012).  

To date, limited studies have investigated the role of H2S on endothelial function by 

preserving mitochondrial function through different prodrugs. Wen et al. demonstrated 

that NaHS reduced H2O2-induced apoptosis by improving Δψm, ATP synthesis and 

antioxidant defence in HUVECs (Wen et al., 2013). In addition, exogenous NaHS 

treatment restored mitochondrial function in cardiomyocytes exposed to TNF-α (Lee et 

al., 2019). Moreover, decreased intracellular H2S content by CBS knockdown HUVECs 

is associated with an impaired mitochondrial bioenergetic profile and a change of 

mitochondrial morphology toward fragmentation (Rao et al., 2020).  

The in vitro data discussed in the previous chapter revealed that TNF-α stimulates the 

apoptosis rate in HUVECs. The role of mitochondrial in altered endothelium and previous 

observations hint that TNF-α may also affect mitochondria in dysfunctional HUVECs. 

However, although H2S beneficial effects have been observed in TNF-α-induced 
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cardiomyocytes by improving mitochondria function (Lee et al., 2019), effects with a 

post-treatment design in an inflammatory-mediated endothelial environment are 

unexplored. 

5.2 Aims 

Following on from the previous chapter, this study aimed to identify the effect of TNF-α 

on mitochondria function and mitochondrial morphology. In addition, to determine 

whether H2S donors could be able to alleviate TNF-α-induced mitochondrial dysfunction 

in HUVECs. For this purpose, several objectives were conducted:  

• To investigate bioenergetic profile and parameters at baseline and after exposure 

to TNF-α and GYY4137. 

• To assess mitochondria dysfunction in response to TNF-α with and without 

GYY4137 post-treatment.  

• To investigate changes in mitochondrial morphology in the presence of TNF-α 

followed by GYY4137 post-treatment.  

• To assess TNF-α effect on mitochondrial-mediated apoptotic signalling pathway 

and effects of GYY4137 post-treatment.  

5.3 Materials and Methods 

5.3.1 Endothelial cell culture.  

HUVECs were routinely maintained in T75 flasks with the complete supplemented 

medium at 37°C and 5% CO2 (see section 2.2.2). Endothelial seeding and experimental 

settings were explicitly conducted for each assay following general maintenance, as 

indicated in section 2.2.3. Cells were treated following the post-treatment experimental 

design with TNF-α (1 ng/ml) for 3 hours, followed by post-treatment with GYY4137 at a 

non-toxic concentration (100 µM) for 21 hours, giving an overall 24 hours experimental 

treatment. Next, HUVECs were analysed specifically for the desired assay. In general, 

cells were divided into four groups unless otherwise stated: control (untreated cells), 

GYY4137 (alone), TNF-α (alone), TNF-α + GYY4137 (post-treatment model). 
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5.3.2 Fluorescence microscopy 

MitoSox fluorescence probe was used to analyse O2
•¯ described in section 2.5.2.  

MitoTracker staining probe was analysed by confocal fluorescence microscopy to 

determine the mitochondrial network using the specific ImageJ macro (MiNa). For full 

details, see section 2.9.3.  

JC-1 staining probe was used to investigate Δψm as described in section 2.14.  

5.3.3 RT-QPCR 

Quantitative real-time PCR was performed by extracting the total RNA. Fold change 

relative expression was calculated using the ΔΔCt method. When comparing gene 

expression, the fold change relative expression of Mnf1, OPA1, DRP1, UCP2, CAT, 

SOD2 and GPx1 were calculated using YWAZ and EEF2 as housekeeping genes. Full 

details, see section 2.18.  

5.3.4 Extracellular Flux analyser (Seahorse technology) 

The Mito Stress test was assessed using the Seahorse XF24 instrument to examine 

mitochondrial respiration rate and bioenergetic parameters. For full details, see section 

2.15.1.  

The Glycolytic Stress test examined the extracellular acidification rate using the 

Seahorse XF24 instrument described in section 2.15.2.  

5.3.5 Western blot 

Immunoblotting analysis of cyto c, caspase 3 and cleaved caspase 3 protein expression 

was determined by SDS-PAGE as described in section 2.17 

5.4 Statistical analysis 

All values presented are as mean ± SEM. Unless otherwise stated, all usually distributed 

variables between two groups were compared by unpaired Student t-test. When 
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comparing three groups or more one-way ANOVA followed by Sidak's post-hoc 

comparisons was applied. For statistical tests, p values less than 0.05 (p<0.05) were 

considered significant.  
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5.5  Results 

5.5.1 Evaluation of the mitochondrial-mediated redox state in 

TNF-α and GYY4137 post-treated cells.  

Since mitochondria are one of the primary sources of ROS and an easy target for robust 

oxidants species, mitochondrial-derived ROS formation was assessed (Zorov, 

Juhaszova and Sollott, 2014). Mitochondrial ROS are produced due to the leakage of 

electrons by ETC, mainly at complexes I and III, of which O2
•¯ anion radical is the most 

abundant and with the most oxidative capacity (Zorov, Juhaszova and Sollott, 2014). 

Therefore, the levels of O2
•¯ in HUVECs treated with TNF-α and GYY4137 post-

treatment were assessed using the MitoSox Red probe combined with fluorescent 

microscopy analysis. Data show that cells in the presence of TNF-α display a higher 

proportion of MitoSox-positive cells (Figure 5.1 A), and the quantification of MitoSox-

associated fluorescence showed a significant increase compared to untreated cells 

(***p<0.0001) (Figure 5.1 B). As shown in Figure 5.1 A-B, HUVECs subjected to 

GYY4137 did not show higher fluorescence intensity with no statistical differences 

versus the control group. Notably, the differences in MitoSox-associated fluorescence 

were facilitated in the presence of GYY4137 post-treatment, with a significant decrease 

of O2
•¯ in TNF-α-treated cells (###p<0.0001).  

Within mitochondria, H2O2 is degraded by several peroxiredoxins, including SOD, CAT 

and GPX1 (Zielonka and Kalyanaraman, 2010). The rate of mitochondrial redox state 

depends, in part, on the O2
•¯ production and rate of degradation (Figure 5.2 A). 

Therefore, the expression pattern of genes involved in mitochondrial function and stress 

responses was assessed by RT-qPCR. Figure 5.2 B shows that HUVECs with TNF-α-

treatment significantly upregulate SOD2 mRNA levels (*p<0.05). A significant rise in the 

enhanced SOD2 mRNA levels in TNF-α-induced HUVECs was observed after GYY4137 

post-treatment (*p<0.05) compared to control cells. In addition, the enzyme CAT, which 

can be found in cytosol, mitochondria and peroxisomes, was also analysed by RT-qPCR. 

In the presence of TNF-α, cells tended to increase CAT mRNA levels, but values did not 

reach statically significance. Notably, in the presence of GYY4137 post-treatment, 

HUVECs displayed a significant upregulation of CAT mRNA levels after TNF-α treatment 

compared to the control group (*p<0.05) (Figure 5.2 C). Although Figure 5.2 D revealed 

a trend of increase in TNF-α-treated HUVECs with or without GYY4137 post-treatment 
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regarding GPx1 mRNA levels, the differences between the groups were insignificant. 

This data suggests that GYY4137 could enhance O2
•¯ -scavenging sinks in the TNF-α-

altered redox state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Effect of TNF-α and GYY4137 post-treatment on O2
•¯ levels.  

HUVECs were incubated with MitoSox (5 µM) for 30 minutes in the dark before microscopy 
evaluation. (A) Representative fluorescence images of HUVECs stained for O2

•¯  (red 
spectrum). DAPI was used to visualise nuclei  (blue spectrum). Pictures were taken using a 
Nikon Ti-S Inverted fluorescence microscope (10x magnification, scale bar: 100 µm). (B) 
Analysis and quantification of fluorescence intensity were conducted by ImageJ software. 
Results were shown as the mean ± SEM (n=3). Significance was determined by a one-way 
ANOVA test followed by Sidak’s post-test comparing treatments, whereby ns. and (***) 
represent non-significant and p<0.001, respectively vs. the control group. (###p<0.0001) 
represents a comparison between TNF-α alone and TNF-α with GYY4137 post-treatment. 
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Figure 5.2. RT-qPCR mRNA levels in TNF-α and GYY4137 stimulated HUVECs.  
(A) Major sites for mitochondrial O2•¯ generation and detoxification. Upon respiration, O2•¯ is 
inevitably generated at respiratory complexes I and III; CAT: catalase; SOD1/2: superoxide 
dismutase 1 and 2; GPX: glutathione peroxidases. The relative mRNA  levels of (B) SOD2, (C) 
CAT and (D) GPx1 were analysed by RT-qPCR. YWHAZ and EEF2 were used as housekeeper 
genes. Results were shown as the mean ± SEM (n=3-5). A one-way ANOVA test was carried 
out to determine the statistical significance of changes in mRNA, followed by Sidak’s post hoc 
test. To normalise for multiple comparisons comparing treatments to control (untreated cells), 
whereby ns. and (*) represent non-significant and p<0.05, respectively vs. control. Created with 
Bio-render.com.  

 

5.5.2 Analysis of mitochondrial bioenergetics in HUVECs. 

Studies have been carried out on the efflux of O2
•¯ and H2O2 from isolated mitochondria 

to enable generalisations about the cellular sites that favour O2
•¯ production being 

complexes I and III within mitochondrial ETC, the major sites (Murphy, 2009). Therefore, 

clarifying how vascular endothelial damage is associated with energy supply is essential. 

Given the above results, a more functional and in-depth study of the metabolism of cells 

using Seahorse extracellular flux analysis XF24 Analyzer was assessed.  
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Figure 5.3. Mitochondrial OCR profile upon TNF-α and GYY4137 post-treatment. 
(A) Representative illustration of Agilent Seahorse XF Mito Stress Test with modulators of the 
ETC. (B) HUVECs were plated at 0.5x106/ well in XF 24-well plate and treated with TNF-α and 
GYY4137 post-treatment before the day of the Mito Stress test. Cell mitochondrial respiration 
profiles were plotted as OCR readout for 12-time-points after sequential injection of OLIG 
(oligomycin), FCCP and R+A (rotenone and antimycin A) using a Seahorse XF24 Analyser. 
The differential respiration profiles from untreated and treated groups were plotted. Results 
were shown as the mean ± SEM, (n=5). Created with Bio-render.com.  

 

To investigate whether TNF-α affected mitochondrial metabolism, quantification of the 

bioenergetic profile using a Seahorse XF Cell Mito Stress Test was assessed. During 

the Mito Stress test, the readout oxygen consumption rate (OCR, indicative of OXPHOS 

rates) is evaluated in the presence of specific mitochondrial complexes mediators, 

including rotenone and antimycin A mix (0.5 µM), FCCP (0.5 µM) and oligomycin (1 µM) 

(Figure 5.3 A).  
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When ECs are challenged with GYY4137, the continuous OCR in response to the Mito 

Stress test tends to enhance after oligomycin and the rotenone/antimycin A mix. The 

OCR of TNF-α-treated HUVECs after FCCP injection dropped, which differs from those 

cells treated with GYY4137 (Figure 5.3 B). 

To gain a detailed perspective of how the oxidative profile of HUVECs subjected to TNF-

α and GYY4137 post-treatment change, examination of mitochondrial respiration 

parameters was calculated and analysed using Seahorse XF Cell Mito Stress Test 

Report Generator. At baseline, HUVECs had significantly higher basal respiration 

compared to untreated cells (**p<0.01) (Figure 5.4 A). In the presence of TNF-α and 

GYY4137 treatment, a significant decrease compared with TNF-α-treated HUVECs was 

observed (*p<0.05). The ATP-linked OCR analysis revealed that HUVECs had a 

significantly elevated ATP-dependent OCR rate in the presence of TNF-α compared to 

the control (*p<0.05). Although the ATP production tends to be reduced in GYY4137 

post-treatment in TNF-α-cultured HUVECs, it did not reach significance (Figure 5.4 B).  

Proton leak (protons entering the mitochondrial matrix without producing ATP) 

assessment revealed a significant increase in TNF-α-HUVECs in comparison to 

untreated cells (***p<0.0001). GYY4137 post-treatment significantly reduced high proton 

leak levels in HUVECs subjected to TNF-α (###p<0.0001) (Figure 5.4 C). Maximal 

respiration rate analysis shows that in the presence of TNF-α, this OCR-related 

parameter tends to decrease, although the value did not reach significance. Similar, 

GYY4137 post-treatment tended to increase the maximal respiration rate in TNF-α-

treated HUVECs but did not reach significance (Figure 5.4 D). 

This data indicates differences in mitochondrial function in treated-HUVECs relative to 

untreated cells. The data highlighted the relevance of elevated proton leak, which 

suggests a dissipation of protonmotive force. Cells can switch between energy-

producing routes, thereby adapting to environmental changes. Thus, it is relevant to 

examine glycolysis as the alternative major energy-producing route in the cell. 
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Figure 5.4. Comparison of mitochondrial respiration parameters of untreated and 
treated HUVECs.  
Mitochondrial parameters calculated from OCR obtained from mitochondrial respiration 
profiles are presented as bar graphs of basal respiration (A) ATP-linked OCR production (B), 
proton leak (C) and maximal respiration (D). Wave software (Agilent) was used for data 
analyses. The data were presented as mean ± SEM (n=5). Significance was determined by 
a one-way ANOVA test followed by Sidak’s post-test comparing treatments to control, 
whereby ns., (*), (**) and (***) represent non-significant, p<0.05, p<0.01 and p<0.001, 
respectively vs. control. (#p<0.05) and (###p<0.001) represents comparison to TNF-α alone. 
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5.5.3 Analysis of glycolysis in HUVECs  

Metabolisms of glucose to pyruvate result in two primary possibilities: the metabolism of 

pyruvate to lactate or the oxidative decarboxylation of pyruvate to acetyl CoA for entry 

into the TCA cycle (Figure 5.5 A). Due to ECs obtaining >80% of energy production from 

the glycolytic activity and the Seahorse XF Glycolysis Stress Test on a Seahorse XF24 

Analyzer offers a time-resolved view of changes in glycolysis rate, HUVECs were 

subjected to Glycolysis Stress Test. The readout extracellular acidification rates (ECAR) 

detect small changes in acidification of the medium due to lactic acid synthesis, the end-

product of glycolysis. The overall ECAR profile of HUVECs showed an increased rate 

after glucose and oligomycin injections in the presence of TNF-α and GYY4137 

compounds. In addition, cells treated with TNF-α alone and GYY4137 post-treatment in 

TNF-α-treated cells share a similar ECAR profile throughout the analysis (Figure 5.5 B).  

The glycolytic parameters, including glycolysis, glycolytic capacity and glycolytic 

reserve, were calculated and analysed using Seahorse XF Cell Glycolysis Test Report 

Generator. Treatment of HUVECs with TNF-α alone leads to a significant increase in 

glycolysis and glycolytic capacity (***p<0.0001) as well as glycolysis reserve (*p<0.05) 

in comparison to control group (Figure 5.6 A-C). In the presence of TNF-α and GYY4137 

post-treatment, glycolysis and glycolytic capacity levels were significantly increased 

(***p<0.0001) compared to untreated cells. This data indicates differences in glycolysis 

function in the presence of TNF-α, specifically an enhanced ECAR profile suggesting an 

increase to sustain energetic demands upon cellular stress via the mediation of the 

glycolytic pathway, which is the primary energy source in ECs.  
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Figure 5.5. ECAR rate in TNF-α and GYY4137-cultured HUVECs.  
(A) Representation of Agilent Seahorse XF Glycolysis Stress Test and the sites of action 
of the modulators of the glycolytic pathway. (B) HUVECs were plated at 0.5x106/ well in XF 
24-well plate and treated with TNF-α and GYY4137 post-treatment prior to the day of the 
Glycolysis Stress test. Representative glycolytic profiles of HUVECs were plotted as traces 
of extracellular acidification rates (ECAR) for 12-time-points after sequential injections of 
GLUC (glucose), OLIG (oligomycin) and 2-DG (2-deoxy-glucose) using a Seahorse XF24 
Analyser. The differential glycolytic profiles from untreated and treated groups were plotted. 
Results were shown as the mean ± SEM, (n=4). Created with Bio-render.com. 
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5.5.4 Uncoupling proteins in TNF-α and GYY4137-treated  HUVECs. 

The above results showed a robust increase in proton leak rate in the presence of TNF-

α compared to untreated HUVECs. In the mitochondrion, the total proton leak is 

determined by the basal leak and proton leak processes. While the former is an 

unregulated leak, the latter is catalysed by specific mitochondrial inner membrane 

proteins named UCPs. UCPs are solute carrier proteins that regulate proton flux across 

the inner mitochondrial membrane to re-enter the matrix. UCPs appear to regulate 

mitochondrial membrane potential as inducible proton leaks result in membrane 

depolarisation (Jastroch et al., 2010; Cadenas, 2018) (Figure 5.7 A). The elevated proton 

leak data observed could result from the UCPs function. Based on the role of UCP2 in 

the vasculature and to fit with the UCPs isotype analysed in previous endothelial studies, 

RT-qPCR analysis for UCP2 mRNA level was conducted (Lee et al., 2005; He et al., 

2014; Pierelli et al., 2017). The RT-qPCR assay showed that TNF-α treatment 

significantly increased UCP2 mRNA compared to untreated HUVECs (*p<0.05). In 

addition, GYY4137 post-treatment significantly reduced the elevated UCP2 mRNA 

levels in TNF-α-treated HUVECs, restoring them to basal levels (##p<0.01) (Figure 5.7 

B).  

Figure 5.6. Comparison of glycolytic parameters in untreated and treated-HUVECs.  
Parameters of the glycolytic pathway: glycolysis (A) glycolytic capacity (B) and glycolytic 
reserve (C) calculated from ECAR profiles are displayed as bar graphs. Wave software 
(Agilent) was used for data analyses. The data were presented as mean ± SEM (n=5). 
Significance was determined by one-way ANOVA test followed by Sidak’s post-test comparing 
treatments to control; whereby ns. (*), (**) and (***) represents non-significant, p<0.05, p<0.01 
and p<0.001, respectively vs. control. 
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Figure 5.7. TNF-α and GYY4137 post-treatment effect on UCP2 mRNA levels in 
HUVECs.  
(A) Schematic representation of coupling, uncoupling proton leak components within 
mitochondria include the oxidative phosphorylation complexes, UCPs and Δψm. (B) UCP2 
mRNA  levels was analysed by RT-qPCR and calculated using the ΔΔCt value method. 
YWHAZ and EEF2 were used as housekeeper genes. Results were shown as mean ± SEM, 
(n=9). To determine statistical significance of changes in mRNA a one-way ANOVA test was 
carried out followed by Sidak’s post hoc test to normalise for multiple comparisons comparing 
treatments to control, whereby ns. and (*) represents non-significant and p<0.05 respectively 
vs. control. (##p<0.01) represents comparison to TNF-α alone. Created with Bio-render.com. 
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5.5.5 Analysis of Δψm in HUVECs. 

The Δψm is a fundamental parameter that has been used as an indicator of the function 

of mitochondria and regulates mitochondrial ATP synthesis and protonmotive force 

(Madamanchi and Runge, 2007). TNF-α-induced endothelial injury may result in 

mitochondrial membrane depolarisation and pro-apoptotic factors release (Zhou et al., 

2017, 2019). A straightforward approach to assessing Δψm of cells is to load their 

mitochondria with JC-1, a selectively accumulated probe in mitochondria. As a cationic 

dye, JC-1 accumulates in the energised mitochondria, where healthy cells with high Δψm 

form complexes known as J-aggregates that emit red fluorescence. In contrast, in 

unhealthy cells with low Δψm, JC-1 remains in a J-monomeric form that emits green 

fluorescence. The higher the red-to-green fluorescence ratio, the higher the polarization 

of the Δψm (Sivandzade, Bhalerao and Cucullo, 2019). JC-1-associated fluorescence 

intensity analysis revealed that TNF-α causes an increase in monomers’ fluorescence 

intensity (green spectrum). This switch causes an imbalance in aggregates/monomers 

rate compared to control HUVECs suggesting that the TNF-α treatment impaired the 

Δψm (Figure 5.8 A). In addition, HUVECs upon GYY4137 post-treatment displayed a 

low monomers fluorescence signal compared to the TNF-α treatment alone. 

Quantification of the JC-1 red/green fluorescence ratio showed that TNF-α significantly 

decreased Δψm compared to untreated HUVECs (*p<0.05). GYY4137 significantly 

abolished this effect by increasing the JC-1 red/green fluorescence ratio in HUVECs-

treated with TNF-α (##p<0.01) (Figure 5.8 B). These results suggest that ECs, upon 

TNF-α treatment, lose Δψm, suggesting a dissipation of Δψm and supporting that TNF-

α-mediate ED is associated with an impaired mitochondrial function, which GYY4137 

can restore.  
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Figure 5.8. Effects of TNF-α  and GYY4137 on Δψm in HUVECs.  
(A) Cells were incubated with 5 µM JC-1 dye for 20 minutes in the dark followed by wash 
with PBS. Δψm was determined by measuring fluorescence intensity for red fluorescence 
(energized mitochondria) and for green fluorescence (depolarized mitochondria) using a 
Nikon Ti-S Inverted fluorescence microscope. (B) Bar graphs of ratio red/green fluorescence 
from JC-1 assay was calculated. The data were presented as the mean ± SEM, (n=3). 
Significance was determined by one-way ANOVA test followed by Sidak’s post-test 
comparing treatments vs control group, whereby ns. and (*) represents non-significant and 
p<0.05, respectively vs. control. (##p<0.01) represents comparison to TNF-α alone. 
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5.5.6 Mitochondrial morphology and dynamic machinery in 

HUVECs. 

Mitochondria are highly dynamic organelles that constantly undergo fusion and fission 

cycles. This process is central to mitochondrial function and depends on a cell's 

metabolic state and the Δψm (Twig et al., 2008). Given that in the above data, TNF-α 

leads to Δψm loss; it is probable that TNF-α also affects the fusion/fission machinery 

and thus, mitochondria dynamics. For this purpose and to visualised mitochondrial 

morphology alterations, mitochondria were labelled by MitoTracker Red fluorescence 

probe combined with mitochondrial network analysis using the Mitochondrial Network 

Analysis (MiNA), which fits with the previous study using HUVECs as in vitro model (Rao 

et al., 2020). As expected, confocal fluorescence analysis shows that most mitochondria 

observed in the presence of TNF-α shifted from tubular and long structure to globular 

and spherical morphology (Figure 5.9 A). Mitochondria mean branch length is the 

average length (in microns) of all branches in one network. Mitochondrial network size 

is defined as the average number of branches per network (in microns). Semi-

quantitative analysis of mitochondrial network parameters showed that TNF-α 

significantly decreased the mean branch length (Figure 5.9 B) and the mean network 

size (Figure 5.9 C) compared to the control group (***P<0.0001). Furthermore, GYY4137 

post-treatment significantly ameliorated mean branch length (##p<0.01) and mean 

network size decreased (###p<0.0001) in TNF-α-treated HUVECs. These data 

suggested that TNF-α-mediates altered mitochondrial morphology. 

Subsequently, mitochondrial fission and fusion machinery were analysed to confirm 

further the impaired mitochondrial dynamic in ECs cultured with TNF-α. While fission 

and fusion dynamics are balanced under physiological conditions, vascular conditions 

or oxidative stress damage provoke a shift towards fission, resulting in excessive and 

un-regulated mitochondrial fragmentation (Shenouda et al., 2011). To assess the impact 

on the fission machinery, DRP1 mRNA levels were investigated by RT-qPCR. As 

indicated in Figure 5.10 A, DRP1 mRNA levels significantly increased in the TNF-α-

treated ECs compared to the control group (**p<0.01). Furthermore, post-treatment with 

GYY4137 significantly revoked the changes in DRP1 mRNA levels by  TNF-α treatment 

(#p<0.05).  
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Figure 5.9. Mitochondrial network parameters in HUVECs.  
Cells were treated with TNF-α and GYY4137 in a post-treatment setting. (A) Cells were stained 
with MitoTracker Red (100 nM) and imaged by confocal microscopy (red spectrum). Scale bar: 
10 µm. (B) Mean branch length and (C) mean network size were semi-quantitatively assessed 
using the Mitochondrial Network Analysis (MiNA) toolset (ImageJ). Thirty cells per group per 
independent experiment were analysed. Statistical analysis was conducted using a one-way 
ANOVA test followed by Sidak’s comparison test. Data are shown as means ± SEM; 
(n=3)(***p<0.001) vs. control while (##p<0.001) represents a comparison to TNF-α-treated 
group alone. 

 

Subsequently, to determine whether TNF-α impacts the fusion machinery, levels of pro-

fusion factors MFN1, which facilitate fusion on the mitochondrial outer membrane, were 

investigated by RT-qPCR. Analysis of mRNA levels showed that TNF-α tends to reduce 

MFN1 mRNA levels compared to control, but values did not reach significance. Notably, 

post-treatment with GYY4137 significantly elevates MFN1 mRNA levels in TNF-α-

treated HUVECs (##p<0.01) (Figure 5.10 B).  
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Finally, OPA1, essential for mitochondrial inner membrane fusion and mitophagy, was 

also investigated by RT-qPCR. Interestingly, it is observed that TNF-α significantly 

increased OPA1 mRNA (*p<0.05). Although GYY4137 post-treatment results in a trend 

to reduce OPA1 mRNA levels, the levels did not reach significance compared to TNF-α-

treated HUVECs (Figure 5.10 C). This particular increase could be related to OPA1 

regulation of the mitophagy rather than the fusion role. Overall, the results showed that 

TNF-α alters mitochondrial morphology via modulation of fission/fusion genetic profile 

and might further mediate mitophagy signalling.  

 

Figure 5.10 Disruption of the mitochondrial fission/fusion balance machinery in 
HUVECs. 
Total RNA was extracted using a Qiagen RNA extraction kit. The extracted RNA was reverse 
transcribed to cDNA and calculated using the ΔΔCt value method. (A) Analysis of pro-fission 
gene showing mRNA levels of DRP1. (B,C) RT-qPCR test of pro-fusion mRNA expression of 
MFN1 and OPA1. YWHAZ and EEF2 were used as housekeeper genes. Results were shown 
as mean ± SEM (n=6-9). One-way ANOVA test was carried out followed by Sidak’s post hoc 
test to normalise for multiple comparisons comparing treatments vs. to control (untreated 
cells), whereby ns., (*) and (**) represent non-significant, p<0.05 and p<0.01; respectively 
compared to control. (#p<0.05) and (##p<0.01) represents a comparison to the TNF-α group 
alone. 
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5.5.7 Regulation of TNF-α and GYY4137 on apoptotic-related 

proteins in HUVECs.  

The apoptotic caspase cascade signal has been associated with the release and 

redistribution of cyto c from the mitochondria to the cytosol related to the loss of Δψm 

and opening of the MPTP (Cai, Yang and Jones, 1998). During activation, caspase 3 

undergoes maturation from its unprocessed performance to its active cleaved form, 

which proteolytically cleaves a range of substrates, leading to cell death (Shalini et al., 

2014). Notably, TNF-α has been reported to mediate mitochondrial-dependent apoptotic 

pathways (Deng et al., 2017).  

Having shown that TNF-α treatment increases the apoptotic rate and dissipation of Δψm, 

the possibility that TNF-α influences apoptosis by mediating intrinsic pathway was 

investigated. To this end, proteins extracted from HUVECs upon TNF-α and GYY4137 

experimental design were separated by electrophoresis and incubated with anti-cyto c, 

anti-caspase 3 and anti-cleaved caspase 3 antibodies with actin as a loading control 

(Figure 5.11 A). Quantification of immunoblotting by ImageJ revealed that TNF-α 

significantly increased cyto c protein expression in the cytosol of treated-HUVECs 

compared to control cells (*p<0.05). Post-treatment with GYY4137 was able to 

significantly reduce cyto c protein accumulation in the cytosol (#p<0.05) (Figure 5.11 B). 

Notably, there was no significant change in the expression of caspase 3 protein in the 

presence or absence of GYY4137 and TNF-α (Figure 5.11 C). Furthermore, the 

increased protein expression of cleaved caspase 3 was significantly reduced by 

GYY4137 post-treatment in TNF-α-treated cells (#p<0.05) (Figure 5.11 D).  
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Figure 5.11 TNF-α and GYY4137 modulated apoptotic-associated proteins in HUVECs.  
Once TNF-α and GYY4137 treatments were conducted, protein concentration was determined 
by BCA assay. The nitrocellulose membranes were incubated with antibodies against cyto c, 
caspase 3, cleaved caspase 3 and actin (loading control) and detected by the LICOR imaging 
system. (A) Densitometry analysis of blots was performed by ImageJ software. (B) Bar graph 
showing cyto c, (C) caspase 3 and (D) cleaved caspase 3 quantification relative to control. 
Results were shown as mean ± SEM; (n=3-5). Significance was determined by a one-way 
ANOVA test followed by Sidak’s post-hoc test comparing treatments to control (untreated 
cells), whereby ns. and (*) represent non-significant and (p<0.05) vs. control. (#p<0.05) 
represents a comparison to TNF-α alone. 

 

 

 

 



183 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

5.6 Discussion 

This chapter investigated whether TNF-α-induced ED is associated with impaired 

mitochondrial function. When dissecting the possible causes for excessive ROS 

formation and apoptosis observed in TNF-α-treated HUVECs, it was possible to rule out 

that the defective cells have impaired uncoupling proton leak in the mitochondria 

displayed dissipation of Δψm, which subsequently allowed cyto c release into the 

cytosol. In addition, cells exposed to TNF-α exhibit mitochondrial fragmentation 

alongside defective fission/fusion machinery. In addition, H2S slow-releasing donor, 

GYY4137, repressed mitochondrial dysfunction reported upon TNF-α treatment.  

It is now clear that organisms have developed a method of utilising ROS in critical 

processes at cellular levels (e.g. AMP-activated kinase), systems-level (e.g. thyroid 

peroxidase function) (Moreno et al., 2002) or immune system (e.g. lacking NOX2 in 

granulomatous disease) (Mauch et al., 2007). On the other hand, excessive ROS 

formation with inefficient antioxidant defence can cause damage to cellular constituents, 

including DNA, proteins and lipids, contributing to vascular-related diseases (Nakamura 

et al., 2012; Zhang, 2018; Gavazzi and Faury, 2021). 

Major sources of ROS include cellular respiration and metabolic processes. The 

generation of mitochondrial ROS results from oxidative phosphorylation as a by-product 

(Zorov, Juhaszova and Sollott, 2014). ROS are observed as a cascade of transitions 

from one species to another, typically with an initial reaction forming O2
•¯. In addition, 

mitochondria are the source of ROS in vascular cells and represent targets for ROS 

attack, such as peroxynitrite (Zorov, Juhaszova and Sollott, 2014). Many diseases, 

including cardiovascular, acute kidney injury and diabetes, have been reported that 

oxidative stress can result in mitochondrial dysfunction (Sivitz and Yorek, 2010; 

Nakamura et al., 2012; Yuan et al., 2019). Therefore, it is essential to understand the 

effect of mitochondrial ROS signalling on TNF-α-mediated ED. In line with previous 

studies, TNF-α increases mitochondrial O2
•¯ levels, as evidenced MitoSox microscopy 

analysis (Zhao et al., 2017). Furthermore, high-glucose models demonstrated the ability 

to decrease mitochondrial ROS and endothelial impairment by NaHS pre-treatment 

(Guan et al., 2012) and co-treatment with DATS in HUVECs (L. L. Liu et al., 2014). 

Additionally, the mitochondrial-targeted H2S donor, AP39, exhibits comparable findings 

in microvascular ECs challenged with high-glucose culture (Gerő et al., 2016).  
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Spassov and co-authors have shown by microscopy analysis that post-treatment of 

GYY4137 in stretched HUVECs decreases O2
•¯ radical levels (Spassov et al., 2022). 

These observations align with the current O2
•¯ fluorescence intensity signal under a post-

treatment with GYY4137 in TNF-α-treated HUVECs. In contrast to Spassov's study, an 

inflammatory stimulus rather than physical stress was conducted here. Besides in vitro 

and in vivo evidence, precautions must be considered as fluorescent probes for 

mitochondrial-localised ROS, such as MitoSOX, are not fully quantitative methods 

(Zielonka and Kalyanaraman, 2010). Nevertheless, this probe might be a suitable 

indicator of overall changes in the intracellular redox state. Through HPLC-combined 

MitoSox analysis, robust results could be obtained (Zielonka and Kalyanaraman, 2010).  

To note, alternative mitochondrial elements such as p66shc and monoamine oxidase 

(MAOs) proteins can contribute to mitochondrial ROS levels. For instance, MAOs 

mediated increased ROS production, contributing to adverse remodelling in the heart 

with maladaptive hypertrophy (Kaludercic et al., 2010). Within the mitochondria, p66shc 

catalysed electron transfer from cyto c to O2, and its role as a mitochondrial ROS-

generating source has been demonstrated by its deletion in rodents (Lisa et al., 2009). 

Contributing to mitochondrial ROS generation might be a combination of different 

mitochondrial sources. 

The balance between production and degradation is essential for the survival of 

organisms. Exposure to an extreme oxidising environment has led organisms to develop 

defence mechanisms, including antioxidant defences (e.g., SOD, CAT and GPX 

enzymes). Non-enzymatic antioxidants are represented by ascorbic acids such as 

vitamin C, E, flavonoids and GSH. (Valko et al., 2007). Inhibition of ROS-metabolising 

systems has implications for cancer treatment since malignant cells depend highly on 

SOD for protection (Huang et al., 2000). Interestingly, in the present study, HUVECs 

treated with TNF-α expressed an increased SOD2 and CAT gene-transcriptional levels. 

These findings differ from previous studies reporting decreased antioxidant molecules in 

HUVECs exposed to TNF-α. However, the authors tested antioxidant activity, while in 

the present study, mRNA levels were assessed (Sun et al., 2012; Zhou et al., 2017).  
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Here, in the presence of GYY4137, the target genes displayed higher mRNA levels, 

suggesting that exogenous H2S donor might enhance the already alert antioxidant 

defence. However, RT-qPCR analysis only offer partial information and further analysis, 

including protein expression and enzyme activity it is required to have a full picture 

regarding antioxidant defence.  

Enhanced ROS production is associated with impaired OXPHOS capacity in the 

endothelium. OXPHOS and glycolysis are the two major energy-producing pathways in 

the cells, switching between them based on the surrounding environment (Kaczara et 

al., 2016). Recent reports described that although ECs are mainly glycolytic, 

proliferating, and lymphatic ECs can use OXPHOS for fatty acid oxidation to sustain 

DNA synthesis and epigenetic regulation of gene expression (Schoors et al., 2015; 

Wong et al., 2016). In the present work, the energetic demand of the cell under baseline 

conditions was significantly increased in the presence of TNF-α alone and with GYY4137 

post-treatment. The opposite effect was observed in cardiomyocytes in the presence of 

10 ng/ml TNF-α for 24 h, restored after NaHS exogenous treatment (Lee et al., 2019). 

Notably, a recent study found that co-stimulation with interferon-gamma (IFN-γ) and 

TNF-α (5 ng/ml) increases basal respiration and ATP-linked OCR production in 

cardiomyocyte cells. In addition, the authors showed induction in proton leak, indicating 

an alteration of the mitochondrial integrity (Nunes et al., 2021). Here, an increase in drive 

ATP formation could be linked to TNF-α-induced stress resulting in an initial energetic 

demand, enhanced proton leak (Hill et al., 2012), or increased glycolysis (Vaughan et 

al., 2013).  

Notably, proton leak was significantly elevated in the presence of TNF-α and reduced 

after GYY4137 cultured-HUVECs. The significant increase in TNF-α treatment aligns 

with previous observations in cardiomyocytes and adipocyte cells (Hahn et al., 2014; 

Nunes et al., 2021). Exogenous H2S treatment results in a robust proton leak decrease 

in TNF-α-challenge ECs, which is in line with AP39 effects in CSE-compromised ECs 

(Sanchez-Aranguren, Rezai, et al., 2020). The maximum rate of respiration the cell can 

achieve was insignificant in any group; HUVECs cultured with TNF-α seem to have a 

low level. This finding aligns with a previous study where TNF-α (10 ng/ml) cause a 

reduction in maximal respiration and spare respiratory capacity in vitro (Lee et al., 2019). 

These observations hint that, under specific scenarios, cells may respond to TNF-α with 

an elevation of specific bioenergetic parameters to maintain cellular energy demand. 
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Conversely, that adverse effect might be distinctive for mitochondrial’ parameters 

associated with ETC flux.  

Although the Mito Stress test offered considerable information about the mitochondrial 

bioenergetics profile, mitochondria content in ECs is low compared with other cell types 

(Du et al., 2021). Overall glycolytic parameters were also increased by TNF-α treatment 

in HUVECs. Glycolysis and glycolytic capacity remained elevated after GYY4137 post-

treatment in ECs CSE-knockdown ECs showed a significant increase in ECAR glycolytic 

parameters, supporting that under cellular stress, ECs could upregulate the glycolytic 

pathway to sustain energetic demands (Sanchez-Aranguren, Ahmad, et al., 2020). It has 

been reported that an increase in the activities of several glycolytic enzymes may 

precede the metabolic changes in cardiac hypertrophy and that TNF-α (100 ng/ml, 24h) 

alters mitochondrial biogenesis machinery leading to elevate glucose oxidation (Palomer 

et al., 2009). 

Since in this study, HUVECs were analysed just after 24h with TNF-α treatment for 3 

hours; it is feasible that changes in the glycolysis rate may occur after the initial increase 

in glucose oxidation. Alternatively, maintenance of Δψm might also explain the glucose 

metabolism described in this study as ECs maintain Δψm using ATP produced in 

glycolysis and impaired mitochondrial respiration; or high glycolytic activity can induce a 

switch of the ATP synthase to work in reverse mode (Yao et al., 2011; Kaczara et al., 

2016). Nevertheless, quantitative and pathway analysis of sulfhydrated peptides by LC-

MS/MS revealed that H2S promotes aerobic glycolysis during stress in β cells in 

association with S-sulfhydrated proteins such as pyruvate carboxylase, suggesting an 

adaptive mechanism for the survival of β cells to chronic endoplasmic reticulum stress 

controlling hyperglycaemia in diabetes (Gao et al., 2015). These results imply that TNF-

α can alter ECs’ homeostasis environment by relying on glucose oxidation to sustain 

energetic demand as the primary energy source. In addition, H2S can partially enhance 

glycolysis via post-translational modification of proteins.  

Inducible proton leak is catalysed by specific mitochondrial inner membrane potential 

proteins, UCPs. It is recognised as a sign of mitochondrial damage (Brand et al., 2004) 

by mitochondrial ROS (Starkov and Fiskum, 2003). This statement agrees with the 

excessive UCP2 mRNA levels observed in TNF-α treated-HUVECs. However, the data 

were analysed for informative purposes due to discrepancies regarding UCPs' role in 
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vascular cells (He et al., 2016). Several authors have reported the beneficial role of 

UCP2 in high-glucose-induced apoptosis in HUVECs (He et al., 2016) and the 

impairment of cell function in UCP2 knockout mice (Hass and Barnstable, 2019). 

On the other hand, the evidence described increased mitochondrial UCPs expression in 

the hyperthyroid rat heart associated with increased uncoupling and myocardial 

deficiency (Boehm et al., 2001). Low doses of uncouplers on TNF-α-mediated 

inflammatory activation of ECs revealed that long-term (4 days) mild uncoupling did not 

alter mitochondria mtDNA, improving mitochondrial quality control of fragmented 

organelle and enhanced antioxidant defence and Δψm (Romaschenko et al., 2015). 

Further investigation is required to determine whether UCPs increased by TNF-α would 

implicate a protective mechanism in ECs. Based on the data, it is possible to suggest 

that TNF-α alters the proton efflux in HUVECs as the UCP2 mRNA level is affected, and 

proton leak indicates an effect on the protonmotive force. However, the analysis of UCP2 

was conducted only using mRNA levels; therefore, further research on the translational 

level is required.  

Notably, UCP2 has crosstalk with ROS as evidence that uncoupling proteins enhances 

ROS production and dissipates Δp (Brookes, 2005). In addition, ROS also seems to 

cause an increase in inducible proton leak, which is regulated by Δψm (Boveris and 

Chance, 1973; Starkov and Fiskum, 2003). Indeed, peroxynitrite was reported to 

stimulate state four respiration accompanied by a decrease in Δψm and an increase 

suggesting an increase in the proton leak in rat brain mitochondria (Brookes et al., 1998). 

Reduction in Δψm is described as a phenomenon in mitochondrial uncoupling 

(Kadenbach, 2003). For instance, an examination of stress rat brain mitochondria 

reported a proton leak increase and a decrease in Δψm (Brookes et al., 1998). The 

florescent-imaging assay revealed that TNF-α-treated HUVECs lost Δψm, suggesting a 

dissipation of the Δp. Damage to mitochondria by pathological stress results in Δψm 

collapses, leading to the activation of cell death pathways and the development of CVD 

and metabolic diseases (Sivitz and Yorek, 2010; Tahrir et al., 2019). Cellular stress 

manifesting in reduced Δψm is ameliorated by post-treatment with GYY4137.  

The protective role of H2S by attenuation of Δψm can be found in several experimental 

models, including ED (Wen et al., 2013), the ischemia-reperfusion model (Wetzel and 

Wenke, 2019) and high-glucose treated cells (N. Liu et al., 2017). Mitochondrial-targeted 
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H2S donors also normalise Δψm as a protective mechanism against hyperglycemic injury 

in microvascular ECs (Gerő et al., 2016). 

This suggests that TNF-α mediate impaired mitochondria function at proton leak and 

uncoupling levels, which is translocated to the Δψm and results in its dissipation. 

Exogenous H2S can restore these different cellular markers to basal levels in ECs. 

Although the JC-1 probe is widely used to examine Δψm, semiquantitative information 

can only be acquired from this probe. This limitation is based on the sensitivity of the JC-

1 aggregate form that can change upon H2O2 (Chinopoulos, Tretter and Adam-Vizi, 

1999), which requires precautions during the interpretation of results. JC-1 is a “yes/no” 

assessment for this thesis to determine mitochondria's polarised and unpolarised states 

(Perry et al., 2011). 

Δψm is a crucial determinant of mitochondrial structure, and its dissipation has been 

shown to cause mitochondrial fragmentation by modifying mitochondrial dynamic 

machinery toward fission (Collins et al., 2002). As double membrane-bound organelles, 

mitochondria are characterised by tubular shape, which vary according to the cell type 

and cellular state (Bereiter-Hahn, 1990; Rafelski and Marshall, 2008). To maintain cells 

throughout life, mitochondria undergo continuous fission and fusion cycles that balance 

their morphology, number, distribution and function (Twig, Hyde and Shirihai, 2008). A 

shift toward fusion favours interconnected mitochondria, whereas a displacement of the 

mitochondria balance toward fission forms mitochondrial fragments (Collins et al., 2002). 

The present study assessed and quantified fluorescence analysis of the mitochondrial 

network in untreated and treated HUVECs by ImageJ plugin software. The work 

presented here showed that HUVECs exposed to TNF-α exhibit mitochondrial 

fragmentation as evidenced by the vesicular rather than tubular shape, significantly 

reducing the mitochondrial branch length and the network size. In addition, GYY4137 

restore homeostatic cells’ mitochondrial structure in TNF-α-treated ECs. Mitochondrial 

dynamic genes were analysed to assess whether or not TNF-α-induced mitochondrial 

fragmentation was induced through fission and fusion machinery.  

Exposure of HUVECs to TNF-α manifests an imbalance in the fission/fusion cycle at the 

transcriptional level, as evidenced by the reduction in the pro-fusion mRNA MFN1 

expression and increased pro-fission DRP1 mRNA levels. The effect of TNF-α is 

consistent with early studies, which showed that in vitro models exposed to TNF-α (10 
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ng/ml) decreased Δψm and increased mitochondrial DRP1 phosphorylation and protein 

expression in alveolar epithelial cells  (Y. C. Chen et al., 2021). The protective role of 

exogenous H2S through the orchestration of mitochondrial dynamics has been reported 

in apoptotic (Hao et al., 2019) and high-glucose ECs (N. Liu et al., 2017). Consistent 

with these reports, GYY4137 revoke fragmentation by reducing pro-fission and 

increasing pro-fusion genes.  

Interestingly, TNF-α treatment causes a significant increase in the mRNA levels of 

OPA1. OPA1 is a dynamic-like GTPase that regulates mitophagy through fusion-

dependent and independent mechanisms and has been previously reported to offer 

protection again myocardial infarction and cardiomyocyte reperfusion by promoting 

mitophagy (Cao et al., 2019; L. Guan et al., 2019; Xin and Lu, 2020). Intriguingly, the 

pro-fusion protein OPA1 has been involved in the TNF-α-NF-κB-OPA1 regulatory 

pathway, where the activation of NF-κB ultimately increases the production of OPA1 

protein (Nan et al., 2017; Erchova, Sun and Votruba, 2021). Although further studies are 

required to determine the impact of TNF-α in mitophagy, as only gene-transcriptional 

expression was examined, the present work proposes a mechanistic model in which 

TNF-α may exhibit a dual effect by causing mitochondrial fragmentation as well as 

increased mitophagy in ECs.  

The activation of the pro-death pathway is accompanied by the collapse of the reticular 

form of mitochondria into fragments, which are dysfunctional mitochondria selectively 

targeted for mitophagy-promoting cell survival or when the oxidative stress is high 

apoptotic pathway is onset (Bordi, Nazio and Campello, 2017; Martinez-Carreres, 

Nasrallah and Fajas, 2017). Excess ROS formation switches the redox state, leading to 

mitochondria damage by opening the PTP, which fails to maintain Δψm and cannot 

import mitochondrial proteins synthesised into the cytosol. Suppose a large portion of 

the mitochondrial population opens their pores. In that case, this can disrupt the outer 

mitochondrial membrane, release cyto c and set up apoptosis-inducing proteins (Cai, 

Yang and Jones, 1998). In this regard, TNF-α has been reported to activate caspases, 

including initiator and executor caspases, via extrinsic and intrinsic pathways (Pang et 

al., 2007; Álvarez et al., 2011).  
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TNF-α leads to cytosolic cyto c release and activation of executors caspase 3 and 6 in 

ECs (Daniel et al., 2004) and progenitor ECs (Xu et al., 2011). The current study 

supports previous observations regarding TNF-α-mediated cyto c redistribution into the 

cytosol as evidence of immunoblotting in HUVECs.  

Notably, it has been reported that mitochondrial permeability transition pore is required 

for TNF-α-mediated cyto c release and cell death in hepatocytes (Bradham et al., 1998) 

which was also confirmed in fibroblasts (Tafani et al., 2000), suggesting that the 

observed cyto c re-localisation might be accompanied by the opening of MPTP. TNF-α-

induced cyto c translocation from mitochondria to cytosol was reversed by co-incubation 

with vitamin C, a known antioxidant agent, blocking apoptotic signalling in HUVECs 

(Rössig et al., 2001).  

In the current study, mitochondrial cyto c was released to the cytosol in TNF-α treated 

HUVECs, alleviated by H2S post-treatment. Although the H2S effect on cyto c 

accumulation has been previously assessed in HUVECs treated with H2O2 (Wen et al., 

2013) and high-glucose (N. Liu et al., 2017), the authors focused on a pre-treatment 

approach with a fast-release donor. To our knowledge, the present work is a pioneer 

study regarding H2S revoking role in TNF-α-induced cyto c release by post-treated 

HUVECs. 

Previous studies showed increased caspase 3 protein with TNF-α (20 ng/ml) treatment 

for 2 hours in HUVECs (Fratantonio et al., 2018). In contrast to this data, the present 

study did not show any change in caspase 3 protein expression in the presence of TNF-

α. However, this discrepancy might be attributed to the low dose of TNF-α used here. 

On the other hand, TNF-α tends to increase cleaved caspase 3 protein expression, in 

contrast to a previous study showing elevation of cleaved caspase 3 by TNF-α has been 

previously described in ECs (Xu et al., 2011). Furthermore, NaHS pre-treatment 

abolished cleaved caspase 3 expressions in the presence of high-glucose HUVECs  (Lin 

et al., 2018) and rat aortic ECs (N. Liu et al., 2017). In line with these reports, post-

treatment with GYY4137 reduced cleaved caspase 3 expressions. During activation, the 

maturation of caspase 3 occurs to its active cleaved form, which exerts its pro-apoptotic 

role (Shalini et al., 2014). Thus, the change in cleaved caspase 3 rather than its pro-

caspase 3 in the presence of TNF-α could be attributed to the maturation process and 

analytic examination of the sample, whereby at the time of immunoblotting analysis, pro-
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caspase 3 has already been cleaved. A time-dependent analysis of the TNF-α effect on 

executor caspases could offer an attractive insight into the cytokine signalling processes.  

In summary, the work presented in this chapter suggests that upon TNF-α treatment, 

mitochondrial function and dynamics are dysfunctional. Furthermore, exogenous H2S is 

beneficial for altered-ECs at the mitochondrial level, indicating that the anti-apoptotic role 

observed in the previous chapter can be associated directly with mitochondria function. 

However, future work is needed to gain more information about specific signalling 

pathways such as mitophagy.  
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6 Preliminary assessment and quantification of 

protein S-sulfhydration in HUVECs 
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6.1 Introduction 

Previous chapters demonstrated that TNF-α could induce a dysfunctional phenotype in 

ECs. Furthermore, H2S donor GYY4137 was able to alleviate TNF-α-induced ED. These 

observations investigated the signalling mechanism by which H2S mediates its beneficial 

effects in TNF-α-induced ED with GYY4137 post-treatment.  

Post-translational modification (PTMs) refers to the covalent modification of proteins, 

proteolytic cleavage of regulatory subunits, or degradation of entire proteins following 

protein biosynthesis, increasing the complexity from the genome to the proteome level. 

PTMs occur at distinct amino acid side chains and influence proteins' activity, localisation 

and/or interactions with other molecules (Chen et al., 2022). PTMs categories include 

phosphorylation, methylation, acetylation and ubiquitylation (Altaany et al., 2014; 

Krajewski, 2019; Deng and Marmorstein, 2021). For example, phosphorylation is the 

most well-studied PTMs as it is critical in regulating many cellular processes by adding 

phosphate groups via kinases (Ardito et al., 2017b). 

H2S has been proposed to regulate biological functions via reversible PTMs, called 

protein S-sulfhydration (Bindu D Paul and Snyder, 2015b). Protein S-sulfhydration is 

characterised by converting a protein's thiol group (R-SH) to persulfides (R-SSH) and 

can occur by nucleophilic attack of an HS— anion on the sulfur atoms of disulfides, -SNOs 

or -SOHS, as well as by the transsulfuration reaction (Iciek et al., 2016). S-sulfhydration 

can change the original function of a protein, serving as a relevant switch or regulator in 

many physiological and pathophysiological processes (Sanchez et al., 2022).  

Since its description as an abundant post-translational modification in biological 

samples, as exemplified by 10-25% of GADPH, actin and β-tubulin being sulfhydrated 

under physiological conditions, various cellular signalling and biological pathways have 

been reported (Mustafa et al., 2009). For instance, the S-sulfhydration of eNOS 

increases its activity by promoting eNOS phosphorylation and ultimately expanding NO 

bioavailability (Altaany et al., 2014). Ion channels such as ATP-sensitive potassium 

(KATP) and Ca2+ transient receptor potential (TRP) have also been reported to be S-

sulfhydrated, allowing cells to respond to extracellular changes (Jiang et al., 2010; Y. Liu 

et al., 2014). 
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Interestingly, Li and Yang (2015) showed that S-sulfhydration of interferon regulatory 

factor-1 (IRF-1) improves its binding to DNA methyltransferase 3a, making it unable to 

methylate mitochondrial transcription factor A (TFAM) promoter, enhancing 

mitochondrial biogenesis (Li and Yang, 2015). Furthermore, certain sirtuins such as 

SIRT3 undergo S-sulfhydration, which enhances their catalytic activity, ultimately 

leading to the reduction of mitochondria dysfunction, improvement of mitochondrial ETC 

activity and ATP production in the vasculature (R. Guan et al., 2019; Sun et al., 2019). 

One of the significant and well-established defence antioxidant mechanisms, the Keap1-

Nrf2 system, is S-sulfhydrated by H2S (Calvert et al., 2009). Under basal conditions, Nrf2 

is expressed at low levels, mainly by Keap1-mediated proteasomal degradation (Itoh et 

al., 1999). Keap1, a redox-regulated adaptor, binds to Nrf2 through its C-terminal Kelch 

domain, which binds with the DLG and ETGE motifs in the (Nrf2-ECH homology 2 (Neh2) 

domain of Nrf2 (Kobayashi and Yamamoto, 2006). In addition, the N-terminal bric-a-brac 

(BTB) domain in Keap1 binds with the ubiquitin ligase complex Cul3-Rbx1, facilitating 

the ubiquitination of Nrf2 in the cytoplasm and degradation by 26S proteasome  

(Furukawa and Xiong, 2005). The constitutive degradation of Nrf2 ensures that only 

required genes for maintaining homeostasis are expressed (Kaspar, Niture and Jaiswal, 

2009).  

While over 27 Cys residues in Keap1 may be a molecular target of thiol-reactive chemical 

induces, there are four Cys residues (Cys257, Cys273, Cys288 and Cys297) that are the 

preferred sites of labelling (Dinkova-Kostova et al., 2002). Two Cys residues located in 

the linker domain of Keap1, Cys273 and Cys288 are critically required for Keap1-mediated 

repression of Nrf2-dependent transcription under basal conditions. On the other hand, 

from the three Cys expressed in the Keap1 BTB domain (Cys77, Cys151 and Cys171), 

Cys151 is uniquely required for inhibition of Keap1-dependent degradation of Nrf2 with a 

disruption between Nrf2 and Cul3-Rbx1; and activation of Nrf2-dependent transcription 

by oxidative stress. Therefore, Nrf2 avoids proteasomal degradation, stabilises and 

translocates into the nucleus. Furthermore, PTMs on Keap1 are uniquely dependent 

upon the integrity of Cys151. Thus, Cys151 has become the most well-characterised in the 

literature as it provides a bridge between the ability of inducers to block Keap1-mediated 

repression of Nrf2 and to induce post-translational modification of proteins of Keap1 

(Zhang and Hannink, 2003; Kaspar, Niture and Jaiswal, 2009). 
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In the nucleus, Nrf2 can form a heterodimer with sMaf or Jun proteins, which are 

recognised and bind to the antioxidant response element (ARE) region (Katsuoka and 

Yamamoto, 2016). The activation of ARE results in the expression of specific genes that 

protect the cell from permanent damage. The encoded proteins include phase II 

xenobiotics- antioxidants, DNA repair enzymes, anti-inflammatory proteins and cell 

metabolism (Figure 6.1) (Kaspar, Niture and Jaiswal, 2009). Research data showed that 

S-sulfhydration of Keap1 induces dissociation of Nrf2 from the Keap1/ubiquitin complex 

and promotes Nrf2 nuclear translocation, which can cause a wide range of downstream 

genes with antioxidant roles to be activated (Yamamoto et al., 2008; Meng et al., 2017). 

The importance of H2S-mediated S-sulfhydration of the Keap1-Nrf2 system has been 

observed as beneficial in several cardiovascular conditions in vitro and in vivo (Meng et 

al., 2018). 

H2S has been reported to exhibit cardioprotective effects under ischemic stress by S-

sulfhydration Keap1 and promoting nuclear translocation of Nrf2 (Yang et al., 2013b). 

Regulation of the Nrf2-downstream signalling by H2S showed protection against cellular 

senescence (Yang et al., 2013a) and suppressing atherosclerotic phenotype in HUVECs 

(Xie, Gu, et al., 2016). In addition, Nrf2 has been positively associated with mitochondrial 

biogenesis and ROS production (Ryoo and Kwak, 2018). However, DATS administration 

showed protection against myocardial ischemia/reperfusion injury in mice by regulating 

mitochondrial respiration and NO bioavailability but without Nrf2-dependent signalling 

(Predmore et al., 2012). As such, the H2S-mediated effect on Nrf2-downstream signalling 

may vary on different H2S-releasing compounds and cell types.  
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Figure 6.1 Schematic overview of the redox sensor Keap1-Nrf2 system.  

Under basal conditions, Nrf2 is continuously sequestrated by Keap1 and depredated 
by 26S proteasome. Under the stressed state, the Keap1-Nrf2 complex is disrupted, 
leading to activation and further nuclear translocation of Nrf2. In addition, activated Nrf2 
accumulates in the nucleus, interacting with other transcription factors and ARE regions 
on target genes. Target genes encode proteins involved in antioxidants, detoxification, 
metabolism, and inflammation processes. Adapted from (Bindu D Paul and Snyder, 
2015a). 

 

During inflammation and apoptotic signalling, caspase 3 is the most crucial executor in 

extrinsic and intrinsic apoptotic pathways (Chandrasekar et al., 2004). S-sulfhydration 

also plays a role in apoptosis signalling as there is evidence of S-sulfhydration of 

caspase 3 at Cys163, which caused downregulation of caspase 3 activity, and ultimately 

offered protection against neuronal ischemia-reperfusion injury (Marutani et al., 2015). 

As a pro-apoptotic enzyme, caspase 3 activity has been associated with vascular 

dysfunction and cell death (Chen et al., 2011). In addition, recent work has suggested 

an effect of fast-release H2S donors in caspase cascade signalling.  
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The authors showed rapid inhibition of caspase 3 activity via S-sulfhydration of its 

catalytic site by biochemical analysis in carcinoma HeLa cells (Braunstein et al., 2020). 

Remarkably, a proteomic study recently revealed thousands of sulfhydrated proteins in 

the vascular cells and different S-sulfhydration intensities in a cell type-dependent 

manner. (Bibli et al., 2021). This evidence suggests that H2S signalling via S-

sulfhydration could be through a pleiotropic signalling network, in which distinct S-

sulfhydrated proteins may be simultaneously regulated based on the stressed stimuli, 

biological sample and cell demands.  

6.2 Aims 

Following previous chapters, molecular and biological experiments have shown that 

intracellular H2S content is stimulated by the GYY4137 donor and revokes ED, partly by 

decreasing oxidative stress and apoptosis. This chapter aimed to investigate whether S-

sulfhydration is an underlying signalling mechanism mediated by GYY4137 to exert its 

beneficial effects in TNF-α-induced ED.  

• To establish a suitable S-sulfhydration detection method. 

• To assess S-sulfhydration of oxidative stress sensor, Keap1, in HUVECs. 

• To investigate Nrf2 regulation and its downstream signalling in HUVECs. 

• To assess S-sulfhydration of the pro-apoptotic enzyme, caspase 3, in HUVECs. 

6.3 Material and Methods 

6.3.1 Endothelial cell culture 

HUVECs were routinely maintained in T75 flasks with the complete supplemented 

medium at 37°C and 5% CO2 (see section 2.2.2). Endothelial seeding and experimental 

settings were explicitly conducted for each assay following general maintenance, as 

indicated in section 2.2.3. Cells were treated following the post-treatment experimental 

design with TNF-α (1 ng/ml) for 3 hours, followed by post-treatment with GYY4137 at a 

non-toxic concentration (100 µM) for 21 hours, giving an overall 24 hours experimental 

treatment. Next, HUVECs were analysed specifically for the desired assay. In general, 

cells were divided into four groups unless otherwise stated: control (untreated cells), 

GYY4137 (alone), TNF-α (alone), TNF-α + GYY4137 (post-treatment model).  
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6.3.2 Maleimide Red assay 

The maleimide-based assay was conducted to detect protein S-sulfhydration. For full 

details, see section 2.19.  

6.3.3 Modified Biotin switch assay 

Protein S-sulfhydration was assessed by applying the Modified Biotin switch assay as 

described in section 2.20.  

6.3.4 Fluorescence microscopy 

Fluorescence analysis of Nrf2 localisation was assessed as described in section 2.9.2.  

6.3.5 Western blot 

Immunoblotting analysis of NQO1 and GcLC was assessed as described in section 2.17. 

Nuclear extraction was conducted as described in section 2.13 and immunoblotting 

analysis of Nrf2 was conducted following section 2.17. 

6.3.6 Caspase 3/7 activity assay 

The Caspase-Glo 3/7 assay kit was conducted to assess caspase 3/7 activity following 

the manufacturer's instructions [Promega, GmbH, Southhampton, UK]. For full details of 

the experiment, please refer to section 2.7.  

6.3.7 Statistical analysis 

All values presented are as mean ± SEM. Unless otherwise stated, all usually distributed 

variables between two groups were compared by unpaired Student t-test. When 

comparing three groups or more one-way ANOVA followed by Sidak's post-hoc 

comparisons was applied. For statistical tests, p values less than 0.05 (p<0.05) were 

considered significant. 
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6.4 Results 

6.4.1 Preliminary analysis of S-sulfhydrated proteins using 

Maleimide assay. 

Multiple methods are described in the literature to detect S-sulfhydrated proteins 

(Filipovic et al., 2018). One main barrier to detecting S-sulfhydrated groups is the 

instability and similar reactivity to other sulfur species (Filipovic, 2015). To find a suitable 

method to detect S-sulfhydration, this chapter compared two methods (1) maleimide 

assay and (2) modified biotin switch assay. 

Snyder's group proposed a modified NEM (N-ethylmaleimide) method for the persulfide 

labelling of purified proteins. Cy5 red maleimide was used to block free thiols and 

persulfides (Sen et al., 2012). The product of this reaction can be reduced by DTT, 

resulting in a decrease of the in-gel fluorescent signal; as a readout for persulfide group 

levels (Sen et al., 2012). EA.hy926 cells were used to conduct a preliminary analysis 

with or without non-toxic GYY4137 concentration (Figure 6.2 A).  

Unexpectedly, in-gel total protein images with cultured GYY4137 did not show loss of 

fluorescence signal following DTT treatment, and no apparent bands were changed after 

DTT incubation, as indicative of S-sulfhydration. As shown in Figure 6.2 B, specific 

proteins (indicated by white arrows) displayed higher fluorescence signals than the 

overall blot.  

Immunoblotting of actin was conducted based on the molecular weight and previously 

reported S-sulfhydrated proteins at similar conditions (Mustafa et al., 2009) (Figure 6.2 

C). S-sulfhydrated actin has been previously linked to the rearrangement of the actin 

cytoskeleton by polymerisation (Mustafa et al., 2009). In the current work, only a 

preliminary examination of cytoskeletal architecture was visualised by confocal 

microscopy using F-actin staining with phalloidin displaying a reorganisation of the 

filamentous actin (S.6.1). However, based on this observation, it is impossible to 

conclude that H2S donors directly affect the cytoskeletal actin network via S-

sulfhydration-mediated polymerisation. Future examinations could offer a fascinating 

insight into the filamentous actin network and cells’ cytoskeleton.  
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6.4.2  Preliminary Detection of S-sulfhydrated proteins using 

Modified Biotin Switch assay. 

The modified biotin switch assay, a modification of the S-nitrosylation assay, was the 

first method proposed in the literature for labelling and detecting protein S-sulfhydration. 

After free thiols were blocked with MMTS, the undisturbed thiol modifications (-SSH) 

were labelled with biotin-HPDP conjugated and captured by streptavidin beads (Figure 

6.3 A).  

Figure 6.2 Preliminary analysis of S-sulfhydration using the Maleimide assay in 
EA.hy926 cells. 
(A) Schematic overview of red maleimide method. In this detection assay both persulfide 
and free thiol would be blocked by the thiol fluorescently labelled Cy5 conjugated 
maleimide (5 µM). The adduct of persulfide and Cy5 red maleimide is a disulfide that will 
be then cleaved by the DTT leading to a decrease of the fluorescence signal in the samples 
containing persulfides. (B) Red fluorescence intensity in untreated and GYY4137 group 
with or without DTT in endothelial cells. Arrows indicate protein bands with intense 
fluorescence signal. (C) Immunoblotting using anti-actin antibody was conducted by SDS-
PAGE western blot. (n=1) 
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To confirm whether this assay could detect S-sulfhydrated proteins, preliminary analysis 

using EA.hy926 cells as in vitro model and a fast-release H2S donor, NaHS was 

conducted.  As shown in Figure 6.3 B, the immunoblotting expression of S-sulfhydrated 

actin was higher upon NaHS treatment than in untreated cells. In addition, densitometry 

blots showed that S-sulfhydrated actin expression was strongly reduced in the presence 

of DTT. This preliminary data suggests that in the presence of an H2S-releasing donor, 

the modified biotin switch assay may detect the formation of persulfide groups due to 

Cys residue modification in ECs-proteins. Consequently, in this chapter modified biotin 

switch assay was selected as a suitable method to provide a semiquantitative estimate 

of protein S-sulfhydration levels in ECs samples. 
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Figure 6.3 Preliminary analysis of the Modified Biotin Switch assay in EA.hy926 cells. 
(A) Protein lysates subjected to exogenous H2S comprise free thiols (-SH) and the persulfides 
(-SSH) groups. Cell lysates are incubated with MMTS to block free thiols and allow labelled 
persulfides with Biotin-HPDP conjugated. Then persulfides are captured by streptavidin 
beads. S-sulfhydrated proteins and total load proteins are subjected to SDS-PAGE western 
blotting. Created with Bio-render.com (B) EA.hy926 cell lysates were treated with 100 µM 
NaHS for 45 min and subjected to the modified biotin switch assay to detect S-sulfhydration. 
DTT treatment (2 mM) was used as a reducing agent to reverse Cys residue modification. 
Samples were subjected to electrophoresis, and blots were incubated with an anti-actin 
antibody in S-sulfhydrated and total load samples. (n=1).  

 

6.4.3 Assessment of S-sulfhydrated Keap1 in TNF-α and GYY4137-

treated HUVECs.  

The complex Keap1-Nrf2 is one of the most effective antioxidant mechanisms within the 

cell, characterised by Nrf2-downstream activation of cytoprotective and anti-

inflammatory genes (Meng et al., 2017). The Keap1-Nrf2 complex was investigated by 

H2S-induced sulfhydration using a modified biotin switch assay. Firstly, total load and S-

sulfhydrated protein samples were approached using the RevertTM Total protein staining 

kit, allowing us to observe the overall biotinylated load protein in ECs. As shown in Figure 

6.4 A, the total load protein bands were equal in all groups of HUVECs. Additionally, a 

higher positive signal was observed in the presence of GYY4137 in the total S-

sulfhydrated blot, as illustrated by total protein staining in HUVECs (Figure 6.4 B). 

Furthermore, the TNF-α treatment lane demonstrated a low total S-sulfhydrated protein-

related signal.  
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Secondly, a specific examination of S-sulfhydrated Keap1 expression was conducted by 

immunoblotting analysis with an anti-Keap1 antibody. Although an elevation in Keap1 

signal in the densitometry blot relative to the control group is observed, in the absence 

of a statistically significant increase, it is impossible to conclude that Keap1  undergoes 

S-sulfhydration in HUVECs in the present study  (Figure 6.5 A). Treatment with TNF-α 

and GYY4137 trends to increase Keap1 S-sulfhydration relative to untreated Keap1 

protein expression, although these results were not statistically significant (Figure 6.5 

B). Although the data show a trend on Keap1 S-sulfhydration in HUVECs by GYY4137, 

additional independent experiments are required to determine if a statistically significant 

increase can be reached.  

 

 

Figure 6.4 Total protein staining of S-sulfhydrated and total load proteins 
in the presence of TNF-α and GYY4137 post-treatment setting via Biotin 
Switch Assay. 
HUVECs were treated with TNF-α (1 ng/ml, 3h) before post-treatment with 
GYY4137 (100 µM, 21 h) for up to 24 hours. Protein lysate samples were 
subjected to the Modified Biotin Switch assay. (A) Representative densitometry 
blot of overall total biotinylated proteins and (B) S-sulfhydrated proteins in 
HUVECs stained with Revert Total protein stain kit and analysed with Odyssey 
LICOR system. (n=3).  
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6.4.4 Relation between GYY4137 and Nrf2 nuclear translocation.   

With these data in hand, it was envisioned that H2S might enable the regulation of Nrf2-

downstream signalling in ECs. Nuclear accumulation of Nrf2 in HUVECs with TNF-α and 

GYY4137 was examined to assess this possibility post-treatment. Immunofluorescence 

evaluation might offer a practical alternative approach for subcellular fractions, by which 

its simplicity avoids tedious subcellular separation, presenting a view of the molecule's 

location. Therefore, a preliminary examination of Nrf2 localisation in HUVECs using 

immunofluorescent staining was conducted.  

Interestingly, preliminary examination of immunofluorescent localisation staining of Nrf2 

with TNF-α within cells showed a possible re-localisation of Nrf2 surrounding the 

nucleus, as exemplified by the higher fluorescence signal. In the presence of GYY4137 

and TNF-α, the fluorescence signal surrounding the nucleus remains low. It is 

accompanied by higher fluorescence intensity within the nucleus than the untreated 

control and TNF-α treated group staining (Figure 6.6).  

 

Figure 6.5 Analysis of Keap1 S-sulfhydratrion in HUVECs.  
HUVECs were treated with TNF-α (1 ng/ml, 3h) before post-treatment with GYY4137 
(100 µM, 21 h) for up to 24 hours. (A) Protein lysate samples were subjected to Modified 
Biotin Switch assay followed by immunoblotting with anti-Keap1 antibody. (B) Bar graph 
representing Keap1 S-sulfhydrated relative to Keap1 total load. The data were presented 
as the mean ± SEM (n=3). Significance was determined by a one-way ANOVA test 
followed by Sidak's post-test comparing treatments to control, whereby ns; represents 
non-significant. 
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However, this preliminary analysis only allows the assumption that there is a possible 

effect on Nrf2-nuclear accumulation. Further microscopy analysis, including the 

proportion of cells with Nrf2 levels in the nucleus, ratio cytoplasmic vs nuclear 

fluorescence and additional independent experiments, would be conducted in future 

experiments. 

Nevertheless, fluorescence microscopy was considered informative rather than 

quantitative. To underscore the hypothesis that H2S-releasing donor enables Nrf2 

nuclear translocation in TNF-α-cultured HUVECs, Nrf2 subcellular expression was 

further recapitulated by western blotting analysis of nuclear fraction. Subcellular isolation 

was performed as described previously, and protein lysates were incubated with an anti-

Nrf2 antibody with Histone H3 as a loading control within the nucleus (Figure 6.7 A). 

Although no statistically significant increase was observed upon GYY4137 treatment, a 

trend to elevate was observed. HUVECs subjected to TNF-α treatment tend to promote 

Nrf2 nuclear expression compared to untreated cells. Post-treatment of GYY4137 after 

TNF-α stimulation showed a higher increase in the Nrf2 nucleus accumulation, noted by 

increased protein signal compared to TNF-α alone, but levels did not reach statistical 

significance (Figure 6.7 B).  
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Figure 6.6 Preliminary analysis of Nrf2 localisation in HUVECs treated with TNF-α and 
GYY4137 post-treatment. 
Cells were treated upon TNF-α (1 ng/ml, 3h) and GYY4137 (100 µM, 21 h) post-treatment 
settings. Then, immunofluorescence was applied with anti-Nrf2 antibody incubation 
overnight, followed by secondary Alexa Fluor 488. Immunofluorescent staining images of 
Nrf2 localisation (green spectrum). The nuclei were stained with DAPI (blue spectrum). 
Pictures were taken using a Nikon Ti-S Inverted fluorescence microscope (20x 
magnification, scale bar 10 µm) (n=1).  
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6.4.5 Impact of GYY4137 on the mRNA levels of Nrf2 targets.   

After nuclear translocation, Nrf2 forms heterodimers with sMAF, recognising ARE in the 

regulatory regions of over 250 genes. These ARE genes encode a network of 

cooperating enzymes involved in metabolism, purine metabolism, inflammation, 

proteostasis and redox balance (He, Antonucci and Karin, 2020).  

 

Figure 6.7 Analysis of Nrf2 protein accumulation in the nucleus in HUVECs.  
Cells were treated upon TNF-α (1 ng/ml, 3h) and GYY4137 (100 µM, 21 h) post-
treatment settings. Nuclear fractions were obtained by using Nuclear extraction kit. (A) 
Nuclear extracts were immunoblotted for Nrf2 and Histone H3 (nuclear loading control). 
(B) Immunoblotting analysis of Nrf2 using Histone H3 as loading control by ImageJ 
software. Results presented as mean ± SEM (n=3), whereby ns. represents non-
significant vs control group. 
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Chapter 4 showed that GYY4137 treatment enhanced mRNA levels of specific 

antioxidant Nrf2-mediated genes (HO-1, GcLC, Trx1). Western blotting was used to 

analyse protein expression of NQO1 and GcLC protein expression. Diversity in the 

regulation of Nrf2-induced protein levels is observed. As shown in Figure 6.8 A-B, NQO1 

protein expression significantly increases in the presence of GYY4137 with or without 

TNF-α treatment (*p<0.05). Although TNF-α stimulation alone tends to increase NQO1 

expression, a statistically significant difference was not reached. In Figure 6.8 C-D, 

GcLC protein expression showed a non-significant reduction in the presence of TNF-α 

treatment compared to the control group. Notably, in the presence of GYY4137, post-

treatment GcLC protein levels were significantly increased compared to TNF-α-treated 

cells (*p<0.05). These results suggest that Nrf2-dependent enzyme regulation can vary 

within cells. 

Together, these results indicate that the H2S-releasing donor may affect Nrf2 protein 

localisation expression in ECs and that Nrf2-downstream response is observed in 

specific proteins, which might drive antioxidant activity.  
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Figure 6.8 Analysis of GYY4137 and TNF-α effect in Nrf2-downstream target 
proteins.  
The extracted protein was separated by electrophoresis, and membranes were 
incubated with anti-GcLC and anti-NQO1. GAPDH and actin were used as loading 
controls. Densitometry analysis was performed using ImageJ software to compare 
target protein expression to GAPDH or actin. (A-B) Densitometry blots and analysis of 
the NQO1 protein expression. (C-D) Protein immunoblots incubated with anti-GcLC 
antibody. Results are the mean ± SEM (n=3-5). Significance was determined by a one-
way ANOVA test followed by Sidak's post-test, whereby ns and (*) represent non-
significant and p<0.05, respectively, vs. control.  

 

6.4.6 Analysis of S-sulfhydrated Caspase 3 in TNF-α and GYY4137-

treated HUVECs. 

Chapter 4 shows that TNF-α leads to endothelial apoptosis and post-treatment with 

GYY4137 declined this effect, partly by reducing cleaved caspase 3 and cytosolic cyto 

c protein expression. Caspases are primarily known for their role in regulating cell death. 

In mammals, executor apoptotic mediators include caspase 3, 6 and 7, whereby caspase 

3 is the most crucial facilitator (Shalini et al., 2014).  
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Previously, it has been shown that the active site in caspase 3 (Cys163) is the 

predominant site of S-sulfhydration (Figure 6.9 A) (Marutani et al., 2015). However, 

exploration of the potential of S-sulfhydrated caspase 3 is limited. Indeed, effects of 

persulfide formation in caspase 3 have only been assessed in SH-5YSY, Hela and H9c2 

cell lines upon fast H2S-releasing donors (Na2S, NaHS and Na2S4) with short incubation 

time (30 min, one hour or two hours) (Marutani et al., 2015; Braunstein et al., 2020; Ye 

et al., 2022).  

The modified biotin switch assay was conducted to explore whether the anti-apoptotic 

effects of GYY4137 post-treatment were associated with the S-sulfhydration of caspase 

3. Protein samples were incubated with an anti-caspase 3 antibody and analysed by 

western blotting. Immunoblotting membranes showed that the S-sulfhydrated caspase 3 

expression signal was more significant after incubation with GYY4137 than untreated 

and TNF-α-treated HUVECs (Figure 6.9 B). Quantitative analysis of immunoblots using 

ImageJ exhibits a markedly significant increase in S-sulfhydrated caspase 3 upon 

GYY4137 treatment alone compared to the control group (**p<0.01). HUVECs cultured 

with TNF-α alone showed no change in S-sulfhydration of caspase 3. GYY4137 post-

treatment in TNF-α-treated cells displayed a significant increase in S-sulfhydrated 

caspase 3 compared to TNF-α-treated cells alone (##p<0.01) (Figure 6.9 C).  

Following the results of S-sulfhydrated caspase 3 in treated HUVECs, it was 

hypothesised that in response to S-sulfhydration of caspase 3, the apoptotic executor 

might become inactivated (Alvarado-Kristensson et al., 2004). Thus, the relative 

luminescence unit for caspase 3/7 activity was quantified using a commercially available 

Caspase-Glo 3/7 activity kit. As shown in Figure 6.10, the RLU values revealed a 

significant increase in the caspase 3/7 activity after TNF-α treatment in HUVECs 

compared to untreated cells (***p<0.0001). As hypothesised, GYY4137 post-treatment 

significantly reduced caspase 3/7 activity in TNF-α-stimulated HUVECs compared with 

untreated cells (**p<0.01). Similarly, GYY4137 post-treatment significantly declined 

TNF-α-stimulated caspase 3/7 activity compared to TNF-α-treated cells (###p<0.0001). 

Together, these cellular data suggest that ECs cultured with an exogenous H2S donor 

trigger the S-sulfhydration of caspase 3, causing its inactivation.  
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Figure 6.9 Analysis of S-sulfhydration of caspase 3 in HUVECs.  
(A) Persulfide (-SSH) formation in the active catalytic site of caspase 3 (Cys163) has been 
previously reported (Ye et al., 2022). (B) Protein lysates were subjected to a Modified 
Biotin switch assay to detect S-sulfhydrated caspase 3 and total load caspase 3. (C) 
Densitometry analysis was performed on the blots using ImageJ software to compare S-
sulfhydrated caspase 3 relative to total caspase 3 loaded. Bar graphs of S-sulfhydrated 
caspase 3 quantification relative to total load. Results are the mean ± SEM (n=3). 
Significance was determined by one-way ANOVA followed by Sidak's comparison post-
test, whereby (**) and (##) represent p<0.01 for to control group and TNF-α alone, 
respectively.  
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Figure 6.10 Activity of caspase 3/7 upon TNF-α and GYY4137 treatments in HUVECs.  
HUVECs were treated with TNF-α and GYY4137 post-treatment design in 96-well plate. 
Caspase 3/7 activity was measured using Caspase-Glo 3/7 assay system (Promega). 
Readings were taking 1 h after in the Tecan plate reader system. Caspase 3/7 activity are 
expressed as relative luminescence units (RLU). Data in the graphs represent ± SEM 
(n=4). Significance was determined by one-way ANOVA followed by Sidak’s comparison 
post-test; whereby ns., (**) and (***) represents  non-significant, p<0.01 and p<0.0001, 
respectively vs. to control. (###) represents p<0.0001 compared to TNF-α alone.  
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6.5 Discussion 

It has been suggested that one-third of proteins could be S-sulfhydrated, indicating a 

high prevalence of these PTMs. In the vasculature, the S-sulfhydrome was revealed to 

comprise over three thousand Cys residues in over a thousand proteins in ECs, which 

exhibit different intensities clusters and S-sulfhydration motifs (Bibli et al., 2021).  The 

data presented in this chapter suggest that H2S slow-releasing donor could regulate Nrf2 

downstream antioxidant response and that this effect might be partly associated with 

Keap1 S-sulfhydration. Moreover, S-sulfhydration of caspase 3 leads to its inactivation, 

eliciting a decline in cleaved caspase 3 expressions and thus having anti-apoptotic 

effects.  

However, the detection and analysis of Cys S-sulfhydration comprise several 

challenges. The disadvantages regarding S-sulfhydration labelling methods rely on 

relative instability, enhanced nucleophilicity of persulfides and difficulty in discriminating 

from other sulfur-containing groups (Filipovic et al., 2018). Several methods have been 

developed based on the ability of the persulfide group to react faster with thiol-blocking 

electrophiles due to their greater nucleophilicity of the outer sulfur (Cuevasanta et al., 

2015). One of these methods comprises fluorescent thiol-blocking reagent Cy5-

conjugated maleimide for S-sulfhydrated Cys residue labelling. The loss of in-gel red 

fluorescence signal of Cys S-sulfhydrated is detected by adding the reducing agent, DTT 

(Vandiver et al., 2013). The Maleimide assay was trialled first in this study to estimate 

S-sulfhydration levels. The simplicity of this method and the commercial availability of 

the reagents were two of the advantages considered. For example, the Maleimide assay 

has previously been used to analyse S-sulfhydration of Parking in HEK293 cells 

(Vandiver et al., 2013), p65 subunit of NF-κB in TNF-α-treated macrophages (Sen et al., 

2012) and transcription factor specificity protein 1 in HUVECs (Saha et al., 2016). 

Surprisingly, we were unable to show the detection of  S-sulfhydration levels in the 

presence of GYY4137 using the Maleimide assay based on the detected fluorescence 

signal. In the current study, an in vitro model was used instead of animal tissue and 

purified proteins, which may account for the observed differences in the expected loss 

signal by DTT compared to previous reports (Vandiver et al., 2013; C. Wang et al., 2018).  
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The discrepancies with previous maleimide-based studies might also be explained by 

the ability of maleimides to react with amines (compounds containing nitrogen atoms 

with an Ione pair), which can lead to excessive fluorescence intensity background 

(Filipovic et al., 2018). This extensive labelling aligns with the observed data in the 

present work, suggesting that the persulfide groups might be hidden. Furthermore, the 

maleimide assay does not distinguish between S-sulfhydration and other Cys PTMs 

such as S-glutathionylation (Bindu D. Paul and Snyder, 2015); which has been reported 

as a critical “redox-switch” mechanism in EC homeostasis and could also explain the 

excessive fluorescence background signal (Lermant and Murdoch, 2019). A  practical 

approach to overcome the limitations associated with the maleimide assay could be 

using iodoacetyl-PEG2-Biotin followed by LC-MS/MS analysis (Gao et al., 2015).  

The present study used the modified biotin switch assay to analyse S-sulfhydrated 

proteins to overcome the reactivity and instability challenges regarding persulfide group 

detection. This method uses MMTS as a blocking agent, in which persulfides remain 

unreacted and are pulled down by streptavidin-biotin beads (Mustafa et al., 2009). The 

suitability of this assay was preliminarily analysed using EA.hy926 cell protein lysates 

incubated with NaHS, as reported (Mustafa et al., 2011). In line with previous reports, 

the results from the immunoblots showed Cys residues in actin are susceptible to S-

sulfhydration in the presence of H2S donor in ECs, as exemplified by higher protein actin 

expression in the presence of NaHS and ablation upon reducing agent (Saha et al., 

2016; Grambow et al., 2020). Although only one independent experiment was 

conducted, densitometry blot suggests that the above method is suitable for detecting 

persulfide formation in ECs. Indeed, published reports have characterised the beneficial 

role of S-sulfhydration by this method against atherosclerosis (Cheung and Lau, 2018), 

apoptotic cardiomyocytes (Ye et al., 2022) and neurodegeneration (Vandiver et al., 

2013). This observation is corroborated by incubation of GYY4137 or synthesised 

sodium salt derivative of GYY4137 (NaGYY), which has previously been shown to 

induce S-sulfhydration in adrenocortical and HEK923 cells, also detected by the modified 

biotin switch assay (C. Wang et al., 2018; Giovinazzo et al., 2021). In this regard, it is 

apparent from the immunoblotting with actin observed here that the modified biotin 

switch assay is likely to detect S-sulfhydrated proteins.  
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Continuous methodological progress, such as proteomic mapping and profiling of 

proteomic persulfides, has expanded the earliest inventory of S-sulfhydrated proteins in 

complex proteomes and their biological effects (Fu et al., 2020; Bibli et al., 2021). A well-

known cellular target includes the Keap1-Nrf2 system. As a master regulator of the 

intracellular antioxidant response, Nrf2 signalling is involved in attenuating inflammation, 

apoptosis, oxidative stress and initiating mitochondrial function in ECs upon death 

receptor ligands such as TNF-α and LPS (Chang et al., 2016; Cen et al., 2021). Keap1 

acts as a negative regulator of Nrf2, regulating its steady state by continuous 

proteasomal degradation. Keap1 presents reactive Cys residues, which can be targeted 

for S-sulfhydration (Xie, Liu and Bian, 2016). H2S enriches persulfide formation in Keap1, 

leading to Nrf2 nuclear translocation and thus offers protection against diabetes-

accelerated atherosclerotic mice (Xie, Gu, et al., 2016) and oxidative stress and 

mitochondrial dysfunction in rats (Liu et al., 2020). 

Here, Keap1 S-sulfhydration in HUVECs is inconsistent with previously published data 

in which a significant increase in S-sulfhydration levels of Keap1 was observed in high-

glucose EA.hy926 cells  (Xie, Gu, et al., 2016). Discrepancies may be linked to GYY4137 

co-treatment for short-time incubation (2 hours) using a tag-switch method rather than 

the modified biotin switch assay used in this study. Nevertheless, immunoblotting 

analysis suggests a trend of Keap1 S-sulfhydrated level followed by GYY4137 treatment. 

These data indicate that the GYY4137 cytoprotective and anti-inflammatory role 

observed in chapters 4 and 5 could be associated with Keap1 S-sulfhydration.  

To note, MMTS could generate artificial intermolecular and intramolecular protein 

disulfide bonds, influencing the results (Karala and Ruddock, 2007). In addition, the 

chemical foundation of the Modified Biotin switch assay, which relies on the selective 

reactivity of MMTS only with thiols, has been questioned as it has been suggested that 

MMTS can react with persulfides (Pan and Carroll, 2013). These observations required 

precautions to conduct and interpret S-sulfhydrated data from the modified biotin switch 

assay. Nevertheless, decreased S-sulfhydrated labelling in CBS (Y. Liu et al., 2014) and 

CSE (Mustafa et al., 2011; Yang et al., 2013b) knockout cell lines and tissues continue 

to show the capabilities of the method. Furthermore, the mutagenesis approach has 

validated the formation of persulfide groups in Cys residue by treatment with exogenous 

H2S donors in HUVECs (Zhao et al., 2014).  
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One possible chemical explanation for S-sulfhydrated labelling using this method could 

rely on a faster reaction of persulfide groups with MMTS than free thiols. The reaction 

yields a trisulfide product that could be attached by residual free thiol, leaving a free thiol 

located in the origin localisation of persulfide, which can subsequently interact with 

biotin-HPDP (Figure 6.11) (Pan and Carroll, 2013; Filipovic et al., 2018). 

 

Figure 6.11 Proposed labelling mechanism of persulfide groups during Modified 
Biotin switch assay. 
Labelling may be achieved via thiol exchange with the formation of trisulfide, which could 
react with trace-free thiols and subsequently allow labelling with Biotin-HPDP.  

 

Hence, an assessment of proteomic S-sulfhydrated proteins using a highly selective 

method, such as a dimedone-based assay (Zivanovic et al., 2019) and a sensitive 

detection tool (LC-MS/MS) in dysfunctional HUVECs should be considered for future 

work. This approach will provide a robust analysis of S-sulfhydrated signalling 

mechanisms involved in the physiological roles of ECs, such as metabolism, barrier 

function and morphologic dynamics. 

Previous reports demonstrate that HUVECs, upon TNF-α treatment, reduce Nrf2 nuclear 

accumulation (Fratantonio et al., 2018; He et al., 2021). In this study, preliminary 

fluorescence microscopy examination showed that Nrf2 localisation trends to surround 

the nucleus in TNF-α-treated HUVECs, suggesting a possibility for a nearby nuclear 

localisation of Nrf2 before translocation. Nuclear fraction isolation and immunoblotting 

further revealed a trend that TNF-α treatment alone augments Nrf2 nuclear accumulation 

rather than decreasing HUVECs, but without any conclusive outcome. In contrast to prior 

reports using high doses of TNF-α in vascular cells [20 ng/ml, 40 ng/ml, 50 ng/ml] (De 

Palma et al., 2006; Xia et al., 2006; W. Xu et al., 2015), the current study utilised low 

doses of TNF-α. Considering these observations, it appears that TNF-α may both 

promote and interrupt Nrf2 nuclear accumulation within ECs in a dose-dependent 

manner.  
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Nevertheless, H2S slow-releasing drugs have previously demonstrated the importance 

of Nrf2 nuclear translocation in protecting the vasculature from damage (Qiu et al., 2018; 

Zhang et al., 2020). It is, therefore, possible that HUVECs cultured with GYY4137 exhibit 

PTMs of Keap1 Cys residues to promote Nrf2 nuclear translocation resulting in the 

upregulation of downstream signalling antioxidant genes such as NQO1 and GcLC 

(Kaspar, Niture and Jaiswal, 2009; Raghunath et al., 2018). Here, the analysis of Nrf2-

nuclear translocation was not conclusive and  Nrf2-mediated proteins expression was 

significantly increased in TNF-α-treated HUVECs by exogenous H2S. These findings 

align with previous studies where fast-releasing H2S donors increased these target 

proteins in stress-hepatic cells (J. Zheng et al., 2015) and high-glucose monocytes (Jain, 

Huning and Micinski, 2014). Thus, these observations suggest that H2S slow-releasing 

donor may contribute to an antioxidant response. This signalling mechanism might be 

partly linked to the S-sulfhydration mechanism of Keap1 and modification of Nrf1-

downstream signalling in ECs subjected to the low dose of TNF-α. However, further 

analysis and independent experiments are required to obtain a robust conclusion.  

Published proteomic analysis and t-distributed stochastic embedding visualisation 

revealed similarities and differences in the subcellular localisation of S-sulfhydration 

motifs and the intensity of the alteration with up to  12 distinct clusters in native ECs and 

H2S-treated ECs (Bibli et al., 2021). These observations suggest an S-sulfhydration 

network by which H2S intervenes in several intracellular pathways by S-sulfhydration. 

Previous reports demonstrated that the anti-apoptotic effect in ECs and vascular rodent 

models mediated by H2S was caspases-signalling related (Elrod et al., 2007; Rao et al., 

2020), including caspase 3 in HUVECs (Lin et al., 2018). Notably, S-sulfhydration of 

caspase 3 at the catalytic site (Cys163) and, subsequently, anti-apoptotic effects have 

been previously reported in neuro-like SH-SY5Y cells. Authors noted that persulfide 

formation in Cys residues alters caspase 3 function, leading to its inactivation (Marutani 

et al., 2015). Studies have shown increased caspase 3 activation in the presence of 

TNF-α (5 ng/ml) treatment in EA.hy926 cells (Galkin et al., 2016).  

A recent report revealed that cardiomyocytes treated with fast-release H2S donors 

without cellular stress exhibit decreased caspase 3 activity and cell death via S-

sulfhydrated caspase 3 (Ye et al., 2022). In line with these findings, S-sulfhydrated 

caspase 3 levels and reduction of caspase 3/7 activity were observed in the presence of 

an H2S donor. During activation, the maturation of caspase 3 occurs to its active cleaved 
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form, which exerts its pro-apoptotic role; therefore, disruption in the activity of caspase 

3 could affect its maturation to cleaved caspase 3 and ultimately reduce the apoptotic 

signal (Shalini et al., 2014). Due to time limitations, the examination of S-sulfhydration 

of cleaved caspase 3 was not examined in the current study. However, Braunstein’s 

report showed that cleaved caspase 3 was slightly S-sulfhydrated under basal conditions 

in HeLa cells, and increased S-sulfhydrated levels were observed under stress 

stimulation (Braunstein et al., 2020). These observations suggest that S-sulfhydration of 

the caspase cascade might co-occur at distinct pathway levels.  

Overall, it can be concluded that the beneficial effects of GYY4137 post-treatment in 

TNF-α-treated ECs are not a simple process and comprises simultaneous regulatory 

pathways to revoke impaired redox state, pro-inflammatory and pro-apoptotic response. 

Understanding protein S-sulfhydration induced by H2S emerges as a vital cellular 

process in ameliorating dysfunctional phenotype in ECs.  
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7 General  Conclusions & Limitations 
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This research aimed to understand the role of H2S in ED. It is known that H2S can 

mediate beneficial effects in the vasculature through anti-inflammatory and redox-

modulating regulatory mechanisms. While testing H2S as a potential therapeutic agent 

in pre-clinical settings, it is essential to establish appropriate experimental conditions. 

Many of these reported in vitro studies focus on experimental settings based on pre-and 

co-treatment of H2S. Therefore, they lose information on whether the administration of 

exogenous H2S can revoke rather than prevent vascular damage. In addition, this study 

successfully applied slow-releasing H2S donors in inflammatory stimuli-induced ED in a 

post-treatment setting to identify signalling pathways with therapeutic potential. 

Furthermore, S-sulfhydration upon post-treatment with slow H2S releasing donor in ECs 

can expand the available limited reports.  

7.1 Summary of findings 

7.1.1 Characterisation of ED and H2S experimental setting.  

The culture of ECs has been essential for detecting complicated pathophysiological 

processes within the vessel wall (Riederer et al., 2010). To pursue the aims of this 

project, primary cells HUVECs and immortalised cell line-EA.hy926 cells were utilised 

as their advantages outweigh their disadvantages in meeting those aims. Based on their 

standardised conditions and reproducible results, immortalised cells offer benefits in 

testing conditions (see Chapter 3) (Bouïs et al., 2001). On the other hand, HUVECs 

become a more representative in vitro model to study beneficial signalling routes 

mediated by H2S throughout the thesis (Chi et al., 2003). Notably, the study of H2S has 

been executed using both cell models (Park et al., 2006; Xie, Feng, et al., 2016), offering 

accountability for the current study.  

This study used TNF-α as a stimulant to initiate ED. The pleiotropic cytokine TNF-α 

regulates several pathways by binding to its membrane receptors, TNFR1 and TNFR2 

(Aggarwal, Gupta and Kim, 2012). TNF-α activates the endothelium, which leads to ED 

upon sustaining stimuli and an inefficient ability to cope with stress (S. Wang et al., 

2018). Development of ED upon TNF-α exposure has been previously reported in vitro, 

characterised by impaired redox state, pro-apoptotic environment and sub-localisation 

effects such as the ER and mitochondria (Liao et al., 2010; C. Xu et al., 2015; Galkin et 

al., 2016; Batko et al., 2019). 
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A low dose of TNF-α suitably initiates ED by disturbing the redox state and enhancing 

pro-inflammatory and pro-apoptotic responses, which mimics what is seen in the 

literature using primary ECs (Yang, Zhao and Tian, 2016). In contrast to the current 

project, some studies have used high doses of TNF-α (5-40 ng/ml), which might exhibit 

discrepancies with the present findings (McDonnell et al., 2003; Fratantonio et al., 2018; 

S. Wang et al., 2018; Y. C. Chen et al., 2021). For example, in this study, protein 

expression of caspase 3 was not significantly increased upon TNF-α compared to the 

control group (see Chapter 5); but Fratantonio and colleagues (2018) showed a 

significant elevation of caspase 3 expressions in HUVECs when using 20 ng/ml TNF-α 

for 2 hours (Fratantonio et al., 2018). The discrepancies could be justified by different 

doses associated with TNF-α stimulation; explain why more sensitive processes such 

as redox status and mitochondria performance are strongly affected by a low dose of 

TNF-α. In contrast, angiogenesis and senescence require a high and sustained dose of 

TNF-α treatment. Hence, careful attention is needed when using TNF-α as an inducer 

for ED. 

Since its discovery, H2S has exhibited beneficial roles in the endothelium, including 

vascular tone, maintenance of redox state, and anti-inflammatory and anti-apoptotic 

response (Predmore, Lefer and Gojon, 2012). However, precautions using H2S are 

required as high concentrations can result in cell damage via inhibition of the 

mitochondrial ETC (Szabo, 2018). Research groups adopt modulation of H2S by 

targeting the transsulfuration pathway in transgenic rodents (Cheung et al., 2014) or by 

pharmacological inhibitory intervention (Asimakopoulou et al., 2013). On the other hand, 

other groups opt for prodrugs to deliver a particular concentration of exogenous H2S. 

One of the most widely used H2S donors, NaHS, exhibits a fast release within a short 

time, leading to non-realistic endogenous concentrations (Y. Zheng et al., 2015; Yuan, 

Zheng and Wang, 2020). This study uses a slow-releasing H2S donor, GYY4137, in both 

cell models to increase intracellular H2S content without disturbing basal endothelial 

functions, which aligns with previous ECs findings (Xie, Feng, et al., 2016; Rao et al., 

2020). Additionally, organelle-targeted donors (Sanchez-Aranguren, Ahmad, et al., 

2020) and combined prodrugs (Latorre et al., 2018); may be worthy of study, given higher 

sensitivity in subcellular pools such as mitochondria.  
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Most in vitro studies have described H2S modulation as a pre-treatment, where 

exogenous H2S is given before the systemic/cellular insult (Henderson et al., 2010; Wen 

et al., 2013; Xie, Feng, et al., 2016; Potenza et al., 2017; Hao et al., 2019). In addition, 

co-treatment is also a widely used approach (Wu et al., 2012; Shen et al., 2013; Zhu et 

al., 2021), thereby preventing rather than rescuing cell damage. For example, pre-

treatment of GYY4137 for a short duration (4 hours) protects against apoptosis, impaired 

mitochondria function and oxidative stress in EA.hy926 exposed to H2O2 (Xie, Feng, et 

al., 2016). Even though pre- and co-treatment allow for investigation of the prevention 

or occurrence of disease, post-treatment offers the benefit of evaluating the suitability of 

a drug as a treatment for a disease condition (Wallace et al., 2018). Based on preliminary 

experimental results using EA.hy926 cells via IL-6 levels, the post-treatment design for 

H2S was selected against ED as the most beneficial model. This practical approach 

aligns with recent developments investigating ECs integrity, inflammation and ROS 

formation using HUVECs with GYY4137 (Spassov et al., 2022). Hence, the current study 

expanded on the limited evidence regarding the H2S role in ED in a post-treatment 

setting. 

7.1.2 The role of H2S in TNF-α-mediate impaired redox state. 

Oxidative stress is generally characterised by excess oxidant levels over the antioxidant 

response in biological systems, leading to a shift towards oxidising redox status and 

promoting vascular damage (Khatri et al., 2004). The current study observed that a low 

dose of TNF-α alters the redox state by increasing ROS formation, specifically H2O2 and 

O2
•¯. Moreover, post-treatment with exogenous H2S was able to switch the redox state 

towards a more reducing environment. The reduction in H2O2 production observed upon 

GYY4137 was comparable to the previous pre-treatment study in HG-induced EA.hy926 

cells (Xie, Feng, et al., 2016); while revoking effect of O2
•¯ levels has been reported by 

GYY4137 post-treatment against stretched-stress HUVECs (Spassov et al., 2022). 

Due to immense variety, high reactivity, extremely short half-life and sensitivity of DCF 

to O2 and pH levels, measuring intracellular ROS levels remains difficult (Halliwell, 2014). 

The American Heart Association stated that care should be taken with MitoSox as a 

detection dye as it may be affected by Δψm and misleading outcomes (Griendling et al., 

2016).  
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Thus, precautions are required during CM-H2DCFDA and MitoSox-associated levels, as 

misleading results may appear (Zielonka and Kalyanaraman, 2010; Kalyanaraman et 

al., 2012; Brandes, Rezende and Schröder, 2018). Combining the conjugated effect of 

fluorogenic probes with flow cytometry or HPLC with robust controls such as silencing 

RNA of oxidants generating enzymes could offer a sensitive reading of oxidants content 

(Lippert, Van De Bittner and Chang, 2011; Tsuboi, Maeda and Hayashi, 2018).  

In addition to detecting ROS levels, antioxidant molecules were quantified by RT-qPCR, 

immunoblotting or luminescence-reading to assess changes in the antioxidant defence 

in ED. Quantitative PCR analysis demonstrated upregulation of HO-1, SOD2 and CAT 

in the presence of GYY4137 in TNF-α-treated HUVECs, which agrees with the prior 

reports on HUVECs (Choi et al., 2018; Zhu et al., 2021). In addition, H2S enhanced 

secondary antioxidant routes such as Nrf2-downstream mediating NQO1 and GcLC 

proteins in the presence of TNF-α, in agreement with a study in vascular cells 

(Aghagolzadeh et al., 2017) and high-glucose monocytes (Jain, Huning and Micinski, 

2014).  

Furthermore, exogenous H2S showed a trend to boost major cellular antioxidant systems 

such as GSH and Trx pathways by targeting Trx and the first rate-limiting enzyme of 

GSH synthesis. Although the data presented in this project did not reach a conclusive 

outcome, the importance of both molecules in the thiol-dependent redox systems, 

whereby disulfide in oxidised Trx/GSH is converted to thiols through redox cycling has 

been reported (Ren et al., 2017). The Trx and GSH systems reduce oxidative thiol 

modifications, thus preventing irreversible oxidation modification of proteins in TNF-α-

treated ECs (Hanschmann et al., 2013). Notably, the Trx system has exhibited a crucial 

role in the reverse reaction of excessive S-sulfhydration of GAPDH, which could lead to 

neuronal conditions (Mir, Sen and Sen, 2014). Hence, in the current study, stimulation 

of the Trx system by GYY4137 could also be associated with preventing damage by 

excessive S-sulfhydration.  
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7.1.3 The role of H2S in TNF-α-mediated inflammation and 

apoptosis.  

When considering the impact of ED on the cardiovascular system, the development of 

inflammation and apoptosis emerge as common underlying factors (Favero et al., 2014). 

During inflammation, enhanced vascular permeability and cell adhesion molecules 

alongside the release of pro-inflammatory cytokines occur (Ley et al., 2007). TNF-α is 

one of many pro-inflammatory cytokines associated with worsened clinical outcomes 

after stroke (Ormstad et al., 2011) and elevated plasma levels in systolic heart failure 

patients (Xia Li et al., 2020). Here, TNF-α-treated ECs displayed increased cell adhesion 

molecules linked to the trafficking of macromolecules, including ICAM-1, VCAM-1 and 

E-selectin, as evidenced in earlier studies (Clark et al., 2007; Zhao et al., 2017; Gapizov 

et al., 2018). In concordance with the earlier reported effects of TNF-α-treated ECs, a 

pro-inflammatory environment in the current work was confirmed by ELISA analysis (Chi 

et al., 2001; Gapizov et al., 2018). Exposure of TNF-α-treated HUVECs to H2S post-

treatment remarkably revokes pro-inflammatory response (see Chapter 4). These 

findings support H2S anti-inflammatory role in protecting against ED described in 

angiotensin II-treated HUVECs (Hu et al., 2017) and rodent models (Liu et al., 2013; 

Yang et al., 2018). As an example, a study conducted by Pan et al. (2011) demonstrated 

the decrease of ICAM-1, E-selectin, VCAM-1 expression and inhibition of the canonical 

NF-kB apoptotic pathway in ECs exposed to TNF-α (10 ng/ml, 6 h) by NaHS pre-

treatment (Pan et al., 2011). To our knowledge, the current work is the first to highlight 

these inflammatory findings regarding TNF-α-cultured HUVECs, followed by post-

treatment with a slow-release H2S donor. Further in vivo approaches to mimic these 

findings might be of interest to demonstrate the potential of H2S revoking anti-

inflammatory events.  

Progression from inflammation towards apoptosis can be associated with extrinsic or 

intrinsic caspase cascade signalling. Both intrinsic and extrinsic mechanisms have been 

reported to be mediated by TNF-α (Deng et al., 2017). For instance, HUVECs treated 

with TNF-α (10 ng/ml) showed a significant rise in apoptotic rate after 24 hours of 

treatment through caspase 7 activation (Tang et al., 2015). On the other hand, TNF-α 

comprises cyto c release from mitochondria to cytosol with caspase 3 activation in 

fibroblasts (Tafani et al., 2000). Due to the complexity of cell death, several events occur, 



225 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

including the release of several mitochondrial factors, activation of a cascade of 

cytoplasmic caspase enzymes and changes in mitochondrial Δψm, condensation of 

chromatin and fragmentation of DNA (Obeng, 2021). In this study, several experimental 

approaches were conducted to study cellular apoptosis concerning these versatile 

events, including apoptotic rate via Annexin V/PI assay, mitochondrial Δψm, cyto c 

release and caspase cascade pathway (see Chapter 4 and Chapter 5).  

Mitochondria that have undergone MPTP opening are sufficient to release cyto c, 

activate pro-caspase 3, cleave caspase 3 and initiate the autocatalytic apoptotic cycle 

(Penna, Perrelli and Pagliaro, 2013). Moreover, oxidants such as H2O2 can evoke MPTP 

opening (Zorov, Juhaszova and Sollott, 2014). Remarkably, the pore opening is required 

for TNF-α mediated apoptosis and further cyto c release, and the latter is required for 

caspase 3 activation (Tafani et al., 2000). This linked-cascade signalling suggests that 

the cytosolic cyto c release by TNF-α is directly associated with altered mitochondria. 

Here, the accumulation of cyto c in the cytosol and activation of mature caspase 3 

confirmed the alteration of the mitochondria-mediated intrinsic pathway by TNF-α in ECs.  

Cytosolic cyto c accumulation has been previously reported in human monocytic cells 

(U937) treated with 5 ng/ml TNF-α after 2 hours (Hughes, Murphy and Ledgerwood, 

2005). Same protein accumulation upon high doses of TNF-α (10-50 ng/ml) has been 

reported in peripheral blood mononuclear cells (Xu et al., 2011), neuroblastoma SK-N-

MC cells (Álvarez et al., 2011) and PC12 cells (Zhang et al., 2007). Regarding ECs, 

elevated cyto c release upon TNF-α treatment in porcine aortic ECs alongside increased 

caspase 8, 2, 3 and 6 activities and loss of Δψm was reported (Daniel et al., 2004). TNF-

α-induced cyto c translocation from mitochondria to cytosol was reversed by co-

incubation with vitamin C, a known antioxidant agent, blocking apoptotic signalling in 

HUVECs (Rössig et al., 2001). In the current study, the release of cytosolic cyto c in 

TNF-α treated HUVECs was alleviated by the actions of exogenous H2S post-treatment. 

Although the H2S effect on cytosolic cyto c accumulation has been previously assessed 

in HUVECs treated with H2O2, the authors focused on a pre-treatment approach with a 

fast-release donor (Wen et al., 2013). To our knowledge, the present work is a pioneer 

study regarding H2S revoking role in TNF-α-induced cyto c release in HUVECs by post-

treatment design.  
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7.1.4 The role of H2S and TNF-α on mitochondria. 

TNF-α altered mitochondrial redox state, as evidenced MitoSox microscopy analysis of 

O2
•¯ levels. Spassov and co-authors have shown by microscopy analysis that GYY4137 

post-treatment in stretched HUVECs decreases O2
•¯ radical levels (Spassov et al., 2022). 

These observations align with current O2
•¯ results post-treatment with GYY4137 in TNF-

α-treated HUVECs. In contrast to Spassov's study, an inflammatory stimulus rather than 

physical stress was conducted here. To note, NOX enzymes are also a vital vascular 

source of O2
•¯  within the cell (Douglas et al., 2012), and NOX2 can target mitochondrial 

ROS, creating a continuous positive feedback loop (Nazarewicz et al., 2013). To 

discriminate the contribution of NOX enzymes to the cellular oxidants content from a 

single mutation in the p22phox subunit of NOX, a key component in the activation of NOXs 

can be used, as these strategies were shown to succeed in macrophages (Bulua et al., 

2011).  

Excessive ROS production is associated with impaired mitochondrial OXPHOS capacity 

in the endothelium (Scialò, Fernández-Ayala and Sanz, 2017). ECs rely on glycolysis for 

energy supply due to low mitochondrial content compared with other vascular beds 

(Oldendorf, Cornford and Brown, 1977). Nevertheless, mitochondrial OXPHOS can 

support fatty acid oxidation for DNA synthesis, suggesting a pleiotropic role apart from 

ATP formation (Schoors et al., 2015; Wong et al., 2016). The overall view of the 

metabolic environment within ECs was assessed by Seahorse technology. The glycolytic 

parameters revealed that GYY4137 and TNF-α elevated overall glycolytic flux in 

HUVECs. The effect of TNF-α agrees with previous findings in epithelial cells (Vaughan 

et al., 2013) and fibroblasts (Koedderitzsch et al., 2021), suggesting a metabolic shift 

towards a more glycolytic phenotype. These observations could be explained by an initial 

rise in glycolytic activity as a compensatory mechanism to sustain energetic cellular 

demands (Palomer et al., 2009). A possible feedback loop between both active systems 

might occur as hyperglycemic aortic ECs modulate mitochondrial electron flux (Du et al., 

2000). Further analysis of the implications of GYY4137 and TNF-α in the glycolytic 

metabolism of ECs could be assessed by analysing the glutamine and fatty acid 

dependency through inhibitors such as BPTES for glutaminase or etomoxir targeting 

fatty acid pathway (Nunes et al., 2021).  
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In addition, a metabolic switch from OXPHOS to glycolysis, known as the Warburg effect, 

occurs in tumorigenesis. Investigating this feature in TNF-α-mediate ECs, as TNF-α 

tends to induce lactate export, which is observed in the classical aerobic glycolytic 

Warburg effect (Vaughan et al., 2013). Interestingly, recent studies have suggested that 

H2S protects against dysfunctional cognition by promoting the Warburg effect (Chen et 

al., 2020; Yang et al., 2020). However, these observations have not been addressed in 

vascular cells. Therefore, examination of the role of H2S regarding the Warburg effect 

via modulation of the transsulfuration enzymatic pathway or by using H2S prodrugs could 

expand the limited knowledge regarding H2S-mediated action in vascular metabolism.  

The total force driving protons into the mitochondria partially depends on Δψm. During 

cellular stress, the Δψm is altered, affecting the integrity of the mitochondrial membrane 

and its components (Cadenas, 2018). Reduction in Δψm is described as a phenomenon 

in mitochondrial uncoupling (Kadenbach, 2003) and is associated with elevated proton 

leak (Crompton, 1999). In addition, the loss of Δψm can account for cyto c release, 

followed by a series of caspase activations (McDonnell et al., 2003). Fluorescent 

microscopy revealed that TNF-α leads to Δψm loss in HUVECs, suggesting 

depolarisation of Δψm (see Chapter 5). The data agree with previous studies, whereby 

significant reduction of Δψm in the presence of TNF-α was confirmed by microscopy and 

flow cytometry analysis in murine hepatocytes (Kastl et al., 2014), epithelial cells (Y. C. 

Chen et al., 2021) and Hela cells (Kim et al., 2010). The evidence indicates an effect of 

fast-release H2S donor on depolarised Δψm in HUVECs subjected to H2O2, as illustrated 

by the increase in Δψm (Wen et al., 2013). This observation aligns with the current study 

findings in TNF-α-treated HUVECs with GYY4137 post-treatment. Overall, these 

observations indicate that dissipation of Δψm by TNF-α can be revoked by exogenous 

H2S in ECs.  

When considering an explanation for the loss of Δψm, proton leak mediated by 

uncoupling protein, the opening of the MPTP and changes in mitochondrial Ca2+ 

emerges as possible options. Whereas in the current project, alteration of proton leak 

and UCP2 was observed in TNF-α-treated ECs, the use of inhibitors of UCP2 such as 

genipin, could be an avenue to confirm the direct role of UCPs in the dissipation of Δψm 

in ECs (Zhang et al., 2006).  
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Although cyto c release to the cytosol indicates opening actions of the MPTP, culturing 

cells with inhibitors of the opening MPTP, such as cyclopsorin A can provide a route to 

test the direct involvement of MPTP in the depolarisation of Δψm (Broekemeier and 

Pfeiffer, 1989). The flux of Ca2+ into the mitochondria or efflux from the inter-membrane 

space to the matrix has dissipated the Δψm (Abramov and Duchen, 2008). Although 

Ca2+ analysis was beyond the scope of the present study, future examination of Ca2+ flux 

in ECs exposed to TNF-α could be approached by using the Ru360 compound to block 

mitochondrial Ca2+ uniporter, as exemplified by the rescue of Δψm loss in neurons 

(Abramov and Duchen, 2008).  

As a dynamic organelle, mitochondria build a dense network with a characteristic tubular 

shape by specific active mechanisms, including fusion, fission, transport and mitophagy 

(Twig, Hyde and Shirihai, 2008). Δψm is a crucial determinant of mitochondrial structure, 

and its dissipation has been shown to cause mitochondrial fragmentation by modifying 

mitochondrial dynamic machinery toward fission (Collins et al., 2002; Twig et al., 2008). 

Mitochondrial dysfunction in diabetes-mediated ED was characterised by altered 

dynamic machinery with mitochondria fragmentation as a key mechanism (Shenouda et 

al., 2011). It has been reported that ROS triggers a mitochondrial shift towards fission in 

apoptotic and mitophagy stress responses (Bordi, Nazio and Campello, 2017; Martinez-

Carreres, Nasrallah and Fajas, 2017). Diabetes mellitus-mediated ED (Shenouda et al., 

2011) and oxidised cardiomyocytes (Rao et al., 2020) are associated with mitochondrial 

fragmentation. In line with the preceding evidence, in the present study, exposure of 

HUVECs to TNF-α resulted in mitochondrial fragmentation manifesting as an imbalance 

in the fusion/fission cycle by fluorescence microscopy analysis of mitochondria 

morphology analysis and RT-qPCR assay.  

The role of H2S in mitochondria dynamics has been previously reported in rat high-

glucose-mediated ED with NaHS co-treatment by regulating DRP1 and MFN1 protein 

expression (N. Liu et al., 2017). Comparable to DATS pre-treatment in high-glucose 

HUVECs, GYY4137 modulation of mitochondrial morphology was orchestrated by 

regulating dynamic genes (Hao et al., 2019). Furthermore, due to the limited scope of 

the present thesis, the effect of TNF-α on mitophagy in this model was not analysed. 

However, based on the OPA1 data and its implications in mitophagy, analysis of the 

OPA1 via knockdown or overexpression would be a central focus for follow-on studies 

(Xin and Lu, 2020).  
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Taken together, the data up to this point indicated that TNF-α-induced ED via four major 

aspects: (i) oxidative stress, (ii) inflammation, (iii) apoptosis and (iv) mitochondrial 

dysfunction. Based on the presumption that H2S exhibits its cytoprotective roles, in part, 

by S-sulfhydration signalling, it could be conceivable to assume that the beneficial effects 

observed in this thesis are linked to protein S-sulfhydration.  

7.1.5 S-sulfhydration as an H2S underlying signalling mechanism.  

Keap1-Nrf2 system: The stress response transcription factor Nrf2 is essential in the 

cell’s defence against oxidative and electrophilic stress (Kobayashi and Yamamoto, 

2006). Importantly,  overexpressed Nrf2 can lead to an oncogenic response, highlighting 

the importance of maintaining Nrf2 in a proper balance within the cell (He, Antonucci and 

Karin, 2020). Historically, Keap1 mediates the degradation of Nrf2 via 26S proteasome 

protein, regulating its activity (Kaspar, Niture and Jaiswal, 2009). Under stressed 

conditions, disruption of the Keap1-Nrf2 complex facilities increased Nrf2 nuclear import. 

Besides stress conditions, Keap1 can be unbound from Nrf2 by PTMs of Cys residue 

mediated by H2S. S-sulfhydration of Keap1 followed by Nrf2 nuclear accumulation 

impacts cellular homeostasis and exhibits cytoprotection (Yamamoto et al., 2008; Meng 

et al., 2017). Here, H2S donors might affect Keap1 S-sulfhydration in HUVECs, as 

evidenced by modified biotin switch assay. A prior research group showed upregulation 

of S-sulfhydrated Keap1 in the presence of GYY4137 in EA.hy926 cells, which aligns 

with the current work, and was enhanced upon induced stress (Xie, Gu, et al., 2016).  

Following Keap1 S-sulfhydration, translocation of Nrf2 into the nucleus is expected with 

subsequent upregulation of Nrf2-downstream genes (Hayes and Dinkova-Kostova, 

2014). Although no conclusive outcome regarding Keap1 S-sulfhydration was obtained 

in the current study, analysis of Nrf2-downstream response was examined. Fast-release 

H2S donors previously showed increased protein expression of downstream target-Nrf2 

genes (NQO1, GcLC and HO-1) in stress-hepatic cells (J. Zheng et al., 2015) and in 

high-glucose monocytes (Jain, Huning and Micinski, 2014). In line with these 

observations, immunoblotting analysis displayed a possible modification on NQO1 and 

GcLC downstream proteins. However, correlation with Nrf2-nuclear translocation was 

not determined as only preliminary and non-significant data was observed in the current 

project.  
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Additionally, alternative PTMs need to be considered regarding the accountability of 

H2S-mediated Keap1 S-sulfhydration and Nrf2 accumulation due to a percentage of Nrf2 

nuclear translocation attributed to phosphorylation of Nrf2 itself or regulators of Nrf2 

(Bloom and Jaiswal, 2003). For instance, phosphorylated Akt mediates Nrf2 atomic 

translocation in cardiomyocyte cells stimulated by GYY4137 (Qiu et al., 2018). One 

avenue to test the contribution of other PTMs in the Nrf2 activation would be using a 

single mutation of Keap1 at Cys151, the predominant Cys residue targeted during S-

sulfhydration, as these strategies were shown before in EA.hy926 cells (Xie, Gu, et al., 

2016). In addition, regulatory mechanisms exist to avoid cytotoxicity by H2S through 

mitochondrial metabolism with robust regulation of enzymatic activity (e.g., SQR, XO or 

ETHE1) or by sulfane-sulfur storage. This intracellular regulation could decrease H2S 

level as the adaptative mechanism, which could also justify the non-significant data for 

Keap1 S-sulfhydration (Picton et al., 2002; Caliendo et al., 2010a).  

Caspases: In vitro models revealed that exogenous H2S could ameliorate caspase 3 

protein expression in hypoxic HUVECs upon co-treatment (Shen et al., 2013) and 

cleaved caspase 3 by the pre-treatment approach (Lin et al., 2018). In neuron-like SH-

SY5Y cells, S-sulfhydration of caspase 3 at its catalytic site leads to its inactivation 

(Marutani et al., 2015). Similarly, the Modified Biotin switch assay confirmed GYY4137 

S-sulfhydrated caspase 3 in HUVECs, suggesting that exogenous H2S can alter caspase 

cascade signalling. Examination of caspase 3/7 activity and cleaved caspase 3 

expression further supports this hypothesis, as reduced activity and protein levels were 

observed in the presence of GYY4137 in TNF-α-induced HUVECs. In line with the 

current study, a recent cardiomyocyte study showed that H2S decreased caspase 3 

activity and cleaved caspase 3 expressions by S-sulfhydration of caspase 3 at its 

catalytic site (Ye et al., 2022). In addition, a report by Braunstein’s group showed that 

cleaved caspase 3 can also be S-sulfhydrated in stressed-Hela cells (Braunstein et al., 

2020). In addition, the assessment of whether GYY4137 regulates S-sulfhydrated 

cleaved caspase 3 was beyond the scope of this thesis due to time limitations. 

Nevertheless, other H2S donors, such as Na2S4, showed that cleaved caspase 3, 

caspase 9 and pro-caspase 9 were S-sulfhydrated in the presence of staurosporine in 

Hela cells (Braunstein et al., 2020). Overall, the present study is, to our knowledge, the 

first work to demonstrate S-sulfhydration of caspase 3 by a slow-releasing H2S donor 

post-treatment in ECs. 
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Taken together, these in vitro studies revealed that H2S alleviated ED via S-sulfhydration 

of Keap1 and further Nrf2-nuclear translocation with downstream upregulation of target 

antioxidant genes. In parallel, inactivation of caspase 3 activity and disruption of the 

cascade signalling route involves S-sulfhydration of caspase 3 (Figure 7.1). Further 

investigations are required to confirm the present findings in vivo models and to establish 

whether S-sulfhydration target proteins may be a suitable therapeutic approach in 

vascular conditions.  

 

Figure 7.1 Hypothetical model proposed for cell ED triggered by TNF-α and rescue 
model mediated by H2S.  
ED model: oxidative stress, inflammation, and apoptosis can be triggered by TNF-α 
stimulation in ECs, in part, via regulation of the intrinsic apoptotic pathway. Rescue model: 
in the presence of H2S, excessive ROS formation, pro-inflammatory cytokines and 
mitochondrial dysfunction are alleviated, in part, through S-sulfhydration of Keap1 and 
Caspase 3; that ultimately reduces cell death.  
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7.2 Future work 

7.2.1 Optimising experimental approach 

This study only selected one-time points (24 hours) to study the beneficial effect of 

GYY4137. Since GYY4137 is a slow-releasing donor, it is essential to investigate its 

therapeutic ability beyond 24 hours. This approach could be informative in understanding 

the efficacy of GYY4137 and which cell targets are regulated by H2S over a more 

extended time. Ours and most of the published literature reports in vitro settings using 2 

Dimensional (2D) monolayer cultures of ECs. However, this culture microenvironment 

cannot reflect the endothelium's physiological characteristics inside vascularised tissue. 

The 3D microenvironment offers structural support and a source of biochemical and 

biophysical signals that regulate cell functions such as matrix stiffness, shear stress and 

interactions with other cell types. This improved cell culture approach has been reported 

in TNF-α-treated HUVECs, in which primary cells in 3D cultures are more sensitive to 

TNF-α at low concentrations than those in 2D cultures, therefore, exacerbating TNF-α-

induced HUVECs oxidative stress (Wang et al., 2020). In addition, specific in vivo rodent 

models targeting specific vascular conditions such as diabetes, ageing or hypertension 

could help to understand the effect of H2S at the tissue level and its implications in the 

overall biological system and avoid failure in clinical trials (Steinhubl, 2008).  

7.2.2 Protein S-sulfhydration in vascular cells.  

The proteomic analysis and genetic sequencing assessment could lead to 

understanding vascular networks and accurately quantifying post-translational 

modifications in this study’s model. Notably, the new method based on dimedone-based 

probes offers a robust and adaptative approach for screening, proteomic analysis and 

confocal microscopy. Recently this method has been used to show the endothelial S-

sulfhydrome with more than a thousand vascular proteins challenged with shear stress 

and H2S donor, SG1002 (Bibli et al., 2021). However, proteomic analysis of vascular S-

sulfhydrome upon inflammatory stimuli has yet to be assessed. This experimental 

approach would better understand S-sulfhydration events and functional features in 

endothelial stress and dysfunction. Among several proteins that have been reported, 

only a few of them have been investigated for mechanistic implications (Fu et al., 2020).  
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In this regard, actin is essential for cells' vascular permeability and integrity, and it has 

been reported to be S-sulfhydrated. However, the implications of S-sulfhydrated actin in 

the structure and cytoskeleton of ECs have not been investigated (Mustafa et al., 2009). 

Therefore, understanding the impact of S-sulfhydrated actin on vascular function could 

help to explore the H2S role in cell integrity-related conditions.  

7.2.3 Increasing the number of replicates 

Many differences observed in ED that were quantified for antioxidant enzymes were not 

statistically significant, which may have resulted from the small number of replicates 

processed during the study. While some studies address the problems with enzymatic 

activity rather than expression  (Zhang et al., 2016), the power of the experiment is 

inherent. It would require many more replicates to ascertain protein modifications at 

transcriptional, translational and functionality levels (Pollard, Pollard and Pollard, 2019).  

7.3 Final conclusions 

In summary, the work described in this thesis revealed that H2S is a potent biological 

mediator that regulates endothelial function under physiological and pathophysiological 

scenarios. The work presented here demonstrates that post-treatment of H2S under 

inflammatory conditions could revoke ED. This approach enables the depiction of 

changes in subcellular organelles such as mitochondrion, where the impact goes beyond 

energy supply, compromises organelle morphology, and affects the apoptotic cascade. 

As mentioned before, the modified Cys residues on target proteins by H2S could protect 

by scavenging oxidants and disrupting cell death signals. From the data obtained in this 

study and the research undertaken in other groups, ED mediated by pro-inflammatory 

stimuli is a downstream result of a combination of factors resulting from the rise of 

oxidant production and intrinsic apoptotic signalling pathway. The H2S’s pivotal role in 

protecting against impaired endothelium involves the S-sulfhydration of crucial proteins, 

with novel targets highlighted. In cardiomyocytes, S-sulfhydration of caspase 3 and 

inactivation of its activity was seen (Ye et al., 2022), supporting the data in this thesis. 

While methodology, experimental power and biological sample can still be further 

optimised to expand the functional activity of the S-sulfhydrated proteins, the current 

post-treatment approach with slow-release H2S donor can be adapted to investigate S-

sulfhydrated candidates for inflammatory diseases.  
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9.1 Appendix a. Consumables 

To address the aims of this project, a series of equipment (Table 9-1), chemicals (Table 

9-2) and commercial kits (Table 9-3) were used. Endothelial cell models required specific 

reagents, as described in Table 9-4. Exogenous H2S donors and their chemical structure 

used throughout this thesis are described in Table 9-5.  

Table 9-1. Laboratory equipment and software 

Equipment Supplier 

Agilent software Agilent Technologies, INC., California, USA 

Automated ELISA wash plate ASYS Atlantis Biochrom Ltd, Cambridge, UK 

Agilent Seahorse 24 XF Agilent Technologies, INC., California, USA 

Automated plate shaker Stuart® SSM3, # SSL5, Staffordshire, UK 

Automated water bath Grant instrument, Cambridge, UK 

Bio-render software OHSU, Canada 

Cell culture flasks 75 cm2, cellstar® (# 
658175) 

Greiner Bio-one, Stonehouse, UK 

Cryo-freezing container NALGENE Thermo Fisher Scientific, Warrington, UK 

Confocal lighting microscopy TCS SP8 
system 

Leica Microsystems Ltd, UK 

Electrophoresis apparatus and Western 
blot semi-dry transfer system 

BIO-RAD, Watford, UK 

Falcon round polystyrene test tube SLS, Lonza, Basel, Switzerland 

Fluorescence microscope Nikon EClipse Tii, Nikon instrument Ltd., 
Shanghai, CH 

Flow cytometer BD Accuri™ C6 Plus BD Biosciences, Accuri Cytometers, Inc., 
USA 

Flow cytometric analysis software Accuri™ Cytometers, Inc., USA 

Graph Prism v.8 software GraphPad, California, USA 

Homogenizer Crushing Jencons-PLS T8.01, IKA®, Deutschland, 
Germany 

Hybridisation incubator HB-1D, Techne, Staffordshire, UK 

Image Processing and Analysis in Java 
software 

ImageJ, USA 

Mr Frosty™ (# 5100-0001) ThermoFisher Scientific, Gloucester, UK 

Nikon Eclipse T s 2 inverted routine 
microscope 

Nikon, CH 
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Nikon Ti -S Inverted fluorescence phase 
contrast microscope Pred Ti2 

Nikon, CH 

Neubauer haemocytometer chamber Marienfeld Superior™ , Lauda-Königshofen, 
Germany 

Muttimode Microplate Reader Spark® TECAN Group Ltd., Männedorf, Switzerland 

Nanodrop 1000 spectrophotomer Thermo Fisher Scientific, Warrington, UK 

Odyssey® CLx Imaging system LI-COR Biosciences Ltd., Cambridge, UK 

PCR LightCycler 480 II platform Roche Diagnostic Ltd, Burgess Hill, UK 

TransBlot® Turbo Transfer system Bio-Rad Laboratories, Watford, UK 

Seahorse Extracellular Flux Analyzer XF24 Agilent Technologies, Cheadle, UK 

Tabletop Centrifuge Centrifuges # 5418; # 5702; # 5424; # 5424-
R, Eppendorf, Hamburg, Germany 

TECAN plate reader Spark-TECAN Trading AG, Switzerland. 

Thermal Labcycler SensoQuest Basic # T3-0140, Geneflow Ltd., Staffordshire, UK 

Unidirectional Laminar airflow cabinet # VCS2-4, Envair Ltd., Lancashire, UK 

 

 

Table 9-2. Laboratory Reagents and Chemicals 

Reagent Supplier 

Acrylamide/Bis-acrylamide 30% solution 
(#A3574) 

Sigma-Aldrich, Poole, Dorset, UK 

Alexa Fluor™ 647 C2 Maleimide (#A20347) ThermoFisher Scientific, Gloucester, 
UK 

Amersham™ Hybond P Western blotting 
membrane, nitrocellulose (#GE10600004)  

Millipore Sigma-Aldrich, Poole, Dorset, 
UK 

Alexa Fluor 680 C2-Maleimide (#A20344)  ThermoFisher Scientific, Gloucester, 
UK 

Bovine serum albumin (BSA) (#66-1252) Fisher Scientific, Loughborough,UK 

Biotin-HPDP (#ab145614) Abcam, Cambridge, UK 

Bradford Protein assay Reagent A (#500-0113) Bio-Rad Laboratories, Watford, UK 

Bradford Protein assay Reagent S (#500-0115) Bio-Rad Laboratories, Watford, UK 

Bradford Protein assay Reagent B (#500-0114) Bio-Rad Laboratories, Watford, UK 
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β-mercaptoethanol (#444203) Sigma-Aldrich, Poole, Dorset, UK 

CellTiter-Blue® Cell viability assay (#G8080) Promega, GmbH, Southhampton, UK 

CM-H2DCFDA™ (#C6827)  ThermoFisher Scientific, Gloucester, 
UK 

DAPI staining solution (#ab228549) Abcam, Cambridge, UK 

DAPI-SlowFade Diamond Antifade Mountant 
(#s36968) 

ThermoFisher Scientific, Gloucester, 
UK 

Deferoxamine mesylate salt powder ( D9533) Sigma-Aldrich, Poole, Dorset, UK 

Dimethyl sulfoxide (DMSO) (#D2650) Sigma-Aldrich, Poole, Dorset, UK 

Dithiothreitol (DTT) (#15326322) Roche diagnostics Ltd. West Sussex, 
UK 

Ethanol (absolute) Sigma-Aldrich, Poole, Dorset, UK 

Ethylenediaminetetraacetic acid (EDTA) 
(#E9884) 

Sigma-Aldrich, Poole, Dorset, UK 

Flow cytometer BD Accuri C6 plus buffers BD Biosciences, Accuri Cytometers, 
Inc., USA 

Goat serum (#S-1000) 2BScientific, Oxfordshire, UK 

Glycine (#G8898) Sigma-Aldrich, Poole, Dorset, UK 

Glycerol (#G5516) Sigma-Aldrich, Poole, Dorset, UK 

Glutaraldehyde solution (#G5882) Sigma-Aldrich, Poole, Dorset, UK 

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic 
acid (HEPES) (#H3375) 

Sigma-Aldrich, Poole, Dorset, UK 

Intercept™ Blocking buffer (#P927-60001) LI-COR Biosciences, Nebraska, USA 

JC-1 (#T3168) ThermoFisher Scientific, Gloucester, 
UK 

Laemmli SDS sample buffer 6X (#J61337) Alfa Aesar, ThermoFisher Scientific, 
Gloucester, UK 

Laemmli SDS sample buffer 4x (#1610747) Bio-Rad Laboratories, Watford, UK 

Matrigel matrix (#354230) Corning, UK 

Milk-dried skimmed powder Marvel, DSDelta, Ltd., UK 

MitoSox™ Red (#M36008) ThermoFisher Scientific, Gloucester, 
UK 



280 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

MitoTracker™ Red (#M7512) ThermoFisher Scientific, Gloucester, 
UK 

MMTS (#208795) Sigma-Aldrich, Poole, Dorset, UK 

Neutr-Avidin Agarose Resin (#29200) ThermoFisher Scientific, Gloucester, 
UK 

N, N, N’, N’ -tetraacetylethylenediamine (#T9281) Sigma-Aldrich, Poole, Dorset, UK 

N,N-Dimethylformamide (#D4551) Sigma-Aldrich, Poole, Dorset, UK 

Paraformaldehyde (PFA) solution (#158127) Sigma-Aldrich, Poole, Dorset, UK 

Potassium ferricyanide (III) powder (#702587) Sigma-Aldrich, Poole, Dorset, UK 

Potassium hexacyanoferrate (II) trihydrate 
(#P9387) 

Sigma-Aldrich, Poole, Dorset, UK 

Precision plus Protein™ Kaleidoscope™ 
Prestained Protein (#1610375) 

Bio-Rad Laboratories, Watford, UK 

Pierce™ Protein A/G agarose beads (#20421) ThermoFisher Scientific, Gloucester, 
UK 

Phalloidin Alexa Fluor 488 (#A12379) ThermoFisher Scientific, Gloucester, 
UK 

Restore Western Blot Stripping Buffer (#21059) ThermoFisher Scientific, Gloucester, 
UK 

Revert 700 Total protein stain kit (#926-11010) LI-COR Biosciences, Nebraska, USA 

RIPA Lysis buffer (#89900)  ThermoFisher Scientific, Gloucester, 
UK 

Seahorse medium XF Base (#102353) Agilent Technologies, Cheadle, UK 

Seahorse XF Calibrant solution (#100840-000) Agilent Technologies, Cheadle, UK 

Sodium chloride (#S7653) Sigma-Aldrich, Poole, Dorset, UK 

Sodium dodecyl sulfate (#L3771) Sigma-Aldrich, Poole, Dorset, UK 

Sodium pyruvate solution (#s8636) Sigma-Aldrich, Poole, Dorset, UK 

Thin Blot paper (#1620118) Bio-Rad Laboratories, Watford, UK 

Tris-HCL (#T5941) Sigma-Aldrich, Poole, Dorset, UK 

Trizma base (#T6066) Sigma-Aldrich, Poole, Dorset, UK 
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Triton X-100 (#T8787) Sigma-Aldrich, Poole, Dorset, UK 

Tween-20 (#63158) Sigma-Aldrich, Poole, Dorset, UK 

X-Gal, 5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranosie (#11680293001) 

Sigma-Aldrich, Poole, Dorset, UK 

 

Table 9-3. Assays Kits 

Kit Supplier 

Annexin V-FITC / Propidium iodide 
staining assay kit (#040914) 

BioLegend®, California, USA 

BCA Protein Assay kit (#23227) ThermoFisher Scientific, Gloucester, 
UK 

GSH/GSSG-Glo™ Assay kit (#V6611) Promega, GmbH, Southhampton, 
UK 

Human Interleukin 6 (IL-6) ELISA assay kit 
(#DY206-05) 

R&D Systems, Bio-Techne, Inc., 
Oxford, UK 

Revert™ Total Protein Stain assay kit 
(#P/N 926-11010) 

LI-COR Biosciences, Nebraska, 
USA 

SF-Cell LINE 4D-Nucleofector X kit L 
(#V4XC-2012) 

Lonza (SLS), Basel, Switzerland 

Seahorse XF Cell Mito Stress Test kit 
(#103015-100) 

Agilent Technologies, INC., 
California, USA 

Caspase-Glo 3/7 3D Assay kit (#G8981) Promega, GmbH, Southhampton, 
UK 
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Table 9-4. Cell Culture Reagents 

Reagent Supplier 

Dulbecco's Modified Eagle's Medium 
(#D6429) 

Sigma-Aldrich, Poole, Dorset, UK 

Endothelial Cell Growth Medium 2 (#C22111) PromoCell, GmbH, Heidelburg, Germany 

EA.hy926 Human endothelial cell line 
(ATCC® CCL-2922™) 

LGC Standards, Teddington, UK 

Fetal Bovine Serum Gibco (#11550356) Fisher Scientific, Loughborough,UK 

Human Umbilical Vein Endothelial Cells (# 
C12203) 

PromoCell, GmbH, Heidelburg, Germany 

Hydrogen peroxide solution (H202) 30% (w/w) 
in H2O  

Sigma-Aldrich, Poole, Dorset, UK 

L-glutamine (#G3126) Sigma-Aldrich, Poole, Dorset, UK 

Media 199 with EBSS (#LZBE12-119F) Lonza (SLS), Basel, Switzerland 

Penicillin-Streptomycin solution (#P4333) Sigma-Aldrich, Poole, Dorset, UK 

Phosphate-buffered saline (PBS) 1X 
(#806552) 

Sigma-Aldrich, Poole, Dorset, UK 

Human Tumour necrosis factor-alpha (#210-
TA-005) 

R&D Systems, Bio-Techne, Inc., Oxford, 
UK 

Trypsin-EDTA solution 10X (#LZBE02-OO7E) Lonza (SLS), Basel, Switzerland 

Trypan blue solution (#T8157) ThermoFisher Scientific, Gloucester, UK 
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Table 9-5. H2S donors 

Compound Chemical structure 

GYY4137 (morpholin-4-ium 4-
methoxyphenyl(morpholino) 
phosphinodithioate) (#SML2470), 
Sigma-Aldrich, Poole, Dorset, UK 

 

 

NaHS (sodium hydrosulfide) 
(#161527), Sigma-Aldrich, Poole, 
Dorset, UK 
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9.2 Appendix b. Supplementary material 

List of Figures 

Figure S3.1. Metabolic capacity of viable HUVECs cells in increasing doses of GYY4137 

[0, 50, 100, 200, 400 µM].  

Figure S4.1. Angiogenesis capacity of HUVECs in the presence of TNF-α and GYY4137 

post-treatment setting by tube formation assay.  

Figure S4.2. Senescence analysis of HUVECs in the presence of TNF-α and GYY4137 

post-treatment setting by senescence-associated β-galactosidase (SA-β-Gal).  

Figure S4.2. Actin cytoskeleton in HUVECs with and without GYY4137 (100 µM) using 

F-actin phalloidin staining.  

 

 

Figure S.3.1.  Metabolic capacity of HUVECs in the presence of 
increasing GYY4137 doses. Cells were treated with increasing 
GYY4137 concentration [50 µM, 100 µM, 200 µM and 400 µM] in 
comparison to the control group [0 µM] for 24 hours. Data are 
represented as mean ± SEM (n=3) and analysed by one-way ANOVA, 
followed by a Dunnett's multiple comparison test. ns. represents non-
significant vs. control group. (n=3). 
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Figure S.4.1.  Effects of TNF-α and GYY4137 in endothelial angiogenesis.  
HUVECs were treated with TNF-α (1ng/ml, 3h) followed by GYY4137 (100 µM, 21 h). 
Matrigel HUVECs tube-forming assay was conducted to study the tubulogenesis function of 
untreated and treated ECs. (A) Representative images of vessel formation by ECs. A Nikon 
microscope captured images using 4x objective magnification (scale bar: 500 µm). (B) The 
number of branches and (C) the number of junctions was analysed by ImageJ software. 
Results were shown as mean ± SEM, (n=3). Significance was determined by a one-way 
ANOVA test followed by Sidak’s post-test comparing treatments to control, whereby ns. and 
(*) represent non-significant, p<0.05, respectively vs. control. (n=3).  

 



286 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

 

Figure S.4.2. Senescence-associated β-galactosidase (SA-β-Gal) in TNF-α and 
GYY4137 treated ECs. 
HUVECs seeded in a 96-well plate were treated with TNF-α (1ng/ml, 3h), followed by 
GYY4137 (100 µM, 21 h). Cells were incubated with stained with SA-β-Gal. (A) 
Representative immunohistochemical images showing SA-β-Gal (blue stain) in 
untreated and treated ECs (scale bar: 50 µm). Relative p53 (B) and (C) p21 mRNA 
expressions were analysed by RT-qPCR and calculated using the ΔΔCt value 
method. YWHAZ and EEF2 were used as housekeeper genes. Significance was 
determined by ANOVA test followed by Sidak’s post-test comparing treatments to 
control (untreated cells), whereby ns. represents non-significant vs. to control. (n=3) 
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Figure S.6.1.  Preliminary fluorescence analysis of the organisation of F-actin in 
HUVECs.  
The effects of GYY4137 on the actin cytoskeleton. Cells were stimulated with or without 100 
µM GYY4137 for 24 hours. After that, immunofluorescence analysis was performed using 
Alexa Fluor 687 Phalloidin (green spectrum) to stain F-actin and DAPI to stain the nucleus 
(blue spectrum) by confocal microscopy (scale bar: 25 µm) (n=1). 
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9.3 Appendix c. Uncropped western blot images 

List of Figures 

Uncropped images of all immunoblots reported in the current project are displayed 

below. Each blot is labelled, and targeted presented protein bands have been 

emphasized (orange square).  

 

 

 

 

 

Figure i. Uncropped immunoblotting images corresponding to Trx (A) relative to GADPH 

(B) are described in Figure 4.3 (see Chapter 4).  

 

 

 

 

 

 

Figure ii. Uncropped immunoblotting images corresponding to cytosolic cyto c (A) 

relative to actin (B) are described in Figure 5.11 A (see Chapter 5).  



289 

L. Diaz Sanchez, PhD Thesis, Aston University 2022 

 

  

 

 

 

 

 

Figure iii. Uncropped immunoblotting images corresponding to caspase 3 (A) relative 

to actin (B) are described in Figure 5.11 A (see Chapter 5). 

 

 

 

 

 

 

 

 

Figure iv. Uncropped immunoblotting images corresponding to cleaved caspase 3 (A) 

relative to actin (B) described in Figure 5.11 A (see Chapter 5).  
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Figure v. Uncropped immunoblotting images corresponding to sulfhydrated actin 

relative to total load actin described in Figure 6.3 (see Chapter 6).  

 

 

 

 

 

 

 

Figure vi. Uncropped immunoblotting images corresponding to sulfhydrated Keap1 (A) 

relative to total load Keap1 (B) are described in Figure 6.5 (see Chapter 6).  
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Figure vii. Uncropped immunoblotting images corresponding to nuclear Nrf2 (A) relative 

to Histone H3 (B) are described in Figure 6.7 (see Chapter 6).  

 

 

 

 

 

 

Figure viii. Uncropped immunoblotting images corresponding to NQO1 (A) relative to 

GAPDH (B) are described in Figure 6.8 (see Chapter 6).  
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Figure ix. Uncropped immunoblotting images corresponding to GcLC (A) relative to 

actin (B) are described in Figure 6.8 (see Chapter 6).  

 

 

 

 

 

 

 

 

Figure x. Uncropped immunoblotting images corresponding to sulfhydrated caspase 3 

(A) relative to total load caspase 3 (B) are described in Figure 6.9 (see Chapter 6).  
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