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Abstract 

Hydrogen sulfide (H2S) is recently recognized as a novel gasotransmitter. H2S can be 

endogenously generated from cysteine in mammalian tissues, and cystathionine gamma-lyase 

(CSE) is a critical enzyme generating H2S in the cardiovascular system. Increasing evidence 

suggests that interference in H2S production is related to heart diseases. Obesity is a leading 

risk factor for heart dysfunctions by interrupting lipid metabolism. In the current work, the 

regulatory roles of the CSE/H2S system on lipid overload-induced lipotoxicity and cardiac 

senescence were explored. Here, it was found that incubation of H9C2 rat cardiomyocyte 

cells with a lipid mixture inhibited cell viability and promoted the cellular accumulation of 

lipids, formation of reactive oxygen species, mitochondrial dysfunctions, and lipid 

peroxidation; all of these could be reversed through incubation with the exogenously applied 

NaHS (the H2S donor). Further data revealed that H2S protected H9C2 cells from lipid 

overload-induced senescence by altering the expression of genes related to lipid metabolism 

and inhibiting both the production of acetyl-CoA and the level of protein acetylation. In vivo, 

knockout of the CSE gene strengthened cardiac lipid accumulation, protein acetylation, and 

cellular ageing in the mice fed a high-fat diet. Taken together, the CSE/H2S system is 

essential for maintaining lipid homeostasis and cellular senescence in heart cells under lipid 

overload. The CSE/H2S system would serve as a target for preventing and treating obesity 

and age-related heart diseases. 

Keywords: H2S, cystathionine gamma-lyase, lipid metabolism, lipotoxicity, senescence, 

protein acetylation 
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1. Introduction 

1.1. H2S signaling in cardioprotection 

1.1.1. Endogenous production of H2S 

Hydrogen sulfide (H2S) is a small molecule that can freely cross the cell membrane 

(Wang, 2012). H2S is considered to be a novel gaseous mediator, similar to carbon monoxide 

and nitric oxide (Wang, 2012; Linden et al., 2010; Leslie, 2008). The endogenous H2S can be 

constitutively generated in mammalian tissues through enzymatic and/or nonenzymatic 

pathways (kolluru et al., 2013). The 3-mercapto pyruvate sulfurtransferase (MST), 

cystathionine β synthase (CBS), and the cystathionine γ lyase (CSE) are three critical 

enzymes for determining the level of H2S generation in mammalian tissues (Ahmad et al., 

2016; Shibuya et al., 2009; Yang et al., 2018). CSE and CBS account for most of the 

endogenous H2S generation using L-cysteine and homocysteine as substrates. The principal 

mechanism of H2S formation from CBS is through the β-replacement reaction with cysteine 

and water to create serine (Chen et al., 2004; Kabil and Banerjee, 2014; Kabil et al., 2011; 

Sbodio et al., 2019). Through an α, β elimination reaction, L-cysteine can also be used by 

CSE to generate H2S. Nevertheless, when high homocysteine levels exist, the γ-replacement 

between two homocysteine molecules is the essential reaction for the formation of H2S (Kabil 

et al., 2011) (Equation 1). CSE and CBS are the enzymes dependent on pyridoxal-5-

phosphate (PLP) and appear to be exclusively cytosolic (Allsop and Watts, 1975; 

Donnarumma et al., 2017). MST is another H2S-generating enzyme, which interacts with the 

cysteine aminotransferase (CAT) to produce H2S (Shibuya et al., 2009). Different from CSE 
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and CBS, CAT and MST exist in both the cytoplasm and mitochondria, and about two-thirds 

of the 3-MST is present in mitochondria (Lavu et al., 2011) (Fig. 1).  

 

Equation 1: 

L-cysteine + H2O → H2S + L-pyruvate + NH3  

L-Homocysteine + L-Homocysteine → H2S + L-Homolanthionine 

 

Experimental evidence suggests the distributions of these enzymes are tissue-specific. 

CBS is regarded as the main enzyme producing H2S in the brain and nervous system (Abe et 

al., 1996), and it has also been confirmed to be present in other tissues (Teng et al., 2013; 

Szabo et al., 2013). CSE is the major enzyme generating H2S in the cardiovascular system and 

is also exists in the liver, kidney, and gastrointestinal tract (Fiorucci et al., 2006; Guo et al., 

2012; Martin et al., 2010; Patel et al., 2009; Xin et al., 2016; Yang et al., 2005; Zhao et al., 

2001). Different from CBS, CSE is not expressed constitutively in cells, and the expression of 

CSE is highly induced via a series of stimuli, such as oxidative stress, endoplasmic reticulum 

(ER) stress, hyperhomocysteinemia and a nutritional deficiency (Hassan et al., 2012; 

Hourihan et al., 2013; Sbodio et al., 2019). The CAT and MST jointly contribute to H2S 

generation in the vascular endothelium and brain (Manna et al., 2014; Tomita et al., 

2016). Nonenzymatic generation of H2S occurs via the reaction of thiol or thiol-containing 

compounds with other molecules, such as the reduction of dietary inorganic polysulfides by 
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glutathione (GSH) or the hydrolysis of inorganic sulphide salts (namely, sodium hydrogen 

sulphide [NaHS] or sodium sulphide [Na2S]) with water (Benavides et al., 2007; Powell et al., 

2018). 

 

Previous reports suggest that the concentration of H2S in cells varies from high 

nanomolar to lower micromolar concentrations, but in most tissues, the H2S steady-state 

concentration may be in a low nanomolar range (Furne et al., 2008; Sokolov et al., 2021). 

Under normal physiological conditions, H2S can maintain its levels through a variety of 

catabolic pathways. The H2S elimination processes contain oxidation, methylation, and 

clearance through expiration and excretion (Kimura, 2012, 2013; Shibuya et al., 2013). 

Nevertheless, in the above processes, the principal pathway is oxidation, and mitochondria are 

very effective in this process (Goubern et al., 2007).  

 



4 

 

 

Fig. 1. Enzymatic contribution of endogenous H2S in the mammalian tissues (Dugbartey, 

2017). 

 

1.1.2. Physiological roles of H2S in mammalian tissue 

H2S has been confirmed to be present in a variety of organs and tissues of mammals as 

a new gasotransmitter and possesses an extensive range of physiological effects in 

mammalian tissues (Gadalla and Snyder, 2010; Luo et al., 2020). Various researches have 

demonstrated that H2S participates in a variety of pathological and physiological processes, 

including antioxidant defence, autophagy, apoptosis, differentiation of stem cells, and cellular 
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senescence (Albertini et al., 2012; Baskar et al., 2008; Kimura, 2013; Sun et al., 2019; Wang 

et al., 2020; Wu et al., 2018; Yang et al., 2006; Yang and He, 2019) (Fig. 2). In addition, 

accumulating evidence suggests that H2S modulates different cellular functions in a cell- and 

tissue-specific manner (Szabo and Papapetropoulos, 2017).  

 

H2S can interfere with central metals of iron-heme proteins, as a kind of antioxidant, to 

remove reactive nitrogen species (RNS) and reactive oxygen species (ROS). H2S post-

translationally modifies protein cysteine residues via S-persulfidration, further influencing the 

function of various proteins (Filipovic, 2015; Filipovic et al., 2018; Kimura, 2020; Powell et 

al., 2018; Sen, 2017). 

 

Fig. 2. Physiological roles of H2S in mammalian tissue (Kabil et al., 2014).  
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1.1.3. The cardioprotective effects of H2S 

H2S is principally generated through CSE using L-cysteine as a substrate in the vascular 

system and heart. Previously published experimental studies exhibited that H2S is generated 

in the circulation at micromolar levels (between 10 and 100 μM) and helps maintain the 

physiological functions of the heart. It has been shown that H2S can decrease blood pressure, 

cause vasodilation in vitro, relax vascular smooth muscle, and inhibit the interaction between 

endothelial cells and leukocytes in circulation (Pryor et al., 2006). Furthermore, H2S is an 

effective antioxidant, which can augment tissues' antioxidant defence capacities in chronic 

diseases. Moreover, the treatment of H2S can reverse cardiomyocyte apoptosis caused by a 

variety of stressors, including ischemia/reoxygenation (I/R), H2O2, high glucose (Wu et al., 

2015; Xu et al., 2015).  

 

In the past several years, growing evidence indicates that a dysregulation of 

endogenous H2S production can promote a variety of heart diseases. The exogenous H2S 

administration or the regulation of signalling pathways associated with endogenous H2S has 

shown to produce a protective effect in various models of cardiac injury (Donnarumma et al., 

2017). For example, decreased expression of CSE and lowered H2S generation was shown in 

human samples of hypertrophic myocardium (Meng et al., 2016). The supplementation of H2S 

was shown to prevent myocardial hypertrophy in spontaneously hypertensive rats by 
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changing the transcription factor KLF5 (Meng et al., 2016). Similarly, animal experiments 

revealed that the formation of endogenous H2S in myocardial cells was remarkably reduced 

during ischemia (Donnarumma et al., 2017). Both in vivo and in vitro investigations have 

demonstrated a protective effect of H2S therapy on the myocardial injury from ionizing 

radiation (Bibli et al., 2015; Hu et al., 2016). Further investigation revealed that H2S-induced 

cardioprotection in cardiomyocytes is due to inflammation inhibition via blocking 

transactivation of NF-κB, stimulation of antioxidant pathways through targeting at Nrf2 

transcription factor, and heart function protection via activating sarcolemmal KATP channels 

(Jin et al., 2017; Pan et al., 2006). A report by Kar et al. first elucidated that exercise could 

prevent cardiac dysfunction caused by a high-fat diet (HFD) in mice by inhibiting myocardial 

remodelling and protecting mitochondrial function, possibly via H2S-mediated 

cardioprotection (Kar et al., 2019) (Fig. 3).  
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Fig. 3. The protective effects of H2S on the heart (Shen et al., 2015). 

 

1.2. Obesity, lipotoxicity and heart dysfunction 

1.2.1. Obesity and heart dysfunction 

Obesity, primarily due to nutrient intake exceeding nutrient expenditure, is a serious 

health concern in the past three decades (Sletten et al., 2018). The pathogenesis of obesity 

stems from many factors, including lifestyle, epigenetics, and genetics (Albuquerque et al., 

2015; Hopkins and Blundell, 2016; MacLean et al., 2017; Parrillo et al., 2016; Raciti et al., 

2017; Schwartz et al., 2017). Severe obesity is related to an increased risk of adverse health 

consequences that also influence medical costs, life quality, and life expectancy.  

 

Severe obesity, defined as a body mass index equal to or greater than 40/kg/m2, can lead 

to cardiac structure and function changes. Primary myocardial alterations on account of 

obesity include left atrial enlargement, left ventricular (LV) hypertrophy, subclinical 

impairment of LV systolic and diastolic function, cardiomyopathy, arrhythmias, and valvular 

heart diseases enhancing the risk of heart failure (Abel et al., 2008). These changes lead to 

high cardiovascular mortality in the world (Abel et al., 2008; Borlaug et al., 2010; Ebong et 

al., 2014; Eckel et al., 2002; Haykowsky et al., 2014; Kang, 2013; Kitzman and Shah, 2016; 

https://www.sciencedirect.com/topics/medicine-and-dentistry/morbid-obesity
https://www.sciencedirect.com/topics/medicine-and-dentistry/cardiovascular-mortality
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Kopelman, 2000; Maeder et al., 2010; Obokata et al., 2017; Park and Goldberg, 2012; Paulus 

and Tschöpe, 2013; Shah et al., 2016; Upadhya et al., 2015) (Fig. 4). 

 

 Prior studies have confirmed that the changes in ventricular function and cardiac 

structure caused by obesity are due to hemodynamic changes (Alpert, 2001; Alpert et al., 

2014; Wong and Marwick, 2007). Recent clinical trials and experimental studies utilizing 

animal models strongly suggest that obesity-related lipotoxicity may also have adverse effects 

on cardiac function and structure (Abel et al., 2008; Briones et al., 2012; Even et al., 2014; 

Haykowsky et al., 2014; Kang, 2013; Normandin et al., 2015; Obokata et al., 2017; Parisi et 

al., 2016). In simplistic terms, cardiac lipotoxicity is a process characterized by the excessive 

accumulation of lipid intermediates and lipids in the heart (Abdurrachim et al., 2014). This 

kind of accumulation may result in cellular dysfunction and even cell death, ultimately 

causing the dysfunction of the whole organ (Alpert et al., 2018; Schulze et al., 2016).  

 

 

Fig. 4. Obesity and heart dysfunction (Castañeda et al., 2019). 

Obesity 
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1.2.2. Heart lipid metabolism 

The metabolism of lipids is an intricate process composed of the uptake, synthesis, 

oxidation, and transport of lipids. For all the lipid types, fatty acids are the most abundant, so 

the lipid content in tissue and plasma is decided via the availability of free fatty acids (FFA) 

(Vega and Kelly, 2017). 

  

     The extracellular FFAs enter the cardiac myocyte via a variety of lipid transporters, 

such as the cluster of differentiation 36 (CD36), and then go through acyl-CoA oxidase 

(ACOX1) mediated β-oxidation in mitochondria, resulting in the release of acetyl-CoA (Vega 

and Kelly, 2017). Mitochondrially generated acetyl-CoA can be converted to citrate, which 

can then be exported from mitochondria to the cytosol, and converted to acetyl-CoA through 

ATP citrate lyase (ATP-CL) (Fushimi et al., 2006). Cytoplasmic acetyl-CoA can also 

originate from the metabolite acetate, which comes from a variety of intracellular and 

extracellular sources, including intestinal microbial metabolism, food digestion, acetylated 

protein deacetylation and alcohol oxidation (Mews et al., 2017). Acetate can be employed to 

produce the acetyl-CoA via acyl-CoA synthetase (AceCS1). Then acetyl-CoA formed in the 

cytosol can participate in the generation of de novo fatty acids through fatty acid synthase 

(FAS) and acetyl-CoA carboxylase (ACC) (Todoric et al., 2020). Besides lipid catabolism, 

triglycerides (TAGs) are formed via esterifying fatty acids to glycerol; these TAGs are then 



11 

 

placed in lipid droplets (Lee et al., 2020). The stored energy can be mobilized to mitochondria 

by lipophagy or lipolysis, breaking down lipid droplets (D'Souza et al., 2016; Matey-

Hernandez et al., 2018) (Fig. 5). Lipid metabolism significantly affects cellular energy 

demands and provides crucial components for biosynthetic pathways and redox homeostasis.  

 

Fig. 5. Heart lipid metabolism (Yi et al., 2018). 

 

1.2.3. Obesity and lipotoxicity 

Obesity in patients and experimental animals is often accompanied by abnormal lipid 

metabolism, which causes lipid over deposition in fat tissues and eventually results in high 

circulating TAGs and fatty acids levels, causing an enhanced uptake of myocardial fatty acids 

and strong lipid oxidation (Buchanan et al., 2005; Lopaschuk et al., 1994; Luiken et al., 2001; 

Young et al., 2002). The excess fatty acids absorbed through the myocardium are mainly used 
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for the storage of TAGs or energy metabolism via β-oxidation of fatty acids in the 

mitochondria (Ji et al., 2017). The heart's ability to store lipids is limited, so excess lipids in 

the heart contribute to lipotoxicity (Chiu et al., 2001; Gaggini et al., 2015; Li et al., 2010). 

Lipotoxicity can adversely affect multiple cellular processes, including the increased 

generation of reactive oxygen species (ROS) and subsequent mitochondrion dysfunction, 

reduced ATP formation, and possibly reduced cell viability (Aurich et al., 2013; DeFronzo, 

2010; van de Weijer et al., 2011). All of these contribute to heart disease pathogenesis related 

to obesity (Fig. 6). 

 

More fatty acid delivery to cardiac cells and subsequent -oxidation is conducive to the 

activation of serine/threonine kinases, which can inhibit the signalling of insulin through its 

receptor and the insulin receptor substrate (IRS), ultimately leading to decreased uptake of 

glucose. As a result, the obese heart finally loses metabolic flexibility and relies on fatty acid 

oxidation to produce ATP. Since the efficiency of fatty acids acting as energy substrates is 

about 10 to 12% lower than that of glucose in producing ATP at each consumption of oxygen, 

the high oxidation rate of fatty acids can decrease heart efficiency through uncoupling 

proteins (UCPs), which consume the mitochondrial proton gradient and cause mitochondrial 

uncoupling of ATP generation. It is worth noting that in db/db and ob/ob mice, the reduction 

of cardiac efficiency by changing the primary substrate for ATP generation precedes systolic 

cardiac dysfunction (Buchanan et al., 2005). Moreover, the increased oxidation rate of fatty 

acids and the consequent increase in the transfer of reducing equivalents to the electron 
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transport chain favour ROS generation in the heart. Animal researchers have strongly 

confirmed that when the FA supply exceeds the FA oxidation capacity of mitochondria, the 

result is obesity---leading to intracellular accumulation of lipids and lipid intermediates 

(Goldberg et al., 2012; Riehle and Abel, 2016). The outcomes of lipotoxicity are 

cardiomyocyte senescence and apoptosis, myocardial fibrosis, mitochondrial dysfunction, 

eventually leading to heart dysfunction and failure (Harayama and Riezman, 2018; Riehle and 

Abel, 2016).  

 

Several animal experiments indicate a statistically significant close correlation between 

cardiac dysfunction and the accumulation of lipids in heart tissue (Kitzman and Shah, 2016; 

Wende and Abel, 2010). Marked myocardial triglyceride accumulation was observed in 

genetically obese rats, which could be related to the dysfunction of LV and cardiac 

hypertrophy (Drosatos and Schulze, 2013; McGavock et al., 2006; Wende and Abel, 2010; 

Wende et al., 2012). Furthermore, high-fat diet (HFD)-fed mice had elevated myocardial lipid 

accumulation and decreased LV strain (Hankiewicz et al., 2010). Previous studies also found 

that lipid overload in obesity and diabetes mellitus could cause heart dysfunction by 

facilitating acetylation of the fission protein Drp1 at K642, thus stimulating mitochondrial 

dysfunction and ROS generation (Hu et al., 2020). The above findings suggest that reducing 

fatty acid accumulation in the heart may be a strategy for preventing lipotoxic heart 

dysfunction. 
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Fig. 6. Obesity and lipotoxicity in the heart (Koliaki et al., 2019). 

 

1.3. Mitochondrial dysfunction, oxidative stress, lipid peroxidation, acetylation, and 

senescence 

1.3.1. Oxidative stress 

Oxidative stress occurs when there is an imbalance between oxidant and antioxidant 

defence capacities, resulting in the excessive presence of ROS in the cells, such as hydroxyl 

superoxide anion (O2−), hydroxyl radical (OH−), hydrogen peroxide (H2O2) and peroxynitrite 

(ONOO−) (Cheng et al., 2017; Vakifahmetoglu-Norberg et al., 2017) (Fig. 7). Under normally 

functioning physiological conditions, endogenous enzymatic and non-enzymatic antioxidant 
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systems can effectively reduce the level of ROS produced during cell oxidation to protect the 

cells from the harmful influences of high ROS concentrations (Moldogazieva et al., 2019; 

Niki, 2016; Valko et al., 2007). 

 

 

Fig. 7. Oxidative stress (Liu et al., 2017). 

 

1.3.2. Oxidative stress and lipid peroxidation 

Low ROS levels contribute to various normal biological processes, such as immune-

mediated defence against pathogenic microorganisms and facilitation of intracellular signal 
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transduction (Burdon et al., 1996; Moldogazieva et al., 2018). In contrast, excessive ROS can 

result in the damage of DNA, protein oxidization, and lipid peroxidation, which all can 

change the normal functions of cells (Venardos et al., 2007). Among these, lipid peroxidation 

caused by oxidative stress is a process in which the free radicals (for example, the hydroxyl 

free radical, peroxide free radical and oxygen free radical) remove electrons from lipids and 

then generate membrane damaging reactive intermediates (Que et al., 2018; Su et al., 2019). 

Such reactive intermediates have been revealed to destroy DNA, proteins, and enzyme 

activity and activate signalling pathways initiating cell death (Łuczaj et al., 2017) (Fig. 8). In 

both cell culture and animal models, lipid peroxidation has been shown to damage cellular 

membranes and impair organelle functions (Hauck and Bernlohr, 2016). 

 

 

Fig. 8. Oxidative stress and lipid peroxidation (Rezayian et al., 2019). 
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1.3.3. Oxidative stress and mitochondrial dysfunction 

About 90 percent of the ROS generated in mitochondria are derived from electron 

leakage from respiratory chains at mitochondrial complex I and complex III (Andreyev et al., 

2015; Boengler et al., 2017; Kanaan and Harper, 2017; Kato et al., 2017; Makrecka-Kuka et 

al., 2020). Generally, more than 90 percent of the oxygen is used for the production of ATP in 

mitochondria, while approximately 2 percent of oxygen is converted into ROS as electron 

transport chain (ETC) by-products (Perrin et al., 2012). It has been found that ROS generation 

in the mitochondria results in the formation of lipid peroxides, which, in turn, induce 

subsequent damage to mitochondria. The mitochondria are essential organelles for cell 

survival and function. Mitochondrial damage contributes to a variety of pathologies, including 

accumulated damage to their DNA (mitochondrial DNA), decreased mitochondrial respiration 

and reduced ATP production, permeability transition pore (PTP) opening, further inducing the 

permeability transition of mitochondria (Sverdlov et al., 2016). These changes result in 

mitochondrial decomposition, membrane potential depolarization, excessive contraction of 

cardiomyocytes, and even cell death via activating apoptotic signal transduction (Aon et al., 

2006; Dalmasso et al., 2017; Goh et al., 2016; Rannikko et al., 2013; Rasola and Bernardi, 

2007; Vieira et al., 2017). 
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     Furthermore, with PTP, ROS can leave the mitochondria to facilitate further release of 

ROS from adjacent mitochondria together with other sources through a process called ROS-

induced ROS release (Ago et al., 2010) (Fig. 9). Studies in animal and human models have 

shown that oxidative stress can affect various cellular phenotypes, including cardiomyocyte 

hypertrophy, senescence, and cell proliferation (San Martín et al., 2007; Wu et al., 2019). As 

such, reducing mitochondrial ROS accumulation and avoiding mitochondrial oxidative 

damage may help prevent heart disease.  

 

Fig. 9. Oxidative stress and mitochondrial dysfunction (Topf et al., 2016). 
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1.3.4. Lysine acetylation and histone acetylation 

Lysine acetylation refers to an acetyl group (CH3CO) addition to organic compounds 

containing lysine residues through enzymatic acetylation with acetyltransferase or the non-

enzymatic chemical modification with acetyl-CoA (Hebert et al., 2013; Hirschey et al., 2010; 

Zhang et al., 2009). Acetylation of lysine regulates the biophysical performances of these 

modified proteins, which includes changes in protein stability (Shaw et al., 2008; Xiong and 

Guan, 2012). Deacetylases can reverse this modification. Similarly, the balance between 

histone deacetylase (HDAC) and histone acetyltransferase (HAT) is employed to control the 

cellular levels of histone acetylation (Fig. 10). Histone acetylation affects local chromatin 

architecture and promotes gene expression in the affected region. However, deacetylation of 

histone catalyzed by HDAC induces chromatin condensation and inhibits gene expression 

(Bannister and Kouzarides, 2011; Cedar and Bergman, 2009; Kuschman et al., 2021). In 

humans, eighteen HDACs have been divided into 4 different groups, namely, Class I HDACs 

(Zn2+ dependent HDACs, containing HDAC1, 2, 3, along with HDAC 8), Class II HDACs 

(related to yeast HDA1, including HDAC 4, 5, 6, 7, 9, and HDAC 10), Class IV HDACs 

(HDAC11), and Class III HDACs (also called Sirtuins, containing SIRT1, 2, 3, 4, 5, 6, and 7). 

Among these, Class III HDACs need the NAD+ to act as a reactant in deacetylation reactions 

(Mobley et al., 2017; Seto and Yoshida, 2014). 
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Fig. 10. Lysine acetylation and histone acetylation (Christensen et al., 2019). 

 

1.3.5. Protein acetylation, histone acetylation-related enzymes and heart function. 

     A recent study found that the pathophysiology of heart dysfunction is associated with 

excessive protein acetylation (Lkhagva et al., 2018). The calcium-binding protein cardiac 

troponin I (cTnI) is a crucial protein regulating cardiac contraction, and its reduction is related 

to diastolic dysfunction. It has been shown that cTnI acetyl-mimetic mutations reduce cTNI-

mediated cardiac contractility and up-regulate relaxation speed in cultured rat cardiomyocytes 

(Lin et al., 2020). In the heart failure with preserved ejection fraction (HFpEF) animal model, 

inhibition of protein acetylation improved diastolic function (Wallner et al., 2020). 
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     The activation of class I HDACs critically affects the cardiac structure and electrical 

remodelling in heart failure. The inhibition of Class I HDAC has been confirmed to increase 

the expression of superoxide dismutase-2 (SOD2) and catalase (CAT), reduce ROS, 

downregulate inflammatory cytokines, and decrease cardiac fibrosis and hypertrophy 

(Francois et al., 2021b). Besides, both the myocardial infarction and ischemic reperfusion (IR) 

model suggested that inhibition of Class I HDAC blunts hypertrophy and preserves systolic 

functions (Aune et al., 2014; Gallo et al., 2008; Morales et al., 2016; Nural-Guvener et al., 

2014). Moreover, mitochondrial HDAC1 inhibition by LL-66, a selected inhibitor of Class I 

HDACs, induced a protective effect on reperfusion injury. The treatment of LL-66 can also 

decrease ROS generation, contributes to increased cardiomyocyte viability and improved left 

ventricular function. The unspecific inhibition of all HDACs with a general inhibitor of 

HDACs, called suberoylanilide hydroxamic acid (SAHA), improved cardiomyocyte survival 

following I/R injury (Yang et al., 2019). 

 

1.3.6. Protein acetylation, histone acetylation-related enzymes and cardiac ageing 

     Lysine acetylation was observed to be increased in ageing rat hearts (Francois et al., 

2021a; Yeo et al., 2020). Besides, it has been shown that the dysregulation of class I HDACs 

are involved in cardiac senescence (Pinkerneil et al., 2016; Singh et al., 2018). The benefits of 

inhibiting Class I HDACs in cardiac ageing through regulating anti-inflammatory and anti-

oxidative mechanisms have also been fully recognized (Francois et al., 2021a).  
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Furthermore, Sirt1 (a member of the Class III HDACs) has targets involved in 

signalling pathways related to cardiac ageing, including FOXO1, p53, eNOS and JNK (Orimo 

et al., 2009; Ota et al., 2007). Among them, p53 is involved in DNA damage response, cell 

cycle regulation, and cardiomyocyte homeostasis (Levine, 2019). It has been revealed that 

following DNA damage, activated Sirt1 causes deacetylation and inhibition of p53, thus 

preventing cardiac senescence (Kang et al., 2009). It was also found that the activation of 

Sirt1 was diminished with age, leading to upregulation of p53 and cellular senescence (Sasaki 

et al., 2006). Moreover, cardiac overexpression of Sirt1 attenuated cardiac ageing with 

improved systolic function, reduced hypertrophy, and lower expression of senescence markers 

(Alcendor et al., 2007).  

 

1.3 7. Characteristics of senescent cells 

     Cellular senescence prevents the replication of cells harbouring damaged DNA, which 

is a critical mechanism limiting tissue damage and tumorigenesis. In physiological conditions, 

senescent cells can be removed by the immune system; however, senescent cells accumulate 

in tissues as we age. The long-standing senescent cells that exist in the organs cause ageing 

and diseases related to age.  
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There are three types of senescence, namely oncogene-induced senescence, replicative 

senescence, and stress-induced senescence. Among these, stress-induced cell senescence is 

characterized by pro-inflammatory senescence-associated secretory phenotype, upregulated 

senescence-associated β-galactosidase (SA-β-gal), morphological and metabolic changes, 

altered gene expression, more significant damage of DNA, and mitochondria dysfunction 

(Collado et al., 2007) (Fig. 11). The senescent cardiomyocytes show the hallmarks of 

senescence-associated secretory phenotype and contribute to cardiac remodelling and failure. 

A recent study revealed that H2S could attenuate ageing by inhibiting cellular senescence 

(Perridon et al., 2016). However, the regulatory roles of H2S against the cardiac senescence 

induced by lipid overload are not clear yet.  

 

Fig. 11. The feature of senescence (Shimizu and Minamino, 2019). 

 



24 

 

2. Hypothesis and objectives 

     This project hypothesized that H2S is essential for maintaining lipid homeostasis and 

preventing cellular senescence in heart cells under lipid overload. To this end, by utilizing an 

in vivo animal model and an in vitro cell culture model, three objectives were proposed: 1) 

Explore the effects of H2S on lipid overload-induced lipotoxicity; 2) Investigate the in vitro 

role of H2S in lipid overload-induced cardiomyocyte cell senescence; 3) Study the in vivo role 

of an H2S-generating gene CSE in lipid homeostasis and cardiac ageing. The goal of this 

project was to provide evidence to support H2S’s role in preventing and treating obesity- and 

age-related heart diseases. 

 

3. Materials and Methods 

3.1. Cell culture 

Rat cardiomyocytes (H9C2, American Type Culture Collection, Manassas, VA) were 

cultured in Dulbecco’s modified Eagle medium containing streptomycin (100 mg/ mL), 

penicillin (100 U/ mL) and 10% heat-inactivated fetal bovine serum in a 5% CO2 humidified 

atmosphere at 37°C. Dulbecco's PBS was utilized to wash cells, and a new medium was 

added every other day. H9C2 cells were cultured to 80% confluence to avoid cell 

differentiation. H9C2 cells with a confluence of 75-80% between passages 8 and12 were 

employed in a variety of treatments. For the treatment with FFAs, the cells were exposed to 

Dulbecco’s modified Eagle medium supplemented with a chemically defined lipid mixture 
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(5 μl/ml) containing Tween-80 (2.2 mg/ml), cholesterol (0.22 mg/ml), the non-animal derived 

fatty acid arachidonic acid (2 μg/ml) and 10 μg/ml each of myristic, linolenic, linoleic, stearic, 

palmitic and oleic acids. The lipid mixture also contained 100 mg/ml of pluronic F-68 to 

reduce foaming (Sigma-Aldrich, Oakville, ON) and tocopherol acetate (Vitamin E, 70 μg/ml).  

 

3.2. Western blotting 

The mouse heart tissues or H9C2 cells were harvested, and then they were solubilized 

in Tris/EDTA/Sucrose buffer in the presence of protease inhibitors (Sigma-Aldrich). The 

SDS-PAGE protein loading buffer ( a ready-to-use 5× solution, containing 10% SDS, 500 

mM DTT, 500 mM Tris-HCL pH 6.8, 0.05% bromophenol blue dye, 2-β-mercaptoethanol 

and 50% glycerol) was mixed with equal amounts of protein (50 µg/well), and the samples 

were boiled for 5 minutes prior to loading onto a 12.5% polyacrylamide SDS gel. These gels 

were then electrophoresed, and the resolved proteins were transferred to PVDF membranes 

(Pall Corporation, Pensacola, FL). Phospho-buffered saline solution (PBS) supplementing 

with 0.1% Tween 20 and 5% skim milk was utilized to block membranes at room temperature 

for 2 hours and then incubated at 4 ℃ temperature overnight with the primary antibody in 

blocking buffer. After the incubation with the primary antibody, the membranes were washed 

3 times with PBS-T (phospho-buffered saline and 0.1% tween-20) solution and subsequently 

incubated with horseradish peroxidase-bound anti-mouse or anti-rabbit secondary antibody 

(1:5000, Sigma Aldrich) 90 minutes at room temperature. Finally, the chemiluminescence 

signal was detected using an ECL reagent (GE Healthcare, Amersham, UK). The primary 
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antibodies dilutions were as below: long-chain acyl-CoA synthetase 1 (ACSL1, 1:1000, Cell 

Signaling Technology, Danvers, MA), CSE (1:1000, Abnova, Taipei), GAPDH (1:1000, 

Sigma-Aldrich), acetylated lysine (1:1000, Cell Signaling Technology), cytoplasmic acetyl-

CoA synthetase 1 (AceCS1, 1:1000, Cell Signaling Technology), ATP-citrate lyase (ATP-CL, 

1:1000, Cell Signaling Technology). Digital copies of the western blots were made by 

scanning the film, and the relative intensity was calculated via density analysis using ImageJ 

software. The outcomes were described as the ratio of target protein expression to GAPDH 

expression. 

 

3.3. Real-time PCR 

For total RNA isolation, 100 mg of heart tissue or cells was dissolved with the Trizol 

reagent (1 ml) (Invitrogen, Carlsbad, CA). After lysis, chloroform (200 μl) was added to 

samples, and the centrifugation of such samples was conducted at 4 °C temperature for fifteen 

minutes at 12,000 × g. The RNA in the upper aqueous phase was precipitated by incubating 

with the same volume of isopropanol at ambient temperature for ten minutes and then 

centrifuged at 4℃ temperature for fifteen minutes at 12000 × g. RNA pellets were washed 

once with 70% ethanol, after which the RNA was solubilized in RNase-free water (40 μl) 

(Chen et al., 2014; Ma and Schultz, 2008; Yang et al., 2018). The ReverAid™ First Strand 

cDNA Synthesis Kit was employed to prepare cDNA from the RNA preparations (Thermo 

Fisher Scientific, Waltham, MA). The primer sequences used in PCR are reflected in Table 1. 

All of the samples were run in triplicates, and the relative expression of each gene was 

https://www.sciencedirect.com/science/article/pii/S0024320520304094?via%3Dihub#t0005
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calculated using 2−ΔΔCT and expressed as a percentage over the control samples (Lee et al., 

2016). 

 

Table 1: Primers sets utilized for the analysis of real-time PCR in H9C2 cells.  

GAPDH 

(NM_002046.5) 

5’-GCGGGGCTCTCCAGAACATCAT-3’ (forward) 

5’-CCAGCCCCAGCGTCAAAGGTG-3’ (reverse) 

ACOX1 

(NM_004035.7) 

5’-CCCGAAAGCCTAACCGAAGCATA-3’ (forward) 

5’-CATCATAGCGGCCAAGCACAGAG-3’ (reverse) 

ApoB 

(NM_000384.3) 

5’-TGACCGGGGACACCAGATTAGA-3’ (forward) 

5’-CAGGCGACCAGTGGGCGAGGAT-3’ (reverse) 

CD36 

(NM_000088.4) 

5′- GAGAGAACTGTTATGGGGCTAT-3′ (forward) 

5′-TTCAACTGGAGAGGCAAAGG -3′ (reverse) 

PPARα 

(NM_001001928.3) 

5’-TGCCCCCTCTCCCCACTCG-3’ (forward) 

5’-AGCCCTTGCAGCCTTCACACG-3’ (reverse) 

HDAC1 

(NM_008228.2) 

5′-TGGGGCTGGCAAAGGCAAGT-3′ (forward) 

5′-GACCACTGCACTAGGCTGGAACA-3′ (reverse) 

HDAC2 

(NM_ 008229.2) 

5′-CGTACAGTCAAGGAGGCGGCAA-3′ (forward) 

5′-TGAGGCTTCATGGGATGACCCTGG-3′ (reverse) 

HDAC3 

(NM_010411.2) 

5′-ACGTGCATCGTGCTCCAGTGT-3′ (forward) 

5′-AGTGTAGCCACCACCTCCCAGT-3′ (reverse) 

https://www.ncbi.nlm.nih.gov/nucleotide/576583510?report=genbank&log$=nuclalign&blast_rank=4&RID=C098R6NX016
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3.4. Cell viability assay 

As previously described, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) was used to evaluate the viability of cells (Chatzianastasiou et al., 2016). In short, 

10,000 cells per well were seeded into 96-well plates. When the cell density reached around 

50% confluence, cells were then cultured with various concentrations of a lipid mixture (0–

200 μM) without or with NaHS in darkness at 37 °C for 1-3 days. After removing the 

medium, 10 µl of a 0.5 mg/ml MTT solution was added to each well, and the plates were 

cultured in darkness at 37 °C for four hours. Dimethyl sulfoxide (100 μl) was then added to 

dissolve the MTT formazan, and the absorbance of each well at 570 nm measured using an 

FLUO OPTIMA microplate spectrophotometer (BMG LABtech, Germany). The absorbance 

of untreated cells was regarded to be 100 percent viable. An average of six wells was used per 

treatment, and all experiments were independently conducted 3 times or more. 

 

3.5. Cell apoptosis analysis 

SIRT1 

(NM_001372090) 

5′-TGCTGGCCTAATAGAGTGGCA-3′ (forward) 

5′-CTCAGCGCCATGGAAAATGT-3′ (reverse) 

ANF 

(M27498.1) 

5’-AGCGGGGGCGGCACTTA-3’ (forward) 

5’-GGGCTCCAATCCTGTCAATCCTAC-3’(reverse) 

BNP 

(M25297.1) 

5’-CCTAGCCAGTCTCCAGAACAATCC-3’ (forward) 

5’-CTAAAACAACCTCAGCCCGTCACA-3’ (reverse) 
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Cell apoptosis was detected by measuring cellular caspase 3/7 activity. After various 

treatments, the media was removed from the cells, and CellEventTM Caspase-3/7 Green 

Detection Reagent (Diluted into PBS with 5% FBS to a final concentration of 4 μM, Caspase 

3/7) (Thermo Fisher Scientific, Ottawa, Canada) was added to the cells. Then cells were 

cultured in a 35 mm culture dish at 37°C in darkness for thirty minutes. The stained cells were 

immediately imaged on an Olympus CX71 fluorescent microscope (Olympus, Tokyo, Japan) 

after washing, and the activated cells of caspase 3/7 were counted utilizing the Image J 1.43 

software. 

 

3.6. Senescence-associated β-galactosidase staining  

An SA-β-gal staining kit (Cell Signaling Technology, Beverly, MA) was used for 

cellular β-Galactosidase staining. Briefly, the cells were placed at room temperature and fixed 

with fixation solution for fifteen minutes. Subsequently, cells were incubated at 37 ℃ until the 

β-Gal staining can be seen in the staining solution. An Olympus CX71 fluorescent microscope 

was used to take these images. A total of 400 cells were counted in each culture dish, and the 

percentage of SA-β-gal positive cells was then counted and calculated. 

 

3.7. Measurement of oxidative stress 

DCF-DA (2′, 7′-dichlorodihydrofluorescein diacetate) can penetrate cell membranes 

and then be deacetylated to DCFH (2,7-dichlorodihydrofluorescein) via cellular esterase. This 

non-fluorescent product can then be transformed by reactive oxygen species (ROS) into 

dichlorofluorescein (DCF), which is highly fluorescent. Using this approach, after a variety of 
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cell treatments, ROS levels in the cells were detected using 1 μg/ml DCFDA (Invitrogen, 

Carlsbad, CA) in a wet environment at 37°C in darkness for fifteen minutes. Subsequently, 

the cells were gently washed twice with PBS. The fluorescence intensity was then measured 

using a fluorescence microscope (Wang et al., 2021). 

 

3.8. Mitochondrial function 

JC-1, a mitochondrial-specific cationic dye, was employed to detect changes in 

mitochondrial membrane potential ψm (Abcam Inc., Toronto). JC-1 is a lipophilic cation, 

which can enter into mitochondria selectively. After a variety of treatments, the H9C2 cells 

were cultured in JC1 (10 μM) in the dark for ten minutes at 37°C, and the cells were then 

washed twice with PBS. Fluorescence microscopy was subsequently employed to capture and 

analyze the fluorescent signal. The red emission indicates that JC-1 accumulates in the 

mitochondria in a membrane potential-dependent fashion. At the same time, the green 

fluorescence exhibits the monomeric morphology of JC-1 in the cytoplasm after the 

depolarization of the mitochondrial membrane. As a result, the depolarization of mitochondria 

is manifested as a reduction in the ratio of green/red fluorescence strength as quantified by 

Image J software (Wang et al., 2021). 

 

3.9. Measurement of lipid peroxidation 

Lipid peroxidation was measured by staining the cells with BODIPY 581/591 C11 

(Thermo Fisher Scientific, Ottawa, ON). After various treatments, the cells were washed 
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twice with PBS and labelled with 5 μM BODIPY 581/591 C11 at 37 °C for ten mins. After 

the cells were washed twice with PBS, the green and red fluorescence were then observed 

with a fluorescent microscope. The BODIPY 581/591 C11 value was calculated as the ratio of 

the green fluorescence (which indicates oxidized probe) to total fluorescence (green + red), 

which is the total fluorescence of both the reduced and oxidized probes (Wang et al., 2021). 

 

3.10. Oil Red O staining 

Oil Red O staining was utilized for quantifying the accumulation of lipids in cells (Ali 

et al., 2020; Sun et al., 2015; Yang et al., 2018). After different treatments, the H9C2 cells 

were fixed, and the cells were then stained with Oil Red O using the Lipid Accumulation 

assay kit (Abcam). Under light microscopy, the stained lipids are red and can be quantified 

using image J software (Olympus, Tokyo, Japan). 

 

3.11. Animal feeding 

CSE knockout (KO) mice and wild-type (WT) mice were all fed under a standard rat 

chow diet with water and food before feeding on a high-fat diet (HFD). In this present work, 

eight-week-old male mice were fed either HFD containing 60% of kcal/fat (Research Diets, 

New Brunswick, NJ) or the control diet including 10% of kcal/fat (Research Diets, New 

Brunswick, NJ) for twelve weeks. At the end of this experiment, the mice were sacrificed, and 

the heart tissues were removed and frozen immediately at -80 ℃ for the further studies. All 
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the animal studies were implemented in the light of the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 

85-23, revised 1996) and authorized by the Animal Care Committee of Laurentian University, 

Ontario, Canada.   

 

3.12. Statistical analysis 

All experiments were conducted 3 times or more. The data points are pictured to 

display the means ± standard error (SEM) for each experiment. A one-way analysis of 

variance (ANOVA) or Student's t-tests (SPSS19.0) were performed for statistical comparisons 

between data sets using Tukey's post-hoc test. A p-value of < 0.05 was considered statistically 

significant. 

 

4. Results 

4.1. H2S protects cardiac cells from lipid overload-inhibited cell viability  

To determine the influence of excess lipid in vitro, the H9C2 cells were cultured in 5 

µl/ml lipid mix without or with NaHS of 30 μM for 1-3 days. The role of lipid overload in the 

viability of cardiac cells was detected with MTT assay. As shown in Fig. 12A, lipid mix 

inhibited cardiac cell viability with a time-dependent mode compared with the control group 

(p < 0.05). The co-incubation with H2S donor, NaHS, alleviated lipid overload-inhibited cell 

viability in H9C2 cells. Besides, Caspase 3/7 Green dye was utilized to label the cells for 
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detecting the effects of lipid overload on apoptosis. The data revealed that lipid overload had 

little effect on cell apoptosis (Fig. 12B). 

 

Under the stress of lipid overload, hypertrophy is the typical pathological response of 

cardiomyocytes (Battiprolu et al., 2012; Monji et al., 2013). Thus, we explored the effect of 

H2S treatment on cardiac remodelling from the perspective of brain natriuretic peptide (BNP) 

and the atrial natriuretic peptide (ANF) mRNA expression. These two main cardiac secretion 

products are recognized as markers of cardiac hypertrophy. Real-time PCR results 

demonstrated lipid overload significantly induced the transcription of the genes for both ANF 

and BNP, while the addition of NaHS restored their expressions (Fig. 12C, D). Furthermore, 

we evaluated CSE gene expression, the primary enzyme generating H2S in the cardiovascular 

system (Patel et al., 2009; Yang et al., 2005). As shown in Fig. 12E, CSE protein expression 

did not exhibit a significant change in the lipid overloaded cells compared to the control 

group. 
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Fig. 12. H2S protects cardiac cells from lipid overload-inhibited cell viability. A, NaHS 

can reduce the cell viability inhibited by lipid overload in the H9C2 cells. Without or with 

NaHS of 30 μM, the cells were cultured with 5 µl/ml lipid mix for 1-3 days, and then the cell 

viability was detected by MTT. n=5. *, p<0.05 versus control group at the same day; #, 

p<0.05 versus lipid group at the same day. B, Lipid overload had little effect on cell 

apoptosis. After incubating H9C2 cells with 30 μM NaHS and/or 5 µl/ml lipid mix for 1-3 

days, cells were labelled with Caspase 3/7 Green to detect apoptosis. n =3. C and D, NaHS 
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reversed lipid overload-induced mRNA expressions of ANF and BNP. Cells were incubated 

by 30 μM NaHS and/or 5 µl/ml lipid mix for 3 days. RNA was extracted, and mRNA 

expression was tested via utilizing real-time PCR. n=3. *, p<0.05 versus all other groups. E, 

Lipid overload did not change CSE expression. A lipid mix of 5 µl/ml was utilized to incubate 

the cells for three days, and the expression of CSE was analyzed by western blotting. n=4 

 

4.2. H2S inhibits lipid accumulation in cardiac cells by regulating lipid metabolism-

related genes 

To investigate whether H2S affects lipid accumulation in H9C2 cells, the lipids were 

detected with Oil Red O staining. Compared with the control group, exposure of H9C2 cells 

to the lipid mixture caused a marked increase in intracellular lipids, and exogenous H2S 

treatment significantly reduced lipid accumulation. NaHS treatment alone did not affect 

cellular lipid levels (Fig. 13A). Furthermore, with the aim of exploring the underlying 

mechanism of H2S protection from lipid accumulation, real-time PCR and western blotting 

were employed to analyze the expression of genes associated with lipid metabolism. AceCS1 

and ATP-CL are two representative types of enzymes participating in lipid biogenesis, which 

catalyze acetyl-CoA formation in the cytosol, contributing to de novo fatty acid synthesis. 

The AceCS1 and ATP-CL expression levels were evaluated to explore whether H2S would 

influence de novo fatty acid synthesis in the cardiac cells. As expected, lipid overload 

markedly enhanced the protein expression level of both ATP-CL and AceCS1 (Fig. 13B). 

Compared to the lipid overload group, H2S treatment blocked the expressions of ATP-CL and 
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AceCS1. ACSL1 is associated with catalyzing the ligation of fatty acids to coenzyme A to 

form fatty acyl-coenzyme A. As illustrated in Fig. 13B, protein expression of ACSL1 did not 

change significantly by either lipid overload or NaHS incubation. 

 

Transcription factor peroxisomal proliferator-activated receptor α (PPARα) effectively 

activates fatty acid β-oxidation-related genes, including the rate-limiting enzyme acyl-CoA 

oxidase 1 (ACOX1). As reflected in Fig. 13C, the mRNA levels of ACOX1 and PPARα were 

remarkably enhanced in the lipid overload group compared with the control group, while 

NaHS treatment attenuated PPARα and ACOX1 expressions in the presence of lipid mix. 

These data indicate that H2S can decrease fatty acid β-oxidation induced by lipid overload via 

inhibiting PPARα and ACOX1.  

 

The apolipoprotein B (ApoB) mRNA expression, responsible for the secretion of lipid 

(Bjorkegren et al., 2001; Nielsen et al., 2002a; Nielsen et al., 2002b), was remarkably 

downregulated by lipid mix (Fig. 13C). Further co-incubation with H2S reversed the 

inhibitory role of lipid overload-induced ApoB mRNA expression. It is speculated that H2S 

may partially inhibit myocardial lipid accumulation by promoting ApoB-related lipid 

secretion. Similarly, lipid overload also markedly decreased the mRNA expression level of 

CD36, a predominantly membrane protein involved in the uptake of fatty acid into cardiac 

cells (Li et al., 2019; Nakatani et al., 2019). Exogenously applied NaHS partially reversed the 

inhibitory role of lipid mixture on CD36 expression (Fig. 13C). Our data also suggest that 
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H2S may promote lipid uptake that was decreased by lipid overload. Based on all these data, 

H2S can inhibit intracellular lipid accumulation in cardiac cells by regulating lipid 

metabolism-related genes. 

 

Fig. 13.  H2S inhibits lipid accumulation in cardiac cells by regulating lipid metabolism-

related genes. After incubating the cells with a 5 µl/ml lipid mixture in the presence or 

absence of NaHS (30 μM) for three days, the lipid accumulation was analyzed via Oil Red O 
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staining (A). Scale bar in A: 20 µm. The expression of lipid metabolism-related genes was 

further explored with western blotting (B) and real-time PCR (C). n=3. *, p < 0.05 vs. control 

cells; #, p < 0.05 vs. lipid group.  

 

4.3. H2S suppresses lipid overload-induced oxidative stress, mitochondrial dysfunction, 

and lipid peroxidation 

Emerging evidence indicates that excessive lipid accumulation causes cardiovascular 

dysfunction by inducing oxidative stress (Karam et al., 2017). Thus, we investigated the 

influences of NaHS treatment and lipid overload on the intracellular levels of ROS. Higher 

intracellular ROS levels were observed in response to lipid mix administration compared to 

the control group, while NaHS treatment could effectively reduce lipid-induced intracellular 

ROS levels (Fig. 14A). Besides, mitochondria are the lipid metabolism center, and 

mitochondrial injury is closely associated with abnormal lipid metabolism (Chen et al., 2020). 

Lipid-induced mitochondrial structural changes were detected as measured by reductions in 

mitochondrial membrane potential (ΔΨm) by staining the cells with JC1 dye. As shown 

in Fig. 14B, in comparison with untreated cells, an evident reduction in ΔΨm was found in 

cardiomyocytes incubated with lipid mix, pointing to the impaired mitochondrial function. In 

contrast, the lipid mix-induced decrease of ΔΨm was reversed by NaHS co-incubation with 

lipids in the cardiac cells. The obtained results suggest that H2S suppresses lipid overload-

induced mitochondrial dysfunction.  
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In addition, lipid peroxidation is the oxidative degradation process of lipids, including 

membrane lipids. During this process, oxygen reacts with unsaturated lipids to produce 

various oxidation products, such as lipid hydroperoxides (LOOH), malondialdehyde (MDA), 

which can destroy DNA, proteins, and enzyme activity (Łuczaj et al., 2017). It was then 

observed that lipid incubation caused more lipid peroxidation, as shown by a higher 

proportion of green to red fluorescence when C11 Bodipy stained cells. After 

supplementation with NaHS, the green/red ratio returned to levels seen for untreated control 

cells (Fig. 14C). In conclusion, H2S appears able to protect H9C2 cells from lipid 

peroxidation, mitochondrial dysfunction and oxidative stress induced by lipid overload.  
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Fig. 14.  H2S suppresses lipid overload-induced oxidative stress, mitochondrial 

dysfunction, and lipid peroxidation. After incubating H9C2 cells with 5 µl/ml lipid mix 

without or with NaHS of 30 μM for three days, the cells were subjected to detection of 

oxidative stress by staining the cells with H2DCFDA (A), the mitochondrial membrane 

potential via staining cells with JC1 dye (B), and lipid peroxidation by staining the cells with 

BODIPY 581/591 C11 (C). Scale bar: 20 µm.  *, p < 0.05 vs. control cells; #, p < 0.05 vs. 

lipid group. 
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4.4. H2S protects H9C2 cells from lipid overload-induced cellular senescence 

To analyze the effect of H2S on cardiac cell senescence, we treated H9C2 cells with a 

lipid mixture (5 µl/ml) without or with 30 M NaHS for three days. Cardiac cells' senescence 

was quantified with SA-β-gal staining. The SA-β-gal staining confirmed that H9C2 cell 

senescence was significantly induced by lipid overload in a time-dependent manner. 

However, upon co-administration of NaHS with the lipid mixture, the increase in the number 

of SA-β-gal-positive cells was remarkably reduced (Fig. 15A). Furthermore, the levels of 

other senescence-related proteins (p53 and p21) were also up-regulated in H9C2 cells in 

response to sustained lipid mix administration, which could be reversed by incubation with 

exogenously applied NaHS (Fig. 15B). These findings suggest that H2S could attenuate lipid 

overload-induced cell senescence. 
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Fig. 15.  H2S protects H9C2 cells from lipid overload-induced senescence. After H9C2 

cells were incubated with 5 µl/ml lipid mix without or with NaHS of 30 μM for three days, 

the cells were subjected to detection of cellular senescence (A) with a senescence β-

galactosidase staining kit as well as (B) p21 and p53 protein expressions by western blotting. 

Scale bar: 20 µm. n=4. * p<0.05 versus all other groups. 
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4.5. H2S inhibits lipid overload-upregulated acetyl-CoA and protein acetylation 

Acetyl-CoA is a significant carrier for lipid metabolism and a critical regulator of 

protein acetylation in cells (Cai and Tu, 2011; Shi and Tu, 2015). A coupled enzyme assay 

was conducted to determine the acetyl-CoA content in cardiac cells. Our analysis revealed 

that lipid-overload incubation evidently enhanced cellular acetyl-CoA content, whereas NaHS 

treatment decreased the content of acetyl-CoA, even in the presence of the lipid mixture. We 

also found a slightly reduced level of acetyl-CoA by NaHS treatment alone (without statistical 

significance) (Fig. 16A).  

 

Following the acetyl-CoA content change, we assessed the global acetylated lysine 

level and histone acetylation in H9C2 cells with lipid overload. As reflected in Fig. 16B, the 

global acetylated lysine level was remarkably up-regulated in the cells treated with lipid 

overload. Conversely, lipid overload-induced increase of global protein acetylation was 

attenuated by NaHS co-treatment. Unexpectedly, histone H3 acetylation level was not altered 

by either lipid mix or NaHS treatment, although the content of acetyl-CoA and the part of 

HDACs tested later have changed by adding lipid mixture or NaHS. 

 

We next examined the effect of lipid and NaHS treatment on mRNA expressions 

related to protein acetylation. As illustrated in Fig. 16C, the transcript levels of HDACs 1, 2, 

3, which belong to the class I histone deacetylases, were remarkably up-regulated by the 
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treatment with a lipid mixture. At the same time, exogenous application of NaHS blocked the 

upregulation of HDAC transcripts by lipid overload. Moreover, we examined the role of H2S 

on mRNA expression of SIRT1, a class III histone deacetylase. The data demonstrated that 

SIRT1 transcript levels were slightly increased by lipid overload and inhibited by NaHS co-

incubation, although these changes were not statistically significant. Neither lipid overload 

nor NaHS changed the transcription of the KAT gene, a central enzyme catalyzing protein 

acetylation (Fig. 16C). In combination, these results indicate that H2S inhibits lipid overload-

upregulated global protein acetylation, possibly by reducing acetyl-CoA content and 

suppressing class I HDACs. 
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Fig. 16.  H2S inhibits lipid overload-upregulated acetyl-CoA and protein acetylation. 

After incubating the cells with 5 µl/ml lipid mix without or with 30 μM NaHS for three days, 

the acetyl-CoA was detected using the coupled enzyme assay (A), and protein acetylation by 

western blotting (B), and the mRNA expressions of acetylation-related genes by real-time 

PCR (C). *, p < 0.05 vs. control cells; #, p < 0.05 vs. lipid group. 
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4.6. Acetate reverses the inhibitory role of H2S on lipid overload-induced cellular 

senescence by enhancing protein acetylation 

We next turned our attention to the mechanism of H2S in cardiac cell senescence. H9C2 

cells were incubated with lipid mix (5 µl/ml), NaHS (30 μM), and/or sodium acetate (1 mM) 

for 72 hours. As shown in Fig. 17A, the addition of sodium acetate reversed the inhibitory 

role of NaHS on lipid overload-induced cell senescence. As well, the protein level of 

senescence-related protein p21 was also increased in the H9C2 cells in response to sodium 

acetate administration in the presence of lipid mix and NaHS (Fig. 17B). Sodium acetate also 

significantly increased total cellular acetylated lysine. These data indicate that acetate reverses 

the inhibitory effect of H2S on cellular senescence induced by lipid overload, likely by 

enhancing protein acetylation. 
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Fig. 17.  Acetate reverses the inhibitory role of H2S on lipid overload-induced cellular 

senescence by enhancing protein acetylation. After incubating the H9C2 cells with 30 μM 

NaHS, 5 µl/ml lipid mix, and/or 1 mM acetate sodium for three days, the cells were subjected 

to detection of cellular senescence (A) with a senescence β-galactosidase staining kit as well 

as protein acetylation and p21 expression (B) by western blotting. Scale bar: 20 µm. n=4. 

 

4.7. CSE deficiency strengthens cardiac lipid accumulation, protein acetylation, and 

cellular ageing in HFD-fed mice 
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To test the influences of the CSE/H2S system on lipid accumulation in vivo, CSE KO 

mice and WT littermates were fed with a high-fat diet or a control chow diet for 12 weeks. 

Direct measurement of triglyceride content revealed that high-fat feeding markedly increased 

the triglyceride content in both types of mice compared to the control group (Fig. 18A). 

Besides, in the control group, compared to WT mice, CSE KO mice had slightly higher 

triglyceride levels in their hearts. However, the lipid deposition in CSE-KO mice fed a high-

fat diet was evidently more elevated than that in WT mice. It was further observed that the 

mice fed with a high-fat diet had higher expression of proteins related to lipid biogenesis in 

heart tissues, such as ACL and AceCS1. Mice possessing a CSE deficiency significantly up-

regulated these enzymes when fed a high-fat diet (Fig. 18B). However, the expression of 

myocardial ACSL1 protein was not affected by either a high-fat diet or CSE deficiency. We 

further noticed that high-fat diet-fed mice had increased contents of cardiac acetyl-CoA in 

both types of mice compared to those with a control diet (Fig. 18C). The CSE knockout rose 

the stimulatory effect of a high-fat diet on the content of acetyl-CoA, consistent with the in 

vitro results. Then, the impact of CSE deficiency and a high-fat diet on protein acetylation 

levels was assessed in the heart tissue. The results indicated that feeding mice a high-fat diet 

for 12 weeks up-regulated the global protein acetylation level of WT hearts and led to a more 

significant increase in CSE-KO hearts (Fig. 18D). We further found that CSE deficiency had 

no effect on the levels of histone acetylation in heart tissues in both the high-fat diet group 

and control diet group, although a high-fat diet induced more histone acetylation at the 18th 

lysine residue (Fig. 18D). The protein levels of senescence-related proteins p53 and p21 were 
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then detected. As shown in Fig. 18E, high-fat diet feeding up-regulated the p21 and p53 

protein expression level, and the CSE knockout increased the stimulatory role of high-fat diet 

on p21 and p53 expression level in heart tissues. To sum up, these data indicate that the CSE 

deficiency promoted cardiac lipid accumulation, protein acetylation, and cellular ageing in 

mice fed a high-fat diet. This strongly suggests that the CSE/H2S system is critical for 

maintaining lipid homeostasis and cellular senescence in heart tissues under lipid overload. 
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Fig. 18. CSE deficiency strengthens cardiac lipid accumulation, protein acetylation, and 

cellular ageing in HFD-fed mice. After feeding the mice with a high-fat diet (HFD) or 

control diet (CD) for 16 weeks, the heart tissues were collected for analysis of cellular 

triglyceride (A), expressions of lipid-metabolism related genes (B), acetyl-CoA contents (C) 

protein acetylation (D), and p21 and p53 protein expressions (E). At least 4 mice were 

utilized in each group. *, p < 0.05 vs. WT-CD; #, p < 0.05 vs. WT-HFD. 

 

5. Discussion 

Heart disorders are often observed in older people, and obesity is a driving factor for 

increasing the risk of cardiac remodelling and dysfunctions in the ageing heart 

(Hemanthakumar et al., 2021; Wakabayashi et al., 2019). The present study shows that H2S, a 

novel gasotransmitter, can protect from lipid overload-induced cardiolipotoxicity and cellular 

senescence. 

 

5.1. H2S regulation of lipid accumulation 

Under normal physiological conditions, cardiomyocytes meet approximately 60–80 

percent of their energy demands via mitochondrial β-oxidation of the fatty acids. The 

metabolism of lipids is a complex process, which is composed of lipid uptake, generation, 

transport as well as oxidation. Lipids play critical roles in cardiac structure and function. 

Previous studies have revealed that an increase in circulating FFAs and TAGs is one of the 
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earliest consequences of obesity (Lopaschuk et al., 2007; Lopaschuk et al., 2010). High 

circulating fatty acids and TAGs can induce activation of the cardiac transcription factor 

PPARα as fatty acids are endogenous PPARα ligands, leading to enhanced uptake of 

myocardial fatty acid and their - oxidation (Buchanan et al., 2005; Lopaschuk et al., 1994; 

Luiken et al., 2001; Young et al., 2002). Nevertheless, so far, the impact of H2S on heart lipid 

metabolism was unclear.  

 

This study provided evidence that H9C2 cell exposure to lipid mixtures caused an 

increase in intracellular lipids. The administration of NaHS at a physiologically relevant 

concentration (30 μM) prevented this elevation in lipid accumulation. A high-fat diet induced 

a higher triglyceride content in heart tissues from CSE KO mice than WT mice. Compared to 

untreated control mice, a slight increase in cardiac triglycerides level was found in untreated 

CSE KO mice. These results suggest that a CSE deficiency augments lipid accumulation in 

heart tissues, which can then be exacerbated in these mice under the condition of lipid 

overload. Consistent with this view, a recent research study revealed an evident increase in 

blood cholesterol and total liver lipids in CSE KO mice fed a high-fat diet compared to WT 

mice (Mani et al., 2015).  

 

To investigate the mechanism by which H2S affects lipid accumulation, we studied 

changes in the expression of genes related to lipid metabolisms, such as lipogenesis, lipolysis 
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and lipid transport. Firstly, we found that the treatment with a lipid mixture remarkably 

increased the expression of AceCS1 and ATP-Cl at the protein level in H9C2 cells. In 

contrast, the stimulatory effect of the lipid mix on the level of these protein expressions was 

blocked by exogenous NaHS treatment. Simultaneously, a high-fat diet can increase the 

expression of ATP-Cl and AceCS1 in the hearts of mice lacking CSE, suggesting that H2S 

can reduce de novo fatty acid synthesis. Secondly, we confirmed that the presence of lipid 

overload increased mRNA expression of PPARα and ACOX1, which was attenuated by co-

incubation with NaHS. These data suggest that H2S lowers lipid overload-induced fatty acid 

β-oxidation. Thirdly, H2S reversed the inhibitory role of lipid overload-induced ApoB mRNA 

expression. It can be inferred that H2S would maintain intracellular triglyceride levels by 

stimulating lipid outflux. Consistent with our finding, it has been previously reported that in 

the HepG2 cells, H2S partially inhibited the accumulation of hepatic lipid via promoting 

ApoB-mediated secretion (Ali et al., 2020). In combination, heart tissue can evolve strategies 

to prevent the adverse effects of excessive lipids through maintaining the balance of fatty acid 

biosynthesis, β-oxidation and transport, and a proper level of CSE/H2S signalling is essential 

for this process. 

 

 5.2. H2S regulation of protein acetylation 

Lysine acetylation is a reversible and dynamic post-translational modification that 

affects different cellular processes such as energy metabolism, nuclear transcription, cell 

survival, and apoptosis (Hebert et al., 2013; Hirschey et al., 2010; Zhang et al., 2009). Such 
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modification appears when transferring an acetyl group to a target lysine residue via either 

enzymatic acetylation with acetyltransferase or non-enzymatic chemical modification of 

acetyl-CoA, thereby neutralizing the positive charge of lysine and altering protein interactions 

and structure (Shaw et al., 2008; Xiong and Guan, 2012). Acetyl-CoA is a kind of carrier for 

lipid metabolism and an essential regulator of protein acetylation in cells (Cai and Tu, 2011; 

Shi and Tu, 2015). It has been reported that the CSE/H2S system can suppress hepatic acetyl-

CoA accumulation caused by a high-fat diet (Ali et al., 2020). Here, we also confirmed that 

the CSE/H2S system could reduce total protein acetylation by decreasing total intracellular 

acetyl-CoA content induced by lipid overload, further protecting H9C2 cells from cellular 

senescence. To further verify the relationship between H2S and protein acetylation, we then 

used qRT-PCR to quantify the mRNA expression of acetylation-related genes in response to 

lipid overload. We observed that the transcripts of HDAC 1, 2, 3, which belong to the class I 

histone deacetylases, were increased in the presence of lipid mix but reduced by co-incubation 

with the H2S donor, NaHS. SIRTs are class III histone deacetylases that catalyze the 

deacetylation reaction with NAD+ as the cofactor (Scher et al., 2007). The current work 

observed that SIRT1 was not affected by either lipid overload or NaHS treatment. In contrast, 

another study reported that endogenous H2S (CSE overexpression) and exogenous H2S (H2S 

releasing compounds GYY4137 and NaHS) increase the expression of SIRT1 and its 

deacetylase activity in the HepG2 cells (Du et al., 2019). Such differences probably are 

associated with the type of cells or H2S donor used since the physiological concentration of 

H2S and sensitivity to H2S varies for different kinds of cells (Panthi et al., 2016). Besides, the 
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H2S release rate within several donors is different (Powell et al., 2018). In summary, by 

changing the acetyl-CoA content in cells and the overall protein acetylation level, H2S 

appears essential for inhibiting cellular senescence. The specific proteins modified via 

acetylation would need to be further investigated. 

 

5.3. H2S regulation of ROS and mitochondrial functions 

Under physiological conditions, endogenous antioxidant systems can effectively 

decrease the level of ROS produced by cell oxidation, thus avoiding the adverse effects of 

high concentrations of ROS on cells (Kabel, 2014; Li et al., 2012; Moldogazieva et al., 2019; 

Niki, 2016; Valko et al., 2007). Here, we observed that excessive lipid accumulation 

promoted ROS production in hearts, and H2S at a physiologically relevant concentration 

significantly reversed lipid overload-induced intracellular ROS production and lipid 

peroxidation. Consistent with this discovery, a previous study also revealed that H2S 

possesses a protective effect against ferroptosis caused by RSL3 in the C2C12 cells, partially 

via inhibiting lipid peroxidation mediated by ROS (Wang et al., 2021). Xie. et al. confirmed 

that H2S inhibited the production of mitochondrial ROS through p66Shc-dependent signal 

transduction (Xie et al., 2014b). Taken together, these results suggest that H2S can decrease 

the harmful effects caused by oxidative stress. Nevertheless, the effects of H2S on redox states 

are very different. H2S has been reported to be a strong prooxidant. For instance, exposure to 

0.5 mM NaHS leads to rapid cell necrosis and hepatocyte toxicity via inhibiting cytochrome 

oxidase followed by ROS production (Truong et al., 2006). It was found that H2S at a dose of 
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more than 200 μM promotes DNA damage, probably by producing ROS at high levels in 

several cell lines, including glioblastoma cells along with non-transformed intestinal epithelial 

cells (Attene-Ramos et al., 2010; Jiang et al., 2016; Lazarević et al., 2018; Xiao et al., 2019). 

 

Mitochondria are well established as the organelles responsible for oxidative 

phosphorylation and ATP production, which meets approximately 80 percent of cell energy 

needs (Papa, 1996). It has been shown that in obesity, excessive lipid deposition enhanced 

ROS production and lipid peroxidation, which subsequently caused damage to mitochondrial 

function and structure (Su et al., 2019). Accumulated reports indicate that H2S biosynthetic 

enzymes exist in mitochondria. 3-MST exists in mitochondria and cytoplasm, while CBS and 

CSE mainly present in the cytoplasm, but they can also be translocated into mitochondria 

under stress conditions (Fu et al., 2012). Low concentrations of H2S affect mitochondrial 

respiration, biogenesis, and morphology (Módis et al., 2016). Here we demonstrated that lipid 

overload reduced mitochondrial membrane potential, and that was reversed by supplementing 

H2S. The reduction of mitochondrial membrane potential has been shown to promote 

mitochondrial structure abnormalities to some extent (Wang et al., 2017). In the current 

studies, we showed that lipid overload increased the expression of PPARα and ACOX1, 

which may promote fatty acid oxidation in mitochondria. This excessive lipid oxidation then 

leads to more ROS and reduced mitochondrial function. Reversal of lipid oxidation by NaHS 

administration reduced the damage of lipid overload to mitochondrial function and structure. 

Consistent with our findings, a previous study showed that the mitochondrion-targeted H2S 
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donors AP39 and AP123 successfully decreased mitochondrial membrane hyperpolarization 

and ROS production, increased ETC complex III activity and mitochondrial metabolism in 

the endothelial cells (Gerő et al., 2016). Teng et al. also found that ischemia/hypoxia 

significantly increased mitochondrial CBS levels in rat liver, leading to elevated 

mitochondrial H2S generation and ATP production (Teng et al., 2013). In cardiac cells, H2S 

protected from H2O2-induced oxidative stress and restored mitochondrial membrane potential 

ψm (Zhang et al., 2019). However, at high levels, H2S can inhibit the ETC, perturb redox 

balance, shift metabolism toward reductive carboxylation, and inhibit cellular proliferation 

(Libiad et al., 2019). Similarly, it has been demonstrated that H2S disturbs energy and redox 

homeostasis in rat cerebral cortex mitochondria at toxic levels. 

 

In conclusion, the findings mentioned above provide a strong indication that the 

physiologic level of H2S appears to be critical for normal cellular metabolism and redox 

homeostasis by regulating mitochondrial function and ROS generation. A more thorough 

understanding of H2S signalling in mitochondria is crucial for developing therapeutics against 

a whole host of disease states. Therefore, exogenous H2S treatment or specific H2S 

therapeutic targeting may prove valuable in the clinical setting to treat myocardial injury 

associated with ROS stress and mitochondrial function. The effect of H2S and enzymes 

generating H2S in the regulation of the cellular microenvironment and how they relate to both 

normal and diseased states would be an exciting area for future exploration. 
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5.4. CSE deficiency, cardiac senescence, and heart disorders  

The cardioprotective roles of the CSE/H2S system have been well explored (Patel et al., 

2009; Yang et al., 2005). The current study offers evidence that the CSE/H2S system is 

significant for improving cardiac ageing under the condition of lipid overload. SA-β-gal and 

p53/p21 expressions are commonly used markers to detect cell senescence (Hernandez-

Segura et al., 2018). In addition, there are markers such as morphological changes, chromatin 

alteration, gene expression changes, senescence-associated secretory phenotype (SASP), cell 

cycle arrest, DNA damage and DNA damage responses (Lee et al., 2006). It should be 

mentioned that these senescence biomarkers are not unique to senescent cells because some 

markers also can be seen in quiescent or apoptotic cells (Rufini et al., 2013; Zhang et al., 

2018). For example, SA-β-gal, the most widely accepted biomarker for cell senescence, is 

based on β-galactosidase activity detected at pH 6.0 (Lee et al., 2006). However, some factors 

that lead to increased lysosome content may also cause cells to exhibit increased β-

galactosidase activity at pH 6.0, even if the cells are not senescent (Severino et al., 2000; 

Untergasser et al., 2003). Therefore, the recognition of cellular senescence should be based on 

the detection of several biomarkers. In the present study, we found a high level of SA-β-gal 

activity ROS generation, upregulated p53 and p21 expression, increased cell size and 

flattening when cells were exposed to high lipid mixtures. Besides, after 12 weeks of high-fat 

diet feeding, the heart tissues of CSE-KO mice showed significantly increased lipid 

deposition and expressed cell senescence markers. To confirm that cardiomyocytes do 
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undergo senescence when exposed to large amounts of lipid mixtures, further testing of other 

markers, such as DNA damage and SASP, is needed. 

 

We did not assess heart function alteration in CSE-KO mice under high-fat diet feeding 

in this present work. Previous studies have reported that high levels of myocardial 

triglycerides were related to adverse cardiac outcomes, including reduced diastolic function 

with preserved ejection fraction (Kar et al., 2019). Deletion of CSE has been shown to 

exacerbate myocardial ischemia injury after ischemia-reperfusion (Elrod et al., 2007). The 

ageing CSE-KO mice revealed more severe oxidative stress and left ventricular remodelling 

than WT mice. Conversely, cardiac-specific CSE expression can protect heart function and 

structure after transverse aortic contraction by increasing mitochondrial homeostasis, 

NO/cGMP signalling, and decreasing oxidative stress (Kondo et al., 2013). Another study 

suggested that the pathophysiological process of myocardial ischemia injury induced by 

ligation is related to endogenous CSE or H2S impairment (Xie et al., 2014a). Exogenous H2S 

can effectively protect myocardial cells and contractile activity and limit the myocardial 

infarction scope. The protective effect of H2S on myocardial ischemia injury was attributed to 

its mitochondrial function protection and antioxidant activities (Xie et al., 2014a). The level 

of cardiac H2S is lower in ageing diabetic mice and human samples of hypertrophic 

myocardium. All these findings point to the beneficial role of H2S against cardiac ageing and 

dysfunctions. The link between defects in H2S signalling pathways and cardiac lipotoxicity 
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and the role of H2S in attenuating lipid overload-induced cardiac ageing require further 

investigation. 

 

6. Conclusion 

In summary, obesity is a leading risk factor for heart dysfunction, and one of the 

mechanisms is the interruption of lipid metabolism. This work explored the regulatory effects 

of the CSE/H2S system on lipid overload-induced lipotoxicity and cardiac senescence. The 

most significant finding of this study is that incubation of H9C2 (rat cardiomyocyte cells) 

with a lipid mixture inhibited cell viability and promoted the cellular accumulation of lipids, 

generation of ROS, mitochondrial dysfunctions, and lipid peroxidation, all of which could be 

reversed by co-incubation with exogenously applied NaHS (an H2S donor). Further data 

revealed that H2S protected H9C2 cells from lipid overload-induced senescence by altering 

the expressions of genes related to lipid metabolism and inhibiting the acetyl-CoA production 

and the overall protein acetylation level (Fig. 19). In vivo, knockout of the CSE gene 

strengthened cardiac lipid accumulation, protein acetylation, and cellular ageing in mice fed a 

high-fat diet. Taken together, the CSE/H2S system is essential for maintaining lipid 

homeostasis in cardiomyocytes and in reducing cellular senescence in heart cells under lipid 

overload. 
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Fig. 19. The proposed protective mechanism of CSE/H2S signal on lipotoxicity and 

cardiac cell senescence. 

 

7. Limitation of this study and future work 

H2S is an endogenous gas messenger that can regulate a variety of physiological 

processes. However, the influences of H2S against heart health have only recently been 

discovered. While the underlying mechanisms are not fully explored, this research provides 

insight into how CSE/ H2S may regulate cardiac lipotoxicity and senescence. 

 

One limitation of this study is that we used a fast-releasing H2S donor NaHS. One-third 

of H2S is released from NaHS within seconds when added to the medium. This suggests that 

the real H2S inside the medium cannot keep a stable concentration for a long time. To 

overcome this limitation, a slow and steady H2S-producing donor, such as GYY4137 could be 

investigated as a potential alternative to NaHS.  
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MTT is a yellow chemical that produces purple formazan crystals under respiratory-

related enzymes in the mitochondria of living cells (Angius and Floris, 2015; Kumar et al., 

2018). Under normal circumstances, since the number of formazan crystals produced 

represents the dynamics of mitochondria and is directly proportional to the number of living 

cells, the absorbance can be used to evaluate how many cells there are (Kumar et al., 2018; 

Stockert et al., 2012). When the cell reached 50% confluence in the present study, we treated 

cells with lipid mix and NaHS and detected cell viability after treatment 1-3 days. On the 2nd 

and 3rd days after the treatment, we found that the cell viability in the control group increased 

faster than the lipid group, which means lipid overload suppressed the increase in the cell 

viability. We also found that the concentration of lipid mixture we used did not induce cell 

apoptosis. In subsequent senescence detection, it was found that lipids overload-induced 

cardiac cell senescence and H2S can protect cells from lipid overload-induced senescence. 

This explained why cell viability in the lipid group increased slower than the control group 

when lipids did not cause cell apoptosis. But the problem is that the MTT assay evaluates the 

number of living cells based on the activity of mitochondria (Kumar et al., 2018). In our 

current investigation, lipid overload induced mitochondrial dysfunction. In this case, the 

decrease in absorbance in the MTT assay is due to lipid-induced cell senescence lowering cell 

reproduction and damage to mitochondrial function. In the future, BrdU cell proliferation 

assay may be used for cell number measurement, which is based on the detection of newly 

synthesized DNA (Diermeier-Daucher et al., 2009). It can accurately reflect the reproduction 

of cells. 
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Future studies need to identify the specific proteins acetylated and how H2S may affect 

protein acetylation. A large number of cellular proteins can be acetylated and may impact cell 

viability, cell senescence, ROS generation, and cellular lipid metabolism. The altered lipid 

intermediates by H2S also need to be explored. This study demonstrated that H2S could 

protect H9C2 cells from senescence induced by lipid overload, possibly through its ability to 

inhibit protein acetylation. We also found that histone deacetylases are regulated by 

lipid/NaSH. Whether H2S could protect H9C2 cells from lipid overload-induced senescence 

by regulating specific histone deacetylases needs to be further explored. Further clinical 

studies on the effects of H2S signalling pathways on lipid metabolism and heart disease need 

to be conducted.  
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