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Abstract 

Disulfiram (DSF) is a sulphur-containing compound and has been used to treat chronic 

alcoholism and cancer for decades. DSF inactivates aldehyde dehydrogenase (ALDH) by 

modifying its cysteine residue(s). ALDH is recently identified as a cancer stem cell marker, 

facilitating cell self-renewal and tumour-initiating capacity. Hydrogen sulphide (H2S) as a new 

gasotransmitter regulates various cellular functions by the S-sulfhydration of cysteine residues in 

target proteins. H2S has also been shown to exhibit similar properties to DSF in the sensitization 

of cancer cells to chemotherapeutic agents. Here, the potential of DSF as a H2S-releasing donor 

under various conditions was investigated and the roles of H2S in the DSF-mediated inhibition of 

ALDH activity and decrease in cell viability in liver cancer cells were also examined. It was 

demonstrated that DSF facilitated H2S release from thiol-containing compounds, and DSF and H2S 

were both capable of regulating ALDH through inhibition of gene expression and enzymatic 

activity. The supplement of H2S sensitized human liver cancer cells (HepG2) to DSF induced 

reduction in cell viability. The expression of cystathionine gamma-lyase (a major H2S-generating 

enzyme) was lower but ALDH was higher in mouse liver cancer stem cells (Dt81Hepa1-6) in 

comparison with their parental cells (Hepa1-6), and H2S was able to inhibit liver cancer stem cell 

adhesion. In conclusion, these data provide some clues for combining with DSF and H2S for 

inhibition of cancer cell growth and tumour development by targeting ALDH. 

Key words: Disulfiram, H2S, Cystathionine gamma-lyase, Aldehyde dehydrogenase, Liver cancer 

stem cells 
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1. Introduction 

1.1 The cancer stem cell model 

One of the greatest hurdles facing modern medicine is the development of adequate 

strategies to combat cancer relapse. Our capacity to wholly eradicate some types of cancer is 

severely lacking, resulting in high relapse rates, often accompanied by more aggressive, 

chemotherapy resistant tumours 1. While difficulties in early detection and the tissue of origin can 

contribute to these high rates, a major contributor is poor understanding of cancer development. 

Relapse is not typically due to the emergence of a new cancer from a separate series of mutations, 

but rather from the more robust cells, capable of withstanding the prescribed chemotherapeutic 

regime, surviving and forming novel tumours 2. It is these few cells which are becoming of greater 

interest in recent decades, and it is hoped that by targeting them, relapse will become a relic of the 

past. 

 

The theory that describes these cells is known as the cancer stem cell (CSC) model. The CSC 

model postulates that the majority of cancer replication, proliferation, and differentiation is driven 

by a select subpopulation of a tumour which possess increased stem cell-like properties 2. These 

CSCs display several characteristics which are undesirable for treatment, such as higher migration, 

colony formation, and replication, and they often possess innate multi-drug resistance (MDR) 2. 

These characteristics allow CSCs to be uniquely capable of surviving chemotherapy and 

generating novel tumours which are more aggressive and resistant to treatment. 

 

This idea of a few cells driving cancer progression first gained traction in the 1990s when 

Lapidot et al. successfully transplanted acute myeloid leukemia cells from human patients into 
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mice, and selectively showed that CD34+ CD38- cells, while consisting of only a small subset of 

the population, were the only cells capable of establishing disease 3. These findings have been 

replicated under various models and tissues, consistently showing that by selecting cells with stem 

cell properties, the number of cells required to successfully transplant cancer can be reduced by 

several orders of magnitude 4. 

 

The formation of a tumour is the result of unregulated cell growth, but the process through 

which this occurs closely mimics that of ordinary tissue development 2. The commonly understood 

features of tissue development, that being the replication of a few stem cells which differentiate to 

form a phenotypically diverse cell population, can be applied to cancer development 5. This 

positions CSCs as the primary focus in developing novel chemotherapeutics. CSC theory 

postulates that by selectively targeting at such tumour-initiating cells during treatment, the self-

renewing core of a tumour will be eliminated, improving the chance of complete cancer 

elimination 4. Combining CSC targeting with traditional anti-cancer treatments may therefore 

eliminate the entire cancer population in a more efficient manner. 

 

1.2 Aldehyde dehydrogenase as a CSC marker 

In order to target CSCs for treatment, effective methods of identifying and confirming the 

presence of these cells are needed. CSCs have been identified in practically every tissue, including 

skin, liver, brain, and breast 6–9. Initially, these highly tumorigenic cells are isolated by the 

expression of select cell-surface markers, such as CD133 10. Over the years, however, highly 

tumorigenic cells have undergone full proteomic analysis, and a large selection of CSC marker 

proteins have emerged. 
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CSC markers are not inherently bad, as many of these proteins, signal transducers and 

transcription factors are associated with the increased proliferation seen in early development of 

tissues and ordinary stem cells 10. Overexpression of these markers without proper regulation, 

however, results in the uncontrolled growth and expansion of cancer. CSC markers serve two 

functions as targets for treatment: these proteins are over-expressed, allowing for selective 

therapies with improved on-site effects; and these proteins are often the cause of aggressive 

behaviour, so by targeting them the rapid proliferation of the tumour is reduced. One issue with 

targeting CSC markers is that these treatments may inadvertently affect the function of ordinary 

stem cells, so potential side-effects should be taken into account 11. 

 

The use of full proteomic screening in clinical settings to determine the aggressiveness of a 

given tumour is becoming a widely-adopted practice 12. By examining the number of CSC markers 

and their composition, physicians can provide better prognosis and treatment options, as higher 

CSC numbers are associated with poorer patient outcomes 13. Several of the key CSC markers are 

activators of self-renewal and division, such as Notch, Wnt, and Hedgehog 14. These are some of 

the most commonly over-expressed signalling pathways in CSCs, and are often the targets of 

experimental treatments. Another emergent CSC marker is the alcohol-metabolizing, aldehyde 

dehydrogenase (ALDH) 15. 

 

ALDH is an NAD(P)+ dependent enzyme which catalyzes the oxidation of aldehydes to their 

relatively non-toxic carboxylic acids, the most notable of which is acetaldehyde, a product of 

alcohol metabolism. Several ALDH isozymes have been implicated as CSC markers, including 

ALDH1A1 in ovarian, breast, and liver cancer, or ALDH1A3 in colon and lung cancers 14,16. While 
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the various ALDH isozymes serve different functions based on differential tissue or cellular 

localization, practically all isozymes have been identified as potential CSC markers 16. Over-

expression of these ALDH isozymes is associated with increased resistance to both chemo- and 

radio-therapy 17. In fact, ALDH alone promotes both self-renewal and MDR within cancer cells. 

 

ALDH confers stemness properties through several interlinked mechanisms. ALDH 

promotes MDR primarily through its catalytic activity. ALDH is responsible for converting 

aldehydes to carboxylic acids, reducing the likelihood of aldehyde-DNA/protein adducts, which 

disrupt metabolism and cell cycle and result cell death 18. This is particularly note-worthy, as most 

cancer treatments, including both chemo- and radio-therapy, rely on the generation of reactive 

oxygen species (ROS). By increasing ALDH expression, CSCs are able to tolerate a significantly 

higher oxidative burden, without suffering the same levels of DNA and protein disruption (Fig. 1) 

18,19. It has also been proposed that ALDH may directly metabolize chemotherapeutics, 

inactivating drugs such as cyclophosphamide, paclitaxel and doxorubicin before they can fulfill 

their intended purpose 20,21. Due to these robust MDR mechanisms, ALDH expressing cell lines 

are resistant to several common chemotherapies, including etoposide, cisplatin, and fluorouracil 

22. In addition to conferring MDR, ALDH is also indirectly involved in promoting CSC self-

renewal. ALDH acts non-enzymatically to stabilize Gli2, a transcription factor that promotes the 

expression of Hedgehog 23. Gli2 stabilization results in increased transcription of Hedgehog, 

thereby promoting cell proliferation and replication. 

 

While the importance of ALDH as a CSC marker should not be over-stated, the over-

expression of ALDH appears to act as an all-in-one activator of CSC properties. ALDH confers a 
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great deal of stemness to cancer cells, drastically improving their resistance to chemo- and radio-

therapy, and promotes Hedgehog to drastically increase self-renewal. High ALDH activity alone 

is a sufficient marker to select for populations with enhanced tumorigenic potential, even when 

compared to other CSC markers such as CD133 24. The absence of ALDH in CD133 cells 

dramatically reduces tumorigenicity in xenograft models, implicating ALDH as an ideal target for 

CSC treatment.  

 

Figure 1. Chemotherapy and radiotherapy resistance in ALDH-expressing cells (Adapted 

from [18]) 

 

1.3 Disulfiram (DSF) as an ALDH-inhibiting CSC treatment 

Liver is one of the largest ALDH-expressing tissues, with many isoforms being highly 

expressed 25. While ALDH is expressed across all tissues, particularly during development, the 

liver is one of few tissues which continues to increase ALDH expression with age 26,27. The 

increased expression is likely due to the liver’s function as the primary site of metabolic activity. 

For decades, ALDH has been understood primarily as the second enzyme in ethanol metabolism, 



6 

 

as it facilitates the conversion of acetaldehyde into acetate 28,29. Owing to this role, ALDH 

inhibition has been used in clinics for years, not as a treatment for cancer, but for alcoholism. 

 

Disulfiram (DSF), marketed under the name Antabuse, has been used in the treatment of 

alcoholism since the 1960s 30. DSF works as an ‘alcohol aversion’ drug; alcohol consumption, 

after taking DSF, leads to highly unpleasant symptoms, such as nausea, headaches, and extreme 

discomfort 31. The DSF-ethanol reaction has been likened to a severe and immediate hangover. As 

a result, its use was implemented in the treatment of alcoholism, with the intent to dissuade patients 

from taking alcohol out of fear of the DSF-ethanol reaction. Unfortunately, DSF suffers from 

relatively poor success rates, as patients often refuse to continue treatment and its use in alcohol 

aversion has declined in recent years 32. With the emergent role of ALDH as a CSC marker, a new-

lease on life has appeared for the drug, in the form of anti-cancer treatment. 

 

DSF is effective at treating cancer as an independent therapy. The administration of DSF 

alone is capable of  inducing apoptosis in several tissues, including breast, embryonal cell lines, 

skin, pancreas, and lung 33–37.While DSF alone has potential as an anti-cancer drug, it drastically 

improves the sensitivity of MDR-cell lines to multiple chemotherapies. Drugs such as taxol, 

cisplatin, paclitaxel, and even radiation therapy are potentiated by co-treatment with DSF 17,33,38,39. 

Inhibition of ALDH by DSF is an irreversible process, involving the blockage of the active site 

and a decrease in catalytic activity, and ultimately leads to protein degradation and decreased 

ALDH expression. The result is an increase in the toxicity of ROS and a decrease in the activation 

of ALDH/Hedgehog signalling 23. Using DSF as a cancer treatment allows physicians to target 

CSC functionality on multiple fronts. 
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Alongside DSF, several other ALDH inhibiting compounds have been tested for their ability 

to act as anti-cancer agents. Novel drugs such as CM37 are effective at inducing ROS and DNA 

damage in ovarian cancer cells 40, and eugenol enhances anti-cancer activity of cisplatin 41. Despite 

these successes, the suitability for these developmental drugs, and even DSF, can be limited in 

clinical use. Limited bioavailability or off-site toxicity of these compounds could limit their use as 

novel chemotherapeutics 18. While DSF is relatively non-toxic, several cases of stress-test 

validated DSF-induced hepatitis have been reported 42,43. Therefore, the development of novel 

drugs which mimic DSF’s inhibitory effects while simultaneously reducing patient risk is of 

utmost importance. 

 

1.4 DSF and its metabolites 

DSF inhibits ALDH by binding to cysteine residues within the active site, though the exact 

mechanism is unknown. However, it is commonly agreed that DSF reacts with and binds to 

cysteine 302, which is essential for catalytic activity 44. This results in competitive inhibition, as 

substrates are unable to enter the site, and the covalent linkage that is formed is irreversible, 

resulting in protein degradation 45. Several mechanisms for this reaction have been proposed, as 

multiple DSF metabolites are known to inhibit ALDH. DSF itself is not bioavailable, as it is rapidly 

converted into diethyldithiocarbamate (DDC), once in the bloodstream, reducing the likelihood 

that it is the active compound (Fig. 2) 46. Analysis of cysteine 302 bound molecules after DSF 

treatment show metabolites diethylthiocarbamic acid methyl ester (Me-DTC) and Me-DDC from 

DDC as the inhibiting compounds 47. However, DSF treatment of purified ALDH in vitro, also 
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shows complete inhibition. All these evidence suggest that ALDH inhibition can occur by multiple 

DSF-derived compounds 48. 

 

The stabilization of DDC through binding with Cu2+ results in the formation of the DDC-Cu 

complex (Fig. 2). DDC-Cu forms spontaneously when DSF and Cu2+ are mixed, showing greater 

effect as an ALDH inhibitor and cancer treatment 49,50. The increase in toxicity towards cancer 

cells is attributed to increased DSF activity, allowing DSF to more effectively inhibit ALDH. The 

stabilization of DDC by Cu2+ is believed to increase its metabolism to its active forms. However, 

the DDC-Cu complex also increases Cu2+ uptake, resulting in higher Cu2+ levels which may 

account for the greater toxicity seen in cancer cells 51,52. The stability of the DDC-Cu complex also 

promotes the formation of non-polar compounds, which may increase DSF uptake by cells, as 

DDC present within the bloodstream is likely to be absorbed at a much slower rate (Fig. 2). 

 

The novel role of DSF as an anticancer agent has renewed interest in the mechanisms and 

efficacy of the drug in ALDH inhibition. The discovery of a more effective therapeutic agent which 

mimics the cysteine-binding properties of DSF could dramatically improve our capacity to treat 

aggressive cancer. 

 

 

Figure 2. Structural composition of DSF, DDC, and the DDC-Cu complex 
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1.5 H2S as the third gasotransmitter 

Cell signalling is a complex and diverse system which allows cells to respond and adapt to 

both external and internal stressors. The molecules which drive the signalling processes are varied 

in structure and function, and include amino acids, saccharides, hormones, and the relatively novel 

gasotransmitters. Gasotransmitters are an emergent class of signalling molecule, broadly defined 

as any endogenously generated gaseous molecule involved in the propagation of cellular signals 

53. The classification currently encompasses three molecules, those being carbon monoxide (CO), 

nitric oxide (NO), and the most recently added hydrogen sulphide (H2S) 54. 

 

Gasotransmitters are unique in their role in propagating signalling processes. Unlike 

traditional signalling compounds, gasotransmitters are not restricted to dedicated receptors. 

Gasotransmitters directly alter proteins through post translational modification, immediately 

triggering effects on metabolism, catabolism, and transcription 55. With the discovery of the 

signalling properties of H2S, Wang proposed the termed ‘gasotransmitter’ to identify this novel 

class of molecules 56. Since this recognition, a novel field of cell signalling has emerged around 

uncovering the complexities of gasotransmitter signalling. The criteria for gasotransmitter 

classification, as outlined by Wang, are summarized here: in order to be classified as a 

gasotransmitter, the molecule in question must be a small gaseous molecule which is freely 

permeable to membranes. The gas must be endogenously produced by a well-regulated metabolic 

system. The gas must possess well-defined functions on a physiological level, with specific cellular 

and molecular targets. Lastly, the effects of said gas must be reproducible by exogenous 

application of the same molecule 53. To date, only three molecules have been accepted as 
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gasotransmitters, but ongoing work suggests that there may be several others, such as ammonia 

and methane, although these have yet to be accepted by the wider community 53,55. 

 

Research on the physiological effects of H2S has traditionally been conducted through the 

lens of our historical understanding of the gas; H2S is a toxic, foul-smelling gas which is feared 

for its lethality 54. The toxicity of H2S is primarily attributable to its potent binding of cytochrome 

C oxidase and inhibiting cellular respiration in a cyanide-like manner 57. When H2S was first 

discovered in mammalian tissue in the 1960s, it was believed to be metabolic waste as a by-product 

of some other systems. With the discovery of gasotransmitters in the late 20th century, however, 

renewed interest in the gas emerged, and it was discovered that H2S is an essential component of 

maintaining physiological health 58. 

 

1.6 The physiological roles of H2S 

The endogenous production of H2S involves several enzymatic pathways, each of which 

being found in selective tissue and organs. H2S production is mediated by three known pathways 

denoted by the primary enzyme involved; cystathionine γ-lyase (CSE), cystathionine β-synthase 

(CBS), and 3-mercaptopyruvate sulfurtransferase (3-MST) (Fig. 3) 59. CBS is the most prominent 

H2S-producing enzyme within the brain, while CSE plays the largest role in the other major tissues; 

3-MST plays a secondary or tertiary role in most tissues 54,60. In the liver in particular, CSE 

accounts for approximately 90% of all H2S production 60. Given that the liver is one of the largest 

H2S producing organs, this highlights the importance of CSE in maintaining hepatocellular health 

61. 
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The physiological functions of the third gasotransmitter include regulation of cellular 

senescence, cell cycle, metabolism, autophagy, and oxidative stress (Fig. 3) 62,63. The effects of 

cellular regulation have wide reaching effects on the physiological functions of tissues, including 

vasorelaxation, reducing atherosclerosis, preventing ischemia-reperfusion injury, and regulating 

lipid metabolism within the liver 64–67. Many of the effects of H2S on a physiological scale have 

been attributed to its anti-oxidant properties. H2S can reduce oxidative stress by either directly 

reacting with the ROS, as H2S is a reducing agent, or by promoting the transcription of the anti-

oxidant response element, thereby increasing levels of anti-oxidant enzymes such as super oxide 

dismutase 68–70. While H2S mediates these effects by altering complex systems such as 

inflammation or cell cycle, the core molecular mechanism, S-sulfhydration, is strikingly similar to 

the mechanistic function of DSF. 

 

Figure 3. Endogenous production and functions of H2S (Adapted from [63]) 
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1.7 S-Sulfhydration signalling and DSF 

H2S is capable of signalling through a few mechanisms, though by far the most prominent 

and effective is through S-sulfhydration (alternatively sulfhydration or persulfidation) 62,71. H2S 

reacts with cysteine residues within proteins, leading to the formation of a persulfide group (Fig. 

4A). The formation of the persulfide increases the reactivity of the cysteine, and can result in 

increased catalytic activity or the formation of disulphide bonds, completely altering the function 

of the protein 71,72. The exact nature of S-sulfhydration is not known. From a chemical perspective, 

H2S cannot spontaneously react with cysteine to yield a persulfide group. Several intermediate 

steps have been proposed to explain this discrepancy. The most likely mechanism would be the 

formation of a polysulfide chain in solution, which is then capable of reacting with cysteine 71,73. 

The ubiquity of cysteine residues in proteins, ranging from structural disulfide bridges to catalytic 

sites, ensures that H2S has wide ranging effects on many proteins. 

 

S-sulfhydration by H2S is known to regulate a great number of proteins with varied functions. 

Some examples include the S-sulfhydration of GAPDH, increasing activity and metabolism; 

NMDA receptors in the nervous system, increasing their activity and long-term potentiation; 

SIRT1, increasing expression and cell survival; actin, increasing polymerization and regulating 

cell cycle; and antibodies, decreasing binding and effectiveness 62,74–77. With such broad functions 

in established targets of S-sulfhydration, there is continued interest in uncovering as-of-yet 

unknown targets of H2S. 

 

The similarity between DSF-mediated inhibition of ALDH and S-sulfhydration is evident. 

Both compounds, DSF and H2S, target thiol groups of proteins to alter function (Fig. 4). The 
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sulphur atoms present in the dithiocarbamate groups of DSF and DDC suggest that a similar 

mechanism of action may exist between DSF and H2S. 

 

 

Figure 4. Attack on cysteine by H2S and DSF  

 

1.8 H2S and cancer 

H2S and its role in cancer development and treatment is an expanding field of research 78. 

H2S donors are able to selectively kill cancer cell lines from multiple tissues, without  harming 

‘normal’, noncancerous cell lines 79. H2S alone may act to selectively target cancer without 

inducing off-site toxicity, which is a significant concern when using traditional chemotherapies. 

Additionally, the use of H2S-releasing doxorubicin resulted in a drastic increase in cancer cell 

death, while also reducing weight loss and cardiotoxicity in mice 80. H2S can both selectively target 

cancer cells to reduce survival, but when administered with traditional chemotherapy, can reduce 

the toxic side-effects due to off-site toxicity. 
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Our lab previously reported a novel mechanism for H2S to combat cancer, specifically 

against MDR cells. It was found that H2S inhibits drug efflux, thereby sensitizing MDR cells to 

treatment with doxorubicin 81. Promoting the accumulation of traditional chemotherapies is an 

effective method to target MDR cells, but there is reason to believe that H2S targets MDR cancer 

cells through a novel mechanism. 

 

S-sulfhydration of cysteine residues is the connecting ties among H2S, DSF, and ALDH. The 

remarkable similarities in the mechanism of action between DSF and H2S suggest that the two 

compounds share molecular targets. With the large roles that both ALDH and H2S play in 

maintaining hepatocellular health, and the metabolism and activity of DSF within the liver, we 

speculate that interactions between H2S and DSF/ALDH may occur 23,62,82. With the established 

role of H2S in cancer, acting to sensitize MDR tumours and regulate proliferation, we hypothesize 

that H2S can regulate these factors through ALDH. Limited work shows H2S may function as an 

ALDH inhibitor, and here we build upon and expand current understanding of the effects of H2S 

on ALDH activity and expression within liver 83. 

 

The capacity for H2S to circumvent chemotherapy resistance and the potential role of H2S 

as an inhibitor of ALDH indicate thatH2S may be an effective method to target CSC populations. 

Given the similarities between DSF and H2S, in this thesis, I examined the capacity of DSF to 

function as a H2S donor under various physiological conditions, and for H2S to function as a novel 

inhibitor of ALDH in liver. We also assessed the interaction of DSF and H2S metabolism in mouse 

liver lysate, and determined the regulatory role of ALDH and H2S in liver cancer growth and CSC 

function. 
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2. Methods 

2.1 Cell culture 

 Human liver cancer HepG2 cells (American Type Culture Collection, Manassas, VA), 

mouse liver cancer Hepa1-6 cells, and mouse liver CSC Dt81 Hepa1-6 cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific, Ottawa, ON) supplemented with 

10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C with a 

humidified atmosphere of 5% CO2 
65,81. The Dt81 Hepa1-6 CSCs were derived from the in vivo 

passage of Hepa1-6 cells in C57BL/6 mice and were selected for enhanced tumorigenicity and 

higher expressions of CSC marker proteins 84. The cells were grown to 70-80% confluence and 

then subjected to various treatments. For treatment with DSF and/or H2S, the cells were washed 

once and changed to fresh medium containing the appropriate concentration of NaHS. After 30 

minutes of incubation, DSF was then added, and cells were incubated for an additional 24 hours 

before collection. 

 

2.2 Cell survival 

 The effects of independent and co-treatment with DSF and H2S on cell viability were 

determined using 3-((4,5)-dimethylthiazol-(2)-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

as described before 65,81. Briefly, 20,000 cells were seeded per well in a 96-well plate and grown 

to 70-80% confluence. After 24 hours of treatment, 0.5 mg/mL MTT solution was added in serum-

free medium for 4 hours at 37°C. The resultant formazan precipitate was dissolved in 100 µL 
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dimethyl sulfoxide, and Absorbance was measured at 570 nm using FLUOstar OPTIMA 

microplate spectrophotometer (BMG Labtech, Germany). Treatment groups were normalized to 

untreated control cells. To further support the MTT data, cell count was conducted on each group 

using a Neubauer hemocytometer. 

 

2.3 H2S production 

 H2S production was measured using the lead acetate (PbAc2) method 85. Briefly, reagents 

were mixed at the indicated concentrations in phosphate buffered saline (PBS), and then added to 

96-well plates. PbAc2 paper (Sigma-Aldrich, Oakville, ON) was placed over the wells, and the 

solution was allowed to incubate for 2 hours at 37oC. H2S released from solution reacted with the 

paper to form lead sulphide precipitate with a brown color. For detection of enzymatic H2S release 

in liver tissues by DSF, an equal amount of mouse liver lysates was mixed with cysteine (10 mM), 

pyridoxal 5’-phosphate (P5P, 2 mM), and/or DSF (0-100 µM) in 96-well plates, and PbAc2 paper 

was placed over the wells. The reaction was incubated for 2 hours at 37°C in the dark. The intensity 

of the lead sulphide formed on the lead acetate paper was quantified with the Image J software, 

and the amount of H2S release was calculated based on a NaHS standard. 

 

2.4 Western blotting 

 Western blotting was conducted as described elsewhere 65. Briefly, the cells or mouse liver 

tissues were collected and lysed in Tris-EDTA sucrose buffer (50 mMTris-HCl, 0.53 mM EDTA, 

20% w/v sucrose pH 7.2) in the presence of protease inhibitors (Sigma-Aldrich). Supernatant was 

extracted by centrifugation at 14,000 rpm for 15 minutes at 4°C. The Bicinchoninic acid assay 

(Thermo Fisher Scientific) was used to determine protein concentrations. Equal amount of protein 
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was mixed with loading buffer and boiled for 5 minutes before being loaded into SDS-PAGE gel. 

After running, protein samples were transferred to PVDF membrane (Pall Corporation, Pensacola, 

FL). Membranes were blocked with PBS supplemented with 3% non-fat milk and 0.1 % tween 20 

for 30 minutes at room temperature. Afterwards, the membranes were incubated with primary 

antibody overnight at 4°C. Membranes were washed multiple times, then incubated with secondary 

antibody for 1.5 hours at room temperature followed by detection of chemiluminescent signal with 

ECL (Bio-Rad Laboratories, Mississauga, ON). The dilutions of primary antibodies were as 

follows: CSE (1:1000, Abnova, Taipei), ALDH (1:1000, Cell Signaling Technology, Danvers, 

MA), GAPDH (1:1000, Santa Cruz Biotechnology Inc, Santa Cruz, CA), and β-actin (1:5000, 

Sigma-Aldrich). 

 

2.5 Real-time PCR 

 Total RNAs from HepG2 cells or mouse liver tissue was extracted using TRIReagent 

(Thermo Fisher Scientific) and cDNA was prepared using Maxima H Minus First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific). All samples were run in triplicate, and relative gene 

expression was calculated as 2−ΔΔCT and presented as a percentage relative to control samples. 

Quantification of mRNA expression was conducted, using iQ SYBR Green Supermix (Bio-Rad 

Laboratories), and thermocycling was followed as described elsewhere 86. The sequences of 

primers used were as follows: human ALDH1A1 (5’-AGGGGCAGCCATTTCTTCTCA-3’ and 

5’-GCCCCTTCTTTCTTCCCACTCT-3’), mouse ALDH1A1 (5’-

GGGCAGCCATCTCCTCTCACAT-3’ and 5’-GTTCCCCCAGCGTCCTCCAC-3’), human 

GAPDH (5’-GCGGGGCTCTCCAGAACATCAT-3’ and 5’-
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CCAGCCCCAGCGTCAAAGGTG-3’), mouse GAPDH (5’-

CGGCAAATTCAACGGCACAGTCAA-3’ and 5’-CTTTCCAGAGGGGCCATCCACAG-3’). 

 

2.6 ALDH activity assay 

 ALDH activity was detected with spectrophotometric assay by measuring NADH 

production 83. Briefly, mouse liver lysate or cell lysate were mixed with sodium pyrophosphate 

buffer (50 mM, pH 7.4), NAD+ (5 µM), and rotenone (4 µM). Propanal (10 µM) was then added 

to initiate the reaction. The assay was allowed to run for 30 minutes at room temperature, and the 

end-point absorbance was determined at 340 nm. ALDH activity was expressed as µmole NADH/ 

µg protein/minute. 

 

2.7 Cell adhesion assay 

 To assess CSC adhesion, the cells were incubated with NaHS for 24 hours. Afterwards, the 

cells were collected and re-seeded onto new plates with equal cell number (20,000). After two 

hours, the cells were washed and fixed using 4 % paraformaldehyde for 15 minutes followed by 

staining with Hoechst 33258 (1µg/mL) for 30 minutes. The cell adhesion was observed under a 

fluorescence microscope (Olympus IX71) and counted using Image J software 87. 

 

2.8 Statistical Analysis 

 Data was expressed as mean ± standard error of at least 3 separate experiments. Statistical 

analysis was conducted using student’s T-Test. Values of p<0.05 were considered statistically 

significant. 
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3. Results 

3.1 DSF reacts with thiol-containing compounds under physiological conditions 

 Given that DSF contains four sulphur atoms, the potential for DSF to yield H2S under a 

variety of physiologically relevant conditions was assessed. At physiological pH and temperature, 

DSF did not spontaneously react to yield H2S (Fig. 5A). We next assessed the ability of DSF to 

react with common additives. Cu2+ is often used to enhance the cytotoxic effects of DSF, as it 

stabilizes DSF’s reduced form, diethyldithiocarbamate (DDC) 46. The presence of Cu2+ did not 

react with DSF to produce H2S (Fig. 5B). We then sought to determine the effects of various 

oxidizing/redox compounds on H2S release from DSF. Hydrogen peroxide (H2O2) had no effect 

on H2S release from DSF (Fig. 5C). This is not surprising, as both compounds are oxidizing agents. 

In contrast, it was observed that DSF reacted with reduced glutathione (GSH) to produce H2S, but 

DSF failed to react with the oxidized GSSG for generating H2S (Fig. 5D and 5E). The release of 

H2S from the DSF-GSH reaction indicates that thiol-based reducing agents are able to react with 

DSF and release H2S. This was further confirmed when DSF successfully liberated H2S from 

dithiothreitol (DTT) and 2-mercaptoethanol (2-Mer) (Fig. 5F and 5G). In addition, ascorbic acid 

did not react with DSF to release H2S, suggesting that the sulphur atom liberated in the previous 

reactions was derived from the thiol-containing reducing agents but not DSF (Fig. 5H). However, 

when DSF was mixed with common H2S-releasing donors (NaHS or Na2S3), DSF reduced H2S 

release in a dose-dependent manner, suggesting that DSF may also act as an H2S scavenger (Fig. 

5I and 5J).  
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Figure 5    DSF reacts with thiol-containing compounds under physiological conditions. 

Different concentration of DSF (0-100 µM, A) were mixed with CuCl2 (1 µM, B), H2O2 (100 µM, 

C), GSH (1 mM, D), GSSG (1 mM, E), DTT (100 µ, F), 2-Mer (100 µM, G), ascorbic acid (100 µM, 
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H), NaHS (100 µM, I), or Na2S3 (100 µM, J) for 2 hours at 37°C. H2S release was trapped by lead 

acetate paper and intensity was determined using image J software. *, p<0.05 vs. control, n=3. 

 

 To gain a more comprehensive understanding of DSF’s reactions with thiols for H2S 

release, we then tested the effects of Cu2+, pH and temperature on the DSF-GSH reaction. Addition 

of Cu2+ to this reaction caused a slight, though statistically insignificant change in H2S release 

(Fig. 6A). Temperature changes from 37°C to 22°C had no substantial change in H2S release (Fig. 

6B). The change of pH from neutral (pH 7.0) to basic (pH 10.0) also showed no effect (Fig. 6C). 

Acidic condition (pH 4.0), however, prevented the reaction from occurring, suggesting 

deprotonation of GSH is required for DSF-catalyzed H2S release. 
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Figure 6    The effects of Cu2+, pH and temperature on H2S release from DSF-GSH interaction. 

DSF (10 µM) was mixed with GSH (1 mM) in the presence of CuCl2 (1 µM, A), or incubated at room 
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temperature (B), or under various pH conditions (C). H2S release was trapped by lead acetate paper 

and intensity was determined using image J software. *, p<0.05 vs. control, n=3. 

 

3.2 DSF stimulates H2S release in mouse liver tissues 

 Liver is the single largest contributor to H2S generation in our body 62,82. By incubating 

mouse liver lysate for 2 hours in the presence of cysteine and P5P, we found that DSF could 

significantly increase H2S production in a dose-dependent manner (Fig. 7A). The further addition 

of Cu2+ facilitated DSF-induced H2S release in liver lysate, indicating that the stabilization of DDC 

by Cu2+ may promote H2S production (Fig. 7B). H2O2 failed to alter H2S output, while either GSH 

or GSSG completely ablated H2S production (Fig. 7B), pointing to the possible reaction of 

GSH/GSSG with DSF leading to inactivation of DSF in stimulating H2S release from liver lysate. 

It was further demonstrated that simply mixing different concentration of DSF with cysteine but 

not P5P induced H2S release in the absence of liver tissues, validating that DSF can interact with 

certain thiol-containing compounds for H2S release, and that DSF induces enzymatic release of 

H2S (Fig. 7C and 7D). 
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Figure 7    DSF stimulated H2S production in WT mouse liver lysate. A, DSF (0-100 µM) was 

mixed with WT mouse liver lysate (5 mg) in the presence of cysteine (5 mM) and P5P (1 mM). B, 

DSF (0-100 µM) was mixed with WT mouse liver lysate in the presence of cysteine and P5P with 

additional agents, including CuCl2 (1 µM), H2O2 (100 µM), GSH (1 mM), or GSSG (1 mM). C and 

D, DSF (0-100 µM) was mixed with cysteine (5 mM) or P5P (1 mM) only. The mixtures were 

incubated for 2 hours at 37°C. H2S release was trapped by lead acetate paper and intensity was 

determined using image J software. *, p<0.05 vs. control, n=3. 
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 The increase in H2S production from mouse liver lysates by DSF would suggest that either 

DSF is metabolized to produce H2S, or that DSF itself or its metabolite(s) activates the H2S-

generating enzyme, CSE. It was validated here that H2S release was hardly observed in liver tissues 

from CSE knockout (CSE-KO) mice (Fig. 8A). Unlike the dose-dependent stimulation of H2S 

release in the liver tissues from wild-type (WT) mice, DSF showed no effect on H2S release in 

CSE-KO mouse liver lysates (Fig. 8A). These data indicate that DSF may target CSE to promote 

H2S release. We next examined the effects of DSF on CSE expression in HepG2 cells. As shown 

in Fig. 8B, incubation of HepG2 cells with 10 µM DSF for 24 hours increased CSE protein 

expression by more than 2 times. In combination, this evidence shows DSF is able to stimulate 

H2S production by upregulating CSE protein expression and also directly inducing CSE activity. 
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Figure 8    DSF targets at CSE for H2S production. A, DSF (10-100 µM) was mixed with WT or 

CSE-KO mouse liver lysate (5 mg) in the presence of cysteine (5 mM) and P5P (1 mM). The mixtures 

were incubated for 2 hours at 37°C. H2S release was trapped by lead acetate paper and intensity was 

determined using image J software. *, p<0.05 vs. WT control, n=3. B, HepG2 cells were incubated 

with DSF (10 µM) for 24 hours, and CSE expression was determined using western blotting. *, p< 

0.05. n=3. 
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3.3 H2S inhibits ALDH expression and activity  

 Previous work showed that H2S may act a novel inhibitor of ALDH activity 20. We 

expanded upon this finding and examined the effects of H2S on both ALDH activity and 

expression. Treatment with either H2S or DSF inhibited ALDH protein expression and mRNA 

levels in HepG2 cells, while combined treatment with both conferred no additional inhibition (Fig. 

9A and 9B). We also examined the direct effect of H2S on ALDH activity. HepG2 lysates mixed 

with either DSF or H2S showed lower ALDH enzymatic activity, while combined treatment of 

H2S and DSF had a cumulative effect in inhibiting ALDH activity (Fig. 9C). The role of 

endogenous H2S in ALDH regulation was further determined by assessing ALDH expression and 

activity in CSE-KO mouse liver tissue. In comparison with WT liver tissues, the mRNA and 

protein expressions as well as the activity of ALDH were all significantly higher in CSE deficient 

tissue (Fig. 10A-C). These data indicate that H2S inhibits ALDH in a DSF-like manner by reducing 

mRNA and protein expressions and also decreasing enzymatic activity. 
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Figure 9    DSF and H2S inhibit the expression and activity of ALDH. HepG2 cells were incubated 

with H2S (30 µM), DSF (10 µM), or both for 24 hours. H2S was added 30 minutes prior to DSF. The 

cells were then collected for analysis of ALDH protein expression (A), mRNA expression (B), and 

activity (C). *, p< 0.05 vs. control, n=3. 
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Figure 10    Deficiency of CSE promotes the expression and activity of ALDH. Both WT and 

CSE-KO mouse liver tissues were used for analysis of ALDH protein expression (A), mRNA 

expression (B), and activity (C). *, p< 0.05 vs. control, n=3. 
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3.4 H2S sensitizes DSF-inhibited cell viability and inhibits CSC adhesion  

 Incubation of HepG2 cells with either H2S or DSF alone had no effect on cell growth, as 

demonstrated by the cell viability test and cell number counting (Fig. 11A and 11B). However, 

when added together, H2S was shown to significantly sensitize DSF-inhibited cell growth. The 

CSE expression and endogenous H2S generation between mouse liver cancer stem cells (Dt81 

Hepa1-6 or 81S) and their parental cells (Hepa1-6 or 16) were then compared 24. Compared to the 

parental 16cell line, CSE levels in the 81S cells were dramatically abolished (Fig. 11C). H2S 

generation in 81S cells were only 38% of that in 16 cells (Fig. 11D). As expected, we also observed 

a higher ALDH protein expression in 81S cells than 16 cells (Fig 11E). Incubation of both 81S 

and 16 cells with H2S lead to significant lower expression of ALDH.  The effect of H2S on CSE 

functions was further tested. The 81S cells showed more cell adhesion in comparison with 16 cells, 

while the supplement of H2S treatment was able to reduce the increased cell adhesion in 81s cells 

(Fig. 11F). We did not observe any effect of H2S on 16 cell adhesion. These data indicate that H2S 

may inhibit mouse CSC functions by possibly targeting ALDH. 
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Figure 11    H2S sensitizes DSF-inhibited cell viability and inhibits CSC adhesion. HepG2 

cells incubated with H2S (30 µM), DSF (10 µM), or both for 24 hours were tested for cell viability 

by MTT (A) and cell number counting (B). *, p<0.05 vs. control. Both 16 and 81S cells grown to 

confluence were collected and tested for CSE expression by western blotting (C) and endogenous 

H2S production using lead acetate paper method (D). *, p<0.05 vs. 16 cells. Both 16 and 81S cells 
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were incubated with or without H2S (30 µM) for 24 hours, the cells were collected for analysis of 

ALDH protein expression (E). *, p<0.05 vs. 16 control cells; #, p<0.05 vs. 81S control cells.  n=3. 

After incubation with or without H2S for 24 hours, both 16 and 81S cells were collected and re-

plated for additional 2 hours, then stained using Hoechst 33258 for analysis of cell adhesion (F). 

*, p<0.05 vs. all groups. n=3.  
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4. Discussion 

 Tumours are complex systems comprised of heterogeneous cells, and by selectively 

eliminating those with the greatest capacity for proliferation, replication, and treatment resistance, 

the threat of the tumour as a whole can be practically nullified 88. As such, developing novel 

methods to selectively target CSCs and prevent disease progression is of vital interest 89. By 

targeting ALDH, inhibitors such as DSF are able to selectively induce cell death in treatment 

resistant cells, without placing significant toxic burden on healthy cells 19. The regulatory role of 

H2S on ALDH provides a greater understanding of the development of drug-resistant cancers, and 

increases the scope of potential CSC treatments. The present study highlights the inhibitory effects 

of both endogenous and exogenous H2S on ALDH expression, ALDH activity, and cancer 

viability. 

 

 Despite the growing number of studies on the biomedical effects of H2S, adequate 

strategies for maintaining the proper level of endogenous H2S are very limited. H2S generation can 

be disabled or over-activated under different stress conditions 81,90. Therefore, finding new 

compounds or systems to buffer H2S generation for bench research and potential therapeutic 

applications are urgently needed. Here we determined that DSF acts as a potent H2S-releasing 

donor. In the presence of thiol antioxidants, including GSH, DTT, 2-Mer, or cysteine, a significant 

H2S release was observed from DSF. GSH has been shown to promote the desulfuration of DDTC-

Me and DDTC-Me sulfine, two metabolites of DSF 91. Further evidence suggest that GSH would 

attack the oxithiirane isomer of DDTC-Me sulfine, resulting in its structural change followed by 

generation of GSSG and H2S 91. Interestedly, DSF itself has also been shown to induce both GSH 

and GSSG level, which is attributed to the mutual interconversion of DSF with its metabolite 92. 
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The other thiol compounds may act in a similar way as GSH to react with DSF for generating H2S. 

It should be noted here, at physiological condition, all these compounds would not spontaneously 

release H2S. DSF’s therapeutic potential has often been enhanced by in conjunction with copper, 

however we did not observe any effect of Cu2+ on H2S release from DSF, indicating that copper 

interaction with DSF metabolites would block its desulfuration 93. In addition, neither the oxidant 

H2O2 nor the antioxidant ascorbate liberates H2S from DSF, pointing to the key role of thiol-thiol 

inter-attack for H2S release. Unexpectedly, when directly mixing DSF and H2S donors (NaHS or 

Na2S3), we did not observe a synergetic increase, rather a substantial decrease of H2S release. It is 

inferred that H2S derived from NaHS or Na2S3 can be quickly utilized for targeting at sulphur 

groups in DSF to facilitate an unknown chemical reaction. Given all this evidence, DSF can be a 

great candidate as a buffer system for maintaining endogenous H2S levels. On one side, DSF can 

potentially liberate H2S from very common intracellular thiol-containing compounds when 

endogenous H2S is low; while on the other side, DSF can scavenge H2S when endogenous H2S 

generation is excessive. Therefore, we suggest that DSF may be an effective buffer for maintaining 

a therapeutically relevant H2S level. 

 

 Moreover, when incubated with WT mouse liver lysates or human liver cancer cells, DSF 

was able to increase H2S generation. CSE is recognized as a major source of H2S in liver tissues 

62. In the absence of CSE, H2S generation was not affected by the addition of DSF, pointing to the 

direct involvement of CSE in DSF-stimulated H2S generation. It is possible that DSF may target 

the cysteine residues in CSE for altering its conformation and activity. In contrast, Zuhra et al. 

showed that DSF via its metabolite DDC-Cu inhibited CBS activity and H2S levels in colon cancer 

cells 94. The inconsistency may be due to the differences in cell types and/or the substrate/cofactors 
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used. Not only involved in directly stimulating CSE activity, DSF was also shown to enhance CSE 

protein level. The duality of DSF on H2S production positions it as a unique tool in regulating H2S. 

The surge in H2S production provides immediate relief, while the overexpression of CSE sustains 

elevated H2S for a longer duration. The complications involved in H2S application are overcome 

with DSF within the liver, as the elevated CSE expression maintains therapeutic levels, a major 

concern with traditional donors such as NaHS 95,96. The efficacy of DSF-induced H2S release 

remains to be determined in vivo, which may determine DSF’s practicality as an H2S donor. 

 

 ALDH is an NAD(P)+-dependent enzyme responsible for catalyzing the conversion of 

aldehydes to carboxylic acids. By the covalent modification of active site cysteine residues in 

ALDH, DSF can cause the inactivation of ALDH 58. The data presented herein further proved that 

ALDH activity was also inhibited by H2S. Two pathways would explain the inhibitory role of H2S 

on ALDH activity. Similar to DSF, H2S is known to generate most of its cellular functions by the 

S-sulfhydration of cysteine in target proteins. So, it is possible that H2S directly targets the active 

cysteine residue in ALDH for suppressing its catalytic activity. In addition, H2S may S-sulfhydrate 

some transcription factors for inducing ALDH transcription, as ALDH protein and mRNA 

expression were lower after H2S treatment. It should be noted that the present study examined the 

expression of the ALDH1A1 isozyme in both protein and mRNA, but the measurement of ALDH 

activity was non-specific, suggesting that other ALDH isozymes may have contributed to this 

function. 

 

 Over the past few decades, ALDH has become recognized as a CSC marker 97,98. ALDH 

upregulation increases the oxidative burden that cancer cells can tolerate and activates cell self-
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renewal. Inhibition of ALDH could attenuate CSC self-renewal, reduce tumorigenicity, and 

suppress chemo- and radio-therapy resistance, thus blocking cancer progression and metastasis 

99,100. Consistently, our data here also revealed higher expression of ALDH in mouse liver CSCs 

(Dt81 Hepa1-6) 84,101. In contrast, the expression of CSE and endogenous generation of H2S were 

significantly lower in the CSCs in comparison with their parental cells (Hepa1-6). By inhibiting 

ALDH expression, H2S was also able to suppress CSC function, as evidenced by lower cell 

adhesion. We previously reported that CSE expression was reduced in drug resistant liver cancer 

cells and supply of exogenous H2S could reverse drug resistance in these cells 81. Other studies 

also found that overexpression of CSE in T cells significantly inhibited tumour growth in a mouse 

model of adoptive cell transfer, while silencing CSE gene transcription via FOXC1-mediated 

DNMT3B expression and DNA hyper-methylation promoted hepatocellular carcinoma survival 

102,103. This evidence demonstrated a key role of CSE/H2S system in regulating cancer growth and 

drug resistance possibly by targeting at ALDH. DSF exerts a synergetic therapeutic effect on 

cancer when administered in combination with other chemotherapeutic drugs, such as cisplatin, 5-

fluorouracil, temozolomide, etc 33,104,105. Here it was further showed that combination of both DSF 

and H2S displayed significantly inhibitory role on liver cancer cell growth. It cannot be excluded 

that the anti-cancer effects of DFS and H2S may be due to a result of multiple mechanisms that act 

synergistically. 

 

 H2S deficiency increases susceptibility to many diseases, including disorders such as liver 

cirrhosis and atherosclerosis 65,67. We present evidence for CSE-deficiency as a hallmark of cancer 

development, and potentially as a CSC marker. The increase in ALDH expression seen in CSE-

KO liver tissue would suggest that altered CSE expression or function may be a major contributor 
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to the development of cancer. CSE-deficiency as a marker for cancer progression is further 

supported by the absence of CSE and H2S production in the Dt81 Hepa1-6 CSC model. In 

developing their CSC model, Lacoste et al. used intrasplenic passage of Hepa1-6 cells in vivo, and 

isolated cells from the largest resultant tumour 84. CSE-deficiency in these cells therefore imparts 

some advantages to the cancer cells in regards to increased proliferative activity. H2S deficiency 

has shown to increase proliferation and drug resistance in both cancerous and non-cancerous cells, 

such as glioblastoma and smooth muscles cells 106,107. A likely mechanism for these observations 

is the increase in ALDH expression in CSE deficient tissues, as evidenced by the increase in ADLH 

seen in CSE-KO mouse liver. Elevated ALDH likely promotes Hedgehog through Gli2, increasing 

cell proliferation. Therefore, monitoring endogenous H2S production could aid in determining the 

severity and risk of relapse or metastases. 

 

The regulation of the cell cycle and the antioxidant response by H2S often reduces the risk 

of developing myriad diseases, including cancer, while exogenous application often halts or 

reverses disease progression 108–110. In certain cases, however, H2S appears to promote or benefit 

cancer progression 111–114. Inhibition of ALDH by H2S may provide an explanation for the apparent 

duality of H2S in cancer treatment. ALDH overexpression increases the oxidative burden that the 

cell can tolerate by rapidly metabolizing aldehydes before DNA and protein damage can occur 19. 

By targeting ALDH, CSCs lose their ability to cope with the elevated oxidative stress which 

accumulates during chemotherapy, resulting in apoptosis. While effective in targeting CSCs, this 

would suggest that cancer cells under lower oxidative stress are less affected by H2S alone, and in 

fact benefit from the activation of proliferative pathways. By combining H2S with traditional 
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chemotherapies, highly-tumorigenic CSCs are more susceptible to treatment, and the entire tumour 

population could be treated effectively. 

 

 While not explicitly observed in this study, the reduction in ALDH expression after H2S 

treatment likely resulted in decreased activation of Hedgehog, owing to the loss of Gli2 

stabilization 23. Any future work into the H2S-mediated inhibition of ALDH should examine the 

effects of H2S on Gli2. To best understand how H2S can regulate Gli2/Hedgehog, the mechanism 

through which H2S decreases ALDH protein and mRNA transcripts should be determined. While 

the inhibition of ALDH could result in the degradation of inactive protein, H2S may act to directly 

reduce the transcription of ALDH by regulating some as-of-yet unknown transcription factor. 

 

 The demonstration that H2S inhibits ALDH suggests that both DSF and H2S share other 

molecular targets. As previously mentioned, H2S regulates a wide range of intracellular processes 

by targeting proteins such as GAPDH or ATP channels 62,75. This may suggest that DSF is capable 

of acting on some of the known targets for S-sulfhydration, assuming the larger molecule is able 

to access the binding site. If DSF is able to act on known H2S targets, DSF could become a viable 

treatment for H2S deficiency related disorders. Simultaneously, H2S may also be able to react with 

some of DSF’s alternate targets, which including enzymes such as phosphoglycerate 

dehydrogenase or the proteasome 34,115. If true, this could result in a substantial improvement of 

our understanding of H2S-mediated regulation. 

 

 The findings presented in this thesis suggest two significant and novel contributions to our 

understanding of ALDH regulation. First, H2S acts as an inhibitor of ALDH, with endogenous H2S 
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production regulating ALDH expression. This raises the potential for H2S donors or treatments 

which enhance CSE activity as novel therapies for CSCs. The second finding is the role of H2S in 

DSF’s function. With prolonged incubation, DSF increases CSE expression, and in the short term 

directly increases H2S release from liver lysate in a CSE-dependent mechanism. These effects 

combined increase total H2S content, allowing DSF to influence cell signalling pathways. DSF-

induced H2S production then suggests that DSF may act to inhibit ALDH indirectly through S-

sulfhydration, and in turn suggests the drug may impact the regulation of metabolism, cell cycle, 

and cell death. 

 

5. Conclusion 

This study reveals a novel role of DSF in promoting H2S release from thiol-containing 

compounds. DSF is able to induce H2S release in liver through CSE-dependent mechanisms, 

increasing CSE expression and long-term H2S generation while simultaneously promoting CSE 

activity. H2S treatment reduced ALDH expression and activity in a DSF-like manner, highlighting 

the role of H2S in alcohol metabolism and as a potential CSC marker. Endogenous deficiency of 

H2S in mouse liver results in increased ALDH expression, suggesting CSE-deficiency as a 

precursor to CSC development. Additionally, CSE expression and H2S generation were lower in 

liver CSCs, which correspond with increased CSC function. Treatment with exogenous H2S 

reduced CSC viability, suggesting that H2S should be used as a novel CSC-targeting anti-cancer 

agent. DSF-induced CSE expression and H2S production likely contributes directly to ALDH 

inhibition, cancer cell death, and CSC dysfunction (Fig. 12). In conclusion, the findings presented 

herein detail the inhibitory effects of H2S on ALDH expression and activity, and the roles of H2S 
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in CSC. Therefore, combination of DSF and H2S would be more effective in combating resistant 

and recurrent cancer. 

 

 

Figure 12    The proposed pathways for DSF-CSE-H2S interactions and their combinational 

effects on CSC functions. 

 

 

6. Limitation and future study 

The purpose of this work was to examine H2S as a potential inhibitor of ALDH, and to assess 

the impacts of such a role on cancer stem cell function. While the inhibitory effects of H2S on 

ALDH were validated both in vitro with human liver cell line and ex vivo with mouse liver tissue, 

the mechanism of inhibition remains unclear. S-sulfhydration remains the most likely cause, and 

work using biotin switch assay and LC-MS analysis could confirm both the site of inhibition and 

the structure of the inhibitory adduct. With their similar abilities to inhibit ALDH activity, the 

overlap in biochemical targets between H2S and DSF should be examined to determine novel 

targets for both compounds. 
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While DSF-induced H2S generation is CSE dependent, the nature of this interaction is 

unknown. DSF may act to promote CSE activity, or may be a novel CSE metabolite, and the work 

to determine where and how DSF and CSE react should be conducted. Additionally, the use of 

DSF as a H2S donor should be determined in vivo, to verify whether DSF could function in a 

clinical capacity.  

 

The limited evidence of H2S on CSC function should be expanded upon. While the decreased 

cell adhesion in the CSC model after H2S treatment certainly indicates a reduction in stemness, 

additional characteristics such as MDR, cell migration, and CSC marker expression may provide 

greater support for H2S as a CSC treatment. Further, while inhibition of ALDH activity certainly 

reduces resistance to chemotherapy, the decreased stemness seen due to H2S is likely the cause of 

Gli2 destabilization.  Efforts should be made to determine how H2S regulates ALDH expression, 

and to identify any associated transcription factors. H2S donors with greater bioavailability than 

NaHS must also be used in vivo to determine their validity as clinical treatment for CSC. 
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