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Abstract

Review Article

Introduction

Cancer metabolism refers to alterations in cellular metabolic 
pathways that enable cancer cells to acquire essential 
nutrients for building new biomass.[1] The metabolic 
rewiring in cancer cells has recently been recognized as 
a major hallmark of cancer.[2] Metabolic reprogramming 
is often driven by diverse signaling cues from the tumor 
microenvironment, which influence cancer cell metabolism 

by altering the expression and activity of key metabolic 
enzymes.[1] Glucose is the main energy source in cell 
metabolism and a key material for biosynthesis. In 1927, 
German physiologist Otto Warburg first observed that tumors 
consume significantly more glucose and rely preferentially 

The Warburg effect is a metabolic process in which cancer cells prefer glycolysis over aerobic respiration even in the presence of oxygen. This 
metabolic shift allows cancer cells to use glycolytic intermediates for synthesizing DNA, RNA, and proteins, enabling rapid proliferation. 
Among other known regulators of cancer metabolism, hydrogen sulfide (H₂S), a gasotransmitter produced endogenously inside the cell, has 
emerged as a key player. H₂S mediates protein sulfhydration, a posttranslational modification resulting in changes of protein dynamics to 
modulate the activity of glycolytic enzymes, including pyruvate kinase M2 (PKM2), lactate dehydrogenase A, and glyceraldehyde‑3‑phosphate 
dehydrogenase. Sulfhydration of PKM2 at cysteine 326, in particular, promotes its transition from an active tetrameric state to a less active 
dimeric state, redirecting glucose metabolism to glycolysis and facilitating tumor growth. This review highlights the importance of H₂S‑mediated 
sulfhydration in cancer metabolism and advocates for further exploration of this pathway as a target for anticancer drug development. A deeper 
understanding of the biochemical pathways underlying cancer metabolism will facilitate the design of highly selective and potent inhibitors, 
ultimately improving therapeutic outcomes for cancer patients.
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on glycolysis, even in the presence of oxygen, compared 
to nonproliferating normal tissues.[3,4] This phenomenon is 
widely known as the Warburg effect. Although glycolysis 
is less efficient than oxidative phosphorylation (OXPHOS) 
regarding the production of adenosine triphosphate (ATP), 
glycolysis provides metabolic intermediates required for 
the synthesis of macromolecular biosynthesis, thus enabling 
cancer cells to proliferate faster under insufficient nutrient 
supply.[1] In this review, we provide a brief overview of 
recent developments connecting hydrogen sulfide  (H₂S), 
a gasotransmitter, to this classical metabolic rewiring 
mechanism in cancer.

The Warburg Effect

The breakdown of carbohydrates, particularly glucose, 
is a major source of cellular energy. Glucose metabolism 
occurs through two main pathways: OXPHOS and anaerobic 
glycolysis.[5] Under aerobic conditions, most differentiated 
cells metabolize glucose through the tricarboxylic acid cycle 
and OXPHOS, generating 36 ATP per glucose. In contrast, 
glycolysis alone produces just 2 ATP per glucose.[5] However, 
in the absence of oxygen, normal differentiated cells undergo 
anaerobic glycolysis, redirecting pyruvate molecules to 
lactate production.[6] Unlike normal differentiated cells, 
most cancer cells preferentially rely on glycolysis for energy 
production, regardless of whether oxygen is present. Although 

glycolysis produces ATP more rapidly than OXPHOS, it is far 
less efficient in producing ATP per glucose consumed, and 
consequently, cancer cells have to consume a much higher 
amount of glucose to satisfy their energy demands.[2] This 
phenomenon, first discovered by Otto Warburg in 1927, is 
known as the Warburg effect.[3]

The discovery of the Warburg effect raised the question of 
why cancer cells rely on aerobic glycolysis, an inefficient 
process that produces over ten times less ATP per cycle 
compared to OXPHOS. Based on the underlying biochemical 
mechanisms, it has been proposed that the Warburg effect 
is a metabolic adaptation to meet the biosynthetic demands 
of cancer cells for rapid proliferation.[7] During glycolysis, 
cancer cells use glycolytic intermediates as carbon sources 
for nucleotide, fatty acid, and amino acid synthesis [Figure 1]. 
Two key glycolytic intermediates, glucose‑6‑phosphate and 
3‑phosphoglycerate, play central roles in this process for 
the de novo synthesis of nucleotides, amino acids, and lipids 
through the pentose phosphate pathway[8] and one‑carbon 
metabolism,[9] respectively. Current evidence suggests that not 
only cancer cells but also normal proliferating cells prioritize 
glucose consumption to produce glycolytic intermediates that 
meet the biosynthetic demands of cell division.[5] To achieve 
this, they modulate glycolysis by slowing down its final step: 
the conversion of phosphoenolpyruvate  (PEP) to pyruvate, 
catalyzed by pyruvate kinase (PK).[10]

Figure 1: Reprogramming of glucose metabolism in cancer. Glycolysis plays a central role in cancer cell metabolism, not only as a source of energy but 
also by providing intermediates for biosynthesis and redox homeostasis. Cancer cells utilize glycolytic intermediates, such as Glucose‑6P and 3‑PG, 
to drive nucleotide, lipid, and amino acid synthesis through pathways like the pentose phosphate pathway and one‑carbon metabolism. In addition, 
cancer cells often redirect pyruvate away from the tricarboxylic acid cycle in mitochondria, favoring lactate production to support their metabolic 
needs. 1,3‑BPG: 1,3‑Bisphosphoglycerate; 2‑PG: 2‑phosphoglycerate; 3‑PG: 3‑phosphoglycerate; Ac‑CoA: Acetyl‑CoA; ADP: adenosine diphosphate; 
ALDO: aldolase; ATP: adenosine triphosphate; DHAP: dihydroxyacetone phosphate; ENO: enolase; G6PD: glucose‑6‑phosphate dehydrogenase; GA3P: 
glyceraldehyde 3‑phosphate; GAPDH: glyceraldehyde 3‑phosphate dehydrogenase; GDP: guanosine diphosphate; GLUT: glucose transporter; HCy: 
homocysteine; HK: hexokinase, LDH: lactate dehydrogenase; 4; Met: methionine; NAD+: nicotinamide adenine dinucleotide; NADP: nicotinamide adenine 
dinucleotide phosphate; PEP: phosphoenolpyruvate; PFK: phosphofructokinase; PGAM: phosphoglycerate mutase; PGI: phosphoglucoisomerase; PGK: 
phosphoglycerate kinase; PK: pyruvate kinase; THF: tetrahydrofolate; TPI: triosephosphate isomerase
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Pyruvate Kinase M2
PK is a rate‑limiting enzyme of glycolysis that catalyzes 
phosphoryl transfer from PEP to adenosine diphosphate 
to produce pyruvate and ATP.[11] In mammals, two genes 
encode four mammalian PK isoforms  (PKM1, PKM2, 
PKR, and PKL). The PKLR gene encodes PKL and PKR, 
which are expressed in the liver and erythrocytes. The 
PKM gene encodes PKM1 and PKM2 through alternative 
splicing. PKM1 is expressed in many normal differentiated 
tissues, while PKM2 is expressed in proliferating cells, 
including in all types of cancer cells and tumors tested so 
far.[12] Despite their sequence similarity, PKM1 and PKM2 
have distinct catalytic properties. PKM1 is constitutively 
organized as a high‑activity tetramer, while PKM2 exists 
in multiple oligomeric states: a highly active tetramer, less 
active dimer, or monomer.[13] The tetrameric state of PKM2 is 
endogenously activated by fructose‑1,6‑bisphosphate (FBP),[14] 
serine,[15] and succinyl‑5‑aminoimidazole‑4‑carboxamide 
ribose‑5’‑phosphate  (SAICAR).[16] In contrast to other 
tetrameric PK isoforms, PKM2 can be regulated by multiple 
factors that promote the release of FBP, thereby reducing 
enzyme activity through dissociation from tetrameric 
to dimeric/monomeric forms.[17] The oligomeric state of 
PKM2 is tightly regulated by different posttranslational 
modifications  (PTMs), including phosphorylation,[18] 
acetylation,[19] SUMOylation,[20] O‑GlcNAcylation,[21] 
methylation,[22] oxidation,[23] and sulfhydration.[24] These 
modifications of PKM2 slow down its enzymatic activity, 
thus redirecting the use of glucose from energy production to 
biomass synthesis, thereby allowing tumor cells to proliferate 
faster.

In addition to its role in glycolysis, the dimer and monomer 
forms of PKM2 are predominant in cancer cells. Dimeric/
monomeric PKM2 plays a crucial role as a protein kinase and 
transcriptional coactivator in the nucleus to promote cancer 
cell proliferation by modulating cancer metabolism and 
regulating gene expressions.[25,26] Through interaction with 
hypoxia‑inducible factor‑1α, nuclear PKM2 transactivates the 
expressions of genes such as lactate dehydrogenase A (LDHA), 
phosphoinositide‑dependent protein kinase 1, hexokinase 
1, and vascular endothelial growth factor A, promoting cell 
proliferation and angiogenesis.[26,27] PKM2 forms a complex 
with β‑catenin, binding to the cyclin D1 (CCND1) promoter 
region to phosphorylate histone H3, which upregulates CCND1 
expression.[28] PKM2 also interacts with octamer‑binding 
transcription factor 4, a nuclear protein involved in cancer 
cell self‑renewal and differentiation, thereby enhancing its 
transcriptional activity.[29]

In conclusion, PKM2 functions not only as a PK enzyme in its 
tetrameric form but also as a transcriptional coactivator when 
it transitions to its dimeric or monomeric form and enters the 
nucleus to mediate gene transcription. The oligomeric state of 
PKM2 plays a critical and indispensable role in regulating the 
Warburg effect on cancer cells.

Hydrogen Sulfide

Hydrogen sulfide (H2S), a colorless, flammable, and water‑soluble 
gas, is the third and most recently identified gasotransmitter.[30] 
Similar to nitric oxide and carbon monoxide, H₂S serves as a 
critical mediator in various physiological processes, including 
the regulation of blood vessel vasodilation, cardiac responses 
to ischemia, and inflammation.[31‑35] In mammalian cells, 
H₂S is endogenously produced by three different enzymes: 
cystathionine β‑synthase (CBS), cystathionine γ‑lyase (CTH), 
and 3‑mercaptopyruvate sulfurtransferase.[30,36] Accumulating 
evidence has shown the upregulation of H₂S‑producing 
enzymes in multiple cancer types,[37] suggesting that H₂S may 
play a role in cancer development.

Hydrogen sulfide modulates various cellular signaling 
pathways mainly through protein sulfhydration, which 
occurs at reactive cysteine residues of target proteins.[38] This 
reversible PTM covalently adds a thiol group (‑SH) to active 
cysteine residues  (PSH/PS⁻) in target proteins, resulting in 
protein sulfhydration  (PSSH/PSS⁻).[39] A direct reaction on 
cysteine residues with H2S is thermodynamically unfeasible. 
Potential pathways for sulfhydration modifications include the 
reaction of S‑sulfenylated (PSOH),[40] S‑Nitrosated (PSNO),[41] 
or protein disulfides  (PSSP)[42] with H₂S, resulting in the 
formation of sulfhydrated proteins. Following sulfhydration, 
changes in the spatial arrangement of the modified protein 
structure play a crucial role in modulating protein functions, 
such as facilitating the association/dissociation of oligomeric 
states or promoting protein–protein interactions.[32,43‑55] On 
the other hand, sulfhydration can protect critical cysteine 
residues from overoxidation during oxidative stress, 
preventing irreversible damage caused by unfolded protein 
accumulation.[56] The potential mechanism for protein 
sulfhydration is summarized in Figure 2.

In cancers, H₂S contributes to progression in multiple aspects. 
It has been shown to participate in antiapoptotic pathways in 
multiple cancer types[57‑60] by scavenging reactive oxygen and 
nitrogen species, leading to profound antioxidant protection 
in cells to promote cancer cell survival.[61] H₂S also aids 
in DNA repair by activating PARP1, protecting cells from 
senescence.[47] Cancer cells promote tumor growth through 
H2S‑mediated sulfhydration on MEK1.[47] In addition, 
H₂S contributes to cancer metastasis and angiogenesis by 
facilitating cell migration and invasion, primarily through 
nuclear factor kappa B modulation.[62] Overall, these findings 
highlight that H₂S is a versatile mediator in cancer progression, 
impacting various hallmarks of cancer, including antiapoptosis, 
DNA repair, tumor growth, metastasis, and angiogenesis.

Hydrogen Sulfide in Cancer Metabolism

Exogenous H₂S has long been recognized as an environmental 
toxin due to its ability to inhibit mitochondrial complex IV, 
thereby suppressing mitochondrial electron transport and 
hindering aerobic ATP production.[63] In contrast, endogenously 
produced H₂S serves as a metabolic substrate in mitochondria 
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to stimulate the mitochondrial electron transport chain and 
influence cellular metabolism.[64] H₂S is oxidized by sulfide–
quinone oxidoreductase (SQR), a component of mitochondrial 
respiratory complex II anchored in the inner mitochondrial 
membrane. This process transfers electrons to coenzyme 
Q (CoQ), thereby facilitating aerobic ATP synthesis through the 
respiratory chain.[64] In addition, H2S also increases the catalytic 
activity of mitochondria ATP synthase through sulfhydration 
on the α subunit of ATP synthase (ATP5A1),[65] which leads to 
increased ATP production in mitochondria through enhanced 
aerobic respiration. The role of H₂S‑stimulated mitochondrial 
respiration in cancer progression remains unclear, as cancer 
cells typically favor glycolysis even when sufficient oxygen 
is available.

On the other hand, depletion of H2S production by CTH 
knockout or H2S synthesis inhibitors has been shown to lead 
to an increase in oxygen consumption in endothelial cells[66] 
and pancreatic beta cells.[67] In these studies, treatment with 
H2S reduced OXPHOS while enhancing lactate production, 
glucose uptake, and glycolytic ATP production.[66,67] This 
metabolic shift from OXPHOS to glycolysis indicates that 
H2S may play a role in regulating the Warburg effect. Another 
study further suggested that L‑cysteine, an endogenous 
substrate for H2S production,[68] could destabilize tetrameric 
PKM2 into the dimeric/monomeric form.[69] A recent study by 
Wang et al.[24] further demonstrated that H2S modulates PKM2 
activity through protein sulfhydration, causing dissociation of 
the highly active tetrameric form into the less active dimeric 
form. Conversely, blocking PKM2 sulfhydration at cysteine 
326 through mutation prevented tetramer dissociation, thereby 
promoting OXPHOS for high‑energy production and reduced 
biosynthesis, ultimately leading to significant tumor growth 
inhibition [Figure 3]. In addition to modulating PKM2 activity, 
H2S‑mediated sulfhydration has been shown to enhance the 
enzyme activity of LDHA[70] and glyceraldehyde 3‑phosphate 
dehydrogenase (GAPDH).[39,67] Taken together, sulfhydration 
of PKM2, LDHA, and GAPDH by H2S induces changes in 

protein dynamics on these glycolytic enzymes to induce the 
Warburg effect and promote tumor growth.

Conclusion and Perspectives

Metabolic reprogramming is a hallmark of cancer,[71] in which 
the Warburg effect is essential to support the proliferation and 
malignant progression of certain cancer types.[72] As cancer 
cells are dependent on metabolic reprogramming to survive 
and proliferate, targeting these altered pathways is an attractive 
approach for anticancer drug development. However, since 
normal proliferating cells, such as immune cells, share similar 
metabolic rewiring mechanisms with cancer cells, identifying 
a therapeutic approach that can distinguish between the two 
may be a significant challenge in developing effective cancer 
therapies targeting metabolic pathways.

On the other hand, dysregulated upregulation of H₂S‑producing 
enzymes has been frequently observed in various cancer 
types, including breast, prostate, colon, ovarian, gastric, 
bladder, thyroid, and gallbladder cancers, as well as glioma,[37] 
where it contributes to cancer progression.[73] Targeting H₂S 
production in these cancers offers a promising avenue for 
drug development. However, current options for inhibiting 
endogenous H2S production remain highly limited. The most 
commonly used inhibitor, DL‑Propargylglycine (PAG), is an 
irreversible inhibitor of CTH with high selectivity for CTH 
over CBS.[74] Unfortunately, PAG is not clinically viable 
due to its poor cell permeability.[75] Another commonly used 
inhibitor, aminooxyacetic acid (AOAA), inhibits both CBS 
and CTH;[76] however, its specificity is low as it broadly 
inhibits several other PLP‑dependent enzymes.[77] Despite 
the therapeutic potential of targeting H₂S production in 
cancer, concerns about off‑target effects and systemic toxicity 
present significant challenges. In particular, broad‑spectrum 
inhibitors such as AOAA may lead to unintended disruption 
of critical metabolic pathways to impact cellular functions, 
increasing the risk of toxicity.[78] Therefore, the development 

Figure 2: Potential mechanisms for protein sulfhydration. Proposed formation processes for sulfhydration by H2S as the sulfide donor. H2S can react 
with sulfenylated (PSOH), nitrosated (PSNO), or disulfide bonds (PSSR) on cysteine residues to form sulfhydrated proteins (PSSH). Sulfhydration alters 
protein structure to modulate functions such as oligomeric state transitions and protein–protein interactions, while also protecting critical cysteine 
residues from irreversible overoxidation damage due to unfolded protein accumulation
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of highly specific inhibitors is needed and must be approached 
with caution, balancing therapeutic efficacy against potential 
adverse effects arising from systemic H₂S depletion and 
nonspecificity.

Considering the critical role of H2S‑mediated sulfhydration 
in regulating the activities of PKM2 and other glycolytic 
enzymes, targeting specific sulfhydrated cysteine sites, such 
as cysteine 326 on PKM2, could provide a cancer‑specific 
therapeutic strategy that minimizes toxicity to normal tissues. 
Developing small molecules that block PKM2 sulfhydration 
may effectively shift cancer cell metabolism from glycolysis 
back to OXPHOS, ultimately suppressing tumor growth.

Looking ahead, a deeper understanding of the biochemical 
pathways driving cancer metabolism will help identify the 
most promising therapeutic targets. This knowledge will pave 
the way for the development of highly selective and potent 
pharmacological inhibitors targeting the Warburg effect, 
offering new treatment options to benefit a broader range of 
cancer patients.

Data availability statement
This study did not involve the generation or analysis of data.

Financial support and sponsorship
This work was supported by the National Science and 
Technology Council (111‑2320‑B‑007‑005‑MY3) and National 
Tsing Hua University (114Q2705E1).

Conflicts of interest
There are no conflicts of interest.

References
1.	 Pavlova  NN, Thompson  CB. The emerging hallmarks of cancer 

metabolism. Cell Metab 2016;23:27‑47.

2.	 Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. 
Nat Rev Cancer 2011;11:85‑95.

3.	 Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. 
J Gen Physiol 1927;8:519‑30.

4.	 Warburg O. The chemical constitution of respiration ferment. Science 
1928;68:437‑43.

5.	 Vander Heiden  MG, Cantley  LC, Thompson  CB. Understanding the 
Warburg effect: The metabolic requirements of cell proliferation. 
Science 2009;324:1029‑33.

6.	 Zheng  J. Energy metabolism of cancer: Glycolysis versus oxidative 
phosphorylation (Review). Oncol Lett 2012;4:1151‑7.

7.	 Liberti  MV, Locasale  JW. The Warburg effect: How does it benefit 
cancer cells? Trends Biochem Sci 2016;41:211‑8.

8.	 Ward PS, Thompson CB. Metabolic reprogramming: A cancer hallmark 
even Warburg did not anticipate. Cancer Cell 2012;21:297‑308.

9.	 Locasale  JW, Grassian  AR, Melman  T, Lyssiotis  CA, Mattaini  KR, 
Bass AJ, et al. Phosphoglycerate dehydrogenase diverts glycolytic flux 
and contributes to oncogenesis. Nat Genet 2011;43:869‑74.

10.	 Vander Heiden  MG, Lunt  SY, Dayton  TL, Fiske  BP, Israelsen  WJ, 
Mattaini  KR, et  al. Metabolic pathway alterations that support cell 
proliferation. Cold Spring Harb Symp Quant Biol 2011;76:325‑34.

11.	 Gupta V, Bamezai RN. Human pyruvate kinase M2: A multifunctional 
protein. Protein Sci 2010;19:2031‑44.

12.	 Mazurek  S. Pyruvate kinase type  M2: A  key regulator of the 
metabolic budget system in tumor cells. Int J Biochem Cell Biol 
2011;43:969‑80.

13.	 Zhang Z, Deng X, Liu Y, Liu Y, Sun L, Chen F. PKM2, function and 
expression and regulation. Cell Biosci 2019;9:52.

14.	 Ikeda  Y, Noguchi  T. Allosteric regulation of pyruvate kinase M2 
isozyme involves a cysteine residue in the intersubunit contact. J Biol 
Chem 1998;273:12227‑33.

15.	 Chaneton  B, Hillmann  P, Zheng  L, Martin  AC, Maddocks  OD, 
Chokkathukalam  A, et  al. Serine is a natural ligand and allosteric 
activator of pyruvate kinase M2. Nature 2012;491:458‑62.

16.	 Keller KE, Tan IS, Lee YS. SAICAR stimulates pyruvate kinase isoform 
M2 and promotes cancer cell survival in glucose‑limited conditions. 
Science 2012;338:1069‑72.

17.	 Christofk  HR, Vander Heiden  MG, Wu  N, Asara  JM, Cantley  LC. 
Pyruvate kinase M2 is a phosphotyrosine‑binding protein. Nature 
2008;452:181‑6.

18.	 Yang W, Zheng Y, Xia Y, Ji H, Chen X, Guo F, et al. ERK1/2‑dependent 
phosphorylation and nuclear translocation of PKM2 promotes the 

Figure 3: H2S modulates glucose metabolism switch through destabilizing tetrameric pyruvate kinase M2 (PKM2) into dimer or monomer. In cancer 
cells, H2S promotes the dissociation of the high enzyme activity PKM2 tetramer into low enzyme activity monomers/dimers through protein sulfhydration. 
Inhibition of PKM2 activity leads to the accumulation of glycolytic intermediates required for biosynthesis. Meanwhile, the PKM2 monomers/dimers 
translocate to the nucleus to activate gene expression, promoting rapid cancer cell proliferation and tumor growth. In normal differentiated cells or cells 
with PKM2 sulfhydration blocked at cysteine 326, PKM2 remains stabilized as a tetramer with high PK activity, resulting in high energy production, 
low biosynthesis, and inhibition of cell proliferation



Lin: Journal of Cancer Research and Practice (2025)

110 Journal of Cancer Research and Practice  ¦  Volume 12  ¦  Issue 4  ¦  October-December 2025

Warburg effect. Nat Cell Biol 2012;14:1295‑304.
19.	 Lv  L, Li  D, Zhao  D, Lin  R, Chu  Y, Zhang  H, et  al. Acetylation 

targets the M2 isoform of pyruvate kinase for degradation through 
chaperone‑mediated autophagy and promotes tumor growth. Mol Cell 
2011;42:719‑30.

20.	 Spoden  GA, Morandell  D, Ehehalt  D, Fiedler  M, Jansen‑Dürr P, 
Hermann M, et al. The SUMO‑E3 ligase PIAS3 targets pyruvate kinase 
M2. J Cell Biochem 2009;107:293‑302.

21.	 Wang Y, Liu J, Jin X, Zhang D, Li D, Hao F, et al. O‑GlcNAcylation 
destabilizes the active tetrameric PKM2 to promote the Warburg effect. 
Proc Natl Acad Sci U S A 2017;114:13732‑7.

22.	 Liu F, Ma F, Wang Y, Hao L, Zeng H, Jia C, et al. PKM2 methylation 
by CARM1 activates aerobic glycolysis to promote tumorigenesis. Nat 
Cell Biol 2017;19:1358‑70.

23.	 Anastasiou D, Poulogiannis G, Asara JM, Boxer MB, Jiang JK, Shen M, 
et  al. Inhibition of pyruvate kinase M2 by reactive oxygen species 
contributes to cellular antioxidant responses. Science 2011;334:1278‑83.

24.	 Wang  RH, Chen  PR, Chen YT, Chen YC, Chu YH, Chien  CC, et  al. 
Hydrogen sulfide coordinates glucose metabolism switch through 
destabilizing tetrameric pyruvate kinase M2. Nat Commun 2024;15:7463.

25.	 Luo W, Semenza GL. Emerging roles of PKM2 in cell metabolism and 
cancer progression. Trends Endocrinol Metab 2012;23:560‑6.

26.	 Luo W, Hu H, Chang R, Zhong J, Knabel M, O’Meally R, et al. Pyruvate 
kinase M2 is a PHD3‑stimulated coactivator for hypoxia‑inducible 
factor 1. Cell 2011;145:732‑44.

27.	 Prigione A, Rohwer N, Hoffmann S, Mlody B, Drews K, Bukowiecki R, 
et  al. HIF1α modulates cell fate reprogramming through early 
glycolytic shift and upregulation of PDK1‑3 and PKM2. Stem Cells 
2014;32:364‑76.

28.	 Yang  W, Xia  Y, Hawke  D, Li  X, Liang  J, Xing  D, et  al. PKM2 
phosphorylates histone H3 and promotes gene transcription and 
tumorigenesis. Cell 2012;150:685‑96.

29.	 Lee  J, Kim  HK, Han  YM, Kim  J. Pyruvate kinase isozyme 
type  M2  (PKM2) interacts and cooperates with Oct‑4 in regulating 
transcription. Int J Biochem Cell Biol 2008;40:1043‑54.

30.	 Wang  R. Two’s company, three’s a crowd: Can H2S be the third 
endogenous gaseous transmitter? FASEB J 2002;16:1792‑8.

31.	 Yang G, Wu L, Jiang B, Yang W, Qi J, Cao K, et al. H2S as a physiologic 
vasorelaxant: Hypertension in mice with deletion of cystathionine 
gamma‑lyase. Science 2008;322:587‑90.

32.	 Mustafa  AK, Sikka  G, Gazi  SK, Steppan  J, Jung  SM, Bhunia  AK, 
et al. Hydrogen sulfide as endothelium‑derived hyperpolarizing factor 
sulfhydrates potassium channels. Circ Res 2011;109:1259‑68.

33.	 Coletta  C, Papapetropoulos  A, Erdelyi  K, Olah  G, Módis K, 
Panopoulos  P, et  al. Hydrogen sulfide and nitric oxide are mutually 
dependent in the regulation of angiogenesis and endothelium‑dependent 
vasorelaxation. Proc Natl Acad Sci U S A 2012;109:9161‑6.

34.	 Nicholson CK, Calvert JW. Hydrogen sulfide and ischemia‑reperfusion 
injury. Pharmacol Res 2010;62:289‑97.

35.	 Zanardo RC, Brancaleone V, Distrutti E, Fiorucci S, Cirino G, Wallace JL. 
Hydrogen sulfide is an endogenous modulator of leukocyte‑mediated 
inflammation. FASEB J 2006;20:2118‑20.

36.	 Shibuya  N, Mikami  Y, Kimura  Y, Nagahara  N, Kimura  H. Vascular 
endothelium expresses 3‑mercaptopyruvate sulfurtransferase and 
produces hydrogen sulfide. J Biochem 2009;146:623‑6.

37.	 Wang  RH, Chu  YH, Lin  KT. The hidden role of hydrogen sulfide 
metabolism in cancer. Int J Mol Sci 2021;22:6562.

38.	 Paul BD, Snyder SH. H₂S signalling through protein sulfhydration and 
beyond. Nat Rev Mol Cell Biol 2012;13:499‑507.

39.	 Mustafa AK, Gadalla MM, Sen N, Kim S, Mu W, Gazi SK, et al. H2S 
signals through protein S‑sulfhydration. Sci Signal 2009;2:ra72.

40.	 Gupta  V, Carroll  KS. Sulfenic acid chemistry, detection and cellular 
lifetime. Biochim Biophys Acta 2014;1840:847‑75.

41.	 Hess  DT, Stamler  JS. Regulation by S‑nitrosylation of protein 
post‑translational modification. J Biol Chem 2012;287:4411‑8.

42.	 Francoleon NE, Carrington SJ, Fukuto JM. The reaction of H(2)S with 
oxidized thiols: Generation of persulfides and implications to H(2)S 
biology. Arch Biochem Biophys 2011;516:146‑53.

43.	 Krishnan N, Fu C, Pappin DJ, Tonks NK. H2S‑Induced sulfhydration of 
the phosphatase PTP1B and its role in the endoplasmic reticulum stress 

response. Sci Signal 2011;4:ra86.
44.	 Sen N, Paul BD, Gadalla MM, Mustafa AK, Sen T, Xu R, et al. Hydrogen 

sulfide‑linked sulfhydration of NF‑κB mediates its antiapoptotic actions. 
Mol Cell 2012;45:13‑24.

45.	 Yang G, Zhao K, Ju Y, Mani S, Cao Q, Puukila S, et al. Hydrogen sulfide 
protects against cellular senescence via S‑sulfhydration of keap1 and 
activation of Nrf2. Antioxid Redox Signal 2013;18:1906‑19.

46.	 Liu Y, Yang R, Liu X, Zhou Y, Qu C, Kikuiri T, et al. Hydrogen sulfide 
maintains mesenchymal stem cell function and bone homeostasis via 
regulation of Ca(2+) channel sulfhydration. Cell Stem Cell 2014;15:66‑78.

47.	 Zhao  K, Ju Y, Li  S, Altaany  Z, Wang  R, Yang  G. S‑sulfhydration of 
MEK1 leads to PARP‑1 activation and DNA damage repair. EMBO Rep 
2014;15:792‑800.

48.	 Ju  Y, Untereiner A, Wu  L, Yang  G. H2S‑induced S‑sulfhydration of 
pyruvate carboxylase contributes to gluconeogenesis in liver cells. 
Biochim Biophys Acta 2015;1850:2293‑303.

49.	 Xie L, Gu Y, Wen M, Zhao S, Wang W, Ma Y, et al. Hydrogen sulfide 
induces keap1 S‑sulfhydration and suppresses diabetes‑accelerated 
atherosclerosis via Nrf2 activation. Diabetes 2016;65:3171‑84.

50.	 Zheng Y, Liao F, Lin X, Zheng F, Fan  J, Cui Q, et  al. Cystathionine 
γ‑lyase‑hydrogen sulfide induces runt‑related transcription factor 2 
sulfhydration, thereby increasing osteoblast activity to promote bone 
fracture healing. Antioxid Redox Signal 2017;27:742‑53.

51.	 Wu  D, Hu  Q, Tan  B, Rose  P, Zhu  D, Zhu  YZ. Amelioration of 
mitochondrial dysfunction in heart failure through S‑sulfhydration 
of Ca(2+)/calmodulin‑dependent protein kinase II. Redox Biol 
2018;19:250‑62.

52.	 Yuan Y, Zhu  L, Li  L, Liu  J, Chen Y, Cheng  J, et  al. S‑sulfhydration 
of SIRT3 by hydrogen sulfide attenuates mitochondrial dysfunction 
in cisplatin‑induced acute kidney injury. Antioxid Redox Signal 
2019;31:1302‑19.

53.	 Zhao S, Song T, Gu Y, Zhang Y, Cao S, Miao Q, et al. Hydrogen sulfide 
alleviates liver injury via S‑sulfhydrated‑Keap1/Nrf2/LRP1 pathway. 
Hepatology (Baltimore, Md) 2021;73:282-302.

54.	 Sun X, Zhao D, Lu F, Peng S, Yu M, Liu N, et al. Hydrogen sulfide 
regulates muscle RING finger‑1 protein S‑sulfhydration at Cys(44) to 
prevent cardiac structural damage in diabetic cardiomyopathy. Br J 
Pharmacol 2020;177:836‑56.

55.	 Sun  HJ, Xiong  SP, Cao  X, Cao  L, Zhu  MY, Wu  ZY, et  al. 
Polysulfide‑mediated sulfhydration of SIRT1 prevents diabetic 
nephropathy by suppressing phosphorylation and acetylation of p65 
NF‑κB and STAT3. Redox Biol 2021;38:101813.

56.	 Zivanovic J, Kouroussis E, Kohl JB, Adhikari B, Bursac B, Schott‑Roux S, 
et  al. Selective persulfide detection reveals evolutionarily conserved 
antiaging effects of S‑sulfhydration. Cell Metab 2019;30:1152‑70.e13.

57.	 Rose P, Moore PK, Ming SH, Nam OC, Armstrong JS, Whiteman M. 
Hydrogen sulfide protects colon cancer cells from chemopreventative 
agent beta‑phenylethyl isothiocyanate induced apoptosis. World J 
Gastroenterol 2005;11:3990‑7.

58.	 Zheng  D, Chen  Z, Chen  J, Zhuang  X, Feng  J, Li  J. Exogenous 
hydrogen sulfide exerts proliferation, anti‑apoptosis, migration effects 
and accelerates cell cycle progression in multiple myeloma cells via 
activating the Akt pathway. Oncol Rep 2016;36:1909‑16.

59.	 Zhen Y, Pan W, Hu F, Wu H, Feng J, Zhang Y, et al. Exogenous hydrogen 
sulfide exerts proliferation/anti‑apoptosis/angiogenesis/migration 
effects via amplifying the activation of NF‑κB pathway in PLC/PRF/5 
hepatoma cells. Int J Oncol 2015;46:2194‑204.

60.	 Tiong  CX, Lu  M, Bian  JS. Protective effect of hydrogen sulphide 
against 6‑OHDA‑induced cell injury in SH‑SY5Y cells involves PKC/
PI3K/Akt pathway. Br J Pharmacol 2010;161:467‑80.

61.	 Murphy B, Bhattacharya R, Mukherjee P. Hydrogen sulfide signaling in 
mitochondria and disease. FASEB J 2019;33:13098‑125.

62.	 Wang YH, Huang JT, Chen WL, Wang RH, Kao MC, Pan YR, et al. 
Dysregulation of cystathionine γ‑lyase promotes prostate cancer 
progression and metastasis. EMBO Rep 2019;20:e45986.

63.	 Szabo C. Hydrogen sulfide, an endogenous stimulator of mitochondrial 
function in cancer cells. Cells 2021;10:220.

64.	 Paul  BD, Snyder  SH, Kashfi  K. Effects of hydrogen sulfide on 
mitochondrial function and cellular bioenergetics. Redox Biol 
2021;38:101772.



Lin: Journal of Cancer Research and Practice (2025)

111Journal of Cancer Research and Practice  ¦  Volume 12  ¦  Issue 4  ¦  October-December 2025

65.	 Módis K, Ju  Y, Ahmad  A, Untereiner  AA, Altaany  Z, Wu  L, et  al. 
S‑sulfhydration of ATP synthase by hydrogen sulfide stimulates 
mitochondrial bioenergetics. Pharmacol Res 2016;113:116‑24.

66.	 Longchamp  A, Mirabella  T, Arduini  A, MacArthur  MR, Das  A, 
Treviño‑Villarreal JH, et al. Amino acid restriction triggers angiogenesis 
via GCN2/ATF4 regulation of VEGF and H(2)S production. Cell 
2018;173:117‑29.e14.

67.	 Gao  XH, Krokowski  D, Guan  BJ, Bederman  I, Majumder  M, 
Parisien  M, et  al. Quantitative H2S‑mediated protein sulfhydration 
reveals metabolic reprogramming during the integrated stress response. 
Elife 2015;4:e10067.

68.	 Kimura  H. Signaling molecules: Hydrogen sulfide and polysulfide. 
Antioxid Redox Signal 2015;22:362‑76.

69.	 Nakatsu D, Horiuchi Y, Kano F, Noguchi Y, Sugawara T, Takamoto I, 
et  al. L‑cysteine reversibly inhibits glucose‑induced biphasic insulin 
secretion and ATP production by inactivating PKM2. Proc Natl Acad 
Sci U S A 2015;112:E1067‑76.

70.	 Untereiner AA, Oláh G, Módis K, Hellmich MR, Szabo C. H(2)S‑induced 
S‑sulfhydration of lactate dehydrogenase a (LDHA) stimulates cellular 
bioenergetics in HCT116 colon cancer cells. Biochem Pharmacol 
2017;136:86‑98.

71.	 Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. 
Cell 2011;144:646‑74.

72.	 Vander Heiden  MG. Targeting cancer metabolism: A  therapeutic 
window opens. Nat Rev Drug Discov 2011;10:671‑84.

73.	 Cao  X, Ding  L, Xie  ZZ, Yang  Y, Whiteman  M, Moore  PK, et  al. 
A review of hydrogen sulfide synthesis, metabolism, and measurement: 
Is modulation of hydrogen sulfide a novel therapeutic for cancer? 
Antioxid Redox Signal 2019;31:1‑38.

74.	 Marcotte  P, Walsh  C. Active site‑directed inactivation of 
cystathionine gamma‑synthetase and glutamic pyruvic 
transaminase by propargylglycine. Biochem Biophys Res Commun 
1975;62:677‑82.

75.	 Szabó C. Hydrogen sulphide and its therapeutic potential. Nat Rev Drug 
Discov 2007;6:917‑35.

76.	 Asimakopoulou  A, Panopoulos  P, Chasapis  CT, Coletta  C, Zhou  Z, 
Cirino G, et al. Selectivity of commonly used pharmacological inhibitors 
for cystathionine β synthase (CBS) and cystathionine γ lyase (CSE). Br 
J Pharmacol 2013;169:922‑32.

77.	 Szabo C, Papapetropoulos A. International union of basic and clinical 
pharmacology. CII: Pharmacological modulation of H(2)S levels: 
H(2)S donors and H(2)S biosynthesis inhibitors. Pharmacol Rev 
2017;69:497‑564.

78.	 Beal  MF, Swartz  KJ, Hyman  BT, Storey  E, Finn  SF, Koroshetz  W. 
Aminooxyacetic acid results in excitotoxin lesions by a novel indirect 
mechanism. J Neurochem 1991;57:1068‑73.


