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Abstract
Hydrogen sulfide is the newest member of gasotransmitter family. Endogenous production of hydrogen sulfide in
brain was first reported in 1996. Since then a great deal of interest has been paid to understand various physiological
roles of this molecule, still there are a lot of gaps that need to be addressed. This article provides author’s perspective on
research accomplishments in this area briefly, gaps and future opportunities, which may transform the area of medicine.
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Many of us experienced foul rotten egg like smell of hydrogen
sulfide (H2S) in chemistry laboratories during school days. Did you
know back then that it is actually produced in our body? H2S is the
third and newest member of gasotransmitter family, along with nitric
oxide (NO) and carbon monoxide (CO). Since the first report on
physiological role of endogenously produced H2S in mammals [1],
there has been an explosion of research articles on its varied biological
roles. Availability of grants from American Health Association (AHA),
United States Centers for Disease Control and Prevention (CDC),
National Institutes of Health (NIH) and other government agencies
over two decades enabled deep dive research on the role of H2S in
cardiovascular health and other diseases. For example, H2S induced
vasorelaxation in cardiovascular system via its interaction with KATP
channels [2,3], role of H2S in protein S-sulfhydration [4,5], redox
balance [6,7], and regulation of levels of second messenger like free
calcium, cGMP, cAMP [8-10], were discovered. Abnormal endogenous
metabolism of H2S was found to have direct relationship with disorders
in cardiovascular, gastrointestinal, nervous system and other diseases
[Figure 1; details are reviewed in [11,12]. Even human genetic diseases
were linked to H2S-generating enzymes.
H2S is a weak acid with pKa1 and pKa2 values 6.9 and >12,
respectively. At physiological pH (~7.4), the ratio of HS− to H2S is
around 3:1. It is unclear which one among hydrosulfide ion (HS−) or
H2S is the dominant mediator of various physiological effects. Above
20 µM, H2S inhibits cytochrome c oxidase in intact cells and is known
to mess up electron transfer chain. Three major enzymes have been

Figure 2: H2S-generating reactions catalyzed by CBS, CSE and CAT/MST.
Arrows in black are the oldest known reactions in the trans-sulfuration pathway.
Arrows in blue represents recently discovered alternative trans-sulfuration
reactions catalyzed by CBS and CSE that produce H2S, whereas arrows in
green are reactions catalyzed by CAT followed by MST to produce H2S.

identified in mammalian cells that catalyze endogenous production of
H2S (Figure 2). These are cystathionine γ-lyase (CSE), cystathionine
β-synthase (CBS) and mercaptopyruvate sulfurtransferase (MST). CSE
and CBS are PLP dependent and utilize various substrates including
cysteine and homocysteine. MST does it from 3-mercaptopyruvate [1315]. While CBS and CSE are located in cytosol, MST is partly localized
in cytosol and partly in mitochondria [16,17]. CSE produces H2S in
peripheral tissues like cardiovascular and liver. CSE knockout mice
were shown to have decreased level of H2S level in serum [18,19]. CBS
is mostly responsible for H2S production in brain and kidney [20]. MST
is believed to be responsible for H2S production in brain and in vascular
endothelial tissues [21,22]. Mutations in human CSE gene could cause
hereditary cystathioninuria and hypercystathioninaemia [23,24].
Similarly, inborn errors in CBS gene were shown to be associated
with human hereditary diseases like hyperhomocysteinaemia and
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Figure 1: An overview of physiological effects of H2S.
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homocystinuria. These were directly related to long-term problems like
systemic inflammation, cardiovascular complications and damage of
organs [25-27]. Based on in vitro data, kinetic simulations predicted
that under normal condition and assuming equal concentrations of
CBS and CSE, CBS is capable of contributing from 25 to 70% of total
H2S production depending on its extent of allosteric activation by
S-adenosylmethionine. However, these simulations predicted that
total H2S formation and relative contribution of CBS in H2S genesis
could decrease under hyperhomocysteinemic conditions where CSE
produced 74%, while CBS contributed only 26% of total H2S in cell.
Extensive investigation on H2S brought to light that lanthionine and
homolanthionine were formed as by products during H2S biogenesis
[13-14]. Presence of lanthionine in mammalian brain is well known
for long time, but recent studies have identified neuroprotective and
anti-inflammatory properties of a related metabolite, called lanthionine
ketamine [28,29]. Researchers are interested to explore mammalian
LanC1-like proteins, which are homologous to bacterial enzymes
responsible for prokaryotic lantibiotic synthesis [30,31]. Although
none of these LanC-like proteins (LanCL) have been shown to catalyze
lanthionine formation, there is evidence that LanCL1 directly binds and
inhibits CBS [32]. Lanthionine and lanthionine ketamine molecules
could be biomarkers for pathologies associated with altered metabolism
of H2S in cell [33,34]. The discovery that CBS is the only source of
enzymatic production of lanthionine in cells till date could be useful for
treatment of metabolic dysfunctions and neurodegenerative diseases by
controlling its metabolism.
So much is done, still there is plenty of blue sky in the horizon.
Better understanding of physiological role of H2S and mechanism of
metabolism over last decade led to the discovery of new drug candidates
/ inhibitors that either aimed to improve or to suppress its endogenous
production. These molecules have different mode of actions and they
are at different stages in their development pipelines or clinical trials
[35,36]. So H2S based therapeutics is yet several years away from reality
or commercialization. Progress in H2S field has been also hampered by
the lack of availability of selective inhibitors of various enzymes that
contribute to biosynthesis of this gasotransmitter [37]. Compounds
like aminooxyacetic acid (AOAA), trifluoroalanine and hydroxylamine
(HA) inhibit both CBS and CSE with different IC50 values. There
are claims that propargylglycine (PAG), β-cyano-L-alanine (BCA),
L-aminoethoxyvinylglycine (AVG) could be selective inhibitors of CSE
but the hunt for specific inhibitors of CBS still continues. Companies
need to invest more on R&D and resources to discover more and drive
some of those key candidates forward. Clear understanding of signaling
mechanism will bring new targets and help to develop drug candidates
with new mode of actions. Health data compiled from more than 190
countries shows that heart disease remains the number one global
cause of death with 17.3 million deaths each year. These numbers are
high, so H2S based therapeutics can be an enormous opportunity for
business, if any of the trial candidates become a break through success.
This field also needs attention from fundamental science and
technology professionals from diverse background for novel insights.
For example nanotechnology or nanomedicine can contribute to
the development of organelle specific targeted delivery devices with
controlled released properties. It is equally important to be able to
accurately measure levels of H2S in tissues. This area will require synergy
between chemistry and biology for development of new sensors, which
will glow up in presence of trace amount of H2S. Several reaction-based
fluorescent probes were already developed which offered advantages
like high sensitivity, while maintaining selectivity for H2S over other
RSONs and free thiols [38-41]. Only a few were used successfully in liveBiochem Physiol
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animal imaging and more such probes need to be developed [42,43]. In
addition to that development of high end imaging techniques, better
contrast to clearly understand H2S biogenesis in various animal models
will enable monitoring the effect of drugs on enhancement or inhibition
of H2S synthesis in live cells. The exact ratio of ionic forms of H2S inside
cell is unknown, but based on its two pKa values; it is expected to be a
mixture of HS- and H2S under physiological pH, although they are in
equilibrium. In such cases, knowledge about the reaction mechanism
of a dye and reasons for its selectivity towards H2S over other reactants
inside cell need to be clearly understood as it will help researchers to
come up with even better solutions. Nonetheless, studies by Qian et al.
[42] and Matthew et al. [43] are quite promising for researchers as well
as clinical studies. Not only H2S, sensitive tools are required to detect
and estimate quantities of other known metabolites like lanthionine and
lanthionine ketamine in live-cells. Among other areas omics will play
crucial role in future. For example, targeted or untargeted proteomics
and metabolomics using advanced mass spectrometry based detection
technologies will help to profile proteins or metabolites related to H2S
metabolism that are either up or down regulated under pathological
conditions. These advancements will have power to solve the toughest
problems in H2S research and, in turn, transform cardiovascular
and other fields of medicine. Solutions to these are at the interfaces
of technologies, so collaboration will continue to remain as critical
element for successful, high-impact research.
As we all know, taking pills is a reactive action; an alternate way
to enjoy good health is through proper diet planning. Methionine
cannot be synthesized by our body and must be supplied through
diet. Cysteine, which is synthesized by our body, requires a steady
supply of dietary sulfur in order to do so [44]. These amino acids are
directly or indirectly utilized in catalytic production of H2S in cell.
Recently polysulfides and similar classes of compounds were identified
as H2S donors. Garlic, onion, Chinese chive, shallot and many other
vegetables are rich sources of organosulfides like acyclic disulfide,
trisulfide, tetrasulfide and cyclic polysulfide [45,46]. Regular dietary
supplementations of polysulfides or organosulfides were found to be
beneficial for prevention of cardiovascular diseases [47,48]. Along
with that improved H2S signaling helped sustain reduced blood
pressure, promote growth of new arterioles, reduce bad cholesterol and
triglyceride levels. However it should be kept in mind that excess of H2S
is toxic. So a controlled consumption of rich natural sources of sulfides
through good food practices could be an inexpensive and sustainable
way to healthy heart and life.

Footnotes
Sangita Singh worked on H2S biogenesis during her Ph.D. at the
University of Nebraska, Lincoln and University of Michigan, Ann
Arbor under the tutelage of Professor Ruma Banerjee
References
1. Abe K, Kimura H (1996) The possible role of hydrogen sulfide as an endogenous
neuromodulator. J Neurosci 16: 1066-1071
2. Zhao W, Zhang J, Lu Y, Wang R (2001) The vasorelaxant effect of H(2)S as a
novel endogenous gaseous K(ATP) channel opener. EMBO J 20: 6008-6016.
3. Yang W, Yang G, Jia X, Wu L, Wang R (2005) Activation of KATP channels by
H2S in rat insulin-secreting cells and the underlying mechanisms. J Physiol
569: 519-531.
4. Kimura H (2014) The physiological role of hydrogen sulfide and beyond. Nitric
Oxide 41: 4-10.
5. Yang G, Zhao K, Ju Y, Mani S, Cao Q, et al. (2013) Hydrogen sulfide protects
against cellular senescence via S-sulfhydration of Keap1 and activation of Nrf2.
Antioxid Redox Signal 18: 1906-1919.

Volume 4 • Issue 3 • 1000175

Citation: Singh S (2015) Current Perspective on Hydrogen Sulfide: Stinky Outside Precious Inside. Biochem Physiol 4: 175. doi: 10.4172/21689652.1000175

Page 3 of 3
6. Yan SK, Chang T, Wang H, Wu L, Wang R, et al. (2006) Effects of hydrogen
sulfide on homocysteine-induced oxidative stress in vascular smooth muscle
cells. Biochem Biophys Res Commun 351: 485-491.

27. Yamanishi M, Kabil O, Sen S, Banerjee R (2006) Structural insights into
pathogenic mutations in heme-dependent cystathionine-beta-synthase. J Inorg
Biochem 100: 1988-1995.

7. Módis K, Asimakopoulou A, Coletta C, Papapetropoulos A, Szabo C
(2013) Oxidative stress suppresses the cellular bioenergetic effect of the
3-mercaptopyruvate sulfur transferase / hydrogen sulfide pathway. Biochem
Biophys Res Commun 433: 401-407.

28. Ricci G, Vesci L, Nardini M, Arduini A, Storto S, et al. (1989) Detection of 2H-,4thiazine-,6-dihydro-,5-dicarboxylic acid (lanthionine ketimine) in the bovine
brain by a fluorometric assay. Biochim Biophys Acta 990: 211-215.

8. Bucci M, Papapetropoulos A, Vellecco V, Zhou Z, Pyriochou A, et al. (2010)
Hydrogen sulfide is an endogenous inhibitor of phosphodiesterase activity.
Arterioscler Thromb Vasc Biol 30:1998-2004.
9. Coletta C, Papapetropoulos A, Erdelyi K, Olah G, Módis K, et al. (2012)
Hydrogen sulfide and nitric oxide are mutually dependent in the regulation of
angiogenesis and endothelium-dependent vasorelaxation. Proc Natl Acad Sci
USA 109: 9161-9166.
10. Wang R (2012) Shared signaling pathways among gasotransmitters. Proc Natl
Acad Sci USA 109: 8801-8802.
11. Chen Y, Wang R (2012) The message in the air: hydrogen sulfide metabolism in
chronic respiratory diseases. Respir Physiol Neurobiol 184: 130-138.
12. Wallace JL, Blackler RW, Chan MV, Da Silva GJ, Elsheikh W, et al. (2015)
Anti-inflammatory and cytoprotective actions of hydrogen sulfide: translation to
therapeutics. Antioxid Redox Signal 22: 398-410.
13. Singh S, Padovani D, Leslie RA, Chiku T, Banerjee R (2009) Relative
contributions of cystathionine beta-synthase and gamma-cystathionase to H2S
biogenesis via alternative trans-sulfuration reactions. J Biol Chem 284: 2245722466.
14. Chiku T, Padovani D, Zhu W, Singh S, Vitvitsky V, et al. (2009) H2S
biogenesis by human cystathionine gamma-lyase leads to the novel sulfur
metabolites lanthionine and homolanthionine and is responsive to the grade of
hyperhomocysteinemia. J Biol Chem 284: 11601-11612.
15. Yadav PK, Yamada K, Chiku T, Koutmos M, Banerjee R (2013) Structure
and kinetic analysis of H2S production by human mercaptopyruvate
sulfurtransferase. J Biol Chem 288: 20002-20013.
16. Nagahara N, Ito T, Kitamura H, Nishino T (1998) Tissue and subcellular
distribution of mercaptopyruvate sulfurtransferase in the rat: confocal laser
fluorescence and immunoelectron microscopic studies combined with
biochemical analysis. Histochem Cell Biol 110: 243-250.
17. Taniguchi T, Kimura T (1974) Role of 3-mercaptopyruvate sulfur transferase
in the formation of the iron-sulfur chromophore of adrenal ferredoxin. Biochim
Biophys Acta 364: 284-295.
18. Hosoki R, Matsuki N, Kimura H (1997) The possible role of hydrogen sulfide as
an endogenous smooth muscle relaxant in synergy with nitric oxide. Biochem
Biophys Res Commun 237: 527-531.
19. Yang G, Wu L, Jiang B, Yang W, Qi J, et al. (2008) H2S as a physiologic
vasorelaxant: hypertension in mice with deletion of cystathionine gamma-lyase.
Science 322: 587-590.
20. Kabil O, Vitvitsky V, Xie P, Banerjee R (2011) The quantitative significance of
the trans-sulfuration enzymes for H2S production in murine tissues. Antioxid
Redox Signal 15: 363-372.
21. Shibuya N, Mikami Y, Kimura Y, Nagahara N, Kimura H (2009) Vascular
endothelium expresses 3-mercaptopyruvate sulfur transferase and produces
hydrogen sulfide. J Biochem 146: 623-626.
22. Shibuya N, Tanaka M, Yoshida M, Ogasawara Y, Togawa T, et al. (2009)
3-Mercaptopyruvate sulfurtransferase produces hydrogen sulfide and bound
sulfane sulfur in the brain. Antioxid Redox Signal 11: 703-714.
23. Wang J, Hegele RA (2003) Genomic basis of cystathioninuria (MIM 219500)
revealed by multiple mutations in cystathionine gamma-lyase (CTH). Hum
Genet 112: 404-408.
24. Zhu W, Lin A, Banerjee R (2008) Kinetic properties of polymorphic variants
and pathogenic mutants in human cystathionine gamma-lyase. Biochemistry
47: 6226-6232.

29. Hensley K, Venkova K, Christov A (2010) Emerging biological importance
of central nervous system lanthionines. Biosynthesis and mode of action of
lantibiotics. Molecules 15: 5581-5594.
30. Chatterjee C, Paul M, Xie L, van der Donk WA (2005) Biosynthesis and mode
of action of lantibiotics. Chem Rev 105: 633-684.
31. Chung CH, Kurien BT, Mehta P, Mhatre M, Mou S, et al. (2007) Identification of
lanthionine synthase C-like protein-1 as a prominent glutathione binding protein
expressed in the mammalian central nervous system. Biochemistry 46: 32623269.
32. Zhong WX, Wang YB, Peng L, Ge XZ, Zhang J, et al. (2012) Lanthionine
synthetase C-like protein 1 interacts with and inhibits cystathionine Î²-synthase:
a target for neuronal antioxidant defense. J Biol Chem 287: 34189-34201.
33. Whiteman M, Le Trionnaire S, Chopra M, Fox B, Whatmore J (2011) Emerging
role of hydrogen sulfide in health and disease: critical appraisal of biomarkers
and pharmacological tools. Clin Sci (Lond) 121: 459-488.
34. DeRatt BN, Ralat MA, Kabil O, Chi YY, Banerjee R, et al. (2014) Vitamin B-6
restriction reduces the production of hydrogen sulfide and its biomarkers by
the transsulfuration pathway in cultured human hepatoma cells. J Nutr 144:
1501-1508.
35. Wallace JL, Wang R2 (2015) Hydrogen sulfide-based therapeutics: exploiting
a unique but ubiquitous gasotransmitter. Nat Rev Drug Discov 14: 329-345.
36. Meng G, Wang J, Xiao Y, Bai W, Xie L, et al. (2015) GYY4137 protects against
myocardial ischemia and reperfusion injury by attenuating oxidative stress and
apoptosis in rats. J Biomed Res 29: 203-213.
37. Asimakopoulou A, Panopoulos P, Chasapis CT, Coletta C, Zhou Z, et al. (2013)
Selectivity of commonly used pharmacological inhibitors for cystathionine Î²
synthase (CBS) and cystathionine Î³ lyase (CSE). Br J Pharmacol 169: 922932.
38. Miller EW, Chang CJ (2007) Fluorescent probes for nitric oxide and hydrogen
peroxide in cell signaling. Curr Opin Chem Biol 11: 620–625.
39. Lippert AR, New EJ, Chang CJ (2011) Reaction-based fluorescent probes
for selective imaging of hydrogen sulfide in living cells. J Am Chem Soc 133:
10078-10080.
40. Yu F, Hanab X, Chen L (2014) Fluorescent probes for hydrogen sulfide
detection and bioimaging. Chem Commun 50: 12234-12249.
41. Shimamoto K, Hanaoka K2 (2015) Fluorescent probes for hydrogen sulfide
(H2S) and sulfane sulfur and their applications to biological studies. Nitric
Oxide 46: 72-79.
42. Qian Y, Karpus J, Kabil O, Zhang SY, Zhu HL, et al. (2011) Selective fluorescent
probes for live-cell monitoring of sulphide. Nat Commun 2: 495.
43. Hammers MD, Taormina MJ, Cerda MM, Montoya LA, Seidenkranz DT, et al.
(2015) A Bright Fluorescent Probe for H2S Enables Analyte-Responsive, 3D
Imaging in Live Zebrafish Using Light Sheet Fluorescence Microscopy. J Am
Chem Soc .
44. Stipanuk MH (1986) Metabolism of sulfur-containing amino acids. Annual
Review of Nutrition 6: 179-209.
45. Corzo-Martínez M, Corzo N, Villamiel M (2007) Biological properties of onions
and garlic. Trends Food Sci Tech 18: 609-625.
46. Tocmo R, Liang D, Lin Y, Huang D3 (2015) Chemical and biochemical
mechanisms underlying the cardioprotective roles of dietary organopolysulfides.
Front Nutr 2: 1.

25. Jhee KH, Kruger WD (2005) The role of cystathionine beta-synthase in
homocysteine metabolism. Antioxid Redox Signal 7: 813-822.

47. Benavides GA, Squadrito GL, Mills RW, Patel HD, Isbell TS, et al. (2007)
Hydrogen sulfide mediates the vasoactivity of garlic. Proc Natl Acad Sci U S
A 104: 17977-17982.

26. Banerjee R, Zou CG (2005) Redox regulation and reaction mechanism of
human cystathionine-beta-synthase: a PLP-dependent hemesensor protein.
Arch Biochem Biophys 433: 144-156.

48. Tsai CW, Chen HW, Sheen LY, Lii CK (2012) Garlic: health benefits and actions.
Biomedicine 2: 17-29.

Biochem Physiol
ISSN: 2168-9652 BCP, an open access journal

Volume 4 • Issue 3 • 1000175

