
1.   Introduction
After carbon, hydrogen, nitrogen, oxygen, and phosphorus, 
sulfur is the seventh most abundant element in living organisms 
[1, 2]. Animals are dependent on sulfur compounds in food to 
fulfill their sulfur needs. 

Sulfur-containing amino acids, such as methionine, 
L-cysteine, L-homocysteine, L-cystine, taurine, and vitamins, 
such as thiamine and biotin, as well as organosulfur compounds 
contained in Brassicaceae (e.g., cabbage, broccoli, cauliflower) 
and Amaryllidaceae (e.g., garlic, onion, chives) are the most 
common sulfur compounds found in the animal and human diet 
[3] (Figure 1). In humans, methionine is an essential amino acid 
that cannot be synthesized, contrary to nonessential L-cysteine. 
Both amino acids are incorporated into proteins but are not 
stored in the body.

L-cysteine can be obtained from diet or synthesized de novo 
via the transsulfuration pathway [4,5]. It is necessary in many 
processes, for example, the synthesis of reduced glutathione 
(GSH, endogenous antioxidant) [6], body proteins, as well 
as the formation of Fe-S clusters, coenzyme A, and biotin [5, 
7]. L-cysteine can be readily oxidized to L-cystine, which is 
enzymatically cleaved to thiocysteine (CysSSH), pyruvate, and 
ammonia [4] (Figure 1). At physiological pH cysteine thiolate 
anions are modified in various ways in proteins (e.g., sulfuration 
S-SH, nitrosylation S-NO, glutathionylation S-SG, sulfenylation 
S-SOH, cysteinylation S-Cys, disulfide formation S-S) [7-10]. The 

chemical interactions of hydrogen sulfide (H2S) and nitric oxide 
(NO) result in nitrosopersulfide (SSNO-), polysulfides (H2Sn), 
dinitrososulfite (N-nitrosohydroxylamine-N-sulfonate, SULFI/
NO), nitroxyl (HNO), and thionitrous acid (HSNO) formation [11, 
12]. Moustafa and Habara [13] reported that polysulfide and H2S 
donors increase the intracellular NO levels. Hydrogen sulfide can 
regulate NO synthesis, and NO can affect the production of H2S 
[11, 12]. Hydrogen sulfide can modulate the expression/activity 
of nitric oxide synthase, as well as heme oxygenase-1. In turn, 
NO influences changes in the expression/activity of enzymes 
directly involved in H2S production. Both NO and H2S are also 
endogenous epigenetic regulatory molecules [12].

L-cysteine can be metabolized during the oxidative pathway 
to hypotaurine, taurine or sulfate [14]. This amino acid is also 
the substrate for the generation of the H2S, and sulfane sulfur-
containing compounds during non-oxidative (desulfurative) 
transformations (Figure 1) [15, 16]. 

Sulfane sulfur atom with six valence electrons, with no 
charge, bound covalently to other sulfur atoms, can be present in 
biological systems as elemental sulfur (S8), in persulfides (RSSH), 
polysulfides (RSSSH or RSSSR), and thiosulfate (S2O3

2−) [17]. It 
can be reversibly transferred to other sulfur atoms [15] to form 
the corresponding persulfide/polysulfide species (Figure 1).  
Enzymatic proteins, such as cystathionine γ-lyase (CSE) 
[18], 3-mercaptopyruvate sulfurtransferase (3MST) [19], and 
rhodanese [20], are known to carry sulfane sulfur atom, which can 
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A tendency to maintain a stable level of sulfane sulfur under various 
environmental or culture conditions

Sulfur is present in human and animal tissues, in organic compounds (such as sulfur amino acids), and inorganic compounds (such as hydrogen sulfide). Hydrogen sulfide 
can be sourced from a pool of compounds containing sulfane sulfur. The presence of sulfane sulfur has been observed, over the years in human and animal tissues, as well 
as cell cultures. The  cold cyanolysis method (Wood’s method), determined sulfane sulfur contents ranged from 60 to 400 nmol per mg of protein. In amphibians, the level of 
sulfane sulfur changes seasonally. No gender differences relating to sulfane sulfur levels were found in mice. External factors such as cyanide, menadione (induces oxidative 
stress), heavy metal ions, or changes in the level of L-cysteine and other sulfur compounds which result from mutations of genes for enzymes involved in the transformation 
of these compounds, temporarily affect the level of sulfane sulfur, which, however, returns to the control level, which illustrates the adaptation to changed conditions and 
the tendency to maintain the level of sulfane sulfur. This points to the essential importance of sulfane sulfur for living organisms.
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be released as H2S/HS- [21, 22]. Sulfide: quinone oxidoreductase 
oxidizes the released H2S to sulfane sulfur containing glutathione 
persulfide [23]. The chemical properties of sulfur and its high 
reactivity result in its involvement in redox reactions and 
electron transfer processes [24, 25]. The sulfane sulfur pool can 
be regarded as a form of sulfide storage and transport, as well as 
promoting signaling distinct from that associated with H2S alone 
[26].

A huge amount of research confirms the important role of 
reactive sulfane sulfur atoms in protein structure and function, 
cellular redox status, and signaling. Many different methods for 
detecting the level of sulfane sulfur used in scientific research 
do not fully allow for comparing the results. The aim of this 
publication is to compare the level of sulfane sulfur in various 
tissues and cell cultures of humans and animals. Our intention 
was also to analyze the impact of various physiological and 
environmental conditions on this level. Only the Wood method 
[27] results expressed as the amount of sulfane sulfur calculated 
per mg of protein were taken into account — this makes it 
possible to compare and draw conclusions regarding the role of 
this form of sulfur in all tested biological systems, as well as its 
stability.

2.   Sulfane sulfur detection
2.1.   The method of Wood [27] published in 1987
2.1.1.   Chemical basis of the determination 
In the Wood method, sulfane sulfur is identified by its 
susceptibility to cyanolysis. Quantitative determination is carried 

out using a reaction of cold cyanolysis. Persulfides, polysulfides, 
thiosulfonates, and polythionates react quantitatively with 
cyanide anion in an alkaline solution at room temperature to 
form thiocyanate ion, which is detected following a reaction with 
ferric nitrate to form a red-colored ferric thiocyanate complex. Its 
absorbance is measured at a wavelength λ = 460 nm [27, 28]. The 
level of sulfane sulfur is expressed as nmoles of SCN- per 1 mg of 
protein [29].

2.1.2.   Limitations
The cold cyanolysis method cannot be used for the identification 
of the type of sulfane sulfur species because of its poor selectivity 
and specificity [30]. The method based on cyanolysis cannot 
be adapted to thiosulfate and polythionate sulfane sulfur 
determination [27].

2.2.   Recent papers related to sulfane sulfur detection 
The evident role of sulfane sulfur species in many physiological 
processes has recently led to the rapid development of its more 
precise detection methods. In the last few years some general 
reviews have been published on sulfane sulfur detection/
determination in biological systems [30], methods in sulfide 
and persulfide research [31], recent advances in detection, 
isolation, and imaging techniques for sulfane sulfur-containing 
biomolecules [32] and on sulfane sulfur in toxicology: a novel 
defense system against electrophilic stress [33]. Tag-switch 
techniques were developed and published using for example 
organelle-targeted fluorescent probes for sulfane sulfur species 

Figure 1. Synthesis and transformation of sulfane sulfur in biological systems
Abbreviations: S - sulfane sulfur atom (marked in red); (1) - S-sulfuration reaction; (2) - S-nitrosylation reaction; CBS - cystathionine β-synthase; CTH - cystathionine γ-lyase; MPST - 
3-mercaptopyruvate sulfurtransferase; CDO - cysteine dioxygenase; RNS - reactive nitrogen species; ROS - reactive oxygen species



187

Postępy Higieny i Medycyny Doświadczalnej

[34], methods for quantitative determination of the total and 
reactive polysulfides in vegetables [35], high-precision a new 
specific probe for trapping reactive sulfur species [36], a red 
fluorescent protein-based probe for detection of intracellular 
reactive sulfane sulfur [37], a highly selective probe for ratiometric 
imaging of H2Sn and revealing its signaling pathway in fatty liver 
disease [38] and for inorganic hydrogen polysulfides detection 
[39]. At the same time the other methods were introduced — for 
example for optimization of a method for detecting intracellular 
sulfane sulfur levels and evaluation of reagents that affect 
the levels in Escherichia coli [40], sensitive method for reliable 
quantification of sulfane sulfur in biological samples [41] and a 
smartphone based device for the detection of sulfane sulfur in 
biological systems [42].

3.   The level of cyanolizable sulfane sulfur in 
biological systems
Sulfane sulfur level (amount) in tissue and cell homogenates 
can be expressed as the amount of SCN- ion (nmol or µmol) 
per mg of protein or gram of fresh tissue or millions of cells. For 
comparison purposes, it seems most appropriate to express 
the amount of SCN- per mg of protein (with the same method 
of protein determination). In this way, we ignore differences in 
different types of cells or differences in the content of water, 
fat, carbohydrates, and other components in tissues. Thus, all 
the tables and graphs presented in the work are based on data 
expressed in the amount of SCN- calculated per mg of protein 
determined in each case by the method of Lowry [43].

3.1.   Human and animal tissues
Table 1 shows human and animal tissues in which the level of 
sulfane sulfur was detected, and it was presented as the number 
of nmoles per 1 mg of protein.

As  Figure 2 shows, the values of sulfane sulfur level in tissue 
homogenates of animals listed in Table 1 range between 60 and 
400 nmol per mg of protein. It does not differ significantly in the 
tissues of quite distant evolutionary species, such as Pelophylax 
ridibundus brain and human liver.

3.2.   Human and animal cell cultures
The level of sulfane sulfur was also determined in numerous cell 
cultures. Table 2 shows only those in which the level of sulfane 
sulfur was presented in nmol per mg of protein.

As  Figure 3 shows, the level of sulfane sulfur does not differ 
significantly between various cell homogenates. The values of 
sulfane sulfur levels in homogenates of cells listed in Table 2 
ranged between about 70 and 200 nmol per mg of protein.

4.   Effect of different physiological and 
environmental factors on the level of sulfane sulfur
4.1.   Effect of the season of the year on the level of sulfane sulfur 
in animal tissues
The levels of sulfane sulfur in tissues of Rana ridibunda are season 
dependent.  During spring, sulfane sulfur levels are highest in 
the kidneys, while in the fall, levels are highest in the liver. These 
sulfane sulfur levels were detected in homogenates of Rana 
ridibunda in the liver, kidney, brain, heart, testes, and skeletal 
muscles (Figure 4) and ranged from about 66 nmol in skeletal 
muscles in the fall [53] to 402 nmol per mg of protein in kidneys 
during the spring [54]. In frog testes and brain, sulfane sulfur 
levels are comparable with the levels observed in the liver and 
kidneys (sulfane sulfur levels are higher in the spring as compared 
to the fall season).

4.2.    Effect of the animal sex on sulfane sulfur in tissues
The level of sulfane sulfur in mouse tissues is not sex-dependent 
(Figure 5) [51]. In female and male mice C57BL/6 wild type strain, 
almost the same level of sulfane sulfur was determined in the 
liver, kidney, and heart (between 110–205 nmol/mg protein), but 
in the spleens, it was lower (77 nmol/mg protein for the female 
mice and 60 nmol/mg protein for the male mice).

4.3.   Effect of the environmental heavy metal stress on the level 
of sulfane sulfur
The great importance of sulfane sulfur in cellular metabolism 
and the tendency to maintain its level under the influence of 
stress caused by heavy metal ions is confirmed by relatively small 
changes in this level, not more than fifty percent, compared to the 
control, when exposed to these ions under specific experimental 
conditions [55]. In frogs Pelophylax ridibundus, Xenopus laevis, 
and Xenopus tropicalis the heavy metal ions-induced stress (Pb2+, 
Cd2+, and Hg2+) caused a statistically significant increase in the 
levels of sulfane sulfur in the brain (Pb2+, Cd2+, Hg2+), kidney (Pb2+, 
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Table 1. The list of human and animal tissues in which the level of sulfane sulfur was 
determined by the method of Wood. The given tissue and the reference referring to it are 
marked with the same number of asterisks

Tissues References

Human
Liver, Brain [44]

Rat
Liver*, Heart and Kidney** *[45], *[46], **[47]

Guinea pig
Liver [45]

Mouse
Liver*,****, Kidney**,****, Heart****,
Spleen****, Brain stem and cortex***

*[48], **[49], ***[50], 
****[51]

Rana temporaria
Liver, Kidney, Gonads, Brain, Heart [52]

Rana ridibunda
Liver, Kidney, Brain, Heart, Testes,

Skeletal muscles
[53], [54], [55]
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Cd2+), skeletal muscle (Hg2+) and testes (Hg2+) [55]. The opposite 
effect - a decrease in sulfane sulfur level can be observed in the 
liver (Pb2+, Cd2+, Hg2+), kidney (Hg2+), and testes (Cd2+) (Table 3).

4.4.   Effect of cyanide intoxication on the level of sulfane sulfur
In the tissues of mice exposed to cyanide, the level of sulfane 
sulfur, the direct source of sulfur for converting CN- ion to SCN- ion, 
was stable [62]. In the liver, kidneys, and various parts of the brain, 
telencephalon, diencephalon, midbrain, and rombencephalon 
of mice exposed to cyanide poisoning, significant changes 
in the activity of enzymes involved in the formation and 
transformation of sulfane sulfur (rhodanese, 3-mercaptopyruvate 
sulfurtransferase and gamma-cystathionase) were observed. 
These changes were not accompanied by significant changes 
in the levels of sulfane sulfur measured 30 minutes and 2 hours 
after cyanide administration (telencephalon, midbrain, and 
rhombrain) or in the liver 30 minutes after administration, in 
which the level was lowered, but after 2 hours it returned to 
control values. In the kidneys, the level was unchanged after 30 
minutes of administration, and a decrease was observed only 
after 2 hours [62].

Figure 2. The level of sulfane sulfur in human and animal tissues. Data from published experimental works cited in Table 1 were used in Figure 2. The bars correspond to the mean value ± SD  
(   standard deviation) of sulfane sulfur level expressed in nmoles of SCN- per mg of protein, from three or more determinations in at least three repetitions

Table 2. Human and animal cells in which the level of sulfane sulfur was determined by the 
method of Wood

Cells References

Mouse astrocytes [56]

Mouse cell lines 
MNuMG

4T1
MEF

B16-F1
WT

Naglu-/-

J774A.1

[57]

[58]

[59]

Rat cell line
H9c2 [57]

Human cell lines
Caco-2

HEK
MG-63

U87MG
SHSY5Y

MCF-7

[57]

[60]

[61]
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Figure 3. The level of sulfane sulfur in human and animal cell cultures. Data from published experimental works cited in Table 2 were used in Figure 3. The bars correspond to the mean  
value ± SD (   standard deviation) of sulfane sulfur level in a particular cell culture, expressed in nmoles of SCN- per mg of protein, from at least three independent experiments, with three or 
more determinations in each 

Figure 4. The level of sulfane sulfur in Rana ridibunda tissues in the fall and spring seasons. Data from published experimental works [53, 54] were used in Figure 4. The bars correspond to the 
mean value ± SD (   standard deviation) of sulfane sulfur level expressed in nmoles of SCN- per mg of protein, from three or more determinations in at least three repetitions
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4.5.   Effect of the oxidative stress on the level of sulfane sulfur
An adaptive response of U373 cells (human astrocytoma) to 
oxidative stress due to menadione presence was associated 
with a decreased level of sulfane sulfur, which can result from 
simultaneously decreased 3-mercaptopyruvate sulfurtransferase 
activity responsible for L-cysteine conversion to sulfane sulfur 
[63]. An increased level of this enzyme activity after 5 hours 
of incubation, as compared with 1 hour, was correlated with 
sulfane sulfur restoration to the control value. It is very important 
because, as previously found [64] a lowered level of sulfane sulfur 
is correlated with an increased rate of cell proliferation.

A homeostasis of the level of sulfane sulfur was observed 
in J774A.1 cell after 24 hours and 48 hours of stimulation with 

lipopolysaccharide (LPS), a pro-inflammatory agent — it remains 
unchanged independently of the compound used and time of 
the incubation [59].

4.6.   Effect of mutations and growth condition on the level of 
sulfane sulfur
The cellular homeostasis of sulfane sulfur points to its vital 
importance for the cell. Aspergillus nidulans strains were used to 
examine the effects of mutations and growth conditions affecting 
sulfur amino acid metabolism on the cellular level of sulfane 
sulfur [65]. In the studied strains, despite significant differences in 
the level of L-cysteine, cystathionine, or glutathione, the level of 
sulfane sulfur was quite stable, which confirms the important role 
of sulfane sulfur in cellular metabolism.

5.   Pathologies associated with changed level of 
sulfur-containing compounds
Sulfur containing compounds including amino acids and 
proteins, glutathione, various sulfane sulfur-containing 
compounds including hydrogen sulfide, can maintain redox 
state in cells and participate in detoxification of xenobiotics, 
free radicals and reactive oxygen and nitrogen species, thus 
contributing substantially to the wholeness of cellular systems. 
It has been concluded that the relationship between oxidative 
stress and aging may be in great part associated with a deficit 
of L-cysteine and that some of the effects of protein deficiency 

Figure 5. The level of sulfane sulfur in selected tissues of male and female mice. Data from published experimental work [51] were used in Figure 5. The bars correspond to the mean value ± SD 
(   standard deviation) of sulfane sulfur level expressed in nmoles of SCN- per mg of protein, from three or more determinations in at least three repetitions

Table 3. The level of sulfane sulfur in various frog tissues exposed to heavy metal ions in water 
— based on results published in [55]

SULFANE SULFUR
% of control

Pb2+ Cd2+ Hg2+

Brain 151.1 137.3 117.3

Liver 91.5 86.8 94.7 

Kidney 133.2 109.5 91.7 

Heart Not changed Not changed Not changed

Skeletal muscle Not changed Not changed 120.3

Testes Not changed 88.5 114.6
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are in fact due to a lack of some sulfur-containing intermediates 
[66, 67]. Many pathologies are associated with sulfur dietary 
deficiencies or its changed metabolism due to disease [68] 
e.g: Down syndrome [69]. Sulfane sulfur increased levels were 
found in gliomas with the highest grade of malignancy [44]. 
The elevated levels of Cys-SSH and glutathione polysulfide was 
confirmed in the aqueous and vitreous humors of patients with 
diabetic retinopathy compared with healthy patients [70], while 
in the lungs of patients with chronic obstructive pulmonary 
disease reduced levels of GSSH and Cys-SSH were found [71]. 
Hydrogen sulfide and sulfane sulfur are now recognized as 
central players in various physiological processes: metabolism 
and signaling [72, 73], cardiovascular function [74], adipose 
tissue physiology and pathology [75], renal physiology and 
disease [76], toxicology [33, 77], cancer biology [78] and hypoxia 
[79]. Dysregulation of the production and transformation 
pathways of compounds containing sulfane sulfur, including 
the gaseous H2S molecule, can be observed in many diseases, 
from cancer including breast, prostate, lung, pancreatic and 
gastrointestinal [80] to neurological disorders [81, 82]. Elevated 
levels of acid labile and total sulfide have been observed in 
Alzheimer’s related dementia [83] or Schizophrenia [84].

6.   Conclusions
Sulfur is essential for life — no animal or human tissue was found 
without detectable levels of sulfane sulfur. The level of sulfane 
sulfur is different in particular animal tissue and can change 
depending on some physiological or environmental conditions, 
for example the season of the year.

The environmental heavy metal stress, oxidative stress 
caused by menadione, murine macrophages stimulation with 
lipopolysaccharide or cyanide intoxication result in relatively small 
changes in the level of sulfane sulfur which were usually restored 
to control levels over time. In view of the multiple roles sulfane 
sulfur plays in cell metabolism, its level requires stabilization that 
is consistent with its role as a fine-tuning regulator of cellular 
metabolism. This was especially visible in Aspergillus nidulans 
strains, in which independently of significantly varying levels of 
sulfur-containing amino acids caused by mutations in the level of 
sulfane sulfur was quite stable, which confirms the important role 
of sulfane sulfur in the cellular metabolism. 

There are many aspects that need to be considered that 
affect the level of sulfane sulfur/H2S, but still little is known 
about the regulation of cellular levels of sulfane sulfur. The 
important question is how much sulfur in our diet is sufficient 
to maintain the level of sulfane sulfur in cells/tissues, which 
remains unanswered.

Abbreviations
4T1 - mouse breast cancer cell line (stage IV human equivalent)
B16-F1 - murine melanoma
Caco-2 - human colorectal adenocarcinoma 
CBS - cystathionine β‑synthase
CDO - cysteine dioxygenase
CTH - cystathionine γ‑lyase
GSH - reduced glutathione
H2S - hydrogen sulfide
H9c2 - rat cardiomyoblast cell line
HEK - human embryonic kidney cell line
J774A.1 - mouse macrophage cell line
LPS - lipopolysaccharide
MCF-7 - human breast cancer cell line
MEF - mouse embryonic fibroblasts
MG-63 - fibroblast-like human osteosarcoma 
MPST - 3-mercaptopyruvate sulfurtransferase
Naglu-/- - murine dermal fibroblasts with Naglu knockout
NMuMG - epithelial-like cells from the mouse mammary gland
NO - nitric oxide
RNS - reactive nitrogen species
ROS - reactive oxygen species
SHSY5Y - human neuroblastoma 
U87MG - human glioblastoma 
WT - wild type

Authors’ contribution
Conceptualization, M.W. and H.J.; Visualization, M.W., H.J. L.R, and 
M.K-K.; Writing, M.W.; Writing - review & editing, M.W., H.J. and L.R. 
All authors have read and agreed to the published version of the 
manuscript.

ORCID
Halina Jurkowska https://orcid.org/0000-0002-0984-220X
Leszek Rydz https://orcid.org/0000-0002-4433-8017
Marta Kaczor-Kamińska https://orcid.org/0000-0002-2592-7676
Maria Wróbel https://orcid.org/0000-0001-7919-2778

Conflict of interest
The authors have no potential conflicts of interest to declare.



192

Advances in Hygiene and Experimental Medicine

References

Ingenbleek Y, Kimura H. Nutritional essentiality of sulfur in health 
and disease. Nutr Rev. 2013; 71: 413-32. 
Chen YJ, Juang KJ, Nuevo M, Jimenez-Escobar A, Munoz Caro G, Qiu 
JM, Chu CC, Yih TS, Wu CYR, Fung HS, et al. Formation of s-bearing 
species by VUV/EUV irradiation of H2S-containing ice mixtures: 
photon energy and carbon source effects. ApJ. 2015; 798. 
Doleman JF, Grisar K, Van Liedekerke L, Saha S, Roe M, Tapp 
HS, Mithen RF. The contribution of alliaceous and cruciferous 
vegetables to dietary sulphur intake. Food Chem. 2017; 234: 38–45. 
Stipanuk MH. Sulfur amino acid metabolism: pathways for 
production and removal of homocysteine and cysteine. Annu Rev 
Nutr. 2014; 24: 539–77. 
Zhang HF, Klein Geltink RI, Parker SJ, Sorensen PH. Transsulfuration, 
minor player or crucial for cysteine homeostasis in cancer. Trends 
Cell Biol. 2022; 32: 800–14. 
Cho ES, Johnson N, Snider BC. Tissue glutathione as a cyst(e)ine 
reservoir during cystine depletion in growing rats. J Nutr. 1984; 
114: 1853-62. 
Paul BD, Sbodio JI, Snyder SH. Cysteine metabolism in neuronal 
redox homeostasis. Trends Pharmacol Sci. 2018; 39: 513–24. 
Turell L, Zeida A, Trujillo M. Mechanisms and consequences 
of protein cysteine oxidation: the role of the initial short-lived 
intermediates. Essays Biochem. 2020; 64: 55–66. 
Toohey JI. The conversion of H(2)S to sulfane sulfur. Nat Rev Mol 
Cell Biol. 2012; 13: 803–p.803. 
Zhao Q, Ma J, Xie F, Wang Y, Zhang Y, Li H, Sun Y, Wang L, Guo M, 
Han K. Recent advances in predicting protein S-nitrosylation sites. 
Biomed Res Int. 2021; 5542224. 
Kimura H. Signaling by hydrogen sulfide (H2S) and polysulfides 
(H2Sn) in the central nervous system.  Neurochem Int. 2019; 126: 
118-25.
Kuschman HP, Palczewski MB, Thomas DD. Nitric oxide and 
hydrogen sulfide: Sibling rivalry in the family of epigenetic 
regulators. Free Radic Biol Med. 2021; 170: 34-43. 
Moustafa A, Habara Y. Cross talk between polysulfide and nitric 
oxide in rat peritoneal mast cells. Am J Physiol Cell Physiol. 2016; 
310: C894-C902. 
Stipanuk MH, Ueki I. Dealing with methionine/homocysteine 
sulfur: cysteine metabolism to taurine and inorganic sulfur. J Inherit 
Metab Dis. 2011; 34: 17–32. 
Toohey JI, Cooper AJ. Thiosulfoxide (sulfane) sulfur: New chemistry 
and new regulatory roles in biology. Molecules. 2014; 19: 12789–
813. 
Kimura H. Hydrogen sulfide: its production, release and functions. 
Amino acids. 2011; 41: 113–21. 
Toohey JI. Sulfur signaling: Is the agent sulfide or sulfane? Anal 
Biochem. 2011; 413: 1–7.
Yamanishi T, Tuboi S. The mechanism of the L-cystine cleavage 
reaction. J Biochem. 1981; 89. 

Kabil O, Banerjee R. Enzymology of H2S biogenesis, decay and 
signaling. Antioxid Redox Signal. 2014; 20: 770-82. 
Ploegman JH, Drent G, Kalk KH, Hol WGJ, Heinrikson RL, Keim P, 
Weng L, Russell J. The covalent and tertiary structure of bovine liver 
rhodanese. Nature. 1978; 273: 124-9. 

 Toohey JI. Sulphane sulphur in biological systems: A possible 
regulatory role. Biochem. J. 1989; 264: 625–32. 
Libiad M, Sriraman A, Banerjee R. Polymorphic variants of human 
rhodanese exhibit differences in thermal stability and sulfur 
transfer kinetics. J Biol Chem. 2015; 290: 23579-88. 
Libiad M, Yadav PK, Vitvitsky V, Martinov M, Banerjee R. Organization 
of the human mitochondrial hydrogen sulfide oxidation pathway. J 
Biol Chem. 2014; 289: 30901-10. 
Francioso A, Conrado AB, Mosca L, Fontana M. Chemistry and 
biochemistry of sulfur natural compounds: Key intermediates 
of metabolism and redox biology. Oxid Med Cell Longev. 2020: 
8294158.
Schilling D, Ditrói T, Barayeu U, Jurányi EP, Nagy P, Dick TP. The 
influence of alkylating agents on sulfur-sulfur bonds in per- and 
polysulfides. Curr Opin Chem Biol. 2023; 76: 102368. 
Mishanina TV, Libiad M, Banerjee R. Biogenesis of reactive sulfur 
species for signaling by hydrogen sulfide oxidation pathways. Nat 
Chem Biol. 2015; 11: 457–64. 
Wood JL. Sulfane sulfur. Methods Enzymol. 1987; 143: 25-9.
Benchoam D, Cuevasanta E, Semelak JA, Mastrogiovanni M, Estrin 
DA, Möller MN, Alvarez B. Disulfides form persulfides at alkaline 
pH leading to potential overestimations in the cold cyanolysis 
method. Free Radic Biol Med. 2023; 207: 63–71.
Bronowicka-Adamska P, Bentke A, Wróbel M. Hydrogen sulfide 
generation from l-cysteine in the human glioblastoma-astrocytoma 
U-87 MG and neuroblastoma SHSY5Y cell line. Acta Biochim Pol. 
2017; 1: 171–6. 
Shieh M, Xu S, Lederberg OL, Xian M. Detection of sulfane sulfur 
species in biological systems. Redox Biol. 2022; 57: 102502. 
Takata T, Jung M, Matsunaga T, Ida T, Morita M, Motohashi H, Shen 
X, Kevil CG, Fukuto JM, Akaike T. Methods in sulfide and persulfide 
research. Nitric Oxide. 2021; 116: 47–64. 
Echizen H, Sasaki E, Hanaoka K. Recent advances in detection, 
isolation, and imaging techniques for sulfane sulfur containing 
biomolecules. Biomolecules. 2021; 11: 1553. 
Shinkai Y, Kumagai Y. Sulfane sulfur in toxicology: A novel defense 
system against electrophilic stress. Toxicol Sci. 2019; 170: 3-9. 
Roy B, Shieh M, Ramush G, Xian M. Organelle-targeted fluorescent 
probes for sulfane sulfur species.  Antioxidants (Basel). 2023; 12: 
590. 
Kasamatsu S, Kinno A, Hishiyama JI, Akaike T, Ihara H. Development 
of methods for quantitative determination of the total and reactive 
polysulfides: Reactive polysulfide profiling in vegetables.  Food 
Chem. 2023; 413: 135610.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]



193

Postępy Higieny i Medycyny Doświadczalnej

Kasamatsu S, Ida T, Koga T, Asada K, Motohashi H, Ihara H, Akaike 
T. High-precision sulfur metabolomics innovated by a new 
specific probe for trapping reactive sulfur species. Antioxid Redox 
Signal. 2021; 34: 1407–19. 
Li Z, Wang Q, Xia Y, Xun L, Liu H. A red fluorescent protein-
based probe for detection of intracellular reactive sulfane 
sulfur. Antioxidants (Basel). 2020; 9: 985. 
Li W, Wang L, Yin S, Lai H, Yuan L, Zhang X. Engineering a highly 
selective probe for ratiometric imaging of H2S n and revealing its 
signaling pathway in fatty liver disease. Chem Sci. 2020; 11: 7991–9. 
Liu H, Radford MN, Yang CT, Chen W, Xian M. Inorganic hydrogen 
polysulfides: chemistry, chemical biology and detection.  Br J 
Pharmacol. 2019; 176: 616–27. 
Yu Q, Ran M, Yang Y, Liu H, Xun L, Xia Y. Optimization of a method 
for detecting intracellular sulfane sulfur levels and evaluation 
of reagents that affect the levels in  Escherichia coli.  Antioxidants 
(Basel). 2022; 11: 1292. 
Ran M, Wang T, Shao M, Chen Z, Liu H, Xia Y, Xun L. Sensitive 
method for reliable quantification of sulfane sulfur in biological 
samples. Anal Chem. 2019; 91: 11981–6. 
Neill DL, Chang YC, Chen W, Li L, Xian M. A smartphone based device 
for the detection of sulfane sulfurs in biological systems.  Sens 
Actuators B Chem. 2019; 292: 263–9. 
Lowry O, Rosenbrough N, Farr A, Randall R. Protein measurement 
with the Folin phenol reagent. J Biol Chem. 1951; 193: 265–75. 
Wróbel M, Czubak J, Bronowicka-Adamska P, Jurkowska H, 
Adamek D, Papla B. Is development of high-grade gliomas sulfur-
dependent? Molecules. 2014; 19: 21350-62. 
Wróbel M, Ubuka T, Yao WB, Abe T. L-cysteine metabolism in guinea 
pig and rat tissues. Comp Biochem Physiol B Biochem Mol Biol. 
1997; 116: 223-6. 
Szlęzak D, Bronowicka-Adamska P, Hutsch T, Ufnal M, Wróbel M. 
Hypertension and aging affect liver sulfur metabolism in rats. Cells. 
2021; 10: 1238. 
Szlęzak D, Hutsch T, Ufnal M. Wróbel M. Heart and kidney H2S 
production is reduced in hypertensive and older rats. Biochimie. 
2022; 199: 130-8. 
Wróbel M, Ubuka T, Yao WB, Tadashi A. Effects of thyroxine on 
L-cysteine desulfuration in mouse liver. Acta Med Okayama. 2000; 
54: 9-14. 
Sokołowska M, Włodek L, Wróbel M, Srebro Z. The effect of nitrogen 
oxide level modulation on the content of thiol compounds and 
anaerobic sulfur metabolism in mice kidney and liver. Acta Biol 
Crac, Ser Zool. 1999; 35-42.
Wróbel M, Włodek L, Srebro Z. Sulfurtransferases activity and the 
level of low-molecular-weight thiols and sulfane sulfur compounds 
in cortex and brain stem of mouse. Neurobiology. 1996; 4: 217-22.
Kaczor-Kamińska M, Kamiński K, Stalińska K, Wróbel M, Feldman A. 
Effect of glycosaminoglycans accumulation on the non-oxidative 
sulfur metabolism in mouse model of Sanfilippo syndrome, type B. 
Acta Biochim Pol. 2019; 66: 567-76. 

Wróbel M, Sura P, Srebro Z. Seasonal changes in the content of 
some sulfur compounds and sulfur-rich cytoplasmic granules in 
hepatocytes of the frog Rana temporaria. Acta Biol Crac, Ser Zool. 
2000; 42: 99-102. 
Sura P, Ristic N, Bronowicka P, Wróbel M. Cadmium toxicity related 
to cysteine metabolism and glutathione levels in frog Rana 
ridibunda tissues. Comp Biochem Physiol C Toxicol Pharmacol. 
2006; 142: 128-35. 
Sura P, Wróbel M, Bronowicka P. Season dependent response of the 
marsh frog (Rana ridibunda). Folia Biol (Krakow). 2006; 54.
Kaczor-Kamińska M, Sura P, Wróbel M. Multidirectional changes in 
parameters related to sulfur metabolism in frog tissues exposed to 
heavy metal-related stress. Biomolecules. 2020; 10: 574. 
Jurkowska H, Uchacz T, Roberts J, Wróbel M. Potential therapeutic 
advantage of ribose-cysteine in the inhibition of astrocytoma cell 
proliferation. Amino Acids. 2011; 41: 131-9. 
Kaczor-Kamińska M, Kamiński K, Wróbel M. The expression and 
activity of rhodanese, 3-mercaptopyruvate sulfurtransferase, 
cystathionine γ-lyase in the most frequently chosen cellular 
research models. Biomolecules. 2021; 11: 1859. 
Kaczor-Kamińska M, Stalińska K, Kamiński K, Pisarek A, 
Maziarz U, Feldman A, Wróbel M. Murine cellular model of 
mucopolysaccharidosis, type IIIB (MPS IIIB) – A preliminary 
study with particular emphasis on the non-oxidative L-cysteine 
metabolism. Biochimie. 2020; 174: 84-94. 
Bronowicka-Adamska P, Jurkowska H, Gawda A, Skalska P, Nazimek 
K, Marcinkiewicz J, Wróbel M. Expression and activity of hydrogen 
sulfide generating enzymes in murine macrophages stimulated 
with lipopolysaccharide and interferon-γ. Mol Biol Rep. 2019; 46: 
2791–8. 
Jurkowska H, Wróbel M, Kaczor-Kamińska M, Jasek-Gajda E. A 
possible mechanism of inhibition of U87MG and SH-SY5Y cancer 
cell proliferation by diallyl trisulfide and other aspects of its activity. 
Amino Acids. 2017; 49: 1855-66. 
Bronowicka-Adamska P, Bentke A, Lasota M, Wróbel M. Effect 
of S-allyl -L-cysteine on MCF-7 cell line 3-mercaptopyruvate 
sulfurtransferase/sulfane sulfur system, viability and apoptosis. 
IJMS. 2020; 21.
Wróbel M, Jurkowska H, Śliwa L, Srebro Z. Sulfurtransferases and 
cyanide detoxification in mouse. Toxicol Mech Methods. 2004; 14: 
331–7. 
Wróbel M, Jurkowska H. Menadione effect on l-cysteine 
desulfuration in U373 cells. Acta Biochim Pol. 2007; 54: 407–11. 
Jurkowska H, Wróbel M. N-acetyl-L-cysteine as a source of sulfane 
sulfur in astrocytoma. Amino Acids. 2008; 34: 231–7. 
Wróbel M, Lewandowska I, Bronowicka-Adamska P, Paszewski A. 
The level of sulfane sulfur in the fungus Aspergillus nidulans wild. 
Amino Acids. 2009; 37: 565-71. 
Droge W. Oxidative stress and ageing: is ageing a cysteine 
deficiency syndrome? Philos Trans R Soc Lond B Biol Sci. 2005; 360: 
2355-72. 

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]



194

Advances in Hygiene and Experimental Medicine

Droge W, Kinscherf R, Hildebrandt W, Schmitt T. The deficit in low 
molecular weight thiols as a target for antiageing therapy. Curr 
Drug Targets. 2006; 7: 1505–12. 
Nimni ME, Han B, Cordoba F. Are we getting enough sulfur in our 
diet? Nutr Metab (Lond). 2007; 4: 12. 
Panagaki T, Lozano-Montes L, Janickova L, Zuhra K, Szabo MP, 
Majtan T, Raine G, Maréchal D, Herault Y, Szabo C. Overproduction 
of hydrogen sulfide, generated by cystathionine β-synthase, 
disrupts brain wave patterns and contributes to neurobehavioral 
dysfunction in a rat model of down syndrome. Redox Biol. 2022; 
51: 102233. 
Kunikata H, Ida T, Sato K, Aizawa N, Sawa T, Tawarayama H, 
Murayama N, Fujii S, Akaike T, Nakazawa T. Metabolomic profiling 
of reactive persulfides and polysulfides in the aqueous and vitreous 
humors. Sci Rep. 2017; 7: 41984. 
Numakura T, Sugiura H, Akaike T, Ida T, Fujii S, Koarai A, Yamada 
M, Onodera K, Hashimoto Y, Tanaka R, et al. Production of reactive 
persulfide species in chronic obstructive pulmonary disease. 
Thorax. 2017; 72: 1074–83. 
Olson KR, Straub KD. The role of hydrogen sulfide in evolution and 
the evolution of hydrogen sulfide in metabolism and signaling. 
Physiology (Bethesda). 2016; 31: 60–72. 
Olson KR. H2S and polysulfide metabolism: Conventional and 
unconventional pathways. Biochem Pharmacol. 2018; 149: 77-90. 
Kolluru GK, Shackelford RE, Shen X, Dominic P, Kevil CG. Sulfide 
regulation of cardiovascular function in health and disease. Nat Rev 
Cardiol. 2023; 20: 109–25. 
Bełtowski J, Jamroz-Wiśniewska A. Hydrogen sulfide in the adipose 
tissue—physiology, pathology and a target for pharmacotherapy. 
Molecules. 2017; 22.
Feliers D, Lee HJ, Kasinath BS. Hydrogen sulfide in renal physiology 
and disease. Antioxid Redox Signal. 2016; 25: 720–31. 

Pharoah BM, Zhang C, Khodade VS, Keceli G, McGinity C, Paolocci 
N, Toscano JP. Hydropersulfides (RSSH) attenuate doxorubicin-
induced cardiotoxicity while boosting its anticancer action. Redox 
Biol. 2023; 60: 102625. 
Zuhra K, Tome CS, Forte E, Vicente JB, Giuffre A. The multifaceted 
roles of sulfane sulfur species in cancer-associated processes. 
Biochim Biophys Acta Bioenerg. 2021; 1862.
Gao M, Wang R, Yu F, Li B, Chen L. Imaging of intracellular sulfane 
sulfur expression changes under hypoxic stress via a selenium 
containing near-infrared fluorescent probe. J Mater Chem B. 2018; 
6: 6637-45.
Herr I, Büchler MW. Dietary constituents of broccoli and other 
cruciferous vegetables: implications for prevention and therapy of 
cancer. Cancer Treat Rev. 2010; 36: 377-83. 
Giacoppo S, Galuppo M, Montaut S, Iori R, Rollin P, Bramanti 
P, Mazzon E. An overview on neuroprotective effects of 
isothiocyanates for the treatment of neurodegenerative diseases. 
Fitoterapia. 2015; 106: 12–21. 
Sun HJ, Wu ZY, Nie XW, Bian JS. Role of hydrogen sulfide 
and polysulfides in neurological diseases: focus on protein 
S-persulfidation. Curr Neuropharmacol. 2021; 19: 868–84. 
Disbrow E, Stokes KY, Ledbetter C, Patterson J, Kelley R, Pardue 
S, Reekes T, Larmeu L, Batra V, Yuan S, et al. Plasma hydrogen 
sulfide: A biomarker of Alzheimer’s disease and related dementias. 
Alzheimers Dement. 2021; 17: 1391–402. 
Ide M, Ohnishi T, Toyoshima M, Balan S, Maekawa M, Shimamoto-
Mitsuyama C, Iwayama Y, Ohba H, Watanabe A, Ishii T, et al. 
Excess hydrogen sulfide and polysulfides production underlies a 
schizophrenia pathophysiology. EMBO Mol Med. 2019; 11: e10695. 

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]


