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SUMMARY

Hydrogen sulfide (H2S), regarded as the third gasotransmitter, plays diverse physiological and 

pathological roles in the body along with another two gasotransmitters, including nitric oxide 

(NO) and carbon monoxide (CO). Endogenous H2S metabolisms (production and catabolism) 

take part in both normal physiology and in some human disorders. Manipulation of H2S levels by 

inhibiting H2S synthesis or administration of H2S-releasing molecules revealed beneficial as well 

as harmful effects of H2S. However, the impact of H2S in the pathophysiology of obesity and its 

importance in the physiology of human adipose tissue has been scarcely investigated. Here we 

aimed to investigate circulating H2S according to obesity, and the impact of H2S on adipocyte and 

adipose tissue physiology.

Circulating serum sulfide concentrations were increased in subjects with morbid obesity in 

proportion to fat mass and inversely associated with circulating markers of heme degradation. In 

addition, serum sulfide concentration decreased in morbidly obese subjects with impaired 

compared to those with normal fasting glucose. Longitudinally, weight gain resulted in increased 

serum sulfide concentration, whereas weight loss had opposite effects. These data suggested the 

possible role of hydrogen sulfide in the physiology of human adipose tissue. To investigate the 

impact of H2S on adipocyte physiology, experiments in mouse 3T3-L1 cell line, immortalized 

human adipose-derived mesenchymal stem cells (ASC52telo) and human preadipocytes were 

performed. In 3T3-L1 mouse cell line, GYY4137 slow-releasing H2S improved adipocyte 

differentiation in inflammatory conditions, and H2S proadipogenic effect depended on dose, 

donor and exposure time. In immortalized human adipose-derived mesenchymal stem cells 

(ASC52telo) permanent knockdown of cystathionine-β-Synthase (CBS), an important H2S-

synthesising gene in these cells, promoted a cellular senescence phenotype, characterized by 

increased cellular inflammation and oxidative stress, reduced cellular rejuvenation-related gene 

expression markers and especially increased adipogenic potential, which resulted in a non-

physiological enhanced adipocyte differentiation with excessive lipid storage. Of note, in human 
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preadipocytes, adipocytes and adipose tissue, the relevance of H2S biosynthesis in adipogenesis

was confirmed, and a new mechanism of its action through the identification of persulfidated 

proteins involved in adipogenesis was suggested. To sum up, H2S-synthesizing enzymes were 

recognized as important actors in the human adipose tissue physiology and systemic insulin 

sensitivity possibly, avoiding cellular senescence and inflammation, and in consequence 

preserving adipose tissue adipogenesis.

Altogether, this doctorate thesis provides sound and novel proofs addressing the role of H2S in 

the pathophysiology of obesity and its importance in the physiology of human adipose tissue, 

including the discovery of increased circulating serum sulfide concentrations in subjects with 

morbid obesity in proportion to fat mass, and unravels the importance of H2S-synthesizing 

enzymes and H2S as a previously unrecognized targets in the modulation of human adipocyte 

physiology.
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RESUM

El sulfur d’hidrogen (H2S), considerat el tercer gasotransmissor, té diversos rols fisiològics i 

patològics en el cos juntament amb altres dos gasotransmissors, incloent l’òxid nítric (NO) i el 

monòxid de carboni (CO). Els metabolismes endògens H2S (producció i catabolisme) participen

tant en la fisiologia normal com en alguns trastorns humans. La manipulació dels nivells d’H2S

inhibint-ne la seva síntesi o degut a l’administració de molècules alliberadores d’H2S s’han 

utilitzat per revelar efectes beneficiosos i nocius del H2S. Tot i això, l’impacte de l’H2S amb prou 

feines s’ha investigat en la fisiopatologia de l’obesitat i la seva importància en la fisiologia del 

teixit adipós humà. En aques tesi ens hem proposat investigar l’H2S circulant en relació a 

l’obesitat, i l’impacte de l’H2S en la fisiolog a de l’adipòcit i el teixit adipós. 

Les concentracions de sulfur sèric circulant van augmentar en subjectes amb obesitat mòrbida en 

proporció a la massa grassa i inversament associades a marcadors circulants de la degradació de 

productes hemo. A més, la concentració de sulfur sèric va disminuir en subjectes amb obesitat 

mòrbida i amb la glucosa en dejú alterada en comparació aquells amb un nivells normals. 

Longitudinalment, l'augment de pes va provocar una major concentració de sulfur sèric, mentre 

que la pèrdua de pes va tenir efectes oposats. Aquestes dades van sug erir el possible rol del sulfur 

d'hidrogen en la fisiologia del teixit adipós humà. Per tal d’investigar l’impacte de l’H2S en la 

fisiologia dels adipòcits, es van reali zar experiments en la línia cel·lular murínica 3T3-L1, en

cèl·lules mare mesenquimals inmortalitzades derivades del teixit adipós (ASC52telo) i en 

preadipòcits humans. En la línia cel·lular de ratolí 3T3-L1, el GYY4137 com a donador lent de

H2S va millorar la diferenciació adipòcitaria en condicions inflamatòries, i de fet l’efecte 

proadipogènic de l’H2S depenia de la dosi, del donador i del temps d’exposició. En cèl·lules 

mare mesenquimals inmortalitzades derivades del te xit adipós (ASC52telo), el silenciament 

permanent de la cistationina-β-sintetasa (CBS), un gen important en implicat en la síntesi de H2S

en aquestes cèl·lules, promovia un fenotip de senescència cel·lular, caracteritzat per un augment 

en l’expressió g nica de marcadors de la inflamació cel·lular i l’estrès oxidatiu, una reducció de

marcadors relacionats amb el rejoveniment cel·lular, i sobretot, un augment del potencial 
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adipogènic, que va donava lloc a un increment no fisiològic de la diferenciació i a un excés

d’emmagatzematge de lípids. Es rellevant destacar que en preadipòcits, adipócits i en el teixit 

adipós es va confirmar la importància de la biosíntesi d’H2S en l’adipogenesis, i es va su gerir un

nou mecanisme de la seva acció mitjançant la identificació de proteïnes persulfidatades

implicades en l’adipogènesi. En conclusió, els enzims encarregats de la síntesi de H2S van ser 

reconeguts com a actors importants en la fisiologia del teixit adipós humà i la sensibilitat sistèmica

a la insulina, possiblement evitant la senescència i la inflamació cel·lular i, en conseqüència, 

preservant l’adipogènesi del teixit adipós.

En conjunt, aquesta tesi doctoral proporciona proves sòlides i novedoses sobre el paper de l’H2S

en la fisiopatologia de l’obesitat i la seva importància en la fisiologia del teixit adipós humà, 

incloent el descobriment de concentracions incrementades de sulfurs sèrics circulants en subjectes 

amb obesitat mòrbida en proporció a la massa grassa, i revela la importància dels enzims que 

sintetitzen H2S i l’H2S com a dianes no reconegudes pr viament en la modulació de la fisiologia 

dels adipòcits humans.
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RESUMEN 
 

El sulfuro de hidrógeno (H2S), considerado el tercer gasotransmissor, tiene varios roles 

fisiológicos y patológicos en el cuerpo junto con otros dos gasotransmissors, que incluyen el óxido 

nítrico (NO) y el monóxido de carbono (CO). Los metabolismos endógenos del H2S (producción 

y catabolismo) participan tanto en la fisiología normal como en varios trastornos humanos. La 

manipulación de los niveles de H2S por la inhibición de las enzimas implicadas en su síntesis o 

debido a la administración de moléculas liberadoras de H2S se has utilizado para revelar los 

efectos beneficiosos y nocivos del H2S. Aún así, el impacto del H2S apenas se ha investigado en 

la fisiopatología de la obesidad y su importancia en la fisiología del tejido adiposo humano. En 

esta tesis nos hemos propuesto investigar el H2S circulante en relación a la obesidad, y el impacto 

del H2S en la fisiología del adipocito y el tejido adiposo. 

Las concentraciones de sulfuro sérico circulante aumentaron en sujetos con obesidad mórbida en 

proporción a la masa grasa e inversamente asociadas a marcadores circulantes de la degradación 

de productos hemo. Además, la concentración de sulfuro sérico disminuyó en sujetos con 

obesidad mórbida y con la glucosa en ayunas alterada en comparación aquellos con niveles 

normales. Longitudinalmente, el aumento de peso provocó una mayor concentración de sulfuro 

sérico, mientras que la pérdida de peso tenia efectos opuestos. Estos datos sugirieron un posible 

rol del sulfuro de hidrógeno en la fisiología del tejido adiposo humano. Para poder investigar el 

impacto del H2S en la fisiología de los adipocitos, se realizaron experimentos en la línea celular 

de ratón 3T3-L1, en células madre mesenquimales inmortalizadas derivades del tejido adiposo 

(ASC52telo) y en preadipocitos humanos.  En la línea celular de ratón 3T3-L1, el GYY4137 como 

donador lento de H2S mejoró la diferenciación adipocitaria en condiciones inflamatorias, y de 

hecho el efecto proadipogenico del H2S dependía de la dosis, el donador y del tiempo de 

exposición. En células madre mesenquimales inmortalizadas derivadas de tejido adiposo 

(ASC52telo), el silenciamiento permanente de la cistationina-β-sintasa (CBS), un gen importante 

implicado en la síntesis de H2S en dichas células , promovía un fenotipo de senescencia celular, 

caracterizado por el aumento en la expresión génica de marcadores de la inflamación celular y 
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estrés oxidativo, una reducción de marcadores relacionados con el rejuvenecimiento celular, y 

sobre todo, un aumento del potencial adipogénico, que daba lugar a un augmento no fisiológico 

de la diferenciación y un exceso en el almacenamiento de lípidos. Es relevante destacar que en 

preadipocitos, adipocitos y en el tejido adiposo humano se confirmó la importancia de la 

biosíntesis de H2S en la adipogénesis, y se sugirió un nuevo mecanismo de su acción mediante la 

identificación de proteínas persulfidatadas implicadas en la adipogénesis. En conclusión, las

enzimas encargadas de la síntesis de H2S fueron reconocidas como actores importantes en la

fisiología del tejido adiposo humano y la sensibilidad sistémica a la insulina, posiblemente 

evitando la senescencia y la inflamación celular y, en consecuencia, preservando la adipogénesis 

del tejido adiposo.

En conjunto, esta tesis doctoral proporciona pruebas sólidas y novedosas sobre el papel del H2S

en la fisiopatología de la obesidad y su importancia en la fisiología del tejido adiposo humano, 

incluyendo el descubrimiento de concentraciones incrementadas de sulfuros séricos circulantes 

en sujetos con obesidad mórbida en proporción a la masa grasa, y revela la importancia de las 

enzimas que sintetizan H2S y el propio H2S como dianas no reconocidas previamente implicadas 

en la modulación de la fisiología de los adipocitos humanos.
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1. INTRODUCTION

1.1 OBESITY

1.1.1 Definition of Obesity

Obesity is characterized by the excessive accumulation and storage of fat in the body (regionally, 

globally or both) that may be harmful to health and is defined by a body mass index (BMI) of 30 

kg/m2 or greater. A BMI of 35 and higher is considered morbid obesity. 

The epidemic of obesity presents a serious threat to human health around the world. The 

worldwide prevalence of obesity has increased dramatically over the past 30 years, fueled by 

economic growth, industrialization, mechanized transport, urbanization, an increasingly 

sedentary lifestyle, and a nutritional transition to processed foods and high calorie diets1.

According to the World Health Organization (WHO) actually 30% of Americans and 10-20% of 

Europeans are obese, and estimates than more than 1.9 billion adults worldwide were overweight.

Of these over 650 million were obese.

High body mass carries with it an increased risk of the development of a number of serious 

cardiovascular and metabolic diseases, such as type 2 diabetes, hypertension, dyslipidemia, 

stroke, osteoarthritis as well as several different forms of cancer2.

The most accurate measures of body fat (the major component of body weight responsible for 

adverse outcomes) such as underwater weighing, dual-energy x-ray absorptiometry scanning, 

computed tomography, and magnetic resonance imaging are impractical for use in everyday 

clinical encounters. Estimates of body fat including body mass index (BMI, calculated by dividing 

the body weight in kilograms by height in meters squared, or kg/m2) and waist circumference do 

have limitations compared to these imaging methods, but still provide relevant information and 

are easily implemented in a variety of practice settings3.
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1.2 ADIPOSE TISSUE 

1.2.1 Adipose tissue 

Adipose tissue is one of the most abundant in the human body, but for a long time, it has been 

given little importance and it was considered only as a passive energy storage site4. The worldwide 

epidemic of obesity and type 2 diabetes has greatly increased interest in the biology and 

physiology of adipose tissues. Actually, it is now known that apart from the energy reservoir 

function, adipose tissue functions as a thermal insulator, mechanical shock absorber, and more 

importantly as an endocrine organ5. Two types of adipose tissue coexist in humans, the white 

adipose tissue (WAT) and brown (BAT), each performing different functions.  

White adipose tissue is one of the most abundant in mammals especially subcutaneous and 

visceral depots, where it performs numerous complex functions. The primary role of the WAT is 

to store large amounts of excess energy in the form of triglycerides for future use by other cells 

of the organism during periods of energy deprivation. That requires the process of lipogenesis as 

well as the uptake of triglycerides for accumulation fat, and the mobilization of this energy by the 

use of other cells in the body through the process of lipolysis. In addition, WAT has an endocrine 

function that contributes to the regulation and homeostasis of all the energy stored in the body by 

secreting different hormones, including peptides (adipokines), lipids (lipokines) and exosomal 

miRNAs derived from the adipose tissue6. The white adipocytes contain a single, large lipid 

droplet, leaving the nucleus and cytoplasm in the periphery of the cell7. 

Brown adipose tissue is specialized to generate heat by dissipating chemical energy as a defense 

against cold and obesity. The total mass of BAT in adults is small, that’s why it was initially 

believed to be of relevance only in human newborns and infants. However, research during recent 

years provided unequivocal evidence of active BAT in human adults8. The distribution of BAT 

in adults varied widely and was categorized by six anatomically distinct depots: cervical, 

supraclavicular, axillary, paraspinal, mediastinal, and abdominal, being the supraclavicular region 

the depot with the highest proportion of total body BAT volume9. Thermogenesis in the BAT is 

mediated through a brown fat-specific mitochondrial protein, uncoupling protein 1 (UCP1), 
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which plays an important role in the control of energy homeostasis10. It’s important to mention 

that humans possess at least two types of thermogenic adipocytes, the classical brown adipocytes 

present in BAT depots and beige or brite adipocytes, known to differentiate from a sub-population 

of progenitors resident in WAT, induced by cold exposure or β-adrenergic stimulation among 

other factors, with specific gene expression pattern distinct from either white or brown fat11. 

1.2.2 Adipogenesis and obesity 

Obesity is characterized by adipose tissue expansion due to two main processes, the increase in 

the number of cells by adipocyte differentiation (hyperplasia) and by the increase of adipocyte 

size (hypertrophy)12. Hypertrophy to some extent is characteristic of individuals with obesity-

associated metabolic disturbances, including insulin resistance and dyslipidemia, and increased 

risk of type 2 diabetes and non-alcoholic fatty liver disease13–15. In contrast, hyperplasia is strongly 

correlated with healthy obesity, being required to achieve morbidly obesity16. The number of 

adipocytes present in a tissue is determined mostly by the process of adipocyte differentiation, 

therefore understanding the origin and development of adipocytes and adipose tissue is key to 

generate treatments for obesity17. Prolonged periods of weight gain in adults usually involves an 

increase in the number of adipocytes and adipocyte size18. New adipocytes are constantly 

generated from a pre-existing population of undifferentiated progenitor cells or through the 

dedifferentiation of adipocytes to preadipocytes, which again differentiate into adipocytes19. 

Therefore in both cases, the generation of new adipocytes plays a key role in obesity. 

A reduced ability of adipose tissue to expand when challenged with excess nutrients due to 

decreased adipogenic potential can lead to insulin resistance20,21, since this leads to adipocyte 

hypertrophy, which is associated with increased inflammation, oxidative stress, systemic insulin 

resistance, reduced mitochondrial function, membrane modifications, DNA damage and cell 

death 21–24. This hypertrophy leads to a higher release of adipokines as proinflammatory cytokines 

such as interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor-necrosis factor-alpha (TNF-α), 

resulting in low-grade chronic inflammation, which begins in adipose tissue and eventually 

reaches the circulation and other organs25,26.  One of the first consequences of inflammation is 



INTRODUCTION

11 

insulin resistance, since TNF-α prevents the phosphorylation of insulin receptors, interfering in 

their cascade action and preventing their functioning27. Another cause of inflammation is 

oxidative stress, which can be triggered by adipocytes. Oxidative stress plays an important role 

in the pathogenesis of insulin resistance by disrupting the release of adipokines by adipose tissue 

such as TNF-α and IL-6, which can trigger inflammation. The high senescent cell burden in 

hypertrophic obesity may be more a cause of the development of fat cell hypertrophy, rather than 

being secondary to obesity itself28. Reduced adipogenesis as a consequence of increased senescent 

cell burden is also associated with increased ectopic lipid accumulation in other tissues, such as 

liver and muscle28,29, which in turn is associated with the development of insulin resistance.

1.3 THE ADIPOCYTE AND EXPERIMENTAL IN VITRO MODELS

1.3.1 Adipocyte

Over the last several years, the increasing prevalence of obesity has favored an intense study of 

adipose tissue biology and the precise mechanisms involved in adipocyte differentiation and 

adipogenesis. Adipose tissue contains adipocytes in addition to a wide population of cells, such 

as macrophages, fibroblasts, pericytes, blood cells, endothelial cells, smooth muscle cells, 

mesenchymal stem cells (MSCs), and adipose precursor cells30. All of these cells are located in 

the stromal vascular fraction (SVF), and the cell composition and phenotype of the SVF are 

usually different depending on the location of the adipose tissue depot and the adiposity31.

Adipocyte commitment and differentiation are complex processes, which can be investigated 

thanks to the development of diverse in vitro cell models and molecular biology techniques that 

allow for a better understanding of adipogenesis and adipocyte dysfunction associated with 

obesity30. In vitro models have been invaluable in determining the mechanisms involved in 

adipocyte proliferation, differentiation, adipokine secretion and gene/protein expression32.

Essentially all work on adipogenesis has used either predetermined clonal cell lines or primary 

cultures of adipose tissue-derived stromal-vascular precursor cells, which have been effectively
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cultured from several species including humans33–35. Explant culture, known as ex vivo adipose 

tissue explants, derived from primary tissues contain cells at different stages of development and 

can not be as scientifically controlled as preadipose cell lines, but they probably reflect more 

accurately the normal condition in vivo36. In addition, primary cells can be isolated from various 

species and from different fat depots, as well as from animals of different physiological states and 

ages, allowing comparisons between cells of different origins.

1.3.2 Adipocyte differentiation

Adipogenesis refers to the process where adipocyte progenitors are differentiated into mature 

adipocytes. Adipogenesis can be briefly divided into two phases: determination and terminal 

differentiation37. During the determination phase, mesenchymal stem cells are committed to the 

adipose lineage and become preadipocytes in response to appropriate adipogenic stimulation38.

Terminal differentiation, on the other hand, describes the process by which preadipocytes acquire 

the characteristics of the mature adipocytes37. MSCs are known to contribute to tissue repair and 

are capable of differentiating into different lineages such as osteoblasts (bone), adipocytes (fat),

chondrocytes (cartilage), or myotubes (muscle)39 (Figure 1).

A commonly employed cellular model to study adipogenesis is 3T3-L1 cell line, which has 

already been committed to the adipocyte lineage. The cellular and molecular changes that occur 

during adipogenesis from studies using 3T3-L1 cells, then the knowledge is on the regulation of 

the terminal differentiation process37. However, little is known about the regulation of 

determination of adipogenesis, particularly in vivo. Thus, to study the role of hydrogen sulfide

during determination and terminal steps of adipogenesis, both human adipose-derived 

mesenchymal stem cells (hAMSC) and 3T3-L1 adipocyte cell lines are used in this thesis.

3T3-L1 preadipocytes have to withdraw from the cell cycle before adipose conversion. Upon 

reaching confluence, proliferative preadipocytes become growth-arrested by contact inhibition40.

After growth arrest at confluence, those preadipocytes re-enter the cell cycle and must receive an

appropriate combination of mitogenic and adipogenic signals to undergo terminal adipocyte 
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differentiation. During this step, cells undergo at least one round of DNA replication and cell 

doubling. Re-entry into the cell cycle of growth-arrested preadipocytes is known as the clonal 

expansion phase41. However, primary preadipocytes derived from human adipose tissue do not 

require cell division to enter the differentiation process42. The whole process of differentiation is 

accompanied by specific sequential changes in the expression of different genes, which vary 

depending on the cell line and the experimental treatments. 

 

 

Determined 
- Growth arrest  
- Post-confluent 

mitosis 
- Clonal 

expansion 

Committed 

Terminal 

Multipotent 

Characteristics Molecular 

C/EBPβ 
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Figure 1. Schematic overview of signaling molecules and transcription factors involved in the regulation 
of differentiation of adipose-derived mesenchymal stem cells (MSCs) into adipocytes, and their potential
lineages. Figure taken and adapted from Bateman M.E. (2017) 38. 
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A rapid and transient increase in transcription and expression of CCAAT / enhancer-binding 

protein beta (C/EBPβ) and delta (C/EBPδ) is observed in preadipocytes differentiation,

accelerating the induction of two transcription factors in this first phase of growth arrest, the 

peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT / enhancer-binding 

protein alpha (CEBPα) playing a key role in activating the set of genes involved in adipogenesis 

(including genes involved in lipogenesis, lipolysis, and formation of lipid vacuole)43,44. The 

expression of another transcription factor called sterol regulatory element-binding protein 1

(SREBP1) is also overexpressed in the early stages of adipogenesis, which stimulates PPARγ 

activation45. During the late stages of adipogenesis, the expression of genes associated with

lipogenesis, such as glucose transporter 4 (SLC2A4)46, acetyl-coenzyme A carboxylase

(ACACA)47 and fatty acid synthase (FASN)48 are overexpressed, through SREBP1 regulation.

The process of differentiation of preadipocytes is also accompanied by morphological changes,

such as the formation and fusion of small lipid droplets, and the change of a fibroblastic shape to 

a rounded shape. The process of differentiation is explained above (Figure 1).

1.4 HYDROGEN SULFIDE (H2S)

Gasotransmitters are small molecules of endogenous gas that has the noticeable ability to diffuse 

into cells to interact with their targets, inducing an array of intracellular signaling and 

pathophysiological responses49,50. Hydrogen sulfide is the most recent addition to the 

gasotransmitters family, the first two being nitric oxide (NO) and carbon monoxide (CO)51.

Instead of binding to plasma membrane receptors, the high solubility of gasotransmitters in lipids 

facilitate them to penetrate cell membranes without requiring a specific transporter or receptor. 

Gasotransmitters are generated endogenously by specific enzymes and can generate various 

functions at physiologically relevant concentrations by targeting specific cellular and molecular 

targets52. A gaseous substance is not readily stored in vesicular structures and so must be 

resynthesized as needed. This implies that the biosynthetic enzymes must be subject to tightly 
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regulatory mechanisms53. Abnormal generation and metabolism of these gasotransmitters have 

been extensively demonstrated to affect diverse biological processes, such as vascular biology, 

immune functions, cellular survival, metabolism, longevity, development, and stress resistance52.

Perhaps the most remarkably unique feature of gasotransmitters relates to the molecular 

mechanisms whereby they signal to their targets. Gasotransmitters chemically modify 

intracellular proteins, thus affecting cellular metabolism in a more immediate fashion than other 

signal transduction mechanisms53.

H2S has been traditionally considered only as a toxic agent for living organisms54. Nowadays, is 

considered as a gaseous mediator that plays important regulatory roles in innate immunity and 

inflammatory responses impacting the development of cardiovascular and metabolic diseases55–

59.

H2S is an inorganic, colorless, flammable water-soluble gas with a characteristic odor of rotten 

eggs. In physiological solutions, approximately 20-30% of H2S exist in a non-dissociated form 

and 70-80% spontaneously hydrolyses H2S into hydrosulfide anion (HS-), which is partially 

transformed into sulfide anion (S2-) as demonstrated by the following reaction, H2S ↔ H+ + HS-

↔ 2H+ + S2-, by Dombkowski and collaborators60. Apart from free or unbound sulfide (S2-, HS- or 

H2S), H2S pools exist in different biochemical forms in physiological, including, acid-labile 

sulfide (bound to the sulfur-iron clusters of proteins), and bound sulfane sulfur (bound to 

proteins)61–63 (Figure 2). Bound sulfane sulfur includes various compounds such as persulfides, 

polysulfides, thiosulfate, polythionates, thiosulfonates, bisorganylpolysulfanes or 

monoarylthiosulfonates, elemental sulfur, and many others. Total H2S refers to all these forms 

together. The precise chemistry through which these different biological pools of H2S interact to 

affect their pathophysiological functions is an area of active research. However, differences in 

bioavailability of these biochemical pools of sulfide remain largely unknown in part due to 

difficulties in measuring them64. HS- is capable of conversion to S2- (pKa2 11.96) but only 

2.8x10-3 % is present in this form at physiological pH values, the S2- concentration in solution is 

therefore negligible65,66. In the alkaline mitochondrial matrix (pH 8.0), HS− reaches 92%, while 
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the remaining 8% corresponds to H2S. Contrarily, under the acidic conditions in lysosomes (pH 

4.7),  >99% of hydrogen sulfide is in its H2S form and is slightly polar, allowing it to freely diffuse 

across and accumulate in an aqueous or hydrophobic environment such as biological 

membranes67. 

 

 

 

 

 

 

 

 

 

 

 

1.5 BIOSYNTHESIS OF H2S 
 

Hydrogen sulfide biosynthesis has been identified in a variety of mammalian tissues via 

enzymatic and non-enzymatic pathways68. In enzymatic biosynthesis, the endogenous generation 

of H2S from L-cysteine in the cytosol of cells is mainly mediated by two pyridoxal-5’-phosphate 

(PLP) dependent enzymes known as cystathionine β-synthase (CBS)69 and cystathionine γ-lyase 

(CTH or CSE)70. H2S is also produced by L-cysteine aminotransferase (CAT) and 3-mercapto-

pyruvate sulfurtransferase (MPST) in the cytosol and mitochondria71. The expression of these 

enzymes is tissue-specific, in some tissues, CBS, CTH and MPST are all need for the generation 

of H2S, whereas in others one enzyme serves. A small portion of endogenous H2S is 

derived via non-enzymatic reduction sulfur species present in certain metabolites68. 

Figure 2. Different pools of H2S and its biochemical forms. Figure taken from Shen X. (2012)62.
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1.5.1 Enzymatic synthesis of H2S 

1.5.1.1 Generation of H2S from the transsulfuration pathway 

The transsulfuration pathway plays a central role in sulfur metabolism and redox regulation in 

cells. The pathway leads to the generation of several sulfur metabolites, which include L-cysteine, 

glutathione (GSH), taurine and the gaseous signalling molecule hydrogen sulfide72. In mammals, 

the pathway involves the transfer of sulfur from homocysteine to cysteine via cystathionine and 

is the only route for the biosynthesis of cysteine. Homocysteine, which is derived from dietary 

methionine, is converted to cystathionine by cystathionine β-synthase (CBS), which is acted on 

by cystathionine γ-lyase (CTH) to generate L-cysteine72 (Figure 3). 

Figure 3. Overview of the transsulfuration pathway. There are four enzymatic pathways for the biosynthesis 
of H2S, including CBS, CSE, MPST coupled with CAT, and MPST coupled with DAO. Non-enzymatic H2S
generation occurs in the presence of reducing equivalents such as NADPH and NADH, reactive sulfur species 
in persulfides, thiosulfate, and polysulfides that are reduced into H2S and other metabolites. The transsulfuration
pathway intersects with the transmethylation pathway at homocysteine. Methionine is an indispensable amino
acid and is transmethylated intracellularly via S-adenosylmethionine (SAM), an important methyl donor for most 
biological methylation reactions, to S-Adenosylhomocysteine (SAH) produced in this process and then is 
hydrolyzed to homocysteine. Homocysteine can be remethylated back to regenerate methionine by N5,N10‐
methylenetetrahydrofolate reductase (MTHFR). The cysteine generated by the pathway can be conducted into
GSH synthesis by the action of the enzymes, γ‐glutamyl cysteine synthetase (γ‐GCS) and glutathione synthetase
(GS) or converted to other sulfur‐containing molecules such as taurine. Taurine is generated by the action of 
three enzymes, CDO, cysteine sulfinic acid decarboxylase (CSAD) and hypotaurine dehydrogenase (HTAU‐
DH). 
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In addition to its essential role in protein synthesis, cysteine is also a component of the major 

antioxidant GSH and a potent antioxidant itself 73. Disruption of cysteine and GSH metabolism 

has been frequently linked to aberrant redox homeostasis and neurodegeneration73,74. Both CTH

and CBS play important roles in the regulation of redox balance. It has been reported that 

approximately 50% of the cysteine generated by the transsulfuration pathway is utilized for GSH 

biosynthesis in hepatic cells75,76. Cysteine is also the precursor of the gaseous signalling molecule 

hydrogen sulfide and other sulfur metabolites77,78. Besides GSH and H2S, cysteine is converted to 

the sulfur-containing molecule taurine by the action of the enzyme cysteine dioxygenase (CDO) 

to form cysteinesulfinic acid, which can then be decarboxylated to hypotaurine by cysteinesulfinic 

acid decarboxylase, and the hypotaurine generated, oxidized to taurine79. Since CDO acts directly 

on cysteine, it can modulate H2S production by influencing substrate availability. Mice lacking 

CDO have elevated cysteine and H2S production capacity80,81. Taurine plays a role in 

osmoregulation, immunomodulation, neuromodulation, Ca2+ homeostasis, ocular function and 

possesses antioxidant and anti-inflammatory effects82. Transsulfuration pathway is intimately 

linked to the transmethylation pathway via homocysteine, which can be remethylated to generate 

methionine or be irreversibly converted to cysteine (Figure 3). This doctoral thesis will focus on 

the regulation of the transsulfuration pathway pertaining to cysteine and H2S metabolism and its 

role during normal and pathological conditions in adipose tissue

1.5.1.2 Other enzymatic pathways of H2S generation: CAT/MPST

Recently, an alternative enzymatic pathway to the transsulfuration pathway has been identified 

for the enzymatic generation of H2S within mitochondria, as the 3-mercaptopyruvate pathway. 

The pathway requires two enzymes, 3-mercaptopyruvate sulfurtransferase and the PLP-dependent 

enzyme cysteine aminotransferase (CAT). 3-mercaptopyruvate (3MP) is produced by CAT from 

L-cysteine and α-ketoglutarate71. Thereafter, MPST transfers a sulfur atom from 3MP onto itself,

which leads to the formation of persulfide, MPST-SS. H2S and MPST are then released from the

persulfide of MPST-SS in the presence of reductants such as thioredoxin (TRX) and dihydrolipoic 

acid (DHLA)83. Recently, another source of 3MP was found in mammals by Shibuya et al., D-
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cysteine84. Specifically, D-cysteine is transformed into 3MP by peroxisome located d-amino acid 

oxidase (DAO). Metabolite exchanges between peroxisome and mitochondria can import 3MP 

into mitochondria where it is further catalyzed into H2S by MPST. Because of the exclusive 

location of DAO in the brain and kidney, this H2S-generating pathway is currently believed to

uniquely exist in the two organs68.

1.5.2 Non-enzymatic synthesis of H2S

There have been several non-enzymatic H2S productions reported, suspected to represent a small 

proportion of generated endogenous H2S. It is postulated that coordinated activities of PLP and 

iron (Fe3+) catalyzed the generation of H2S using cysteine as substrate, in a non-enzymatic manner

in specific circumstances. Regulation of H2S production via this pathway may contribute to the 

pathophysiology of conditions with iron dysregulation such as hemolysis, iron overload, and 

hemorrhagic disorders85.

H2S can also be generated from sulfane sulfur via non-enzymatical reduction, in the presence of 

an endogenous reductant, such as nicotinamide adenine dinucleotide phosphate (NADPH) and 

nicotinamide adenine dinucleotide (NADH), which are supplied by oxidation of 

glucose via glycolysis or from phosphogluconate via NADPH oxidase86. In the presence of such 

reductants, reactive sulfur species in persulfides, thiosulfate, and polysulfides can be reduced into 

H2S and other metabolites87. Essentially, all the components of this non-enzymatic route are 

available in mammals including reducible sulfur, suggesting the necessity of this pathway in 

mammalian systems. In accordance with this, hyperglycemia is demonstrated to promote H2S

generation by enhancing this pathway88.
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1.6 CATABOLISM OF H2S 
 

The roles of H2S consumption enzymes via catabolic effects on either H2S directly or on the 

amino-acid cysteine, may not appear obvious at first sight, but their potential influence on H2S 

tissue levels can’t be forgotten80. Even with their recognised association with H2S detoxification, 

only now are we beginning to see how these enzymes influence physiological levels of this gas. 

H2S is removed quickly from the cellular environment via two main catabolic pathways, 

described below: i) H2S oxidation, which takes place mainly in mitochondria, initially to 

thiosulfate, followed by its conversion to sulfite and sulfate; and ii) scavenged by hemoglobin to 

form sulfhemoglobin, as well as other metalloproteins. 

1.6.1 Mitochondrial oxidation 

Mitochondria is known to be the main site where the oxidation and removal of H2S takes place. 

In the body, the process of H2S oxidation and detoxification occurs predominantly in the liver and 

colon, and subsequently products are excreted in the urine89. Interestingly, Norris et al. also 

reported that liver might have an important role in the regulation of H2S levels in the circulation, 

as a consequence of its location and an enhanced capacity to clearance blood H2S through H2S 

oxidation90. 

The very sequence of reactions and acceptors in the mitochondrial H2S oxidation pathway is 

uncertain, leading to contradictory depictions of sulfide oxidation. It is generally accepted that 

the first step of sulfide breakdown is catalyzed by the action of membrane-associated sulfide 

quinone oxidoreductase (SQR). This flavoprotein transfers electrons from H2S to coenzyme Q in 

the mitochondrial electron transfer chain, thus making H2S the first inorganic substrate that is able 

to sustain mitochondrial respiration, indicating that H2S oxidation and elimination can promote 

adenosine triphosphate  (ATP) synthesis91. Concomitantly, SQR transfers the H2S sulfur atom 

(S0) to an acceptor, the physiological persulfide acceptor is postulated to be reduced glutathione 

(GSH) resulting in the formation of glutathione persulfide (GSSH). Persulfide groups are further 

oxidised to sulfite (SO3
2-) by sulfur dioxygenase (ETHE1) present in the mitochondrial matrix92,93. 
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Sulfite is then directly oxidised to sulfate (SO4
2-) by sulfite oxidase or thiosulfate (S2O3

2-) by 

rhodanese and excreted in the urine93. Then major oxidation products of H2S are thiosulfate 

(S2O3
2-) and sulfate (SO4

2-) whose ratio and production rate vary in a tissue-specific manner94 

(Figure 4 A). 

Figure 4. Oxidation of H2S. A) First step of sulfide oxidation is catalyzed by the action 
of membrane-associated sulfide quinone oxidoreductase (SQR), which transfers the H2S 
sulfur atom to GSH as an acceptor, to form GSSH. GSSH is further oxidised to sulfite 
(SO3 

2-) by sulfur dioxygenase (ETHE1). Sulfite is then directly oxidised to sulfate   (SO4
2) 

by sulfite oxidase (SO) or thiosulfate (S2O3 
2-) by rhodanese (TST). B) Alternative sulfide 

oxidation pathways, with an unknown acceptor or sulfite as acceptors coupled to SQR. In 
the sulfite pathway, sulfite is originated via cysteine catabolic pathway in which cysteine 
sulfinate in the cytoplasm is converted to β-sulfinylpyruvate in the mitochondria. Figure 
taken and adapted from Murphy B. (2019)298 and Libiad M. (2014)91. 
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Instead of reduced glutathione as persulfide acceptor, it is also suggested to be sulfite or an 

unknown acceptor92,95. Thus case, persulfide groups are indirectly transferred to GSH to yield 

GSSH, the only known substrate for ETHE1. The proposed reaction assumes that sulfite is the 

acceptor, possibly derived via the cysteine catabolic pathway in which cysteine sulfinic acid 

formed in the cytoplasm is converted to β-sulfinylpyruvate in the mitochondrion. Then originated 

sulfite or unknown acceptor is oxidized to thiosulfate or oxidized acceptor respectively, which in 

turn persulfidate GSH thanks to the action of thiosulfate sulfurtransferase (TST) to form GSSH

and sulfite or acceptor again91 (Figure 4 B).

1.6.2 Scavenging

Besides being metabolized through the mitochondrial sulfide-oxidizing pathway, H2S can be 

oxidized by several metalloproteins such as globins, heme-based sensors of diatomic gaseous 

molecules (such as O2, NO, CO), cytochrome c oxidase, catalase and peroxidases

(lactoperoxidase, myeloperoxidase and thyroid peroxidase), as reported by several groups96–100.

1.7 METABOLISM AND H2S

H2S has been shown to regulate a myriad of cellular processes with multiple physiological 

consequences. As such, dysfunctional tissue H2S metabolism is increasingly implicated in 

different pathologies, from cardiovascular and neurodegenerative diseases to cancer67. However, 

the impact of H2S has been scarcely investigated in the pathophysiology of obesity and its 

importance in the physiology of human adipose tissue. Understanding the precise mechanisms 

that control H2S homeostasis and their dysregulation during obesity and its role in adipose tissue 

a major research focus. Despite decades of molecular and cellular studies on the enzymatic 

systems involved in H2S synthesis and breakdown, it appears at times that this field of biology is 

still in its infancy, with new targets of H2S and related species being consistently identified and 

new mechanistic details being unrevealed.
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1.7.1 H2S and obesity

There is emerging evidence supporting the importance of H2S in the pathophysiology of obesity 

and type 2 diabetes101. Exogenous H2S administration led to increased insulin sensitivity and 

improved glucose tolerance after a high-fat diet-fed in mice in parallel to weight gain102,103.

Supplementation with H2S donors or increasing endogenous H2S biosynthesis was sufficient to 

stimulate fat mass accumulation in mice and fruit flies, whereas depletion of endogenous H2S

biosynthesis prevented HFD-induced fat mass103,104.

In humans, the role of circulating H2S has been scarcely investigated. Plasma H2S levels were 

found to be significantly decreased in non-obese individuals with type-2 diabetes and in 

overweight participants with altered glucose tolerance101,105. To the best of our knowledge, 

circulating H2S levels in morbidly obese subjects have not been yet investigated.

1.7.2 The role of H2S in adipose tissue

Feng et al.106, first identified the endogenous CTH and CBS gene expression pathway in adipose 

tissue, and suggested CTH as the primary pathway of H2S generation in adipose tissue106. The 

same year, Fang et al. first demonstrated that CTH protein expression and endogenous H2S

production in rat perivascular adipose tissue were detectable and that the endogenous H2S

generated was predominantly CTH-catalysed107. Following studies confirmed that CBS, CTH and 

MPST genes were expressed in adipose tissue depots108,109, and suggested that H2S affects diverse 

metabolisms that take place in the adipose tissue, such as lipid, glucose, and mitochondrial 

metabolism. H2S is also involved in the regulation of inflammatory and oxidative stress associated 

response in adipose tissue, through adipokine and antioxidant control110. In vitro 3T3-L1 mouse

cell line model, point to a possible role of H2S in adipocyte differentiation through the modulation 

of PPARγ activity103,104,111. The overexpression of the H2S generation enzyme CTH and the 

administration of the H2S donor sodium hydrosulfide (NaHS) to 3T3-L1 cells in an environment 

of high glucose restored adiponectin secretion and decreased the secretion of proinflammatory 

cytokines112. However, the impact of H2S on human adipocytes and adipose tissue has not been

investigated, while its possible role in adipogenesis is not yet completely understood.
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1.8 PHYSIOLOGICAL PROPERTIES OF H2S

The effects of H2S are well documented to be biphasic, mainly due to the wide range of H2S

concentrations used. At low concentrations, H2S was demonstrated to be cytoprotective via acting 

as an antioxidant and anti-inflammatory agent, whereas at high concentrations H2S becomes an 

oxidant and a pro-inflammatory agent.

1.8.1 Redox role of H2S

Oxidative stress involves molecular or cellular damage, resulting from deficiency of antioxidants 

and/or antioxidant enzyme systems, and disrupting the cellular reduction-oxidation balance113,114.  

The human body is equipped with a variety of antioxidants that serve to counterbalance the effect 

of oxidants, being H2S one of the most important. In fact, H2S protects cells in various diseases 

by acting as an antioxidant that reduces excessive amounts of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS)115. ROS are highly reactive molecules and can damage cell 

structures such as carbohydrates, nucleic acids, lipids, and proteins and alter their functions116.

Several studies have highlighted the role of H2S in cellular redox homeostasis, which can be 

summarized in two main mechanisms: i) modulating levels and activity of classic cellular 

antioxidants, such as glutathione (GSH) and thioredoxin (TRX), ii) and increasing the activity or 

expression of the transcription nuclear factor (erythroid-derived 2)-like 2 (NRF2) and the histone 

deacetylase protein family of sirtuins (SIRTs), which in turn increase the expression of 

antioxidant enzymes (AOE).

As mentioned before, one such way H2S may exert its antioxidant effects is through modulating 

the expression and activity of classic antioxidants, like GSH and TRX. GSH is a tripeptide made 

of cysteine, glycine and glutamate, existing often as a reduced form, and it is synthesized from 

cysteine. GSH reduces disulfide bonds formed within cytoplasmic proteins to cysteines by serving 

as an electron donor. In the process, GSH is converted to its oxidized form, glutathione disulfide 

(GSSG)117. GSH is synthesized by the consecutive catalysis of two enzymes, γ-glutamyl cysteine 

synthetase (γ-GCS) and glutathione synthetase (GS)117,118. H2S administration has been shown to 
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enhance γ-GCS activity, without changing its expression119. H2S administration is also associated 

with augmented levels of GSH in the mitochondria. As cytoplasmic GSH is transported into 

mitochondria, because mitochondria cannot synthesize GSH, the enhanced mitochondrial GSH 

concentration following H2S administration is suggested to depend on the increased cytoplasmic 

GSH levels and enhanced transport into the mitochondria119 (Figure 5).

As mentioned above, the NRF2 transcription nuclear factor mediates the expression of antioxidant 

enzymes. Under normal physiologic conditions, this transcription factor is confined to the 

cytoplasm by binding to Kelch-like ECH-associated protein 1 (KEAP1) dimer forming an inactive

complex. Whenever a change in redox status occurs by increased cellular ROS 

levels, KEAP1 dimer changes conformation due to the breaking of disulfide bonds between 

cysteine residues, and releases NRF2, which translocates to the nucleus and induces the 

transcription of AOE genes to attain redox homeostasis120. Various studies have shown that 

persulfidation of KEAP1 at the cysteine-151 residue, leading to NRF2 dissociation, increased 

nuclear translocation and expression of antioxidant genes through binding to antioxidant response 

elements (ARE) promoters sites121. In addition, H2S can S-sulfhydrate KEAP1 at the cysteine-226 

and cysteine-613 residues, leading to Keap1 inactivation, NRF2 release and promotion of NRF2-

dependent gene expression122.

The sirtuins are a family of highly conserved NAD+-dependent deacetylases that mediate a

variety of cellular functions and are regulated in response to a wide range of stimuli, including 

nutritional and metabolic changes, inflammatory signals and oxidative stress. The idea that 

sirtuins are involved in redox signaling comes from their strong connections to several of the 

molecules of the antioxidant response element, which mediates signaling events involved in 

transcriptional regulation of gene expression in cells exposed to oxidative stress123. Disruption of 

redox cellular homeostasis affects SIRTs at different levels, including inducing or repressing their 

expression, and leading to post-translational modifications such as cysteine oxidation and 

nitrosylation, which can lead to loss of their function124.
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Figure 5. Overview of oxidative stress regulation and antioxidant effect of H2S. When H2S levels are
increased, Kelch-like ECH-associated protein 1 (KEAP1) is persulfidated, which brings a conformational 
change of the protein and NRF2 release from KEAP1, allowing the translocation of NRF2 to the nucleus,
where it binds to the promoter containing antioxidant response element (ARE) sequences and increased 
transcription of antioxidant genes such as catalase (CAT), superoxide dismutase  (SOD), glutathione-S-
transferase (GST) and glutathione peroxidase (GPx). H2S can also induce GSH synthesis, which blocks 
ROS production. During oxidative stress, H2S induces SIRT1 through persulfidation, to regulate the levels 
of nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate NAD/NADH to 
prevent ROS generation. SIRT1 and SIRT3 induced the expression of transcription factor FOXO3, which 
regulate the transcription of antioxidant enzymes. In the mitochondria, H2S can induce SOD2 through 
SIRT3 to regulate oxidative stress.

Two sirtuins that are known to be central to the control oxidative stress processes are mammalian 

sirtuin 1 (SIRT1) and sirtuin 3 (SIRT3), which are localized to the nucleus and mitochondria, 

respectively. Studies suggest that SIRT1 is sensitive to intracellular redox radicals and maybe a 

key regulator of cell survival in response to oxidative stress125. During oxidative stress, H2S

induces SIRT1 through persulfidation to regulate the levels of NAD/NADH to prevent ROS 

generation. In addition, H2S has been shown to induce the expression of activator protein-1, which 

promotes the expression of SIRT3126. Then SIRT3 induces the expression of transcription factor

forkhead box O3 (FOXO3) and consequent ROS production, promoting the activator protein-1.
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Additionally, H2S can induce superoxide dismutase 2 (SOD2) through SIRT3 in mitochondria 

and regulate oxidative stress126 (Figure 5).

1.8.2 Role of H2S in inflammation

Inflammation is an adaptive response to injury, but uncontrolled inflammation can lead to tissue 

damage and disease. H2S has recently gained significant attention as an inflammation biological 

mediator. Antiinflammatory effect of H2S has been reported in acute lung injury127,128, and in 

kidney injury caused by urinary-derived sepsis129. In vitro studies confirmed this 

antiinflammatory role130 through the modulation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) activity56. Antiinflammatory effect of H2S is supported by the fact that 

H2S deficiency contributes to the switch of adipose tissue macrophages anti-inflammatory M2 

phenotype to proinflammatory M1 phenotype associated with obesity131. However, other studies 

reported that H2S has a proinflammatory effect in the liver and aggravated LPS-induced liver 

damage 132–135.

1.9 H2S SIGNALLING

Hydrogen sulfide plays important regulatory roles in innate immunity and inflammatory 

responses impacting on the development of cardiovascular and metabolic diseases55–59, through 

different molecular mechanisms, including scavenging of reactive oxygen species136 and a new 

revealed mechanism known as persulfidation137.

1.9.1 Protein persulfidation

Persulfidation is a post-translational modification in which thiol groups (R–SH) from reactive 

cysteine residues are converted into perthiols (R–SSH). Persulfidation is known to modulate the 

structure and biological activity of target proteins, preventing irreversible cysteine overoxidation, 

and in consequence, preserving protein function137–139. Persulfidation usually increases the 
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reactivity of target proteins, modulating their biological activities, whereas other post-

translational modifications, such as S-nitrosylation often decrease protein activity140.

1.10 WORKING WITH H2S

1.10.1 Hydrogen sulfide donors

Compounds that degrade in response to a specific trigger to release H2S, termed H2S donors, 

include a wide variety of functional groups and delivery systems, some of which mimic the tightly 

controlled endogenous production in response to specific, biologically relevant conditions137.

Today, a lot of H2S donors are available and have been developed. 

The most common class of H2S donors employed in biological studies are the sulfide salts, sodium 

hydrosulfide (NaHS) and sodium sulfide (Na2S). These salts release H2S almost instantly on 

contacting water. Although, the sulfide salts have the advantage of boosting H2S concentration 

rapidly, this rapid and spontaneous release of H2S may become toxic if not controlled. 

Additionally, due to the very high volatility of H2S, the concentration of the solution may decrease 

rapidly, resulting in a non-physiological role of hydrogen sulfide141.

Synthetic donors that provide tunable H2S release rates via structural modification with discrete 

byproducts allow for a more in-depth analysis of the physiological roles of H2S and, 

optimistically, clinically relevant H2S-releasing prodrugs. GYY4137 is a synthetic water-soluble 

derivative of Lawesson's reagent (LR), which also releases H2S via hydrolysis142. GYY4137 is 

generally regarded as a slow-releasing H2S donor, because GYY4137 released H2S with a peaking 

time of 10 min versus 10 seconds for NaHS in phosphate buffer142. The GYY4137 has proven to 

be a useful tool, particularly in investigating the importance of H2S release rate on physiological 

outcomes137.
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1.10.2 Methods to detect hydrogen sulfide 

Due to the widespread interest in its biological functions, detection methods for sulfide have 

evolved from simple colorimetric assays to the more recently used techniques, including high-

pressure liquid chromatography (HPLC) and gas chromatography (GC)61,143,144, 

monobromobimane (MBB)145–148, methylene blue method149,150, fluorescence probes151, and 

electrochemical sensors (ion-sensitive electrodes and polarographic H2S sensors)152,153. 

The best method for H2S measurement has caused considerable controversy. H2S exists in various 

chemical forms: free (hydro- sulphide anion, HS), acid-labile (bound to the sulfur-iron clusters of 

proteins), bound sulfane sulfur (bound to proteins, i.e. poly- sulfides, persulfides, etc.). Total H2S 

refers to all these forms together. Certainly, each technique has its advantages and limitations. An 

ideal method for the detection should be able to distinguish between free and bound labile 

sulfides. 

Total H2S levels can be measured with different methods, as mentioned, among which the most 

commonly used is the monobromobimane method with spectrophotometric detection, recently 

fluorescent probes gained attention. Chromatography based methods, which have been used to 

measure both plasma and tissue H2S sensitivity, however, do not have the capability of real-time 

measuring in biological samples and require hypoxic or anoxic conditions144,145,154. In a typical 

MBB assay, H2S reacts with two molecules of monobromobimane to form the fluorescent sulfide-

dibimane, followed by HPLC assay with fluorescence detection. This method requires relatively 

expensive equipment, and its time-consuming process results in unknown reactions in blood 

samples, thus interfering in the detection of sulfide and making real-time measurements of H2S 

impossible145–148.  

The methylene-blue method is one of the most commonly used spectrometric methods for 

measuring plasma H2S, which involves the reaction of H2S with N,N-dimethyl-p-

phenylenediamine sulfate to produce the light-absorbing methylene blue. However, this method 

allows quantifying free H2S, although, due to acidic sample pre-treatment, acid-labile sulfide can 

be also freed to some extent, thus possibly and unpredictably decreasing overall accuracy155. 
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Some other spectroscopic methods offer high sensitivity and selectivity for H2S. For example, it 

is noteworthy that the most recently developed sulfide-sensitive fluorescent probes enable H2S 

measurement in cell and blood samples at low concentrations147,151,156. Compared with traditional 

methods, the detection of reactive sulfur species via fluorescence can lower the external influence 

on the endogenous species distribution, can reduce the time of sample preparation, and can 

achieve real-time detection151. 

Electrochemical sensors have several advantages including high sensitivity, high selectivity, low 

detection limit, fast response time, repeatability157. However, electrochemical sensors have 

several limitations that make them a pointless method to measure reliable free sulfide due to their 

high sensitivity to temperature, light, interference from other gases or the use of strong alkaline 

antioxidant buffers, resulting in sulfide release from other biological sources such as cysteine or 

small molecular weight thiols155,158. Ion-sensitive electrodes (ISEs) and amperometric 

(polarographic) H2S sensors are two well-known devices that have been applied to detect H2S 

concentration in biological samples. 

Sulfide-specific ion-selective electrodes (ISEs), utilizing a micro-electrode that measure the ion 

S2−  directly have also been used on biological samples, but results provided by this method may 

be inaccurate, and/or difficult to interpret. Formation of S2− requires mixing the sample with a 

strong alkaline solution (pH>11), generally referred to as the “antioxidant buffer,” to drive the 

equilibrium between H2S, HS−, and S2− to favor S2−. These alkaline conditions appear to promote 

hydroxyl replacement of cysteine sulfur from the bound sulfane sulfur and acid-labile sulfur 

thereby producing erroneously high sulfide concentrations that continue to increase with 

time155,158.  

The polarographic electrode directly measures the concentration of dissolved H2S gas in real-

time158. Because this method only measures H2S gas, total sulfide must be calculated from 

concomitant pH measurements. Polarographic electrodes also consume sulfide, albeit slowly. 

However, this can become problematic when measurements are made in a small volume in which 

there is an increased probability of lowering the total sulfide concentration, or in unstirred 
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conditions in which electrode consumption can reduce sulfide concentration in the immediate area 

surrounding the tip of the electrode. Amperometric electrodes are generally pressure and 

temperature-sensitive and prone to drift, necessitating frequent calibration155.

1.10.3 Methods to detect protein persulfidation

Having a selective method for persulfide detection is of most importance in order to fully 

understand the physiological and pathophysiological role of H2S. Several methods have been 

proposed for the detection of protein persulfidation, all of which are detailed below.

1.10.3.1 Modified Biotin-Switch Method

This method was a modification of the method originally used for the detection of protein S-

nitrosation in proteins, known as the biotin switch assay159. Protein persulfides were postulated to 

remain unreacted after the blocking of thiols with S-methyl methanethiosulfonate (MMTS)53.

Hence after the excess MMTS is removed, the free persulfides can be labeled with the use of 

biotin-HPDP, as shown in Figure 6.

Figure 6. Diagram of modified Biotin Switch Assay. This method is a modification of Jaffrey et al. 
“Biotin Switch” method. First, free -SH groups are blocked with S-methyl methanethiosulfonate (MMTS), 
without affecting protein persulfides. Then, persulfides are labeled with biotin-HPDP. Figure taken and 
adapted from Kouroussis E. (2019)160.
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1.10.3.2 Cy5-Maleimide Labelling

Cy5-labeled maleimide was used as a thiol-blocking reagent, to block both the persulfides and 

free thiol of tested protein sample. The product of Cy5-maleimide and persulfide is actually a 

disulfide that can be cleaved by dithiothreitol (DTT). The samples were then treated with DTT 

and the decrease of in-gel fluorescent signal was monitored as a readout for the persulfide levels 

(Figure 7).

Figure 7. Diagram of Cy5-conjugated maleimide method. Cyanine5 maleimide is a mono-reactive dye 
which selectively couples with thiol groups (persulfidated proteins and free thiols) to give labeled 
conjugates. DTT, then cleaves the bound between Cy5-conjugated maleimide with protein persulfides, 
resulting in a decrease of fluorescence signal, proportional to sample persulfides. Figure taken and adapted 
from Kouroussis E. (2019)160.

1.10.3.3 Tag-Switch Method

Using the first described method, the modified biotin switch assay, a large number of 

persulfidated proteins were identified in animal and plant systems53,161. Nevertheless, the 

specificity of the blocking reagent S-methyl-methanothiosulfonate (MMTS) has been questioned 

by several authors. Thus, a new approach to detect persulfidated proteins was recently described,

the tag-switch method162. This method employs methylsulfonylbenzothiazole (MSBT) to block 

both thiols and persulfide groups in the first step; then, the disulfide bonds in persulfide adducts 

possess enhanced reactivity to nucleophilic attack by the cyanoacetate-based reagent derivates 

(such as CN-biotin, CN-BOT or CN-Cy3), while thiol adducts are thioethers that do not react with 

nucleophiles (Figure 8). To identify and quantify presulfidated proteins, persulfidated proteins 
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tagged with cyanoacetate-biotin are purified with streptavidin-beads and analyzed by liquid 

chromatography-mass spectrometry (LC-MS).

Figure 8. Diagram of the tag-switch method. This method employs methylsulfonylbenzothiazole 
(MSBT) to block both thiols and persulfide groups in the first step. Then, the disulfide bonds in persulfide
adducts possess enhanced reactivity to nucleophilic attack by the reporting molecule (such as cyanoacetate-
based reagent CN-biotin, Cy3-dye (CN-Cy3) and CN-BOT) while thiol adducts do not react with the 
reporting molecule.

Despite all this knowledge, many things about the regulatory mechanisms of H2S on physiological 

roles in human adipose tissue have not been investigated. We here report the first observations, 

to our knowledge, linking H2S to the physiology of human adipose tissue.
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2. HYPOTHESIS 
 

This thesis examines H2S in obesity and its possible role in adipose tissue physiology. 

Taking into account the H2S physiological properties and previous studies in mice102,103 and 

humans without morbidly obesity101, we hypothesize that hydrogen sulfide is altered in obesity, 

and impacts on adipogenesis and human adipose tissue physiology modulating inflammation and 

insulin action. 
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3. OBJECTIVES

To test this hypothesis, we aimed: 

1. To evaluate circulating H2S in humans according to obesity.

2. To evaluate the role of H2S on 3T3-L1 adipocyte differentiation and inflammation.

3. To evaluate the importance of CBS in ASC52telo cells.

4. To evaluate the role of H2S-synthesizing enzymes and H2S in human preadipocytes, adipocytes

and in adipose tissue physiology according to insulin sensitivity.

5. To determine the protein persulfidation profile associated with adipogenesis in preadipocytes

and human differentiated adipocytes.
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Abstract
Background and objectives The importance of hydrogen sulfide is increasingly recognized in the pathophysiology of
obesity and type 2 diabetes in animal models. Very few studies have evaluated circulating sulfides in humans, with
discrepant results. Here, we aimed to investigate serum sulfide levels according to obesity.
Subjects and methods Serum sulfide levels were analyzed, using a selective fluorescent probe, in two independent cohorts [cross-
sectionally in discovery (n= 139) and validation (n= 71) cohorts, and longitudinally in 82 participants from discovery cohort]. In
the validation cohort, blood gene expression of enzymes contributing to H2S generation and consumption were also measured.
Results In the discovery cohort, serum sulfide concentration was significantly increased in subjects with morbid obesity at
baseline and follow-up, and positively correlated with BMI and fat mass, but negatively with total cholesterol, haemoglobin,
serum ferritin, iron and bilirubin after adjusting by age, gender and fat mass. Fat mass (β= 0.51, t= 3.67, p < 0.0001)
contributed independently to age-, gender-, insulin sensitivity- and BMI-adjusted serum sulfide concentration variance.
Importantly, receiver operating characteristic analysis demonstrated the relevance of fat mass predicting serum sulfide levels,
which was replicated in the validation cohort. In addition, serum sulfide concentration was decreased in morbidly obese
subjects with impaired compared to those with normal fasting glucose. Longitudinally, weight gain resulted in increased
serum sulfide concentration, whereas weight loss had opposite effects, being the percent change in serum sulfide positively
correlated with the percent change in BMI and waist circumference, but negatively with bilirubin. Whole blood CBS, CTH,
MPST, SQOR, TST and MPO gene expression was not associated to obesity or serum sulfide concentration.
Conclusions Altogether these data indicated that serum sulfide concentrations were increased in subjects with morbid
obesity in proportion to fat mass and inversely associated with circulating markers of haem degradation.

Introduction

Hydrogen sulfide has emerged as an important factor in
diverse physiological and pathophysiological processes,
such as neurodegeneration, regulation of inflammation and

blood pressure and metabolism [1]. A variety of diseases,
such as cancer, diabetes and metabolic disorders, are asso-
ciated with altered endogenous levels of H2S [2]. H2S is
endogenously generated from cysteine by pyridoxal-5′-
phosphate-dependent enzymes, cystathionine β-synthase
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(CBS) and cystathionine γ-lyase (CTH or CSE), through the
transsulfuration pathway [3], but also 3-mercaptopyruvate
sulfurtransferase (MPST) activity has been described as a
source of H2S [4]. In addition, the major H2S-metabolizing
enzyme sulfide quinone oxidoreductase (SQOR) [5], and
other enzymes such as thiosulfate sulfurtransferase (TST)
and myeloperoxidase (MPO) also modulate H2S levels by
increasing H2S consumption and oxidation [6, 7].

There is emerging evidence supporting the importance of
H2S in the pathophysiology of obesity and type 2 diabetes [8].
Exogenous H2S administration led to increased insulin sensi-
tivity and improved glucose tolerance after a high-fat diet-fed
in mice in parallel to weight gain [9, 10]. Supplementation with
H2S donors or increasing endogenous H2S biosynthesis was
sufficient to stimulate fat mass accumulation in mice and fruit
flies, whereas depletion of endogenous H2S biosynthesis pre-
vented HFD-induced increase in fat mass [9, 11].

In humans, the role of circulating sulfide has been scarcely
investigated. Plasma sulfide levels were found to be sig-
nificantly decreased in non-obese individuals with type 2 dia-
betes and in overweight participants with altered glucose
tolerance [8, 12]. However, to the best of our knowledge,
serum sulfide levels have not been previously investigated in
subjects with obesity. Here, we aimed to investigate (cross-
sectionally and longitudinally) serum sulfide in morbidly obese
subjects in two independent cohorts. In addition, expression of
H2S-synthesising (CTH, CBS and MPST) and H2S-removing
(SQOR, TST and MPO) enzymes in whole blood according to
obesity status was also analyzed.

Materials/Subjects and methods

Participants recruitment

Discovery cohort

From January 2016 to October 2017, a cross-sectional case-
control study was undertaken in the Endocrinology Depart-
ment of Josep Trueta University Hospital. We included 139
consecutive subjects, 85 obese (BMI ≥ 30 kg/m2) participants
and 54 non-obese (BMI < 30 kg/m2) similar in age (age range
of 28–66 years) and sex distribution. Furthermore, 16 mor-
bidly obese participants were recruited at Arnau de Vilanova
University Hospital. Normal fasting glucose (NFG) was
defined according to ADA recommendations [13], with
fasting glucose < 100mg/dl), and impaired fasting glucose
(IFG), with fasting glucose between 100 and 126 mg/dl).

Longitudinal changes in discovery cohort

To evaluate longitudinally the relationship between serum
sulfide and metabolic parameters, 82 participants (29 non-obese

and 53 obese) were followed during 1 year. After the initial
assessment, obese patients were instructed to reduce their
daily caloric intake between 500 and 800 kcal. A hypocaloric
diet containing 20–25 kcal/kg and composed by 30% fat
(10% saturated fat), 15% protein, 20–25 g dietary fibre and
55% carbohydrates was recommended. The subjects were
followed every 4 months to monitor dietary compliance. In
addition, 22 of 53 obese participants underwent bariatric
surgery via Roux-en-Y gastric bypass. Exclusion criteria
were: type 2 diabetes mellitus, chronic inflammatory sys-
temic diseases, acute or chronic infections in the previous
month, severe disorders of eating behaviour or major psy-
chiatric antecedents; neurological diseases, history of trauma
or injured brain, language disorders and excessive alcohol
intake (≥40 g OH/day in women or 80 g OH/day in men).

The institutional review board—Ethics Committee for
Clinical Research (CEIC) of Dr. Josep Trueta University
Hospital (Girona, Spain) and Arnau de Vilanova University
Hospital (Lleida, Spain)—approved the study protocol and
informed written consent was obtained from all participants.

Validation cohort

This cohort includes 71 (18 non-obese and 53 obese) non-
diabetic participants of Caucasian origin recruited at the
Endocrinology Service of the Hospital Universitari Dr.
Josep Trueta (Girona, Spain). Exclusion criteria were type
2 diabetes, clinically significant hepatic, neurological or
other major systemic disease, including malignancy,
infection in the previous month, an elevated serum crea-
tinine concentration, acute major cardiovascular event in
the previous 6 months, acute illnesses and current evi-
dence of high grade chronic inflammatory or infective
diseases, serious chronic illness, >20 g ethanol intake/day
or use of medications that might interfere with insulin
action. Liver and thyroid dysfunction were specifically
excluded by biochemical work-up. Samples and data from
patients included in this study were provided by the
FATBANK platform promoted by the CIBEROBN and
coordinated by the IDIBGI Biobank (Biobanc IDIBGI,
B.0000872), integrated in the Spanish National Biobanks’
Network and they were processed following standard
operating procedures with the appropriate approval of the
Ethics, External Scientific and FATBANK Internal Sci-
entific Committees. To ensure blinding in outcome ana-
lyses, all samples were codified.

Anthropometric measurements and analytical
methods

BMI was calculated as the weight in kilograms divided by
height in metres squared. The waists of participants were
measured with a soft tape midway between the lowest rib
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and the iliac crest, and hip circumference was measured at
the widest part of the gluteal region. Body composition was
assessed using a dual energy x-ray absorptiometry (GE
lunar, Madison, Wisconsin). Serum glucose concentrations
were measured in duplicate by the glucose oxidase method
using a Beckman glucose analyzer II (Beckman Instru-
ments, Brea, California). Glycated haemoglobin (HbA1c)
was measured by the high-performance liquid chromato-
graphy method (Bio-Rad, Muenchen, Germany, and auto-
analyser Jokoh HS-10, respectively). Serum insulin was
measured by Human Insulin ELISA kit (RIS006R, Bio-
vendor—Laboratorni medicina, a.s., Brno, Czech Republic)
with intra- and inter-assay coefficient of variation < 7% and
<10%, respectively. Insulin resistance was estimated by
using the formula of the homoeostatic model assessment of
insulin resistance (HOMA-IR) as: (Fasting glucose (mg/
dl) × fasting insulin (μIU/ml))/405) [14]. HDL cholesterol
was quantified following precipitation with polyethylene
glycol at room temperature. The Friedewald formula was
used to calculate the concentration of LDL cholesterol.
Total serum triglycerides were measured through the reac-
tion of glycerol-phosphate-oxidase and peroxidase on a
Hitachi 917 instrument (Roche, Mannheim, Germany).
C-reactive protein (ultrasensitive assay; 110 Beckman,
Fullerton, CA), total bilirubin, haemoglobin, ferritin and
iron were determined by a routine laboratory test.

Hyperinsulinemic-euglycemic venous clamp

Insulin action was determined by hyperinsulinemic-
euglycemic clamp. After an overnight fast, two catheters
were inserted into an antecubital vein, one for each arm,
used to administer constant infusions of glucose and insulin
and to obtain arterialized venous blood samples. A 2-h
hyperinsulinemic-euglycemic clamp was initiated by a two-
step primed infusion of insulin (80 mU/m2/min for 5 min,
60 mU/m2/min for 5 min) immediately followed by a con-
tinuous infusion of insulin at a rate of 40 mU/m2/min
(regular insulin [Actrapid; Novo Nordisk, Plainsboro, NJ]).
Glucose infusion began at minute 4 at an initial perfusion
rate of 2 mg/kg/min being then adjusted to maintain plasma
glucose concentration at 88.3–99.1 mg/dl. Blood samples
were collected every 5 min for determination of plasma
glucose and insulin. Insulin sensitivity was assessed as the
mean glucose infusion rate during the last 40 min. In the
stationary equilibrium, the amount of glucose administered
(M) equals the glucose taken by the body tissues and is a
measure of overall insulin sensitivity.

Fluorescence probe sulfide quantification

To measure blood sulfide levels, avoiding the possible
interference of some anticoagulants such as EDTA, required

to obtain plasma samples, we only used serum samples.
Blood samples were collected and transferred in a BD
Vacutainer tube with clot activator and separating gel (Ref:
366468, BD, Plymouth, UK), and centrifuged at 1600 × g
during 15 min at 4 °C to obtain serum, which was stored at
−80 °C in 0.5 ml aliquots of sterile air tight vials (Ref:
72.694.005 Sarstedt Inc Nümbrecht, Germany) to avoid
repeated freeze/thawing cycles, and thawed only once
before sulfide measurement. The stability of sulfide in
serum samples was previously reported [15]. This study
demonstrated that one freeze/thawing cycle had no sig-
nificant effect on measured sulfide levels in comparison
with freshly withdrawn serum samples [15]. Both baseline
and follow-up samples were analyzed at the same time.
Importantly, eight samples were reanalyzed 8 months later,
and no significant differences in serum sulfide levels were
found (9.63 ± 6.6 vs 11.11 ± 7.5, p= 0.7), indicating that
storage of samples for long of a period did not impact on
serum sulfide levels.

Sulfide concentration in serum was assessed using a
naphthalimide-based fluorescent sensor 6-Azido-2-(2-(2-
(2-hydroxyethoxy) ethoxy)ethyl)-1H-benzo[de]isoquino-
line-1,3 (2H)-dione [L1 probe azido group (R-N3)], which
was chemically synthesized in Institute of Computational
Chemistry and Catalysis (Chemistry Department, Uni-
versity of Girona) as described previously [16]. To mea-
sure sulfide levels, serum and standard curve were
incubated 70 min at 37 °C in the dark with 5 μmol/l of L1
probe. Standard curve was generated from a 10 mM stock
solution of sodium sulfide (Na2S) in phosphate buffered
saline containing 5 μmol/l of L1 at various concentrations
(0, 3.8, 7.8, 15.6, 31.25, 62.5, 125 and 250 μmol/l Na2S).
After incubation, fluorescence was read in a BioTek
Cytation 5 reader at λ ex= 435 ± 20 and λ em= 550 ±
20 nm. Blank control of serum samples was performed in
the same incubation conditions without L1 probe. Intra-
and inter-assay coefficients of variation for these deter-
minations were <9.7% and <10.5%, respectively. Serum
sulfide levels are mentioned as L1-sulfide levels to specify
the method used.

RNA expression

To preserve RNA, whole blood collected in PAXgene
Blood RNA tubes (Qiagen, Hilden, Germany). Gene
expression was assessed by real-time PCR using a
LightCycler® 480 Real-Time PCR System (Roche Diag-
nostics SL, Barcelona, Spain), using TaqMan® technology
suitable for relative genetic expression quantification. The
commercially available and pre-validated TaqMan® pri-
mer/probe sets used were as follows: peptidylprolyl iso-
merase A (cyclophilin A) (4333763, PPIA as endogenous
control), cystathionine γ-lyase (CTH, Hs00542284_m1),
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CBS (Hs00163925_m1) and MPST (Hs05579360_s1),
SQOR (SQOR or SQRDL, Hs01126963_m1), TST
(Hs00361812_m1) and MPO (Hs00165162_m1).

Statistical analyses

Statistical analyses were performed using SPSS
12.0 software. Unless otherwise stated, descriptive
results of continuous variables are expressed as mean and
SD for Gaussian variables or median and interquartile
range. Unpaired t-test was used to compare circulating
sulfide concentration according to obesity. Student’s
paired two‐sample t test was used to compare anthro-
pometric parameters and serum sulfide concentrations in
longitudinal study. The correlation between variables
was analyzed by simple correlation (Spearman’s test)
and multivariate regression analysis. Receiver operating
characteristic (ROC) analysis was conducted to deter-
mine the ability of fat mass to discriminate between
patients with increased and decreased serum sulfide
levels. Area under the curve and 95% confidence interval
were determined. Levels of statistical significance were
set at p < 0.05.

Results

Serum L1-sulfide levels were associated to obesity
and fat mass

Discovery cohort

Serum L1-sulfide concentration was significantly
increased in morbid obesity (Table 1, Fig. 1a), and posi-
tively correlated with BMI, waist circumference, fat mass
(Fig. 1b), fasting insulin, HOMA-IR and hsCRP, but
negatively with insulin sensitivity, total and HDL cho-
lesterol, haemoglobin, serum ferritin, iron and total bilir-
ubin (Table 1). Multivariate regression analysis revealed
that fat mass (β= 0.51, t= 3.67, p < 0.0001) contributed
independently to age-, gender-, insulin sensitivity- and
BMI-adjusted serum L1-sulfide concentration variance. Of
note, additional analysis revealed that circulating iron-
related parameters [iron (β=−0.23, t=−2.84, p=
0.005), haemoglobin (β=−0.22, t=−2.35, p= 0.02),
ferritin (β=−0.21, t=−2.28, p= 0.02)], total bilirubin
(β=−0.31, t=−4.01, p < 0.0001) and total cholesterol
(β=−0.18, t=−2.26, p= 0.02), but not fasting insulin

Table 1 Serum L1-sulfide and
anthropometric and clinical
parameters according to obesity
in cohort 1 at baseline, and
bivariate correlations between
serum L1-sulfide and these
parameters.

Non-obese Obese p1 r 2p

0.4 0.4

<0.0001 <0.0001

<0.0001 <0.0001

<0.0001 <0.0001

0.5 0.9

<0.0001 <0.0001

<0.0001 <0.0001

0.009 0.05

<0.0001 <0.0001

0.06 0.02

<0.0001 0.02

0.5 0.05

<0.0001 0.2

<0.0001 <0.0001

0.7 0.002

0.001 <0.0001

0.8 <0.0001

0.01 <0.0001

N

Sex (men/women)

Age (years)

BMI (kg/m2)

Waist circumference (cm)

Fat mass (%)

Fasting glucose (mg/dl)

Fasting insulin (μIU/ml)

HOMA-IR

HbA1c (%)

M (mg/(kg × min))

Total cholesterol (mg/dl)

HDL cholesterol (mg/dl)

LDL cholesterol (mg/dl)

Triglycerides (mg/dl)a

hsCRP (mg/dl)a

Haemoglobin (g/dl)

Serum iron (μg/dl)

Serum ferritin (ng/ml)a

Total bilirubin (mg/dl)

Serum L1-sulfide (μmol/l)

54

20/34

47.8 ± 10.4

24.9 ± 2.8

90.2 ± 10.2

31.9 ± 8.1

94.3 ± 12.5

9.6 ± 5.5

2.29 ± 1.4

5.4 ± 0.2

10.4 ± 3.4

200.3 ± 41.1

65.5 ± 18.2

121.4 ± 33.6

75.5 (57.7–97)

0.65 (0.39–1.71)

13.8 ± 1.2

92.9 ± 32.8

91.5 (38.2–198.1)

0.54 ± 0.25

5.67 ± 3.3

85

26/59

46.2 ± 10.1

43.9 ± 6.9

127.7 ± 15.9

49.9 ± 5.3

95.6 ± 10.9

26.7 ± 11.1

6.28 ± 2.7

5.6 ± 0.3

4.3 ± 2.6

187.4 ± 37.1

50.3 ± 11.8

116.6 ± 38.7

111 (78.5–139.5)

5.41 (2.97–9.22)

13.9 ± 1.5

75.8 ± 25.4

91.2 (40.5–190.5)

0.43 ± 0.21

10.08 ± 4.5 <0.0001 –

−0.06

0.40

0.37

0.54

0.01

0.36

0.37

0.16

−0.34

−0.20

−0.21

−0.17

0.11

0.45

−0.26

−0.37

−0.29

−0.37

–

p1: p value from unpaired t-test, p2: p value from Spearman’s correlation and r was the coefficient of
correlation. Bold values mean that p value reached statistical significance.
aMedian and interquartile range.
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Fig. 1 Serum sulfide in association with obesity, fat mass and
fasting glucose in cohort 1. a Serum sulfide concentration according
to obesity at baseline. b Bivariate correlation between serum sulfide
concentration and fat mass at baseline. c Serum sulfide concentration

(β= 0.09, t= 0.86, p= 0.4), HOMA-IR (β= 0.07, t=
0.66, p= 0.5), insulin sensitivity (β=−0.13, t=−1.18,
p= 0.2), hsCRP (β= 0.08, t= 0.87, p= 0.4) and HDL
cholesterol (β=−0.09, t=−1.06, p= 0.3), contributed to
age-, gender- and fat mass-adjusted serum L1-sulfide
concentration variance.

Interestingly, serum L1-sulfide concentration was
decreased in morbidly obese subjects with impaired (IFG)
compared to those with normal (NFG) fasting glucose
(Fig. 1c) similar to insulin sensitivity (3.44 ± 2.1 vs 4.73 ±
2.7, p= 0.04), and contrary to HOMA-IR (7.31 ± 3.4 vs
5.92 ± 2.3, p= 0.06).

At follow-up, serum L1-sulfide levels were still
increased in participants with morbid obesity (Fig. 1d),
and positively correlated with BMI, waist circumference,
fat mass (Table 2), strengthening the association between
serum L1-sulfide levels and obesity. In addition, the cor-
relations between serum L1-sulfide and hsCRP, fasting
insulin, insulin sensitivity, total cholesterol, haemoglobin,
serum ferritin, iron and total bilirubin were replicated at
follow-up (Table 2). In multivariate regression analysis,
fat mass (β= 0.49, t= 2.90, p= 0.005) contributed inde-
pendently to age-, gender-, insulin sensitivity- and BMI-
adjusted serum L1-sulfide concentration variance. Circu-
lating iron-related parameters [iron (β=−0.28, t=−2.48,

in obese participants according to fasting glucose at baseline. d Serum
sulfide concentration according to obesity at follow-up. Receiver
operating characteristic (ROC) curve for fat mass in the prediction of
sulfide levels at baseline (e) and at follow-up (f).

p= 0.01), haemoglobin (β=−0.32, t=−2.51, p= 0.01),
ferritin (β=−0.26, t=−2.05, p= 0.04)], total bilirubin
(β=−0.45, t=−4.72, p < 0.0001), hsCRP (β= 0.35, t=
3.03, p= 0.003), total cholesterol (β=−0.32, t=−2.82,
p= 0.006) and LDL cholesterol (β=−0.29, t=−2.72,
p= 0.008), but not fasting insulin (β= 0.05, t= 0.37, p=
0.7) or insulin sensitivity (β=−0.11, t=−0.77, p= 0.4),
contributed to age-, gender- and fat mass-adjusted serum
L1-sulfide concentration variance.

Importantly, the area under the curve for fat mass to
predict L1-sulfide levels was 0.740 (0.656–0.825) at base-
line and 0.834 (0.723–0.0.945) at follow-up (both with p <
0.0001) (Fig. 1e, f).

Next, longitudinal changes in anthropometric, clinical
parameters and serum L1-sulfide concentration were ana-
lyzed comparing baseline and follow-up data. In non-obese
participants, no significant changes in obesity measures,
metabolic parameters (except for fasting triglycerides,
fasting insulin and HOMA-IR) and serum L1-sulfide con-
centration were observed (Table 3). In obese participants,
we found that weight gain resulted in increased serum L1-
sulfide concentration, whereas weight loss had opposite
effects (Table 3). In fact, the percent change in L1-sulfide
was positively correlated with the percent change in BMI
(r= 0.33, p= 0.003), waist circumference (r= 0.42,

AUC: 0.740
CI: 0.656-0.825
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p < 0.0001), but negatively correlated with total bilirubin
(r=−0.28, p= 0.01).

Validation cohort

To reinforce the relationship between serum L1-sulfide and
obesity, a second independent cohort was examined. Data
from this independent cohort confirmed the association
between serum L1-sulfide and obesity, being significantly
increased in obese subjects (Fig. 2a), positively correlated
with BMI and fat mass and negatively correlated with
serum iron and total bilirubin (Table 4). In this cohort, the
area under the curve for fat mass to predict L1-sulfide levels
was 0.706 (0.588–0.825) (Fig. 2b).

Expression of putative enzymes in whole blood that
might modulate circulating L1-sulfide levels was not
associated to obesity

Taking advantage of whole blood RNA samples availability
in validation cohort, expression of putative enzymes in
whole blood that might modulate circulating sulfide levels,
including H2S-synthesising (CTH, CBS and MPST) and
H2S-removing (SQOR, TST and MPO) gene expression,
was analysed (Fig. 2c). Expression of these genes was not

associated to obesity (BMI or fat mass) or serum L1-sulfide
concentration (Tables 4 and 5). Expression of most of these
enzymes was positively correlated among themselves
(Table 5). CBS mRNA levels were positively correlated
with SQOR and TST; MPST with SQOR, TST and MPO;
SQOR with TST and MPO; and TST with MPO mRNA
levels (Table 5). CTH mRNA levels were negatively cor-
related with haemoglobin, serum ferritin and iron, and MPO
mRNA levels were positively correlated with fasting glu-
cose, haemoglobin and serum ferritin (Table 5).

Discussion

The novel results of this study show increased serum L1-
sulfide levels in subjects with morbid obesity in parallel to
fat mass accumulation. Cross-sectionally in both discovery
(at baseline and follow-up) and validation cohort, multi-
variate regression and ROC analysis demonstrated the
relevance of fat mass predicting serum sulfide levels.
Longitudinally, changes in BMI and waist circumference
were correlated to changes in serum sulfide, resulting
weight gain in increased and weight loss in reduced serum
sulfide levels. Searching the possible source of serum sul-
fide, key enzymes in H2S biosynthesis were investigated in

Table 2 Serum L1-sulfide and
anthropometric and clinical
parameters according to obesity
in cohort 1 at follow-up, and
bivariate correlations between
serum L1-sulfide and these
parameters.

Non-obese Obese p1 r 2p

42 40

17/25 14/26

48.1 ± 10.4 46.3 ± 10.6 0.4 0.7

25.5 ± 2.7 39.7 ± 8.1 <0.0001 0.001

89.3 ± 9.6 117.7 ± 17.5 <0.0001 <0.0001

31.5 ± 7.7 46.6 ± 7.3 <0.0001 <0.0001

92.9 ± 20.4 101.1 ± 7.8 0.04 0.6

11.8 ± 5.1 20.9 ± 9.9 <0.0001 0.03

2.71 ± 1.3 5.24 ± 2.7 <0.0001 0.07

5.5 ± 0.7 5.6 ± 0.4 0.8 0.9

9.46 ± 2.7 4.07 ± 2.4 <0.0001 <0.0001

193.4 ± 35.7 178.4 ± 39.7 0.08 0.005

59.1 ± 12.5 53.6 ± 12.7 0.06 0.4

116.8 ± 28.5 104.6 ± 34.3 0.09 0.002

74 (64–98.2) 97.5 (70.5–132) 0.07 0.7

1.16 (0.37–2.76) 2.97 (1.91–6.16) 0.006 0.001

13.81 ± 1.2 13.86 ± 1.3 0.9 0.001

87.2 ± 25.1 77.9 ± 31.2 0.1 0.001

90 (33–170) 61 (22.7–139) 0.1 <0.0001

0.51 ± 0.18 0.44 ± 0.22 0.1 <0.0001

N

Sex (men/women)

Age (years)

BMI (kg/m2)

Waist circumference (cm)

Fat mass (%)

Fasting glucose (mg/dl)

Fasting insulin (μIU/ml)

HOMA-IR

HbA1c (%)

M (mg/(kg × min))

Total cholesterol (mg/dl)

HDL cholesterol (mg/dl)

LDL cholesterol (mg/dl)

Triglycerides (mg/dl)a

hsCRP (mg/dl)a

Haemoglobin (g/dl)

Serum iron (μg/dl)

Serum ferritin (ng/ml)a

Total bilirubin (mg/dl)

Serum L1-sulfide (μmol/l) 7.35 ± 3.3 10.31 ± 5.3 0.007 –

−0.04

0.35

0.42

0.59

0.06

0.24

0.19

0.01

−0.42

−0.32

−0.10

−0.34

−0.04

0.37

−0.36

−0.35

−0.37

−0.55

–

p1: p value from unpaired t-test, p2: p value from Spearman’s correlation and r was the coefficient of
correlation. Bold values mean that p value reached statistical significance.
aMedian and interquartile range.
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whole blood, being MPST gene the most expressed. Sup-
porting this finding, a previous study proposed that blood
H2S levels were produced via MPST in red blood cells [17].
However, in the current study, no significant associations
between expression of MPST (and the other enzymes, CTH
or CBS) and obesity (BMI or fat mass) or serum sulfide
levels were found, indicating that additional endogenous
H2S sources might contribute to serum sulfide levels.
Otherwise, H2S-metabolizing enzymes (SQOR, TST and
MPO) mRNA levels were also not associated with obesity
or correlated with serum L1-sulfide levels. Since mRNA is
not always in proportion to protein levels, an important
limitation of current study was the absence of protein data.
Additional studies are required to investigate blood CTH,
CBS, MPST, SQOR, TST and MPO protein amount and
enzymatic activity according to obesity status.

Another consistent finding of current study was the
negative association between L1-sulfide levels and circu-
lating products of haem degradation, such as iron and
bilirubin, suggesting a possible inhibitory activity of serum
sulfide on haem degradation. Supporting this suggestion,
Saravanan et al. reported that administration of S-allylcys-
teine, a sulfur containing amino acid, resulted in decreased

iron, ferritin, bilirubin and haem oxygenase (a key enzyme
in haem degradation) activity in diabetic rats [18]. Other-
wise and also in line with current findings, increased haem
oxygenase activity and carbon monoxide (CO, the third
product of haem degradation) levels were associated with
decreased H2S levels [19]. Of note, this and other studies
demonstrated that exogenous CO administration or
increased endogenous CO levels reduced enzymatic H2S
production [19–21]. Current findings and these latter studies
[18–21] suggest a bidirectional modulation between enzy-
matic H2S production and haem degradation. The impor-
tance of haem biosynthesis on adipogenesis, adipocyte
physiology [22, 23] and fat mass accretion [24] has been
well substantiated. Together with current findings, it could
be proposed that increased fat mass accretion and haem
biosynthesis result in decreased circulating iron, bilirubin
and CO levels. The consequence would be raised enzymatic
H2S biosynthesis and serum L1-sulfide levels. Strengthen-
ing this hypothesis, we found that total bilirubin and serum
iron were decreased in obese participants. In line with these
findings, other studies have reported a negative association
between bilirubin and obesity status. In fact, increased
bilirubin production attenuated fat mass accretion, weight

Table 3 Longitudinal changes in anthropometric, clinical parameters and serum L1-sulfide concentrations in cohort 1.

Non-obese Obese with weight gain Obese with weight loss

Baseline Follow-up Baseline Follow-up Baseline Follow-up

29 24 29

50.0 ± 8.9 51.1 ± 8.9c 46.1 ± 10.1 47.3 ± 9.9c 41.5 ± 10.8 42.6 ± 10.8c

25.3 ± 2.5 25.5 ± 2.7 43.1 ± 6.8 44.7 ± 8.1a 43.9 ± 7.1 30.5 ± 6.1c

90.1 ± 9.3 89.8 ± 9.2 125.3 ± 12.2 128.1 ± 14.4 127.3 ± 17.1 98.6 ± 15.8c

97.1 ± 15.1 94.1 ± 21.4 96.2 ± 10.4 103.7 ± 7.1b 88.8 ± 10.1 91.1 ± 9.1

9.5 ± 5.4 11.5 ± 4.7a 23.7 ± 11.5 20.8 ± 9.3 25.9 ± 12.8 16.4 ± 10.6c

2.33 ± 1.6 2.86 ± 1.5a 6.35 ± 3.3 5.59 ± 2.5 6.31 ± 2.9 4.62 ± 3.1a

5.46 ± 0.25 5.50 ± 0.26 5.62 ± 0.32 5.59 ± 0.28 5.63 ± 0.62 5.29 ± 0.34a

10.45 ± 2.4 9.53 ± 2.6 4.42 ± 2.2 3.68 ± 2.1 3.87 ± 1.5 6.14 ± 3.4a

199.4 ± 39.3 206.4 ± 31.2 184.7 ± 46.5 181.4 ± 41.5 184.8 ± 30.2 166.7 ± 30.4b

62.9 ± 17.6 60.1 ± 14.1 53.2 ± 13.5 51.9 ± 12.6 46.8 ± 9.7 54.1 ± 9.5b

125.9 ± 28.1 126.9 ± 25.1 111.1 ± 38.1 107 ± 32.7 113.7 ± 28.8 95.6 ± 29.2b

77.5
(59.5–92.2)

81
(73–108.5)a

95.5
(57.5–146.5)

104.5
(71.7–148.2)

107
(78–151)

73
(62.5–95.5)b

0.79
(0.45–1.76)

1.46
(0.58–2.76)

4.21
(2.43–7.40)

3.76
(2.42–10.19)

3.12
(2.17–15.85)

1.91
(0.48–3.09)a

13.83 ± 1.1 13.92 ± 1.1 13.93 ± 1.1 14.07 ± 1.4 13.81 ± 1.5 13.87 ± 1.3

80.55 ± 21.3 92.14 ± 26.6 79.33 ± 23.1 80.67 ± 28.8 79.45 ± 31.4 77.58 ± 33.9

81.5
(37.7–179.5)

113
(33–178.5)

89
(38–159)

85
(38–166)

84
(30–204)

45
(17–138)b

0.49 ± 0.21 0.52 ± 0.16 0.39 ± 0.14 0.37 ± 0.13 0.42 ± 0.14 0.48 ± 0.19

N

Age (years)

BMI (kg/m2)

Waist circumference (cm)

Fasting glucose (mg/dl)

Fasting insulin (μIU/ml)

HOMA-IR

HbA1c (%)

M (mg/(kg × min))

Total cholesterol (mg/dl)

HDL cholesterol (mg/dl)

LDL cholesterol (mg/dl)

Triglycerides (mg/dl)*

hsCRP (mg/dl)*

Haemoglobin (g/dl)

Serum iron (μg/dl)

Serum ferritin (ng/ml)*

Total bilirubin (mg/dl)

Serum L1-sulfide (μmol/l) 5.95 ± 3.5 6.47 ± 3.01 9.48 ± 4.2 11.95 ± 5.1a 10.15 ± 3.9 7.61 ± 4.3b

p value was obtained from paired t-test.
ap < 0.05, bp < 0.01 and cp < 0.001 compared to baseline parameters. *Median and interquartile range.
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gain and liver fat accumulation [25–29]. Decreased serum
iron levels in obesity have also been reported [30].

Current data also indicated a negative association
between serum L1-sulfide levels and total and LDL cho-
lesterol. In line with these associations, Mani et al. reported
that plasma total cholesterol and LDL cholesterol levels
were significantly increased in CSE-KO compared to WT
HFD-fed mice [31]. Interestingly, CSE-KO displayed
decreased H2S liver production, suggesting that H2S was
involved in liver cholesterol metabolism.

H2S biosynthesis has been identified in a variety of
mammalian tissues via enzymatic and non-enzymatic
pathways, all contributing to the total amount of circulat-
ing H2S [32, 33]. Previous studies demonstrated that CBS
and CTH enzymes are secreted into the bloodstream by the
liver and vascular endothelial cells, circulating as compo-
nents of the plasma proteome and producing H2S in human
blood [34]. Supporting liver H2S biosynthesis in obesity,
mice fed with high-fat diet for 5 weeks displayed increased
expression of CBS and CTH genes and H2S production in
the liver [35]. Against this argument, other studies
demonstrated that liver H2S production was attenuated in
high-fat diet-induced obesity, but increased in conditions of
dietary restriction [36, 37]. In addition, Norris et al. reported
that liver might have an important role in the regulation of
H2S levels in the circulation, as a consequence of its loca-
tion and enhanced capacity to clearance blood H2S through
H2S oxidation [38]. Current data suggested that liver

capacity to disposal of blood H2S might be attenuated in
obesity. However, further studies are required to examine in
depth this suggestion.

Otherwise, adipose tissue, which is proportional to fat
mass, also might be considered an additional H2S source in
obese subjects [11]. Yang et al. demonstrated that high-fat
diet-induced fat mass accretion was associated with
increased adipose tissue H2S biosynthesis in mice and fruit
flies [11]. However, the relative contribution of adipose
tissue to serum sulfide levels has not been previously
investigated and needs to be confirmed in further studies.

In contrast to enzymatic synthesis pathways, endogenous
production of H2S through non-enzymatic processes in
mammalian tissues is not well understood or characterized.
Yang et al. reported that apart from the liver and kidney,
where the production of H2S was mainly through the CTH
enzyme, H2S was non-enzymatically produced by iron and
vitamin B6, and using cysteine as a substrate in other organs
and at circulatory level [39]. However, taking into account
the negative correlation between L1-sulfide and circulating
iron-related parameters, this mechanism might be discarded.

It is important to note that increased levels of plasma
cysteine predispose to obesity and its associated metabolic
disturbances [40, 41]. Even though L1 probe azido group
(R-N3) has been shown to be around 20–50 times more
selective to H2S, when compared to other thiols such as
cysteine and glutathione [12], the higher amount of these
interfering thiols in serum [42] might increase L1
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fluorescence by non-specific reactions with cysteine-thiols.
However, the following points indicated that current mea-
surements could discriminate from cysteine-thiols: (i) Bar-
iatric surgery-induced weight loss did not change total
cysteine levels [43], whereas a longitudinal reduction of
serum L1-sulfide in association with fat mass and weight
loss was observed in the current study. (ii) Pre-treatment
with reducing agent was not required in L1 measurements.
Thus, it is less likely to pick up sulfur from disulfide bonded
cysteine.

Another source of non-enzymatic H2S is produced by the
microbiota residing in the gastrointestinal tract belonging to
the sulfate-reducing bacteria, such as Desulfovibrio,
Desulfomicrobium, Desulfobulbus, Desulfobacter, Desul-
fomonas and Desulfotomaculum genera [44]. Germ-free
mice, which were resistant to high-fat diet-induced obesity
[45], were shown to have 50–80% less H2S in their circu-
lation and tissues [46], indicating that sulfate-reducing
bacteria could be a significant contributor to H2S con-
centration in obesity. Of note, metagenomic studies pointed

to increased sulfate-reducing bacteria in obesogenic condi-
tions [47, 48]. Expansion of Desulfovibrio in detriment to
Clostridia reduction enhanced lipid absorption and adipos-
ity, and was associated to obesity in mice and humans with
metabolic syndrome [48].

Another important finding from current study was that
morbidly obese participants with impaired fasting glucose
displayed decreased serum L1-sulfide levels similar to
decreased insulin sensitivity or increased insulin resistance
(HOMA-IR), suggesting that endogenous H2S biosynthesis
might contribute to maintain NFG levels. Supporting this
idea, exogenous H2S administration led to improved glu-
cose tolerance in high-fat diet-fed mice [9, 11] and
decreased circulating sulfide levels were previously repor-
ted in men with poor glycemic control and type 2 diabetes
[8, 12]. Otherwise, other studies reported opposite effects in
relation to glucose metabolism [49, 50], showing that H2S
decreased hepatocyte glucose uptake and increased hepatic
gluconeogenesis [50], and inhibited insulin release from
β-cells [49]. In fact these findings go in the opposite

Table 4 Anthropometric and
clinical parameters, serum L1-
sulfide and whole blood CTH,
CBS, MPST, SQOR, TST and
MPO mRNA levels according to
obesity and bivariate
correlations between serum L1-
sulfide and anthropometric and
clinical characteristics and
mRNA levels in cohort 2.

Non-obese Obese p1 2pr

18 53

7/11 13/40

49.4 ± 12.4 46.4 ± 9.5 0.3 0.05 0.7

23.8 ± 2.9 44.5 ± 7.6 <0.0001 0.24 0.02

80.8 ± 12.4 122.8 ± 21.8 <0.0001 0.17 0.2

27.1 ± 12.1 48.4 ± 5.1 <0.0001 0.38 0.001

217.2 ± 38.7 203.7 ± 32.6 0.1 0.6

137.2 ± 38.8 132.2 ± 30.2 0.6 0.4

63.6 ± 16.1 47.1 ± 9.5 <0.0001 0.8

63 (46.7–102.7) 112 (86.5–159.5) 0.001 0.7

4.8 (2.1–7.2) 12.4 (8.5–18.8) 0.005 0.5

0.94 (0.44–1.66) 2.75 (1.73–4.43) 0.001 0.6

90.7 ± 9.1 91.8 ± 9.4 0.6 0.7

5.4 ± 0.2 5.6 ± 0.3 0.06 0.3

0.11 (0.04–0.29) 0.55 (0.31–1.07) 0.002 0.3

14.15 ± 1.4 13.90 ± 1.5 0.5 0.07

92.85 ± 26.2 72.31 ± 26.8 0.003 0.01

45 (36–142) 54 (22–174) 0.3 0.5

0.61 ± 0.31 0.44 ± 0.17 0.02 0.002

6.73 ± 4.7 11.15 ± 5.3 0.002

0.0013 ± 0.0005 0.0012 ± 0.0003 0.5 0.6

0.0058 ± 0.004 0.0081 ± 0.005 0.09 0.8

0.021 ± 0.005 0.022 ± 0.007 0.6 0.4

0.095 ± 0.027 0.105 ± 0.051 0.4 0.7

0.031 ± 0.013 0.029 ± 0.013 0.6 0.7

N

Sex (men/women)

Age (years)

BMI (kg/m2)

Waist circumference (cm)

Fat mass (%)

Total cholesterol (mg/dl)

LDL cholesterol (mg/dl)

HDL cholesterol (mg/dl)

Triglycerides (mg/dl)a

Fasting insulin (μIU/ml)a

HOMA-IR

Fasting glucose (mg/dl)

HbA1c (%)

hsCRP (mg/dl)a

Haemoglobin (g/dl)

Serum iron (μg/dl)

Serum ferritin (ng/ml)a

Total bilirubin (mg/dl)

Serum L1-sulfide (μmol/l)

CTH (RU)

CBS (RU)

MPST (RU)

SQOR (RU)

TST (RU)

MPO (RU) 0.0059 ± 0.004 0.0061 ± 0.004 0.9

−0.07

−0.10

−0.02

0.05

0.08

0.06

0.04

0.13

0.14

−0.20

−0.27

−0.07

−0.34

–

0.06

0.02

−0.09

0.03

−0.04

−0.05 0.7

p1: p value from unpaired t-test, p2: p value from Spearman’s correlation and r was the coefficient of
correlation. Bold values mean that p value reached statistical significance.
aMedian and interquartile range.
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direction from the correlations of serum sulfide with insulin
sensitivity or insulin resistance observed in all participants,
which were not maintained after adjusting by age, gender
and fat mass.

A possible limitation of current study was that it was
designed to investigate changes in serum sulfide levels
according to obesity status in non-diabetic participants, so
the impact of H2S on obesity-associated metainflammation
disorders, such as type 2 diabetes and cardiovascular dis-
eases cannot be examined in depth. However, these issues
were previously investigated in humans [8, 12, 51, 52] and
rats [53, 54]. Other study limitations were that distinct bio-
logical pools for H2S, such as free gaseous, sulfane sulfur
bound and acid-labile [55], were not analysed, and that only-
one method was used to measure serum sulfide levels. To
gain insight in to the differences between serum L1-sulfide
levels between lean and obese patients, the analysis of these
three biological pools of serum H2S and the validation of
sulfide measurements using common alternative methods
(such Monobromobimane derivatization/HPLC-based

method and assays to measure H2S production) should be
considered in future studies.

In conclusion, altogether these data demonstrated a
potential link between serum sulfide concentration and
obesity, being circulating sulfide increased in proportion to
fat mass accumulation, and suggesting haem degradation as
a negative regulator, and adipose tissue, plasma cysteine
and gut microbiota as putative additional sources of serum
sulfide levels.
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Table 5 Bivariate correlations
among CBS, CTH, MPST,
SQOR, TST and MPO mRNA
levels and anthropometric and
clinical characteristics in
cohort 2.

CTH
r

CBS
r

MPST
r

SQOR
r

TST
r

MPO
r

0.05 0.10 0.04 0.08 0.22

0.19 0.01 0.01

0.20 0.04 0.08

0.22 0.09 0.09

0.17 0.14

0.12 0.11

−0.01

−0.03

−0.01

0.16

0.14

0.15

−0.03

−0.05

0.17

0.03

−0.03

−0.01

−0.13

−0.06

−0.04

−0.12

0.19

0.13

0.13

−0.07

−0.06

−0.07

0.04

0.08

−0.06

0.01

0.16

0.01

0.09

0.09– −0.02

– 0.08

−0.05

0.06

−0.03

−0.04

0.06

−0.15

0.012

−0.02

0.09

−0.05

0.01

0.17

0.31b

0.43c

−0.06

0.07

0.10

0.09

0.11

−0.09

0.01

0.17

0.18

0.12

0.16

0.1

0.33b

0.74c

– 0.71c

−0.02

0.11

−0.17

0.16

0.18

−0.12

0.01

0.11

0.11

0.24a

−0.05

0.09

0.29a

0.16

0.48c

0.06

−0.09

0.22

0.39c

0.31b

0.53c

Age (years)

BMI (kg/m2)

Waist circumference (cm)

Fat mass (%)

Total cholesterol (mg/dl)

LDL cholesterol (mg/dl)

HDL cholesterol (mg/dl)

Triglycerides (mg/dl)

Fasting insulin (μIU/ml)

HOMA-IR

Fasting glucose (mg/dl)

HbA1c (%)

hsCRP (mg/dl)

Haemoglobin (g/dl)

Serum iron (μg/dl)

Serum ferritin (ng/ml)

Total bilirubin (mg/dl)

CTH (RU)

CBS (RU)

MPST (RU)

SQOR (RU)

TST (RU)

MPO (RU)

−0.08

−0.05

−0.16

0.01

0.03

0.01

0.01

−0.08

−0.06

−0.07

−0.05

−0.10

−0.11

−0.41c

−0.23a

−0.39b

−0.16

−0.02

0.09

0.17

0.11

−0.09

0.08 –

0.31b

0.33b

0.22

0.43c

0.74c

0.39c
0.71c –

0.31b 0.53c –

Bold values mean that p value (obtained from Spearman’s correlation) reached statistical significance, and r
was the coefficient of correlation.
ap < 0.05.
bp < 0.01.
cp < 0.001.
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A B S T R A C T

A dual role of hydrogen sulfide (H2S) in inflammation is well-reported and recent studies demonstrated adi-
pogenic effects of H2S in 3T3-L1 cells. Here, we aimed to investigate the effects of H2S on adipocyte differ-
entiation and inflammation. H2S concentration in 3T3-L1 culture media was increased during adipocyte dif-
ferentiation in parallel to adipogenic and Cth gene expression, and its inhibition using DL-Propargyl Glycine
(PPG) impaired 3T3-L1 differentiation. GYY4137 and Na2S administration only in the first or in the last stage of
adipocyte differentiation resulted in a significant increased expression of adipogenic genes. However, when
GYY4137 or Na2S were administrated during all process no significant effects on adipogenic gene expression
were found, suggesting that excessive H2S administration might exert negative effects on adipogenesis. In fact,
continuous addition of Na2S, which resulted in Na2S excess, inhibited adipogenesis, whereas time-expired Na2S
had no effect. In inflammatory conditions, GYY4137, but not Na2S, administration attenuated the negative
effects of inflammation on adipogenesis and insulin signaling-related gene expression during adipocyte differ-
entiation. In inflamed adipocytes, Na2S administration enhanced the negative effects of inflammatory process.
Altogether these data showed that slow-releasing H2S improved adipocyte differentiation in inflammatory
conditions, and that H2S proadipogenic effects depend on dose, donor and exposure time.

1. Introduction

Hydrogen sulfide (H2S) biosynthesis has been identified in a variety
of mammalian tissues, notably in the brain, heart, and the gastro-
intestinal tract, (Stipanuk, 2004; Yang et al., 2008), with a number of
possible physiologic and pathophysiologic roles and a range of potential
therapeutic uses (Li et al., 2009; Szabó, 2007; Whiteman and Moore,
2009). There is emerging evidence supporting the importance of H2S in
adipocytes, offering new insight into their role in the pathogenesis of
obesity. Recent studies showed a possible role of H2S in adipogenesis,
enhancing PPARγ activity and stability and increasing glucose uptake
and lipid storage (Cai et al., 2016). In fact, the CSE/H2S system has
been demonstrated to promote adipogenesis and fat mass accumulation
in mice (Yang et al., 2018). However, opposite findings have been re-
ported in other in vitro studies (Kim et al., 2012; Lii et al., 2012).

H2S has recently gained significant attention as inflammation

biological mediator. Antiinflammatory effect of H2S has been reported
in acute lung injury (Tokuda et al., 2012; Ang et al., 2011; Chen et al.,
2009), and in kidney injury caused by urinary-derived sepsis (Chen
et al., 2014). In vitro studies confirmed this antiinflammatory role
(Yang et al., 2011) through the modulation of NFκB activity (Du et al.,
2014). Antiinflammatory effect of H2S is supported by the fact that H2S
deficiency contributes to switch of adipose tissue macrophages antiin-
flammatory M2 phenotype to proinflammatory M1 phenotype asso-
ciated with obesity (Velmurugan et al., 2015). However, other studies
reported that H2S has proinflammatory effect in liver and aggravated
LPS-induced liver damage (Yan et al., 2013; Zhang et al., 2007; Collin
et al., 2005; Badiei et al., 2016).

Taking together these results it is evident that H2S is implicated in
the regulation of adipocyte differentiation and inflammation. Here, we
hypothesize that a possible role of H2S in the modulation of adipocyte
inflammation might underlie its adipogenic effects. To test this
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hypothesis, we aimed to investigate the possible role of GYY4137, a
long-acting H2S releasing donor, and sodium sulfide (Na2S), a fast-re-
leasing H2S donor on adipocyte differentiation and inflammation.

2. Materials and methods

2.1. 3T3-L1 cell culture and differentiation

The embryonic fibroblast mouse cell line 3T3-L1 (American Type
Culture Collection) was cultured in DMEM containing 4.5 g/L glucose,
10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. At 2 days
after confluence, insulin (5 μg/ml), dexamethasone (0.25μM), and iso-
butylmethylxanthine (0.25mM) mixture was added for 2 days, fol-
lowed by 5 days with insulin (5 μg/ml) alone. DL-Propargyl Glycine
(PPG, 0.25 and 1mM) and H2S donors [Na2S (50 μM), GYY4137
(50 μM)] and time-expired Na2S (50 μM) were directly added into the
differentiation or adipocyte maintenance media. For hydrogen sulfide
excess experiments, Na2S and time-expired Na2S were added every 12 h
in first two days of adipocyte differentiation process and then every
24 h from day 2–7. Time-expired Na2S, which was administrated to
control the effects of sodium and oxidized sulfur species accumulation
in the medium, was obtained as previously described by Tsai et al.
(2015). Briefly, time-expired Na2S was prepared in Dulbecco's phos-
phate buffered saline (pH=7.4) (D-PBS, Sigma Chemical) at room
temperature, and was obtained leaving Na2S (50 μM) solution in an
opened falcon 50mL centrifuge tube in aseptic conditions during
∼30 h.

Cells were then considered mature adipocytes, harvested, and
stored at −80 °C for RNA extraction to study adipogenic and H2S bio-
synthesis-related gene expression levels during 3T3-L1 differentiation.

Inflammatory conditions during 3T3-L1 differentiation and in ma-
ture adipocytes were induced by macrophage-conditioned media
(MCM, 2%) and lipopolysaccharide (1 μg/ml) administration. During
3T3-L1 differentiation, MCM (2%) and LPS (1 μg/ml) was added in two
steps of the differentiation process. To obtain inflamed adipocytes,
MCM (2%) and LPS (1 μg/ml) administration during 24 h on fully 3T3-
L1 differentiated adipocytes was performed.

Macrophage-conditioned medium was obtained as previously de-
scribed (Moreno-Navarrete et al., 2009). Briefly, the human monocyte
cell line THP-1 (American Type Culture Collection, Barcelona, Spain)
was cultured in Rosswell Park Memmorial Institute (RPMI media 1640;
Cat. No. 21870–076) 1640 medium containing 10% fetal bovine serum,
5mM glucose, 2 mM L-glutamine, 50 μg/ml gentamicine and 20mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at 37 °C in a
humidified 5%CO2 per 95 °C air atmosphere. The mature macrophage-
like state was induced by treating THP-1 cells (1,2× 106 cells) with
0.162 μM phorbol 12-myristate 13-acetate (PMA) (Sigma Chemical,
Madrid, Spain) in 6-well culture dishes for 24 h. Differentiated, plastic-
adherent cells were washed with cold Dulbecco's phosphate buffered
saline (D-PBS, Sigma Chemical) and then incubated with fresh medium
without phorbol 12-myristate 13-acetate during additional 24 h. The
supernatants (macrophage-conditioned media (MCM)) were collected,
centrifuged at 900 g for 5min, aliquoted and stored at −80 °C until
testing.

All in vitro experiments were performed in four independent re-
plicates.

2.2. Quantification of H2S media concentration

H2S concentration in cultured media was assessed using a naph-
thalimide-based fluorescent sensor 6-Azido-2-(2-(2-(2-hydroxyethoxy)
ethoxy)ethyl)-1H-benzo[de]isoquinoline-1,3 (2H)-dione(L1), as de-
scribed previously (Choi et al., 2016). To measure H2S production, 3T3-
L1 cells were incubated 24 h in DMEM media containing 10% (vol/vol)
FBS and 5 μM of L1 probe, during different days of differentiation (0, 2
and 7). After incubation, media were transferred to new eppendorf

2

tubes to be homogenized. To measure H2S levels, a standard curve was
generated from a 10mM stock solution of sodium sulfide (Na2S) in
DMEM containing 10% (vol/vol) and 5 μM of L1 at various con-
centrations (0, 7.8, 15.6, 31.25, 62.5, 125, 250 and 500 μM Na S).
Before reading standard curve was incubated during 90min at 37 °C.
After incubation, fluorescence was read in a BiotekCytation 5 reader at
λ ex= 435±10 nm and λ em=550±10 nm in duplicate.

2.3. RNA expression

RNA purification and gene expression procedures and analyses were
performed as previously described (Moreno-Navarrete et al., 2014).
Briefly, RNA purification was performed using an RNeasy Lipid Tissue
Mini kit (QIAgen, Izasa S.A., Barcelona, Spain), and the integrity was
checked by Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Gene expression was assessed by real time PCR using a LightCycler 480
Real-Time PCR System (Roche Diagnostics, Barcelona, Spain), using
TaqMan technology suitable for relative genetic expression quantifica-
tion. The RT-PCR reaction was performed in a final volume of 12 μl. The
cycle program consisted of an initial denaturing of 10min at 95 °C then
40 cycles of 15 s denaturizing phase at 95 °C and 1min annealing and
extension phase at 60 °C. A threshold cycle (Ct value) was obtained for
each amplification curve and then a ΔΔCt value was calculated as fol-
lows: (Ct, target gene - Ct, endogenous control) treatment - (Ct, target
gene - Ct, endogenous control) control or vehicle. Eukaryotic 18S rRNA
was used as endogenous control. Fold changes compared with the en-
dogenous control were then determined by calculating 2−ΔΔCt, so that
gene expression results are expressed as expression ratio relative to 18S
gene expression according to the manufacturer's guidelines. The fol-
lowing primer/probe sets were used: Adiponectin (Adipoq,
Mm00456425_m1), peroxisome proliferator-activated receptor gamma
(Pparg, Mm0000440940_m1), glucose transporter type 4 (Slc2a4,
Mm00436615_m1), perlipin 1 (Plin1, Mm00558672_m1), CCAAT/en-
hancer-binding protein alpha (Cebpa, Mm00514283_s1), fatty acid
synthase (Fasn, Mm00662319_m1), interleukin 6 (Il6,
Mm00446190_m1), fatty acid binding protein 4 (Fabp4,
Mm00445880_m1), tumor necrosis factor alpha (Tnf,
Mm99999068_m1), diacylglycerol O-acyltransferase 1 (Dgat1,
Mm00515643_m1), patatin Like Phospholipase Domain Containing 2
(Pnpla2, Mm00503040_m1), lipase E (Lipe, Mm00495359_m1), cy-
stathionine gamma-lyase (Cth, Mm00461247) and cystathionine beta-
synthase (Cbs, Mm00460654_m1).

2.4. Oil Red O staining

Intracellular lipid accumulation was assessed by Oil Red O staining.
Cells were washed twice with PBS, fixed in 4% formaldehyde for 1 h,
and stained for 30min with 0.2% Oil Red O solution in 60% iso-
propanol. Cells were then washed several times with water, and excess
water was evaporated by placing the stained cultures at 32 °C. Oil-red
staining was quantified, as previously described (Lee et al., 2018) with
Fiji software (Schindelin et al., 2012). The area occupied by lipid dro-
plets stained by Oil Red O was selected and quantified using color
threshold plugin (Hue: exclusion criteria 41–211) to identify red color
regions. Then, Oil Red O staining was represented as % of selected
stained area in comparison with image total area.

2.5. Statistical analysis

Statistical analyses were performed using SPSS statistical software
(SPSS v21.0; IBM, Chicago, IL, USA). The non-parametric
Mann–Whitney test was used. Levels of statistical significance were set
at p < 0.05.
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3. Results

3.1. H2S production during adipogenesis

Given the marked effects of hydrogen sulfide on adipocytes differ-
entiation, we decided to explore H2S synthesis in 3T3-L1 during adi-
pogenesis. First, cell culture media from day 0, 2 or 7 plus L1 probe
(5 μM) were incubated for 1 h, but H2S levels was undetectable at any
day. Then, to increase the performance and taking advantage of solu-
bility and non-toxicity of L1 probe, 3T3-L1 cells were incubated with L1
probe (5 μM) for 2, 5, 7.5 and 24 h. A significant and cumulative in-
crease in H2S concentration was found, achieving the maximum levels
at 24 h (Fig. 1A). Interestingly, 24 h H2S (μM) accumulation in media
increased significantly from day 0 to day 2 and from day 2 to day 7,
confirming that H2S is generated during adipogenesis (Fig. 1B). The
maximum levels of H2S accumulation in the media were associated with
the higher adipogenic gene expression (Fig. 1C and D). Then, expres-
sion of H2S-generating genes Cth (also named CSE) and Cbs were
analysed. Cth was highly expressed compared to Cbs gene
[0.0034962 ± 0.0001561 (Ct value 25.49 ± 0.21) vs
0.0000055 ± 0.0000005 (Ct value 34.81 ± 0.36) RU, p < 0.0001],
supporting Cth as the main source of adipogenesis-associated H2S bio-
synthesis (Yang et al., 2018). In fact, Cth gene expression was increased
in the first stage of adipocyte differentiation process (from day 0–2),
and then these levels were maintained until the end of the process (day
7) (Fig. 1E), whereas Cbs mRNA decreased at day 2, and recovered at
day 7 (Fig. 1F).

3.2. Effects of PPG in 3T3-L1 during adipogenesis

We decided to study the effect of CTH inhibitor (PPG, 0.25 and
1mM) on adipogenic related gene expression, as a way to identify the
effect of decreased H2S synthesis during adipogenesis. During adipo-
genesis, 0.25 and 1mM PPG administration during adipogenesis led to
decreased adipogenic (Pparg, Adipoq, Glut4, Plin1 and Cebpa), lipogenic
(Fasn and Dgat1) and lipolytic (Pnpla2 and Lipe) gene expression at dose
dependent-manner, and increased expression of inflammatory related
gene Il6 (Fig. 2A). As shown by Red Oil O staining, PPG (1mM)
treatment significantly decreased adipogenesis and adipocytes lipid
accumulation in concordance with gene expression results (Fig. 2B).
Even though, no significant effects of PPG on hydrogen sulfide synthesis

related genes (Cth and Cbs) were observed (Fig. 1B), PPG administra-
tion led to decreased H2S accumulation at day 7 (Fig. 2C).

These findings reveal that certain levels of hydrogen sulfide are
necessary for adipocyte differentiation.

3.3. Effects of Na2S and GYY4137 in 3T3-L1 during adipogenesis

Treatment with GYY4137 and Na2S during all the differentiation
process of 3T3-L1 (Day 0–7) had no significant effects (Fig. 3A). At day
7, increased H2S accumulation in Na2S, but not GYY4137, was observed
(Fig. 3B). Interestingly, administration of GYY4137 and Na2S in the first
stage (Day 0–2) and late stage (Day 2–7) of adipocyte differentiation
resulted in a significant increase of adipogenic (Adipoq, Pparg, Glut4 and
Fabp4) and lipogenic (Fasn) genes (Fig. 3C and D).

3.4. Effects of Na2S excess and time-expired Na2S in 3T3-L1 during
adipogenesis

First, to evaluate the stability and the effects of one single dose of
Na2S (50 μM) on H2S levels, the loss of H2S concentration in phosphate-
buffered saline (PBS) was measured in cell culture conditions (without
cells) during 4 days at several points (0, 24, 48, 72 and 96 h, Fig. 4A).
This experiment showed a 60% reduction of H2S levels at 24 h. This
information led to estimate excess H2S levels in daily Na2S adminis-
tration experiment, suggesting the following concentrations: ∼35 μMat
12 h, ∼59.6 μMat 24 h, ∼76.6 μMat 36 h, ∼88.6 μMat 48 h,
∼55.4 μMat 72 h, ∼42.2 μMat 96 h, ∼36.9 μMat 120 h, ∼34.7 μMat
144 h and ∼33.9 μMat 168 h.

Next, the effect of H2S excess on adipogenesis was assessed.
Continuous addition of Na2S (50 μM) or time-expired Na2S adminis-
tration during adipocyte differentiation process were performed as
detailed in methods. Time-expired Na2S had undetectable H2S levels.
Na2S excess led to decreased adipogenic (Pparg, Adipoq, Glut4 and
Fapb4), lipogenic (Fasn) and lipolytic (Pnpla2 and Lipe) gene expression,
and tend to increase expression of Il6 (Fig. 4B). Red Oil O staining
confirmed that Na2S daily administration inhibited adipogenesis
(Fig. 4C). In contrast, time-expired Na2S had no significant effects in the
expression of adipogenic and lipogenic genes, whilst significant de-
creased lipolytic (Pnpla2) and inflammatory (Il6) gene expression was
reported (Fig. 4B).

Fig. 1. A) Effects of L1 incubation (for 2, 5, 7.5
and 24 h) in 3T3-L1 cells (day 3 of adipocyte
differentiation) on 3T3-L1-conditioned media
H2S concentration measurement. ***p < 0.001
compared to 2 h. B–F) H2S levels (B), Adipoq
(C), Plin1 (D), Cth (E) and Cbs (F) gene ex-
pression at days 0, 2 and 7 during adipocyte
differentiation. *p < 0.05 compared with day
0 and †p < 0.05 compared with day 2.
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3.5. Effects of Na2S and GYY4137 in 3T3-L1 during adipocyte
differentiation in inflammatory conditions

Inflammatory conditions (Diff + MCM) resulted in decreased adi-
pogenesis (Adipoq and Fasn) and insulin action (Glut4)-related gene

expression and increased expression of Il6 gene (Fig. 5A). GYY4137, but
not Na2S, administration attenuated the negative effects of inflamma-
tion on Adipoq, Fasn and Glut4 gene expression, but not Il6, during
adipocyte differentiation (Fig. 5A).

Fig. 2. A-C) Effects of PPG (0,25 and 1mM) administration during 3T3-L1 differentiation on adipogenic, lipogenic, lipolytic, inflammatory and hydrogen sulfide
synthesis gene expression (A), intracellular lipid accumulation using Red Oil staining (B) and H2S levels at day 7 (C). Control differentiated (black bars), 0.25 mM
PPG (grey bars) and 1 mM PPG (white bars). *p < 0.05 and **p < 0.01 compared with control differentiated. These data are expressed as mean ± SEM. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. A-B) Effects of GYY4137 (50 μM) and Na2S (50 μM) treatments on expression of adipogenic and lipogenic related genes (A) and H2S levels (B) at day 7,
administrating hydrogen sulfide donors from day 0–7 during 3T3-L1 adipogenesis. C-D) Effects of GYY4137 (50 μM) and Na2S (50 μM) treatments on expression of
adipogenic and lipogenic related genes at day 7, administrating hydrogen sulfide donors only from day 0–2 (C) or from day 2–7 (D). Control differentiated (black
bars), GYY4137 (grey bars) and Na2S (white bars). *p < 0.05 and **p<0.01 compared with control differentiated. These data are expressed as mean ± SEM.

F. Comas, et al.
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3.6. Effects of Na2S and GYY4137 in fully differentiated 3T3-L1 adipocytes
in inflammatory conditions

Treatment of inflamed adipocytes with Na2S led to decreased adi-
pogenic gene expression (Adipoq, Pparg and Fabp4) and insulin action
(Glut4) related gene expression and increases inflammatory gene ex-
pression (Il6), whereas GYY4137 treatment only increases significantly
Pparg, tend to decrease the expression of Il6, and had no significant
effect in the expression of the other adipogenic-related genes studied
(Fig. 5B).

4. Discussion

To best of our knowledge this is the first study exploring the role of
H2S in 3T3-L1 preadipocytes during differentiation and in mature adi-
pocytes in inflammatory conditions using different H2S donors.
Specifically, H2S biosynthesis was increased during adipocyte differ-
entiation, and H2S donor (GYY4137 and Na2S) administration at dif-
ferent stages of adipocyte differentiation process resulted in enhanced
adipogenesis, whereas treatments with a specific inhibitor of en-
dogenous H2S biosynthesis (PPG) impaired adipogenesis and increased
inflammation. Even though, several studies reported H2S concentration
in human serum in a range of 10–200 μM (Karunya et al., 2019; Chen
et al., 2005; Li et al., 2005; Peng et al., 2011) or higher (Hamidi
Shishavan et al., 2017), other studies (Whitfield et al., 2008; Furne
et al., 2008; Olson, 2009; Shen et al., 2012) argue reduced H2S levels in
serum using sound arguments. In current study, to evaluate H2S bio-
synthesis at different stage of adipocyte differentiation (day 0, 2 and 7),
the 24 h cumulative H2S concentration were measured, indicating cell
capacity for H2S production, but not its physiological levels. In line with
these studies (Whitfield et al., 2008; Furne et al., 2008; Olson, 2009;
Shen et al., 2012), when adipocyte conditioned medium with L1 probe
was incubated for 1 h, H2S concentration (physiological levels) were
undetectable.

In addition, GYY4137 administration attenuated the negative effects
of inflammation during adipogenesis (Constant et al., 2008; Yarmo
et al., 2010), whereas Na2S aggravates the negative effects of in-
flammation on mature inflamed adipocytes.

These adipogenic and antiinflammatory activities of GYY4137
might be explained through the sulfhydration of PPARγ and NFκB cy-
steine residues (Cai et al., 2016; Du et al., 2014). Sulfhydrated PPARγ
increased its nuclear accumulation, DNA binding activity and adipo-
genesis gene expression, thereby increasing glucose uptake and lipid
storage (Cai et al., 2016), whereas sulfhydrated p65 subunit of NF-κB at
cysteine-38 inhibited macrophage inflammation by suppressing NFκB
pathway activation (Du et al., 2014). Supporting current data, Na2S and
GYY4137 administration was found to be associated positively with
adipogenic and lipogenic gene expression in 3T3-L1 cells, whereas
ZYJ1122 (a structural analogue of GYY4137 lacking sulfur) had not any
effects in these gene expression (Tsai et al., 2015). Furthermore, Lee
and colleagues demonstrated that hydrogen sulfide donor, diallyl dis-
ulfide, promotes adipogenesis in 3T3-L1 cells (Lee et al., 2007). On the
other hand, other studies reported antiadipogenic effect of hydrogen
sulfide donors derived from garlic (Kim et al., 2012; Lii et al., 2012). Of
note, daily administration of Na2S during 3T3-L1 differentiation in-
hibited adipogenesis, suggesting that H2S excess suppressed adipogenic
differentiation. No significant effects of time-expired Na2S on adipo-
genic markers were found, indicating that H2S from donors was the
responsible of adipogenic effect. Donors used in current study released
H2S at different rates, Na2S is a fast-releasing H2S donor and GYY4137
is a slow-releasing H2S donor, producing in consequence different
concentrations of the H2S at several times (Whiteman et al., 2010).
These differences in H2S availability and concentration could explain
why GYY4137 was more effective than Na2S in promoting adipocyte
differentiation and attenuating the negative effects of inflammation on
adipogenesis.

Inflammation in adipocytes is known to decrease adipogenesis in
parallel to increased insulin resistance (Gustafson and Smith, 2006), so

Fig. 4. A) Effects of one single dose of Na2S (50 μM diluted in PBS) on H2S levels in cell culture conditions (without cells) at several points (0, 24, 48, 72 and 96 h).
B–C) Effects of Na2S and time-expired Na2S excess administration on expression of adipogenic, lipogenic and lipolytic related genes during 3T3-L1 adipogenesis (B),
and intracellular lipid accumulation using Oil red staining (C). Control differentiated (black bars), Na2S excess (grey bars) and time-expired Na2S excess (white bars).
*p < 0.05 compared with control differentiated. These data are expressed as mean ± SEM. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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novel therapeutic strategies targeting adipose tissue to mitigate in-
flammation are emerging (Kusminski et al., 2016). Current findings
reveal that GYY4137 may represent an innovative therapeutic tool
against obesity-related adipose tissue inflammation.

It is well known that GYY4137 release is slower than Na2S (Powell
et al., 2018; Rose et al., 2015). A previous study demonstrated that the
rate of H2S release from GYY4137 (1mM, pH 7.4, 37 °C) was
4.17 ± 0.5 nmol/25min (Li et al., 2008). In agreement with these
studies, GYY4137 (50 μM) administration did not result in a significant
increase in H2S levels in adipocyte conditioned media.

In conclusion, altogether these data demonstrated that H2S in adi-
pocytes plays a pivotal role regulating adipogenesis under normal and
pro-inflammatory conditions. Interactions between adipocytes and H2S
may represent a novel target for restoring adipocytes physiologic
function.
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Supplementary Figure 1. A-D) Effect of permanent CBS gene knockdown (shCBS) on FABP4, 

ADIPOQ, SLC2A4 and CEBPA mRNA levels during ASC52telo cell adipocyte differentiation at 

day 0, 2 and 5. *p<0.05 and ***p<0.001 vs shC-ASC52telo cells.
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Abstract

Aims: To investigate the impact of exogenous hydrogen sulfide (H2S) and its endogenous 

biosynthesis on human adipocytes and adipose tissue in the context of obesity and insulin 

resistance. 

Results: Experiments in human adipose tissue explants and in isolated preadipocytes

demonstrated that exogenous H2S or the activation of endogenous H2S biosynthesis

resulted in increased adipogenesis, insulin action, sirtuin deacetylase and PPARγ 

transcriptional activity, whereas chemical inhibition and gene knockdown of each 

enzyme generating H2S (CTH, CBS, MPST) led to altered adipocyte differentiation,

cellular senescence and increased inflammation. In agreement with these experimental 

data, visceral and subcutaneous adipose tissue expression of H2S-synthesising enzymes 

was significantly reduced in morbidly obese subjects in association with attenuated 

adipogenesis and increased markers of adipose tissue inflammation and senescence. 

Interestingly, weight loss interventions (including bariatric surgery or diet/exercise) 

improved expression of H2S biosynthesis-related genes.  In human preadipocytes, 

expression of CTH, CBS and MPST genes and hydrogen sulfide production were 

dramatically increased during adipocyte differentiation. More importantly, the adipocyte 

proteome exhibiting persulfidation was characterized, disclosing that different proteins 

involved in fatty acid and lipid metabolism, the citrate cycle, insulin signalling, several 

adipokines and PPAR experienced the most dramatic persulfidation (85-98%).

Innovation: No previous studies investigated the impact of H2S on human adipose tissue.

This study suggests that the potentiation of adipose tissue H2S biosynthesis is a possible 

therapeutic approach to improve adipose tissue dysfunction in patients with obesity and 

insulin resistance. 
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Conclusion: Altogether these data supported the relevance of H2S biosynthesis in the 

modulation of human adipocyte physiology.

Abbreviations

AT, adipose tissue; DDA; data-dependent acquisition; DIA, data-independent 

acquisition; FDR, False Discovery Rate; HOMA-IR, Homeostasis Model Assessment –

Insulin Resistance Index; KD, gene knockdown; LDH, Lactate Dehydrogenase; PLP, 

pyridoxal 5’-phosphate; PPG, DL-propargylglycine; SAT, subcutaneous adipose tissue; 

sc, subcutaneous; shRNA, short hairpin RNA; SVF, stromal vascular cells; VAT, visceral 

adipose tissue.
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Introduction

Adipose tissue dysfunction, characterised by increased inflammation and cellular 

senescence and reduced adipogenesis, is an important contributor to obesity-associated 

metabolic disturbances, including insulin resistance (10, 33, 44). Increased oxidative 

stress and reactive oxygen species (ROS) levels in adipose tissue have been extensively 

demonstrated in obesity in association to insulin resistance and adipocyte dysfunction (1, 

2, 13, 24, 62). The attenuation of adipose tissue oxidative stress might be an important 

therapeutic approach to prevent adipose tissue dysfunction and improve obesity-

associated metabolic disturbances (50).

Hydrogen sulfide (H2S) is a gaseous mediator that plays important regulatory roles in 

innate immunity and inflammatory responses impacting on the development of 

cardiovascular and metabolic diseases (8, 23, 32, 70, 81). In mammalian systems, H2S is 

endogenously generated from cysteine by pyridoxal-5’-phosphate (PLP)-dependent 

enzymes, cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH or CSE), 

through the transsulfuration pathway (34). In the absence of PLP, 3-mercaptopyruvate 

sulfurtransferase (MPST) converts 3-mercaptopyruvate into H2S (39, 68).

H2S exerts its biological actions attenuating oxidative stress through different molecular 

mechanisms, including scavenging of ROS (69) and protein persulfidation (63). Protein 

persulfidation is a post-translational modification in which thiol groups (R–SH) from 

reactive cysteine residues are converted into perthiols (R–SSH). Persulfidation is known 

to modulate the structure and biological activity of target proteins, preventing irreversible 

cysteine overoxidation, and in consequence, preserving protein function (22, 56, 63, 84).
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A recent study reported increased serum sulfide levels in subjects with morbid obesity in 

positive correlation with fat mass (17), but negatively associated with hyperglycemia (17,

77), showing decreased serum sulfide levels in obese subjects with altered glucose 

tolerance. In line with this study, previous studies also demonstrated decreased plasma 

sulfide levels in association to type 2 diabetes (77) or decreased adipose tissue H2S

production capacity in mice models of obesity and diabetes (high fat diet and db/db) (35). 

In fact, there is emerging evidence in the 3T3-L1 mouse cell line pointing to a possible 

role of H2S in adipocyte differentiation through the modulation of PPARγ activity (9, 73,

80). The overexpression of the H2S generation enzyme CTH and the administration of the 

H2S donor NaHS to 3T3-L1 cells in an environment of high glucose restored adiponectin 

secretion and decreased the secretion of proinflammatory cytokines (59). However, the 

impact of H2S on human adipocytes has not been investigated, while its possible role in 

human adipose tissue physiology and adipogenesis is not yet completely understood.

We here aimed to investigate the possible role of H2S on human adipogenesis and adipose 

tissue in the context of obesity and insulin resistance, reporting the first observations, to 

our knowledge, linking H2S to the physiology of human adipose tissue. 
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Results

To examine the impact of H2S on adipose tissue, ex vivo experiments were performed in 

adipose tissue explants from cohort 1, in which paired SAT and VAT were obtained from 

20 morbidly obese participants with different degrees of systemic insulin sensitivity. 

Anthropometric and clinical parameters are shown in Suppl Table 1. As detailed in 

methods, the effects of GYY4137 in 5 consecutive participants and induction of 

endogenous H2S biosynthesis in all participants (n=20) were tested, with sulfide levels 

being analyzed in 8 consecutive participants.

Exogenous H2S administration increased adipogenesis, sirtuin and PPARγ activity 

in human adipose tissue explants 

The most common class of H2S donors are the sulfide salts [such as sodium hydrosulfide 

(NaSH) and sodium sulfide (Na2S)] and GYY4137. Sulfide salts produced a fast release 

of H2S triggering acute supraphysiological effects, and then H2S levels drop rapidly. In 

contrast, GYY4137 induces a slower but more prolonged H2S release, with increased 

peaking time (10 min vs 10 s for NaSH), but decreased peaking concentration (400-fold

lower than for NaSH) (63).  In human adipose tissue ex vivo, GYY4137 (5 μM, 16h at 

37ºC) administration increased ADIPOQ, FASN, SLC2A4 and SIRT1 mRNAs in parallel 

to sulfide levels in tissue culture media (Figure 2A). GYY4137 (200 μM, 1h at 37ºC) 

also increased sirtuin deacetylase (Figure 2B) and PPARγ transcriptional (Figure 2C) 

activities in adipose tissue lysates. 

Ex vivo stimulation of H2S biosynthesis enhances the expression of adipogenic genes 

and SIRT1 in association with insulin sensitivity

Then, H2S biosynthesis was examined in human adipose tissue explants (Suppl Table 1), 

after adding L-cysteine and pyridoxal 5’-phosphate (PLP), known to induce H2S

biosynthesis through CBS and CTH. We observed increased endogenous H2S
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biosynthesis (Figure 2D) in parallel to raised CTH and CBS mRNAs levels (Table 1, 

Figure 2E-F), pointing that CTH and CBS gene expression is associated to H2S

biosynthesis. The induction of endogenous H2S biosynthesis resulted in increased sulfide 

levels in tissue culture media and enhanced expression of adipogenic (ADIPOQ, PPARG, 

SLC2A4, CIDEA and FASN) and SIRT1 genes in both subcutaneous (SAT) and visceral 

(VAT) adipose tissue (Table 1, Figure 2D). Sulfide concentration in the media positively 

correlated with ADIPOQ, PPARG, SLC2A4 and SIRT1 gene expression in both SAT and 

VAT (Figure 2E-F). The increase in SAT, but not VAT, ADIPOQ, SLC2A4, FASN and 

SIRT1 gene expression after endogenous H2S biosynthesis induction in AT explants was 

higher in those morbidly obese participants with decreased Hb1Ac (Figure 3A-D), but 

increased insulin sensitivity (Figure 3E-H).  

Supporting these experimental data, VAT and SAT H2S-synthesising enzymes (CTH,

CBS, MPST) gene expression, which is in association to H2S biosynthesis, were 

associated to systemic insulin sensitivity and adipose tissue adipogenesis in two cross-

sectional (cohort 2 and 3) and three longitudinal (cohort 4, 5, 6) cohorts, in which bariatric 

surgery or diet/exercise interventions were performed.

Insulin sensitivity is associated to CTH expression in human adipose tissue

In cohort 2, VAT and SAT CTH, CBS and SAT MPST gene expression were significantly 

decreased in obese subjects (Suppl Table 2, Figure 4A-C) in association with homeostasis 

model assessment – insulin resistance index (HOMA-IR) and fasting triglycerides (Table

2). HOMA-IR was the main factor contributing to decreased SAT CTH (β= -0.29, p=0.04) 

and SAT CBS (β= -0.42, p=0.02) after adjusting for sex, age and body mass index (BMI). 

In a subgroup of 12 participants, in which CTH protein levels were analysed, a positive 

correlation between CTH protein and mRNA levels in both SAT and VAT were found 

(Figure 4D).
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In an independent cohort of morbidly obese participants (cohort 3, Suppl Table 3), insulin 

sensitivity (euglycemic clamp) was positively correlated with SAT CTH (r=0.55, p=0.02, 

Figure 4E) and CBS (r=0.45, p=0.06, Figure 4F), but not SAT MPST (r=0.34, p=0.1) after 

excluding participants with type 2 diabetes. VAT CTH gene expression was also 

negatively correlated with HOMA-IR (Table 3).

Association of CTH, CBS and MPST with markers of adipose tissue functionality 

and the effects of weight loss

In cohort 2, in both VAT and SAT, CTH, CBS and MPST gene expression was positively 

correlated with adipogenic (FASN, ACACA, PPARG), insulin signaling pathway-related 

(IRS1, SLC2A4), SIRT1 and PPARGC1A gene expression and negatively associated with 

expression of LEP, LBP and TNF (only MPST) genes (Table 2). In cohort 3, concordant 

associations were found for CTH and MPST, but not for CBS gene expression (Table 3).  

CTH gene expression correlated with expression of adipogenic (ADIPOQ, PPARG),

mitochondrial biogenesis (PPARGC1A), and insulin signaling pathway-related (IRS1)

genes, and markers of cellular senescence (positively with SIRT1 and negatively with

BAX, TP53 and TNF gene expression (Table 3). MPST mRNA also positively correlated 

with PPARG, ADIPOQ and SLC2A4 genes (Table 3).

In cohort 4, bariatric surgery-induced weight loss resulted in increased CTH (29.7%, 

p=0.0005), CBS (9.6%, p=0.05) and MPST (15.2%, p=0.01) mRNAs in parallel to 

improved insulin sensitivity and systemic inflammation (53, 57). Interestingly, the 

increase in CTH mRNA was positively correlated with the increase in ADIPOQ (r= 0.71, 

p= 0.002), SIRT1 (r= 0.53, p= 0.03) and PPARGC1A (r= 0.56, p= 0.02) mRNAs. Similar 

findings were observed in an independent cohort after bariatric surgery-induced weight 

loss (cohort 6) and also after diet or exercise-induced weight loss (cohort 5), with 

increased SAT CTH mRNA levels (55% and 29%, respectively, both p<0.01).
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In adipose tissue cell fractions, CTH and MPST gene expression significantly increased 

in human adipocytes in comparison with stromal vascular cells (SVF) (Figure 4G-H), 

whereas no significant differences in CBS gene expression between these 2 cell types 

were detected (Figure 4I).  

Expression of H2S-synthesising enzymes increases with adipocyte differentiation  

Next, H2S biosynthesis was investigated at cellular level, in human preadipocytes and 

adipocytes. We found that an adipocyte endogenous source of H2S is prominent in human 

adipocytes. Sulfide levels were detectable and quantified in the culture media of human 

adipocytes and consistently increased by a ~30% with adipocyte differentiation (Figure 

5A-B). CTH and MPST gene expression increased progressively during human adipocyte 

differentiation (Figure 5C-D) in close parallelism with adipogenic genes (ADIPOQ, 

Figure 5E). CBS increased slightly only in the last days of differentiation (day 12 and day 

14, Figure 5F). These findings were confirmed at the protein level, observing high levels 

of sulfide-producer enzyme accumulation after differentiation (Figure 5G).  

Exogenous H2S potentiates insulin action and adipogenesis in human adipocytes  

GYY4137 had no apparent effects on PPARγ transcriptional activity in preadipocytes 

(Figure 6A) (72 h) but led to a significantly increased sirtuin deacetylase activity (Figure 

6B). In contrast, GYY4137 increased PPARγ transcriptional activity in adipocytes 

(Figure 6C), without significantly affecting sirtuin deacetylase activity (Figure 6D). 

GYY4137 treatment resulted in a 3-fold increase (p<0.001) in pSer473Akt/Akt ratio in 

response to insulin (Figure 6E). 

GYY4137 dose-dependently increased the expression of adipogenic genes (ADIPOQ, 

FABP4 and CEBPA) and SLC2A4 in the last days of adipocyte differentiation and this 

effect was reverted by the CTH inhibitor propargylglycine (PPG) (Figure 6F-I).  
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Chemical inhibition of H2S-synthesising enzymes attenuates adipogenesis and 

impacts inflammation in human adipocytes

Propargylglycine (PPG) is a known specific chemical inhibitor of the CTH enzyme, 

which led to a significant reduction of intracellular lipid accumulation (Figure 7A), fatty 

acid synthase protein levels (Figure 7B) and adipogenic gene expression (ADIPOQ, 

FABP4, PPARG, FASN, PLIN1) (Figure 7C-G) during adipogenesis. PPG led to raised 

markers of cellular senescence (BAX, TP53), proinflammatory cytokines (IL6, TNF) and 

pSer536NFκB (p65)/NFκB (p65) ratio, without changing LDH activity (a direct measure of 

cellular damage and necrosis) ((Figure 7H-M).

In fully differentiated adipocytes, PPG also attenuated insulin-induced Ser473Akt 

phosphorylation (Figure 7N), reduced ADIPOQ, FASN, DGAT1, PPARG, IRS1, 

PPARGC1A and SIRT1 (Suppl Figure 1A-G), but did not affect inflammatory or cellular 

senescence-related gene expression or LDH activity (Suppl Figure 1H-L). 

Gene knockdown (KD) of CTH, CBS and MPST in human preadipocytes impairs 

adipocyte differentiation 

The effects of chemical compounds such as GYY4137 or PPG up- or downregulating H2S

production could be due to off-target mechanisms acting at multiple levels. For this 

reason, we studied how CTH, CBS and MPST gene KD affect adipogenesis during human 

adipocyte differentiation. The silencing of all these genes resulted in significantly 

decreased expression of adipogenic, lipogenic and insulin pathway-related genes while 

increasing inflammatory gene expression (Figure 8A-C). CTH gene KD resulted in a 

significantly decreased expression in adipogenic (ADIPOQ, FABP4, FASN, PPARG, 

CEBPA) and insulin pathway (SLC2A4, IRS1)-related genes while increasing 

inflammatory mRNAs (IL6, TNF) (Figure 8A). 
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CBS gene KD also resulted in decreased ADIPOQ, FABP4, FASN, CEBPA, SLC2A4 and

IRS1, and increased IL6 mRNA levels (Figure 8B). MPST gene KD led to decreased 

ADIPOQ, FABP4, FASN, PPARG, CEBPA and SLC2A4, and increased IL6 and TNF 

mRNA levels (Figure 8C). Of note, the most antiadipogenic effect was observed in CTH 

gene KD, since expression of all adipogenic and insulin pathway-related genes was 

reduced between 45-55% (p<0.005).

Persulfidation affects proteins involved in adipogenesis 

Between 10 -30% of the cellular proteome is susceptible to being modified by 

persulfidation as it has been reported in mammals and plants, being this a highly prevalent 

protein post-translational modification (6, 60). For this reason, to gain insight into the 

mechanism underlying the adipogenic effects of H2S, whole proteome persulfidation in 

preadipocytes and adipocytes was analysed and compared. To assess that, a sequential 

window acquisition of all theoretical spectra-mass spectrometry (SWATH-MS) 

quantitative approach with the tag-switch method (83) was combined for identification of 

protein persulfidation in preadipocyte and differentiated human cell cultures. Protein 

samples from four biological replicates extracted from preadipocyte and differentiated 

adipocyte cell cultures were isolated and subjected to the chemoselective tag-switch

method to label persulfidated proteins. The enriched samples in persulfidated proteins 

obtained were digested, and the peptide solutions analyzed in two sequential steps: a 

shotgun data-dependent acquisition (DDA) approach to generate the spectral library, and 

SWATH acquisition by a data-independent acquisition (DIA) method. In the first step, 

after integrating the eight datasets, a total of 19,053 peptides [1% false discovery rate 

(FDR) and 92.8 % confidence] and 2,016 unique proteins (1% FDR) were identified and 

used as spectral library (Suppl dataset 1, available in PRIDE with identifier PXD018720). 

In the second step, to quantify protein levels using SWATH acquisition, the same eight 
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biological samples were analyzed twice each (technical replicas) by a DIA method. For 

quantitation, the fragment spectra were obtained for the sixteen runs and 1,590 proteins 

were quantified (Suppl dataset 2, available in PRIDE with identifier PXD018720), of

which 954 were differentially more or less abundant in each culture with a fold change of 

1.5 and p value < 0.05 (Suppl dataset 3, available in PRIDE with identifier 

PXD018720). From these proteins, 332 proteins were more persulfidated in differentiated 

adipocytes and in addition, we detected in the spectral library generated by the DDA 

approach 496 proteins that were only identified in the adipocyte samples and were under 

the detection limit in preadipocyte cultures (Suppl Table 4). Therefore, a total of 828 

proteins were only persulfidated or were more persulfidated in differentiated adipocyte 

cultures.

In differentiated human adipocytes, persulfidation was significantly increased in proteins 

involved in fatty acid and lipid metabolism, the citrate cycle, adipokine, PPAR and insulin 

signalling (Figure 9A-B), Among them, we identified PLIN1, previously described as 

susceptible of persulfidation (21), which validated the proteomic approach used, and 

other important proteins and enzymes in adipocyte physiology, such as FASN, SCD, 

ACACA, THRSP, PLIN4, LIPE, ACSL1, SLC2A4 (GLUT4) and FABP4 (all with 

p<0.0000001), but not non-adipogenic control proteins, such as ACTB, ENO1 and 

PARK7 (61) that showed similar level of persulfidation in both cell cultures (Figure 9C). 

Considering that persulfidation preserved protein integrity and function in conditions of 

oxidative stress where cysteine residues may be partially oxidized (22, 63, 84), current

data suggested that persulfidation in adipocytes might have a crucial role preserving those 

proteins involved in adipogenesis and adipocyte physiology. These proteins mainly 

included enzymes, lipid droplet-associated proteins, membrane transporters and receptors 

that modulate lipogenesis, lipolysis, mitochondrial function and insulin action (Suppl 
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dataset 2 and Figure 9A-B). On the other hand, in preadipocytes the proteins that were 

persulfidated belonged to pathways involved in immune response, cell migration, 

glycosaminoglycan degradation, complement and coagulation cascades and bacterial 

invasion of epithelial cells (Suppl Figure 2A-B).
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Discussion

The current study provides sound and novel evidences supporting the importance of H2S

biosynthesis in the physiology of human adipose tissue. Altogether current findings 

pointed to a crucial role of H2S and H2S-synthetizing enzymes in human adipose tissue 

physiology at different cellular levels. Even though, the specific molecular mechanism to 

explain the possible effects of H2S on human adipogenesis has not been fully resolved in 

this study, some mechanisms might be inferred from current findings. These putative 

mechanisms were as follows:

i) Preserving adipogenic-related proteins through protein persulfidation. Persulfidation

often increases the reactivity of target proteins, modulating their biological activities, 

whereas other post-translational modifications, such as S-nitrosylation often decreases 

protein activity (25). In fact, a recent study showed experimentally, for the first time, a 

higher chemical reactivity in proteins with persulfidated cysteines compared to proteins 

with cysteines with sulfur in the thiol state (26). Even though, the most reported impact 

of persulfidation is to activate protein function, some studies demonstrated inhibitory 

effects in some important proteins (26). 

Taking into account that we found increased persulfidation in FASN, SCD, ACACA, 

THRSP, PLIN4, LIPE, ACSL1, GLUT4 and FABP4, and that an appropriate 

functionality of these proteins is required for adipogenesis and adipocyte physiology (3, 

14, 19, 31, 42, 46, 66, 82), the current results suggest that endogenous H2S biosynthesis 

might preserve the function of those proteins involved in adipogenesis. However, further 

experiments are required to confirm this suggestion.

Supporting the importance of H2S in the physiology of adipose cells, CTH, CBS and 

MPST mRNA levels were detected at substantial levels in adipocytes, increasing during 

human adipocyte differentiation in parallel to ADIPOQ. The knockdown of CTH, CBS
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and MPST promoted the development of dysfunctional adipocytes during adipocyte 

differentiation, decreasing markers of adipogenesis and increasing the expression of 

proinflammatory cytokines in parallel to decreased H2S biosynthesis. Of note, the most 

anti-adipogenic effect was observed in CTH gene KD. The chemical inhibition of CTH 

activity resulted in decreased adipogenesis during human adipocyte differentiation and in 

fully differentiated adipocytes. In fact, anti-adipogenic and inflammatory effects of high 

PPG dose (250 μM) during human adipocyte differentiation were comparable with the 

effects of CTH gene KD. In contrast, no significant effects of low PPG dose (25 μM) 

were found. This discrepancy could be explained by the previously reported low potency,

low selectivity and the limited cell-membrane permeability of PPG (7). However, 

considering that inhibiting CBS, CTH and MPST may have effects independent of H2S, 

such as perturbations in homocysteine metabolism, the results of PPG or gene knockdown 

experiments should be interpreted with caution. In addition, it should be considered that 

knockdown of one of these enzymes might be compensated by H2S production by the 

remaining ones. Otherwise, the administration of GYY4137 in the last stage of the process 

resulted in a dose-dependent increased expression of adipogenic genes. Interestingly, 

when endogenous H2S production was inhibited with PPG (250 μM), GYY4137 

sustained adipogenic gene expression (Figure 6), preventing the reduction observed in 

Figure 7. Previous studies demonstrated that adipogenic (73) and anti-cancer (41) effects 

of GYY4137 were not observed when cells were treated with ZYJ1122, its structural 

analogue lacking sulfur, indicating that GYY4137 effects were dependent of H2S moiety. 

Ex vivo experiments also demonstrated that the activation of H2S-producing enzymes in

adipose tissue increased expression of adipogenic genes in correlation to H2S

biosynthesis. Consistent with the suggested impact of H2S on protein persulfidation in 

adipose cells (current study), a recent study demonstrated that persulfidation depends on 
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intracellular H2S levels, observing in those situations of decreased H2S biosynthesis, such 

as aging, a significant decline in protein persulfidation, whereas conditions of enhanced 

H2S production (such as dietary restriction) were associated with increased protein 

persulfidation (84).

ii) Preventing inflammatory processes in human preadipocytes through the induction of

sirtuin deacetylase activity. Specifically, in human preadipocytes, exogenous H2S

(GYY4137) treatment enhanced sirtuin activity, whereas when endogenous H2S

biosynthesis was inhibited (using PPG or in CTH, CBS and MPST KD) markers of 

cellular senescence (TP53), apoptosis (BAX) and inflammation (TNF, IL6) increased. 

These findings suggest that the previously reported anti-senescence effects of H2S (20, 

51, 65) might contribute to improve the adipogenic function of preadipocytes, and 

preserve adipose tissue functionality (4). In addition, increased SIRT1 mRNA levels and 

sirtuin activity after transsulfuration pathway activation or GYY4137 administration in 

ex vivo experiment (adipose tissue explants) or the consistent association between H2S-

producing enzymes and SIRT1 gene expression in human adipose tissue reinforced this 

idea. Furthermore, both SAT and VAT CTH gene expression negatively correlated with 

markers of cellular senescence (TP53), inflammation (TNF) and apoptosis (BAX) in 

obese subjects, which were all associated to adipose tissue dysfunction and insulin 

resistance (36, 37, 52, 71). Even though, TP53, inflammatory cytokines (IL6 and TNF)

or apoptosis markers has all been previously used to characterize senescence-associated 

adipose tissue dysfunction (36, 37, 52, 71), a more accurate measurement of cellular 

senescence (such as β-galactosidase activity) should be considered to confirm current 

associations in further studies.

Strengthening current findings, increased SIRT1 activity led to enhanced adipose tissue 

rejuvenation (characterized by increased cellular stemness) and decreased inflammation 
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(12, 29, 43, 64, 78) and H2S administration resulted in enhanced Sirt1 expression and 

activity (20, 51, 65), preventing vascular aging (20) and cellular senescence in human 

fibroblasts (65). In line with these findings, in immortalized human adipose-derived 

mesenchymal stem cells, which unlike human preadipocytes and adipocytes (current 

study) displayed a much higher expression of CBS than CTH gene (18), CBS gene 

knockdown promotes a cellular senescence phenotype characterized by increased 

inflammation and oxidative stress, and decreased H2S production (18). Of note, this 

cellular senescence phenotype resulted in adipocyte hypertrophy, when these cells 

differentiated into adipocytes, and attenuated their ability to differentiate into osteogenic 

linage (18).  

iii) Increasing insulin action through the activation of PPARγ transcriptional activity in 

differentiated adipocytes. GYY4137 administration resulted in a significant increased of 

insulin-induced Akt phosphorylation at serine 473, whereas PPG administration had 

opposite effects. A fine regulation of insulin action is associated to adipogenesis and 

adipose tissue physiology (55, 67). Ex vivo experiments indicated that the adipogenic 

effect resulting from transsulfuration pathway activation was increased in association 

with insulin sensitivity, and negatively correlated with HbA1c levels, supporting the 

relationship between H2S and adipose tissue insulin action. In addition, AT CTH gene 

expression was positively correlated to systemic insulin sensitivity in both cross-sectional 

studies (cohort 1 and cohort 2) and increased after bariatric surgery-induced weight los 

similar to insulin sensitivity. H2S improved insulin action in mice (28, 48, 49, 79). 

GYY4137 administration improved high fat diet-induced insulin resistance through the 

activation of PPARγ in adipose tissue, whereas PPG exerted opposite effects (9). 

Mechanistically, H2S-induced PPARγ transactivation is mediated by enhanced PPARγ 

persulfidation in cysteine residues from DNA binding domain (9, 80). Since PPG 
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administration also increased pSer536NFκB (p65)/NFκB ratio and proinflammatory 

cytokines (IL6 and TNF), another potential mechanism to explain H2S effects on insulin 

action was the inhibition of NFκB-induced inflammation (23).

In support of current findings, CBS deficiency is known to be associated with decreased 

fat mass in both mice and humans (30, 38). CTH is involved in adipogenesis in 

phylogenetically distant species from drosophila to mice (9, 73, 80) with cth knockout 

mice developing decreased fat mass under cysteine-limited diets (47). 

Decreased levels of H2S-synthetizing enzymes in morbidly obese subjects seems in 

contradiction with the relevance of these enzymes in adipogenesis and fat mass accretion. 

However, in conditions of obesity and insulin resistance, adipogenesis is attenuated (40, 

54, 74), and size enlargement of pre-existing adipocytes acquires more relevance in fat 

mass sustaining (45). The findings in human adipose tissue are in agreement with 

decreased adipose tissue H2S production reported in db/db and high-fat diet-fed mice

(35). Even though, adipose tissue as a possible source of increased serum sulfide levels, 

recently described in morbidly obese subjects (17), cannot be discarded. Alternative 

hypothesis should be investigated: i) Expression of H2S-synthesizing enzymes could be 

higher in early phases of obesity but decrease in more advanced disease as a consequence 

of adipose tissue inflammation and insulin resistance. ii) In addition, H2S production 

depends not only by the expression/activity of synthesizing enzymes but also on its 

oxidation. Decreased oxidation may be the result of environmental hypoxia as that 

present in adipose tissue from subjects with obesity (72). In this context, decreased 

oxidation could result in persistently higher serum sulfide levels. 

Current data might anticipate clinical applications and also suggest that the modulation 

of adipose tissue H2S biosynthesis may play a role in glucose metabolism. Dietary raw 

garlic homogenate (a complex mixture containing several H2S precursors) administration 
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restored plasma H2S levels in diabetic rats and led to increased insulin sensitivity (58).

Therapeutically, the potentiation of adipose tissue H2S-synthetizing enzymes to improve 

adipose tissue physiology in patients with type 2 diabetes should be investigated in depth 

in further studies. 

Conclusions

This study sustains adipose tissue H2S-synthetizing enzymes as important actors in 

human adipose tissue physiology and systemic insulin sensitivity, possibly avoiding

cellular senescence and inflammation, and in consequence preserving adipose tissue 

adipogenesis.

Innovation

Even though the role of H2S on adipogenesis has been previously studied in mice, no

previous studies investigated the impact of H2S on human adipose tissue. The current 

study demonstrates the relevance of H2S biosynthesis in human adipogenesis and adipose 

tissue physiology. This study also shows the first whole proteome persulfidation analysis 

in human adipocytes, suggesting that persulfidation might preserve the function of those 

proteins involved in adipogenesis. Altogether these data point to the potentiation of 

adipose tissue H2S biosynthesis as a possible therapeutic approach to improve adipose 

tissue dysfunction in patients with obesity and insulin resistance (Figure 1).
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Material and Methods

Subjects’ recruitment for adipose tissue samples

Ex vivo experiments in adipose tissue explants

Cohort 1. Paired SAT and VAT were obtained from 20 obese participants undergoing 

open abdominal surgery (gastrointestinal bypass) under general anesthesia after an 

overnight fast. Anthropometric and clinical parameters were detailed in Suppl Table 1.

The study had the approval of the ethical committee, and all patients gave informed 

written consent.

These experiments were performed as previously described (53). In brief, samples of 

adipose tissue were immediately transported to the laboratory (5–10 min). The handling 

of tissue was carried out under strictly aseptic conditions. The tissue was cut with scissors 

into small pieces (5–10 mg) and incubated in buffer plus albumin (3 ml/g of tissue) for 

30 min. After incubation, the tissue explants were centrifuged for 30 s at 400g. Then 100

mg of minced tissue was placed into 1 ml M199 (Life Technologies, Invitrogen) 

containing 10% fetal bovine serum (Hyclone, Thermo Fisher Scientific), 100 unit/ml 

penicillin (Life Technologies, Invitrogen), and 100 μg/ml streptomycin (Life 

Technologies, Invitrogen) and incubated for 16 h in suspension culture under aseptic 

conditions. The following treatments were performed: i) Vehicle or GYY4137 (5 μM) 

administration during 16 h at 37ºC to evaluate the effects of exogenous H2S

administration (N=5); and ii) Vehicle or L-cysteine (10 mM) and pyridoxal 5’-phosphate 

(2 mM), as an inductor of the transsulfuration pathway (H2S-synthesising enzymes), 

during 16 h at 37ºC to evaluate the effects of endogenous H2S biosynthesis (N=20). In 

addition, the effect of GYY4137 (200 μM, 1 h at 37ºC) in adipose tissue lysates were also 

tested.
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Cross-sectional studies

In cohort 2, a group of 241 [122 visceral (VAT) and 119 subcutaneous (SAT) adipose 

tissues] from participants with normal body weight and different degrees of obesity, with 

body mass index (BMI) within 20 and 68 kg/m2, were analyzed. In a third cohort of 

morbidly obese (BMI > 35 kg/m2) subjects with different degrees of insulin action 

(measured using hyperinsulinemic-euglycemic clamp), 35 paired SAT and VAT samples

(Cohort 3) were studied. Altogether these subjects were recruited at the Endocrinology 

Service of the Hospital of Girona “Dr Josep Trueta”. All subjects were of Caucasian 

origin and reported that their body weight had been stable for at least three months before 

the study. Subjects were studied in the post-absorptive state. BMI was calculated as 

weight (in kg) divided by height (in m) squared. They had no systemic disease other than 

obesity or type 2 diabetes, and all were free of any infections in the previous month before 

the study. Type 2 diabetes was diagnosed following the criteria of the Expert Committee 

on the Diagnosis and Classification of Diabetes (85). The characteristics of patients with 

type 2 diabetes are described in Suppl Table 2 and Suppl Table 3. Liver diseases 

(specifically tumoral disease and HCV infection) and thyroid dysfunction were 

specifically excluded by biochemical work-up. All subjects gave written informed 

consent, validated and approved by the ethical committee of the Hospital of Girona “Dr 

Josep Trueta”, after the purpose of the study was explained to them. Samples and data 

from patients included in this study were provided by the FATBANK platform promoted 

by the CIBEROBN and coordinated by the IDIBGI Biobank (Biobanc IDIBGI,

B.0000872), integrated in the Spanish National Biobanks Network and they were

processed following standard operating procedures with the appropriate approval of the 

Ethics, External Scientific and FATBANK Internal Scientific Committees. 
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Interventional studies

In cohort 4, twenty-five Caucasian obese (BMI= 43.7 ± 4.6 kg/m2, age=47 ± 9 years 

[mean ±SD])  subjects, who underwent bariatric surgery thought Roux-en-Y gastric 

bypass in Hospital of Girona “Dr Josep Trueta” were part of an ongoing study (57).

Inclusion criteria were age between 30 and 60 years, BMI > 35 kg/m2 and ability to 

understand the study protocol.  Exclusion criteria were use of medications able to interfere 

with insulin action and history of a chronic systemic disease. Adipose tissue samples from 

the SAT depot were obtained during bariatric surgery. Postoperative samples of SAT 

were obtained by subcutaneous biopsy at the mesogastric level after 2 years from surgery.

Fasting blood samples were obtained at the same day of the biopsy. All subjects gave 

written informed consent, validated and approved by the ethical committee of the Hospital 

of Girona “Dr Josep Trueta”, after the purpose of the study was explained to them.

In cohorts 5 and 6, SAT gene expression was analyzed before and 6 months after a 

multimodal weight reduction program consisting of a -800kcal calorie restricted diet 

combined with a structured (twice a week for 60min) exercise program (cohort 5, n=15; 

mean age: 46.2±2.5years, mean BMI: 34.5±1.8kg/m², no type 2 diabetes, no concomitant 

medication) and before and 12 months after bariatric surgery (cohort 6, n=32), as 

previously described (11). All study protocols have been approved by the ethics 

committee of the University of Leipzig. All participants gave written informed consent

before taking part in the study. 

Adipose tissue samples were obtained from SAT and VAT depots during elective surgical 

procedures (cholecystectomy, surgery of abdominal hernia and gastric by-pass surgery). 

Both SAT and VAT samples were collected from the abdomen, following standard 

procedures. Samples of adipose tissue were immediately transported to the laboratory (5-

10 min). The handling of tissue was carried out under strictly aseptic conditions. Adipose 
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tissue samples were washed in PBS, cut off with forceps and scalpel into small pieces 

(100 mg), and immediately flash-frozen in liquid nitrogen before stored at -80ºC. The 

isolation of adipocyte and stromal vascular fraction cells (SVF) was performed from 8 

SAT and 8 VAT non-frozen adipose tissue samples. These samples were washed three to 

four times with phosphate-buffered saline (PBS) and suspended in an equal volume of 

PBS supplemented with 1% penicillin-streptomycin and 0.1% collagenase type I 

prewarmed to 37°C. The tissue was placed in a shaking water bath at 37°C with 

continuous agitation for 60 minutes and centrifuged for 5 minutes at 300 to 500g at room 

temperature. The supernatant, containing mature adipocytes, was recollected. The pellet 

was identified as the SVF. Isolated mature adipocytes and SVF stored at -80ºC for gene 

expression analysis.

Hyperinsulinemic-euglycemic clamp

Insulin action was determined by hyperinsulinemic-euglycemic clamp. After an overnight 

fast, two catheters were inserted into an antecubital vein, one for each arm, used to 

administer constant infusions of glucose and insulin and to obtain arterialized venous 

blood samples. A 2-h hyperinsulinemic-euglycemic clamp was initiated by a two-step 

primed infusion of insulin (80 mU/m2/min for 5 min, 60 mU/m2/min for 5 min) 

immediately followed by a continuous infusion of insulin at a rate of 40 mU/m2/min 

(regular insulin [Actrapid; Novo Nordisk, Plainsboro, NJ]). Glucose infusion began at 

minute 4 at an initial perfusion rate of 2 mg/kg/min being then adjusted to maintain 

plasma glucose concentration at 88.3–99.1 mg/dL. Blood samples were collected every 5 

min for determination of plasma glucose and insulin. Insulin sensitivity was assessed as 

the mean glucose infusion rate during the last 40 min. In the stationary equilibrium, the 

amount of glucose administered (M) equals the glucose taken by the body tissues and is 

a measure of overall insulin sensitivity.
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Analytical methods 

Serum glucose concentrations were measured in duplicate by the glucose oxidase method 

using a Beckman glucose analyser II (Beckman Instruments, Brea, California). 

Glycosylated haemoglobin (HbA1c) was measured by the high-performance liquid 

chromatography method (Bio-Rad, Muenchen, Germany, and autoanalyser Jokoh HS-10,

respectively). Intra- and inter-assay coefficients of variation were less than 4% for all

these tests. Serum insulin was measured in duplicate by RIA (Medgenix Diagnostics, 

Fleunes, Belgium). The intra-assay coefficient of variation was 5.2% at a concentration 

of 10 mU/l and 3.4% at 130 mU/l. The interassay coefficients of variation were 6.9 and 

4.5% at 14 and 89 mU/l, respectively. HOMA-IR was calculated using the following 

formula: [Insulin (mU/l) x Glucose mmol/l]/22.5. Roche Hitachi Cobas c711 instrument 

(Roche, Barcelona, Spain) was used to do HDL cholesterol and total serum triglycerides

determinations. HDL cholesterol was quantified by a homogeneous enzymatic 

colorimetric assay through the cholesterol esterase / cholesterol oxidase / peroxidase 

reaction (Cobas HDLC3). Serum fasting triglycerides were measured by an enzymatic, 

colorimetric method with glycerol phosphate oxidase and peroxidase (Cobas TRIGL). 

LDL cholesterol was calculated using the Friedewald formula.

Differentiation of human pre-adipocytes

Isolated human subcutaneous preadipocytes (Zen-Bio Inc., Research Triangle Park, NC) 

were plated on T-75 cell culture flasks and cultured at 37 C and 5% CO2 in 

DMEM/nutrient mix F-12 medium (1:1, vol/vol) supplemented with 10 U/ml 

penicillin/streptomycin, 10% fetal bovine serum (FBS), 1% HEPES, and 1% glutamine 

(all from GIBCO, Invitrogen S.A, Barcelona, Spain). One week later, the isolated and 

expanded human sc preadipocytes were cultured (~40,000 cells/cm2) in 12-well plates 

with preadipocytes medium (Zen-Bio) composed of DMEM/nutrient mix F-12 medium 
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(1:1, vol/vol), HEPES, FBS, penicillin, and streptomycin in a humidified 37 C incubator 

with 5% CO2. Twenty-four hours after plating, cells were checked for complete 

confluence (d 0), and differentiation was induced using differentiation medium (Zen-Bio) 

composed of preadipocytes medium, human insulin, dexamethasone, 

isobutylmethylxanthine, and PPARγ agonists (rosiglitazone). After 7 day (d7), 

differentiation medium was replaced with fresh adipocyte medium (Zen-Bio) composed 

of DMEM/nutrient mix F-12 medium (1:1, vol/vol), HEPES, FBS, biotin, pantothenate, 

human insulin, dexamethasone, penicillin, streptomycin, and amphotericin. Negative 

control (nondifferentiated cell) was performed with preadipocyte medium during all 

differentiation process. Fourteen days after the initiation of differentiation, cells appeared 

rounded with large lipid droplets apparent in the cytoplasm. Cells were then considered 

mature adipocytes, harvested, and stored at -80ºC for RNA/protein purification. For time 

course experiment, Cells were harvested and stored at -80ºC for RNA/protein purification 

at day 0, 2, 5, 7, 9, 12 and 14. To evaluate cell integrity, lactate dehydrogenase (LDH) 

activity was analyzed by Cytotoxicity Detection Kit (LDH) (Cat. nº 11644793001, Roche 

Diagnostics SL, Barcelona, Spain) according to the manufacturer's instructions.  

Treatments CTH inhibitor DL-propargylglycine (PPG, 25 and 250 μM) administration 

was performed during sc adipocyte differentiation. Otherwise, after adipocyte 

differentiation (at d 14), sc fully differentiated adipocytes were incubated with fresh 

medium (control) and fresh medium containing PPG (25 and 250 μM) for 48h. GYY4137 

(0.1, 1 and 5 μM, a slow H2S donor) was administrated during the last stage (from day 7

to 14) of sc adipocyte differentiation process. At the end of each experiment, cells were 

harvested, and pellets and supernatants were stored at -80 ºC. All in vitro experiments 

were performed in three or four independent replicates.
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Gene knockdown was performed using CTH, CBS and MPST-targeted and control 

(scrambled) shRNA lentiviral particles (sc-78973-V, sc-60335-V, sc-75821-V and

sc-108080, Santa Cruz Biotechnology, CA, USA) following the manufacturer 

instructions

differentiation started 24 h after lentiviral transfection and no antibiotic selection was 

performed.

Media sulfide quantification

Sulfide concentration in cultured medium was assessed as previously described (16), 

using a naphthalimide-based fluorescent sensor 6-Azido-2-[2-[2-(2-

hydroxyethoxy)ethoxy]ethyl]benzo[de]isoquinoline-1,3-dione (L1). This probe was

chemically synthesised in Institute of Computational Chemistry and Catalysis (Chemistry

Department, University of Girona) as described previously (15). L1 probe (5 μM) was 

included and incubated in adipose tissue (16h) or adipocyte (24h) maintenance media. In 

each experiment, a negative control that consisted in the incubation of cell culture media 

plus L1 probe (5 μM) without adipose tissue explants or adipocytes was also performed. 

This negative control was used to subtract spontaneous H2S production. After incubation, 

media were transferred to new eppendorf tubes to be homogenized, and were kept at –

80ºC in the dark, until the read. Fluorescence was read in a Biotek Cytation 5 reader at λ 

ex = 435 nm and λ em = 550nm in duplicate and quantified with a Na2S standard curve 

(0, 7.8, 15.6, 31.25, 62.5, 125, 250 and 500 μM). Media sulfide levels were normalized 

by total protein amount in cell lysates in in vitro experiments or by total adipose tissue 

amount in ex vivo experiments.
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Oil red O staining 

Intracellular lipid accumulation was measured by oil red O staining. For oil red O 

staining, cells were washed twice with PBS, fixed in 4% formaldehyde for 1 h, and stained 

for 30 min with 0.2% oil red O solution in 60% isopropanol. Cells were then washed 

several times with water, and excess water was evaporated by placing the stained cultures 

at 32°C. To determine the extent of adipose conversion, 0.2 ml of isopropanol was 

added to the stained culture dish. The extracted dye was immediately removed by gentle 

pipetting and its optical density was monitored spectrophotometrically at 500 nm using a 

multiwell plate reader (Model Anthos Labtec 2010 1.7 reader).

Insulin action, sirtuin and PPARγ activities

To study insulin signaling, basal- and insulin-induced Akt phosphorylation at Ser473 

normalized by total Akt protein levels (pSer473Akt/Akt ratio) were measured after 

adipocyte differentiation (at d 14). Insulin stimulus was performed with insulin (100 nM) 

administration during 10 min. Sirtuin deacetylase and PPARγ transcriptional activities 

were measured using Sirtuin Activity Assay Kit (Fluorometric) (K324-100, BioVision, 

CA, USA) and PPAR gamma Transcription Factor Assay Kit (ab133101, Abcam, UK), 

respectively, strictly following the manufacturer's instructions. 

RNA expression 

RNA purification, gene expression procedures and analyses were performed, as 

previously described (53, 57). Briefly, RNA purification was performed using RNeasy 

Lipid Tissue Mini Kit (QIAgen, Izasa SA, Barcelona, Spain) and the integrity was 

checked by Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA). Gene expression

was assessed by real time PCR using a LightCycler® 480 Real-Time PCR System (Roche 

Diagnostics SL, Barcelona, Spain), using TaqMan® technology suitable for relative 

genetic expression quantification. The RT-PCR reaction was performed in a final volume 
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of 12 μl. The cycle program consisted of an initial denaturing of 10 min at 95 °C then 40 

cycles of 15 s denaturizing phase at 95 °C and 1 min annealing and extension phase at 60 

°C. A threshold cycle (Ct value) was obtained for each amplification curve and then a 

ΔCt was first calculated by subtracting the Ct value for human cyclophilin A (PPIA) RNA 

from the Ct value for each sample. Fold changes compared with the endogenous control 

were then determined by calculating 2−ΔCt, so that gene expression results are expressed 

as expression ratio relative to PPIA gene expression according to the manufacturer’s 

guidelines. TaqMan® primer/probe sets (Thermo Fisher Scientific, Waltham, MA, USA) 

used were as follows: Peptidylprolyl isomerase A (cyclophilin A) (4333763, PPIA as 

endogenous control), cystathionine γ-lyase (CTH, Hs00542284_m1), cystathionine β-

synthase (CBS, Hs00163925_m1), mercaptopyruvate sulfurtransferase (MPST, 

Hs00560401_m1), adiponectin (ADIPOQ, Hs00605917_m1), peroxisome proliferator-

activated receptor gamma (PPARG, Hs00234592_m1), fatty acid synthase (FASN, 

Hs00188012_m1), acetyl-CoA carboxylase alpha (ACACA, Hs00167385_m1),

CCAAT/enhancer binding protein alpha (CEBPA, Hs00269972_s1), solute carrier family 

2 member 4 (SLC2A4, Hs00168966_m1), insulin receptor substrate 1 (IRS1, 

Hs00178563_m1), Leptin (LEP, Hs00174877_m1), lipopolysaccharide binding protein

(LBP, Hs01084621_m1), interleukin 6 (interferon, beta 2) (IL6, Hs00985639_m1), tumor 

necrosis factor (TNF, Hs00174128_m1), CD68 molecule (CD68, Hs00154355_m1),

BCL2-associated X protein (BAX, Hs00180269_m1), tumor protein p53 (TP53,

Hs01034249_m1) and fatty acid binding protein 4, adipocyte (FABP4, 

Hs01086177_m1).

Protein analysis

Protein were extracted directly in radioimmnuno precipitation assay (RIPA) buffer (0.1% 

SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40, 150mM NaCl, and 50mM Tris-HCl, 
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pH 8.0), supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride). 

Cellular debris and lipids were eliminated by centrifugation of the solubilized samples at 

13000 rpm for 10 min at 4ºC, recovering the soluble fraction. Protein concentration was 

determined using the RC/DC Protein Assay (Bio-Rad Laboratories, Hercules, CA). RIPA 

protein extracts (25 μg) were separated by SDS-PPGE and transferred to nitrocellulose 

membranes by conventional procedures. Membranes were immunoblotted with anti-

CTH, CBS, MPST, FASN, β-actin (sc-365382, sc-133154, sc-376168, sc-20140, sc-

47778, Santa Cruz Biotechnology, CA, USA), pSer536NFκB (p65), NFκB (p65), pSer473Akt 

and Akt (Cell Signaling Technology, Inc, MA, USA). Anti-rabbit IgG and anti-mouse 

IgG coupled to horseradish peroxidase was used as a secondary antibody. Horseradish 

peroxidase activity was detected by chemiluminescence, and quantification of protein 

expression was performed using Scion image software.

Label-free protein quantitation by SWATH-MS acquisition and analysis

Protein samples from human preadipocyte cell cultures and differentially mature 

adipocytes were isolated from three biological samples. Culture medium was removed by 

aspiration and washed once with PBS solutions. Culture cells were incubated with a 

trypsin solution at 37 ºc for 5 min and collected by centrifugation at 2000 rpm for 5 min. 

The supernatant was collected by aspiration and cell pellet freezed to -80 ºC until used. 

Samples were prepared by resuspension in 1 x Cell Lysis Buffer containing 20 mM Tris-

HCl (pH 7.5),150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium 

pyrophosphate, 1 mM ß-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, 0.5 mM 

PMSF, 1x protease inhibitor cocktail (Roche), at a ratio of 1 ml of buffer per 100 mg of 

tissue. Cells were vortexed and incubated 25 min at 4 ºC (on ice) and sonicated 4 times 

in a sonicator bath for 10 s. The extract was centrifugated at 14000 g at 4ºC for 15 min 

and supernatant used as protein source. 1 mg of protein per sample were TCA/acetone 
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precipitated, resuspended in 50 mM TRIS-HCl, pH 8.0 containing 2.5% SDS, 1x protease 

inhibitor (Roche) and submitted to the tag-switch labelling for persulfidation protein 

enrichment as described (5). After elution from the streptavidin-beads proteins were 

precipitated by TCA/acetone procedure. Precipitated samples were resupended in 50 mM 

ammonium bicarbonate with 0.2 % Rapigest (Waters) for protein determination. 50 μg of 

protein were alkylated and trypsin-digested as previously described (27, 76), and the 

SWATH-MS analyses were performed at the Proteomic Facility of the Institute of Plant 

Biochemistry and Photosynthesis, Seville, Spain. A data-dependent acquisition (DDA) 

approach using nano-LC-MS/MS was first performed to generate the SWATH-MS 

spectral library as described by García et al. (27).

The peptide and protein identifications were performed using Protein Pilot software 

(version 5.0.1, Sciex) with the Paragon algorithm. The search was conducted against a 

Uniprot proteome database ID: UP000005640 (March 2019), specifying iodoacetamide 

with other possible Cys modifications. The false discovery rate (FDR) was set to 0.01 for 

both peptides and proteins. The MS/MS spectra of the identified peptides were then used 

to generate the spectral library for SWATH peak extraction using the add-in for PeakView 

Software (version 2.1, Sciex) MS/MSALL with SWATH Acquisition MicroApp (version 

2.0, Sciex). Peptides with a confidence score above 99 % (as obtained from the Protein 

Pilot database search) were included in the spectral library.

For relative quantitation using SWATH analysis, the same samples used to generate the 

spectral library were analyzed using a data-independent acquisition (DIA) method. Each 

sample (2 μL) was analyzed using the LC-MS equipment and LC gradient described 

above to build the spectral library but instead used the SWATH-MS acquisition method. 

The method consisted of repeating an acquisition cycle of TOF MS/MS scans (230 to 

1500 m/z, 60 ms acquisition time) of 60 overlapping sequential precursor isolation 
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windows of variable width (1 m/z overlap) covering the 400 to 1250 m/z mass range with 

a previous TOF MS scan (400 to 1250 m/z, 50 ms acquisition time) for each cycle. The 

total cycle time was 3.7 s.

The targeted data extraction of the fragment ion chromatogram traces from the SWATH 

runs was performed by PeakView (version 2.1) with the MS/MSALL with SWATH 

Acquisition MicroApp (version 2.0). This application processed the data using the 

spectral library created from the shotgun data. Up to 10 peptides per protein and 7 

fragments per peptide were selected, based on signal intensity. Any shared and modified 

peptides were excluded from the processing. Windows of 12 min and 20 ppm width were 

used to extract the ion chromatograms. SWATH quantitation was attempted for all 

proteins in the ion library that were identified by Protein Pilot with an FDR below 1 %. 

The extracted ion chromatograms were then generated for each selected fragment ion. 

The peak areas for the peptides were obtained by summing the peak areas from the 

corresponding fragment ions. PeakView computed an FDR and a score for each assigned 

peptide according to the chromatographic and spectra components. Only peptides with an 

FDR below 5% were used for protein quantitation. Protein quantitation was calculated by 

adding the peak areas of the corresponding peptides. To test for differential protein 

abundance between the two groups, MarkerView (version 1.2.1, Sciex) was used for 

signal normalization.

The mass spectrometry proteomics data have been deposited in the ProteomeXchange 

Consortium via the PRIDE (75) partner repository with identifier PXD018720.

Statistical analyses

Statistical analyses were performed using SPSS 12.0 software. The relation between 

variables was analyzed by simple correlation (Pearson’s test and Spearman’s test) and 

multiple regression analyses in a stepwise manner. One factor ANOVA with post-hoc 
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Bonferroni test, paired t-test and unpaired t-test were used to compare CTH, CBS and 

MPST gene expression in human cohorts and ex vivo experiment. Nonparametric test 

(Mann Whitney test) was used to analyse in vitro experiments. Levels of statistical 

significance were set at p<0.05. 

Electronic laboratory notebook was not used.
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Table 1. Effects of transsulfuration pathway activation (PLP+CYS administration) on 

adipogenic, CTH and CBS gene expression and on H2S production in cohort 1. These 

data were analysed using Paired T test. Bold values  mean statistical significance

(p<0.05).

SAT (n=20) VAT (n=20)

Control PLP+CYS p Control PLP+CYS P

ADIPOQ (RU) 0.482±0.22 0.875±0.45 <0.0001 0.505±0.23 0.867±0.46 <0.0001

PPARG (RU) 0.022±0.009 0.035±0.015 <0.0001 0.025±0.013 0.040±0.017 <0.0001

SLC2A4 (RU) 0.0053±0.003 0.0085±0.004 <0.0001 0.0076±0.004 0.0119±0.007 <0.0001

FASN (RU) 0.167±0.08 0.232±0.13 0.002 0.203±0.08 0.274±0.16 0.006

LEP (RU) 0.125±0.06 0.209±0.12 <0.0001 0.075±0.07 0.142±0.13 <0.0001

IRS1 (RU) 0.0022±0.001 0.0022±0.001 0.9 0.0021±0.0008 0.0022±0.001 0.3

UCP3 (RU) 0.0003±0.0001 0.0003±0.0001 0.3 0.0005±0.0002 0.0004±0.0002 0.4

CIDEA (RU) 0.039±0.02 0.065±0.04 0.001 0.128±0.06 0.210±0.11 <0.0001

SIRT1 (RU) 0.017±0.005 0.026±0.008 <0.0001 0.025±0.009 0.035±0.013 0.002

CTH (RU) 0.0009±0.0003 0.0031±0.002 <0.0001 0.0031±0.001 0.0072±0.003 0.001

CBS (RU) 0.0024±0.001 0.0051±0.003 <0.0001 0.0048±0.002 0.0084±0.005 0.001

H2S (nmol/mg AT) 0.57±0.4 2.05±1.1 0.002 0.48±0.3 2.11±1.5 0.004
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Table 2. Correlation between CTH, CBS and MPST gene expression and anthropometric 

and clinical characteristics and selected gene expression in SAT (n=119) and VAT 

(n=122) from cohort 2. Bold values  mean statistical significance (p<0.05).

SAT CTH SAT CBS SAT MPST
r p r p R p

Age (years) 0.05 0.6 0.01 0.9 -0.13 0.1
BMI (kg/m2) -0.52 <0.0001 -0.39 <0.0001 -0.32 <0.0001
Fasting glucose (mg/dl) -0.09 0.3 -0.18 0.06 -0.22 0.04
HOMA-IR (n=34) -0.61 <0.0001 -0.62 <0.0001 0.20 0.2
Total Cholesterol (mg/dl) 0.04 0.6 -0.05 0.6 -0.03 0.7
HDL Cholesterol (mg/dl) 0.18 0.06 -0.10 0.3 -0.02 0.8
LDL Cholesterol (mg/dl) 0.07 0.4 0.05 0.5 0.01 0.8
Fasting Triglycerides (mg/dl) -0.22 0.03 -0.06 0.5 -0.21 0.04
FASN (R.U.) 0.50 <0.0001 0.45 <0.0001 0.46 <0.0001
ACACA (R.U.) 0.33 0.001 0.27 0.006 -0.02 0.8
PPARG (R.U.) 0.59 <0.0001 0.29 0.01 0.10 0.3
SLC2A4 (R.U.) 0.55 <0.0001 0.42 <0.0001 0.46 <0.0001
IRS1 (R.U.) 0.41 <0.0001 0.47 <0.0001 0.29 0.004
SIRT1 (R.U.) 0.52 <0.0001 0.36 0.001 -0.03 0.7
PPARGC1A (R.U.) 0.41 <0.0001 0.49 <0.0001 0.05 0.6
LEP (R.U.) -0.37 0.001 -0.33 0.008 -0.22 0.04
LBP (R.U.) -0.46 <0.0001 -0.26 0.02 -0.06 0.6
TNF (R.U.) 0.06 0.6 -0.03 0.7 -0.36 <0.0001
CD68 (R.U.) 0.05 0.6 0.03 0.7 -0.18 0.1

VAT CTH VAT CBS VAT MPST
r p r p r p

Age (years) 0.07 0.4 0.11 0.2 0.20 0.1
BMI (kg/m2) -0.46 <0.0001 -0.36 <0.0001 -0.26 0.01
Fasting glucose (mg/dl) -0.17 0.08 -0.02 0.8 0.09 0.2
HOMA-IR (n=34) -0.11 0.5 -0.08 0.6 -0.02 0.9
Total Cholesterol (mg/dl) 0.15 0.1 0.02 0.8 0.12 0.1
HDL Cholesterol (mg/dl) -0.01 0.9 -0.09 0.4 -0.04 0.6
LDL Cholesterol (mg/dl) 0.20 0.05 0.02 0.8 0.17 0.1
Fasting Triglycerides (mg/dl) 0.02 0.8 0.11 0.2 -0.04 0.6
FASN (R.U.) 0.41 <0.0001 0.32 0.001 0.26 0.01
ACACA (R.U.) 0.35 0.001 0.37 <0.0001 -0.10 0.2
PPARG (R.U.) 0.44 <0.0001 0.39 <0.0001 0.12 0.3
SLC2A4 (R.U.) 0.48 <0.0001 0.39 <0.0001 0.41 <0.0001
IRS1 (R.U.) 0.44 <0.0001 0.39 <0.0001 0.30 0.003
SIRT1 (R.U.) 0.55 <0.0001 0.37 <0.0001 -0.08 0.5
PPARGC1A (R.U.) 0.25 0.02 0.12 0.3 -0.09 0.3
LEP (R.U.) -0.39 <0.0001 -0.38 <0.0001 0.20 0.1
LBP (R.U.) -0.25 0.02 -0.38 <0.0001 -0.02 0.9
TNF (R.U.) -0.07 0.5 -0.02 0.8 -0.29 0.005
CD68 (R.U.) 0.05 0.5 0.19 0.1 -0.03 0.8

VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; HOMA-IR, Homeostasis Model 
Assessment – Insulin Resistance Index; R.U., relative gene expression units.
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Table 3. Correlation between CTH, CBS and MPST gene expression and anthropometric 

and clinical characteristics and selected gene expression in SAT (n=35) and VAT (n=35) 

from cohort 3. Bold values  mean statistical significance (p<0.05).

SAT CTH SAT CBS SAT MPST
r p r p r p

Age (years) 0.20 0.2 0.15 0.3 -0.16 0.4
BMI (kg/m2) 0.05 0.7 -0.19 0.2 0.12 0.5
Waist circumference (cm) -0.19 0.2 -0.23 0.2 -0.50 0.002
HOMA-IR 0.31 0.06 -0.29 0.08 -0.34 0.08
M (mg/kg·min) 0.24 0.2 0.40 0.03 0.35 0.07
Fasting Glucose (mg/dL) -0.01 0.9 -0.13 0.4 -0.38 0.05
Total Cholesterol (mg/dl) 0.29 0.08 0.27 0.1 0.09 0.6
HDL Cholesterol (mg/dl) 0.32 0.05 0.06 0.7 -0.23 0.2
LDL Cholesterol (mg/dl) 0.21 0.2 0.28 0.1 0.07 0.7
Fasting triglycerides (mg/dl) 0.02 0.9 -0.05 0.7 0.16 0.4
PPARG (R.U.) 0.58 <0.0001 -0.33 0.05 0.23 0.2
ADIPOQ (R.U.) 0.56 <0.0001 0.17 0.3 0.38 0.05
SLC2A4 (R.U.) 0.13 0.4 0.53 0.001 0.44 0.01
IRS1 (R.U.) 0.41 0.01 0.23 0.2 0.32 0.1
SIRT1 (R.U.) 0.66 <0.0001 0.01 0.9 -0.11 0.6
PPARGC1A (R.U.) 0.85 <0.0001 0.04 0.8 0.15 0.4
TNF (R.U.) -0.36 0.04 0.22 0.2 0.23 0.2
BAX (R.U.) -0.66 0.003 0.24 0.2 0.05 0.8
TP53 (R.U.) -0.65 0.004 0.28 0.1 -0.11 0.6

VAT CTH VAT CBS VAT MPST
r p r p r p

Age (years) -0.16 0.3 0.07 0.7 0.13 0.4
BMI (kg/m2) -0.06 0.7 -0.08 0.6 -0.28 0.1
Waist circumference (cm) -0.44 0.008 -0.08 0.6 -0.15 0.4
HOMA-IR -0.37 0.02 0.08 0.6 -0.22 0.2
M (mg/kg·min) 0.21 0.2 0.16 0.4 0.33 0.08
Fasting Glucose (mg/dL) -0.08 0.6 0.10 0.5 0.06 0.7
Total Cholesterol (mg/dl) 0.05 0.7 0.01 0.9 -0.10 0.5
HDL Cholesterol (mg/dl) 0.14 0.4 0.21 0.2 0.22 0.2
LDL Cholesterol (mg/dl) 0.05 0.7 -0.04 0.8 -0.18 0.3
Fasting triglycerides (mg/dl) -0.22 0.1 -0.35 0.04 0.02 0.9
PPARG (R.U.) 0.28 0.1 -0.29 0.1 0.46 0.005
ADIPOQ (R.U.) 0.41 0.01 -0.15 0.3 0.42 0.01
SLC2A4 (R.U.) 0.19 0.2 0.18 0.3 0.61 <0.0001
IRS1 (R.U.) 0.46 0.005 0.27 0.1 0.14 0.4
SIRT1 (R.U.) 0.48 0.005 0.19 0.3 -0.30 0.1
PPARGC1A (R.U.) 0.43 0.01 0.16 0.3 -0.32 0.1
TNF (R.U.) -0.31 0.06 0.18 0.3 -0.17 0.3
BAX (R.U.) -0.44 0.02 0.23 0.2 0.29 0.1
TP53 (R.U.) -0.42 0.03 0.27 0.1 0.09 0.6

VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; HOMA-IR, Homeostasis Model 
Assessment – Insulin Resistance Index; M, systemic insulin sensitivity measured by hyperinsulinemic-
euglycemic clamp; R.U., relative gene expression units.



MANUSCRIPT 4 

118



MANUSCRIPT 4

119



MANUSCRIPT 4 

120



MANUSCRIPT 4

121



MANUSCRIPT 4 

122



MANUSCRIPT 4

123



MANUSCRIPT 4 

124



MANUSCRIPT 4

125



MANUSCRIPT 4 

126



MANUSCRIPT 4

127

Figure legends

Figure 1. Graphic illustration summarizing how in patients with obesity and insulin 

resistance adipose tissue H2S biosynthesis is attenuated, and this attenuation results in 

adipose tissue dysfunction, possibly promoted by decreased persulfidation in key 

adipogenic proteins. This summary suggests that the potentiation of adipose tissue H2S

biosynthesis might be a possible therapeutic approach to improve obesity-associated 

adipose tissue dysfunction.

Figure 2. A) Effect of GYY4137 (5 μM) administration for 16h on ADIPOQ, FASN 

SLC2A4 and SIRT1 mRNA levels and on tissue culture media sulfide levels in human 

adipose tissue explants (Cohort1). B-C) GYY4137 (200 μM) effects on Sirtuin 

deacetylase (B) and PPARγ transcriptional (C) activity (1 h, 37ºC) in adipose tissue 

lysates (Cohort1). D) Effect of L-cysteine (10 mM) and pyridoxal 5’-phosphate (2 mM) 

(PLP+ Cys) administration for 16h on sulfide concentration in media (N=8) and ADIPOQ 

gene expression (N=20) in human SAT and VAT explants (Cohort1). E-F) Bivariate 

correlation (Spearman r) between ADIPOQ, PPARG, SLC2A4, FASN, SIRT1, CTH and 

CBS and media sulfide levels in both SAT (E) and VAT (F) in cohort 1. 

Figure 3. A-D) Bivariate correlation (Spearman r) between percent change in ADIPOQ 

(A), SLC2A4 (B), FASN (C) and SIRT1 (D) after PLP and Cys administration and HbA1c 

levels in both SAT and VAT (Cohort1). E-H) Bivariate correlation (Spearman r) between 

percent change in ADIPOQ (E), SLC2A4 (F), FASN (G) and SIRT1 (H) after PLP and 

Cys administration and insulin sensitivity (M value) (Cohort1). 

Figure 4. A-C) SAT and VAT CTH, CBS and MPST gene expression according to obesity 

and type 2 diabetes (Cohort 2). **p<0.01 vs non-obese; †p<0.05 vs obese + T2D

participants. D) Bivariate correlation (Spearman r) between CTH protein and CTH
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mRNA levels in both SAT and VAT (Cohort 2). E-F) Bivariate correlation between 

insulin sensitivity and SAT CTH (E) and CBS (F) gene expression in cohort 3. G-I) CTH, 

MPST and CBS gene expression in SAT and VAT adipose tissue cell fractions [stromal 

vascular cell fraction (SVF) and adipocytes] in cohort 2. *p<0.05 and **p<0.01 vs SVF; 

†p<0.05 vs SAT cells.  

Figure 5. A-B) Basal and stimulated [treated with L-cysteine 250 μM) and pyridoxal 5’-

phosphate (50 μM)] H2S production (A) and stimulated/basal H2S ratio (B) in human 

preadipocytes and fully differentiated adipocytes. ***p<0.001 versus preadipocytes 

+++p<0.001 versus basal. C-F) CTH, MPST, ADIPOQ and CBS gene expression during 

human preadipocyte differentiation into adipocytes. Time-course experiment included 

day 0, 2, 5, 7, 9, 12 and 14. *p<0.05 and **p<0.01 versus day 0 (G) CTH, MPST, CBS, 

and FASN protein levels in human preadipocytes and adipocytes. Protein levels were 

normalized by b-actin. Entire western blots are shown in Supplementary Fig. S3 and S4. 

*p<0.05 and **p<0.01 versus preadipocytes. 

Figure 6. A-E) GYY4137 (5 μM) effects on PPARγ transcriptional and Sirtuin 

deacetylase activity in preadipocytes (A, B) and adipocytes (C, D). E) GYY4137 (5 μM) 

effects on insulin-stimulated Akt phosphorylation at Ser473 in human differentiated 

adipocytes. Entire western blots are shown in Supplementary Fig. S5. *p<0.05 and 

**p<0.01 vs vehicle. †p<0.05 and ††p<0.01 vs basal. F-I) GYY4137 (0.1, 1, 5 μM) and 

GYY4137 (5 μM) + PPG (250 μM) on adipogenic [ADIPOQ (F), FABP4 (G), CEBPA 

(H), SLC2A4 (I)] gene expression in human differentiated adipocytes. *p<0.05 and 

**p<0.01 vs vehicle.  

Figure 7. A-M) Effects of DL-Propargylglycine (PPG, 25 and 250 μM) administration 

on intracellular lipid accumulation measured by Oil red staining (10X, OM) (A), FAS 

protein levels (B), adipogenic (ADIPOQ, PPARG, FABP4, FASN, PLIN1) gene 
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expression (C-G), expression of inflammatory and cellular senescence gene markers 

(TNF, IL6, BAX, TP53) (H-K), LDH activity (L) and pSer536NFκB / pSer536NFκB ratio 

measured using western blot band intensities (M) at day 14 of human sc adipocyte 

differentiation. N) Effects of DL-Propargylglycine (PPG 250 μM) administration on 

insulin-stimulated Akt phosphorylation at Ser473 in human differentiated adipocytes. 

*p<0.05 and **p<0.01 vs differentiated control cells (Diff); †<0.05 vs basal. Entire

western blots were shown in Supplementary Fig S6, S7 and S8.

Figure 8. A-C) Effects of CTH (A), CBS (B) and MPST (C) gene knockdown on H2S-

synthesising enzymes (CTH, CBS, MPST)-, adipogenic (ADIPOQ, FABP4, FASN, 

PPARG, CEBPA)-, insulin pathway (SLC2A4, IRS1)- and inflammatory (IL6, TNF)-

related gene expression at day 14 of human subcutaneous adipocyte differentiation. 

*p<0.05, **p<0.01 and ***p<0.001 vs shC differentiated control cells.

Figure 9. A-B) Representation of protein persulfidation-enriched biological processes 

(A) and KEGG pathways (B) in human adipocytes. C) Persulfidation ratio of proteins

involved in adipocyte lipid metabolism and control proteins (ACTB, ENO1, PARK7). 

Level of protein persulfidation in preadipocyte (clear grey boxes) compared to the level 

in adipocyte (dark grey boxes). ACACA, Acetyl-CoA carboxylase 1; ACSL1, Long-

chain-fatty-acid--CoA ligase 1; FABP4, Fatty acid-binding protein; FASN, Fatty acid 

synthase; LIPE, Hormone-sensitive lipase; PLIN1, Perilipin-1; PLIN4, Perilipin-4;

SLC2A4, Solute carrier family 2 member 4; THRSP, Thyroid hormone-inducible hepatic 

protein; ACTB, β-actin; ENO1, enolase 1; PARK7, Parkinsonism associated deglycase.
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Supplementary figure legends 

Suppl Figure 1. A-L) Effect of PPG (25 and 250 μM, 48h) administration on ADIPOQ, 
FASN, DGAT1, PPARG, IRS1, PPARGC1A, SIRT1, BAX, TP53, IL6 and TNF gene 
expression, and on LDH activity in fully differentiated adipocytes.**p<0.01 and 
***p<0.001 vs vehicle.  

Suppl Figure 2. A-B) Protein persulfidation-enriched biological processes (A) and 
KEGG pathways (B) in human preadipocytes. 

Suppl Figure 3. This figure includes entire blots of cropped Western blot band for CTH, 
MPST and CBS proteins shown in Figure 5G. 

Suppl Figure 4. This figure includes entire blots of cropped Western blot band for FAS 
and β-actin proteins shown in Figure 5G. 

Suppl Figure 5. This figure includes entire blots of cropped Western blot band for 
pSer473Akt and Akt proteins shown in Figure 6E. 

Suppl Figure 6. This figure includes entire blots of cropped Western blot band for FAS 
and β-actin proteins shown in Figure 7B. 

Suppl Figure 7. This figure includes entire blots of cropped Western blot band for 
pSer536NFκB, NFκB and β-actin proteins shown in Figure 7M. 

Suppl Figure 8. This figure includes entire blots of cropped Western blot band for 
pSer473Akt, Akt and β-actin proteins shown in Figure 7N. 
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Suppl Table 1. Anthropometric and clinical characteristics of participants from 
ex vivo experiment in cohort 1.

All participants
N 20
Age (years) 45.6 ± 9.7
BMI (kg/m2) 44.9 ± 5.1
Waist circumference (cm) 123.9 ± 12.1
Fasting Glucose (mg/dL) 100.4 ± 13.2
HbA1c (%) 5.37 ± 0.36
M (mg/kg·min)a 5.73 (3.44-8.45)
Total Cholesterol (mg/dl) 181.7 ± 33.1
HDL Cholesterol (mg/dl) 50.4 ± 10.5
LDL Cholesterol (mg/dl) 111.1 ± 31.2
Fasting triglycerides (mg/dl)a 87 (58.2-146.2)

M, systemic insulin sensitivity measured by hyperinsulinemic-euglycemic clamp.

amedian and interquartile range
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Supp Table 2. Anthropometric and clinical characteristics in cohort 2.

Non obese Non obese + T2D Obese Obese + T2D p-value
N 35 6 53 28
Sex (male/female) 11/24 2/4 9/44 7/21
Age (years) 51.1 ± 13.4 55.5 ± 13.2 45.9 ± 10.9 44.1 ± 10.4 0.02
BMI (kg/m2) 25.8 ± 2.7 28.1 ± 1.3 45.1 ± 7.8*# 44.3 ± 5.3*# <0.0001
Waist 
circumference (cm) 88.2 ± 11.1 97.6 ± 9.20 117.5 ± 20.8* 131.6 ± 14.4*# <0.0001

Fat mass (%) 32.3 ± 5.8 36.3 ± 6.7 57.3 ± 10.1*# 55.2 ± 9.1*# <0.0001
Fasting glucose 
(mg/dl)a 91 (81-98) 152.5 (99.7-210.7) * 92 (83.5-99.2) # 124 (92.5-167) *+ <0.0001

Hb1Ac (%) 5.24 ± 0.5 8.18 ± 3.7* 4.9 ± 0.4# 6.1 ± 1.8*#+ <0.0001
HOMA-IR 2.3 ± 1.8 3.1 ± 0.2 2.5 ± 1.3 5.1 ± 3.1 0.1
Total Cholesterol 
(mg/dl) 210.7 ± 40.9 228.5 ± 47.9 189 ± 32.4 189 ± 32.4 0.01

HDL Cholesterol 
(mg/dl) a 57.5 (47.5-75.7) 47.5 (39-57.7) 52 (43.6-63) 51.6 (42.5-61.7) 0.5

LDL Cholesterol 
(mg/dl) 125.1 ± 31.4 152.5 ± 41.1 117.8 ± 29.9 106.5 ± 33.6# 0.01

Fasting triglycerides 
(mg/dl) a 98 (76.2-154.5) 160 (105-220) 98 (75.2-131.7) 125.5 (90.5-172) 0.1

VAT CTH (R.U.) 0.0041 ± 0.002 0.0026 ± 0.001 0.0021 ± 0.001* 0.0016 ± 0.0007* <0.0001
SAT CTH (R.U.) 0.0040 ± 0.002 0.0026 ± 0.001 0.0016 ± 0.0008* 0.0017 ± 0.0007* <0.0001
VAT CBS (R.U.) 0.0087 ± 0.006 0.0055 ± 0.003 0.0039 ± 0.002* 0.0046 ± 0.002* <0.0001
SAT CBS (R.U.) 0.0045 ± 0.003 0.0021 ± 0.001* 0.0017 ± 0.0008* 0.0017 ± 0.0007* <0.0001
VAT MPST (R.U.) 0.0315 ± 0.018 0.0222 ± 0.001 0.0265 ± 0.012 0.0252 ± 0.012 0.1
SAT MPST (R.U.) 0.0423 ± 0.023 0.0245 ± 0.016* 0.0301 ± 0.014* 0.0255 ± 0.009*+ <0.0001

VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; T2D, Type 2 Diabetes; HOMA-IR, 
Homeostasis Model Assessment – Insulin Resistance Index; R.U., relative gene expression units.
amedian and interquartile range
*p<0.05 compared to non obese participants after performing Bonferroni post hoc test.
# p<0.05 compared to non obese participants with type 2 diabetes after performing Bonferroni post hoc
test.
+ p<0.05 compared to obese participants after performing Bonferroni post hoc test.
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Suppl Table 3. Anthropometric and clinical characteristics in cohort 3.

Obese Obese + T2D p-value
N 19 16
Sex (male/female) 5/14 3/13
Age (years) 47.2 ± 9.8 49.8 ± 8.1 0.4
BMI (kg/m2) 42.9 ± 6.4 46.5 ± 6.5 0.1
WHR 0.89 (0.77-1.01) 0.88 (0.83-0.91) 0.3
M (mg/kg·min) 4.55 ± 2.5 3.11 ± 1.7 0.1
Fasting glucose 
(mg/dl) 94 (85.7 – 98.2) 113 (97.5-140) 0.03

Hb1Ac (%) 5.60 ± 0.4 7.02 ± 1.8 0.01
Total Cholesterol 
(mg/dl) 194.6 ± 36.8 175 ± 33.9 0.1

HDL Cholesterol 
(mg/dl) 46.3 ± 8.3 51.6 ± 18.3 0.2

LDL Cholesterol 
(mg/dl) 125.6 ± 29.3 96.6 ± 29.6 0.008

Fasting triglycerides 
(mg/dl) 113 ± 49.3 133.7 ± 66.2 0.2
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5. GENERAL DISCUSSION

Hydrogen sulfide is one of the important biological mediators involved in physiological and 

pathological processes in mammals163. The physiological functions of H2S are mediated through 

different molecular mechanisms, including scavenging of reactive oxygen species136 and 

persulfidation137, a highly prevalent post-translational modification known to modulate the  

structure and activity of molecular targets, such as different ion channels and signaling proteins164.

A variety of diseases, such as cancer, diabetes, and metabolic disorders, are associated with 

altered endogenous levels of H2S, endorsing the potential of H2S as a therapeutical target165. Many 

new technologies have been developed to detect endogenous H2S production, and novel H2S-

delivery compounds have been invented to aid therapeutic intervention of diseases related to 

abnormal H2S metabolism. While acknowledging the challenges ahead, research on H2S

physiology and medicine is entering an exponential exploration era164.

In this thesis, we provide first evidences linking H2S to the physiology of human adipose tissue 

and circulating H2S to obesity. The main findings were as follows:

- Serum sulfide concentrations were increased in subjects with morbid obesity in

proportion to fat mass and inversely associated with circulating markers of heme

degradation

- H2S plays a pivotal role regulating adipogenesis under normal and pro-inflammatory

conditions during the different stages of 3T3-L1 differentiation

- Permanent CBS gene KD in ASC52telo cells promotes a cellular senescence phenotype

with a very increased adipogenic potential
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- H2S increased insulin action through the activation of PPARγ transcriptional activity in 

differentiated adipocytes 

 

- H2S induced sirtuin deacetylase activity preventing cellular senescence and inflammatory 

processes in human adipocytes 

 

- Enhanced protein persulfidation of adipogenic-related proteins in human adipocytes was 

observed, possibly, preserving the adipogenic activity of these proteins. 

 

5.1 CIRCULATING H2S: A NEW MARKER FOR OBESITY? 
 
The importance of hydrogen sulfide is increasingly recognized in the pathophysiology of obesity 

and type 2 diabetes in animal models. Very few studies have evaluated circulating sulfides in 

humans, with discrepant results. The novel results of this thesis show increased serum L1-sulfide 

levels in subjects with morbid obesity in parallel to fat mass accumulation. Cross-sectionally in 

both discovery (at baseline and follow-up) and validation cohort, multivariate regression and 

ROC analysis demonstrated the relevance of fat mass predicting serum sulfide levels. 

Longitudinally, changes in BMI and waist circumference were correlated to changes in serum 

sulfide, resulting in weight gain in increased and weight loss in reduced serum sulfide levels. 

Searching the possible source of serum sulfide, key enzymes in H2S biosynthesis were 

investigated in whole blood, being MPST gene the most expressed. Supporting this finding, a 

previous study proposed that blood H2S levels were produced via MPST in red blood cells166. 

However, in the current study, no significant associations between expression of MPST (and the 

other enzymes, CTH or CBS) and obesity (BMI or fat mass) or serum sulfide levels were found, 

indicating that additional endogenous H2S sources might contribute to serum sulfide levels. 

Otherwise, H2S-metabolizing enzymes (SQR, TST and MPO) mRNA levels were also not 

associated with obesity or correlated with serum L1-sulfide levels. Since mRNA are not always 

in proportion to protein levels, an important limitation of the current study was the absence of 
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protein data. Additional studies are required to investigate blood CTH, CBS, MPST, SQR, TST 

and MPO protein amount and enzymatic activity according to obesity status. 

 

Another consistent finding of the current study was the negative association between L1- sulfide 

levels and circulating products of heme degradation, such as iron and bilirubin, suggesting a 

possible inhibitory activity of serum sulfide on heme degradation. Supporting this suggestion, 

Saravanan et al reported that administration of S- allylcysteine, a sulphur-containing amino acid, 

resulted in decreased iron, ferritin, bilirubin and heme oxygenase (a key enzyme in heme 

degradation) activity in diabetic rats167. Otherwise and also in line with current findings, increased 

heme oxygenase activity and carbon monoxide (CO, the third product of heme degradation) levels 

were associated with decreased H2S levels168. Of note, this and other studies demonstrated that 

exogenous CO administration or increased endogenous CO levels reduced enzymatic H2S 

production168–170. Current findings and these latter studies167–169 suggest a bidirectional modulation 

between enzymatic H2S production and heme degradation. The importance of heme biosynthesis 

on adipogenesis, adipocyte physiology171,172 and fat mass accretion173 has been well substantiated. 

Together with current findings, it could be proposed that increased fat mass accretion and heme 

biosynthesis result in decreased circulating iron, bilirubin and CO levels. The consequence would 

be raised enzymatic H2S biosynthesis and serum L1-sulfide levels. Strengthening this hypothesis, 

we found that total bilirubin and serum iron were decreased in obese participants. In line with 

these findings, other studies have reported a negative association between bilirubin and obesity 

status. In fact, increased bilirubin production attenuated fat mass accretion, weight gain and liver 

fat accumulation174–178. Decreased serum iron levels in obesity have also been reported179. 

Current data also indicated a negative association between serum L1-sulfide levels and total and 

LDL cholesterol. In line with these associations, Mani et al. reported that plasma total cholesterol 

and LDL-cholesterol levels were significantly increased in CSE-KO compared to WT HFD-fed 

mice180. Interestingly, CSE-KO displayed decreased H2S liver production, suggesting that H2S 

was involved in liver cholesterol metabolism. 
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H2S biosynthesis has been identified in a variety of mammalian tissues via enzymatic and non-

enzymatic pathways, all contributing to the total amount of circulating H2S80,181. Previous studies 

demonstrated that CBS and CTH enzymes are secreted into the bloodstream by the liver and 

vascular endothelial cells, circulating as components of plasma proteome and producing H2S in 

human blood182. Supporting liver H2S biosynthesis in obesity, mice fed with a high-fat diet for 5 

weeks displayed increased expression of CBS and CTH genes and H2S production in the liver183. 

Against this argument, other studies demonstrated that liver H2S production was attenuated in 

high fat diet-induced obesity, but increased in conditions of dietary restriction57,184. In addition, 

Norris et al. reported that liver might have an important role in the regulation of H2S levels in the 

circulation, as a consequence of its location and an enhanced capacity to clearance blood H2S 

through H2S oxidation90. Current data suggested that liver capacity to disposal blood H2S might 

be attenuated in obesity. However, further studies are required to examine in depth this 

suggestion. 

 

Otherwise, adipose tissue, which is proportional to fat mass, also might be considered an 

additional H2S source in obese subjects104. Yang et al demonstrated that high-fat diet-induced fat 

mass accretion was associated with increased adipose tissue H2S biosynthesis in mice and fruit 

flies104. However, the relative contribution of adipose tissue to serum sulfide levels has not been 

previously investigated and needs to be confirmed in further studies. 

 

Opposite of enzymatic synthesis pathways, endogenous production of H2S through non-

enzymatic processes in mammalian tissues is not well understood or characterized. Yang et al. 

reported that apart from the liver and kidney, where the production of H2S was mainly through 

the CTH enzyme, H2S was non-enzymatically produced by iron and vitamin B6, and using 

cysteine as a substrate in other organs and at circulatory level85. However, taking into account the 

negative correlation between L1-sulfide and circulating iron-related parameters, this mechanism 

might be discarded. 
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It is important to note that increased levels of plasma cysteine predispose to obesity and its 

associated metabolic disturbances185,186. It is important to note that even though L1 probe azido 

group (R-N3) has been shown to be around 20-50 times more selective to H2S, when compared 

to other thiols such as cysteine and glutathione105, the higher amount of these interfering thiols in 

serum187 might increase L1 fluorescence by non-specific reactions with cysteine-thiols. However, 

the following points indicated that current measurements could discriminate from cysteine-thiols: 

i) Bariatric surgery-induced weight loss did not change total cysteine levels188, whereas a 

longitudinal reduction of serum L1-sulfide in association with fat mass and weight loss was 

observed in the current study. ii) Pretreatment with a reducing agent was not required in L1 

measurements. Thus, it is less likely to pick up sulfur from disulphide bonded cysteine. 

 

Another source of non-enzymatic H2S is produced by the microbiota residing in the 

gastrointestinal tract belonging to the sulphate-reducing bacteria, such as Desulfovibrio, 

Desulfomicrobium, Desulfobulbus, Desulfobacter, Desulfomonas, and Desulfotomaculum 

genera189. Germ-free mice, which were resistant to high-fat diet induced obesity190, were shown 

to have 50 to 80% less H2S in their circulation and  tissues191, indicating that sulphate-reducing 

bacteria could be a significant contributor to H2S concentration in obesity. Of note, metagenomic 

studies pointed to increased sulphate-reducing bacteria in obesogenic conditions192,193. Expansion 

of Desulfovibrio in detriment to Clostridia reduction enhanced lipid absorption and adiposity, and 

was associated to obesity in mice and humans with metabolic syndrome193. 

 

Another important finding from current study was that morbidly obese participants with impaired 

fasting glucose displayed decreased serum L1-sulfide levels similar to decreased insulin 

sensitivity or increased insulin resistance (HOMA-IR), suggesting that endogenous H2S 

biosynthesis might contribute to maintain normal fasting glucose levels. Supporting this idea, 

exogenous H2S administration led to improved glucose tolerance in high-fat diet fed mice103,104 

and decreased circulating sulfide levels were previously reported in men with poor glycemic 

control and type 2 diabetes101,105. Otherwise, other studies reported opposite effects in relation to 
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glucose metabolism194,195, showing that H2S decreased hepatocyte glucose uptake and increased 

hepatic gluconeogenesis195, and inhibited insulin release from β-cells194. In fact, these findings go 

in the opposite direction from the correlations of serum sulfide with insulin sensitivity or insulin 

resistance observed in all participants, which were not maintained after adjusting by age, gender 

and fat mass. 

 

A possible limitation of current study was that since it was designed to investigate changes in 

serum sulfide levels according to obesity in non-diabetic participants, the impact of H2S on 

obesity-associated metainflammation disorders, such as type 2 diabetes and cardiovascular 

diseases cannot be examined in depth. However, these issues were previously investigated in 

humans64,101,105,196 and rats197,198. Other study limitations were that distinct biological pools for 

H2S, such as free gaseous, sulfane sulfur bound and acid-labile62, were not analysed, and that 

only-one method was used to measure serum sulfide levels. To gain insight into the differences 

between serum L1-sulfide levels between lean and obese patients, the analysis of these three 

biological pools of serum H2S and the validation of sulfide measurements using common 

alternative methods (such Monobromobimane derivatization/HPLC based method and assays to 

measure H2S production) should be considered in future studies. 

 

In conclusion, altogether these data demonstrated a potential link between serum sulfide 

concentration and obesity, being circulating sulfide increased in proportion to fat mass 

accumulation, and suggesting heme degradation as a negative regulator, and adipose tissue, 

plasma cysteine and gut microbiota as putative additional sources of serum sulfide levels. 
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5.2 HYDROGEN SULFIDE IMPACTS ON ADIPOGENEIS AND 
INFLAMMATION-INDUCED ADIPOCYTE DYSFUNCTION

Our previous data demonstrated a potential link between serum L1-sulfide concentration and 

obesity, being circulating L1-sulfide increased in parallel to fat mass accumulation, and 

suggesting heme degradation as a negative regulator, and adipose tissue, plasma cysteine and gut 

microbiota as putative additional sources of serum sulfide levels. Clinical data from this thesis 

and emerging in vitro studies are supporting the importance of H2S in adipogenesis, offering new 

insight into their role in the pathogenesis of obesity.

H2S has recently gained significant attention as an inflammation biological mediator, with 

antiinflamatory and proinflamatory effects reported in different tissues 56,127–129,132–135 and in 

vitro130,131. However, there are no studies in 3T3-L1 evaluating the role of H2S in inflammation. 

We hypothesize that a possible role of H2S in the modulation of adipocyte inflammation might 

underlie its adipogenic effects. 

In this doctoral thesis, we study the role of H2S in 3T3-L1 preadipocytes during stages of 

differentiation and in mature adipocytes under inflammatory conditions using different H2S

donors. Our data first revealed that H2S biosynthesis was increased during adipocyte 

differentiation, and H2S donor (GYY4137 and Na2S) administration at different stages of 

adipocyte differentiation process resulted in enhanced adipogenesis, whereas treatments with a 

specific inhibitor of endogenous H2S biosynthesis propargylglycine (PPG) impaired adipogenesis 

and increased inflammation. Even though, several studies reported H2S concentration in human 

serum in a range of 10–200 μM199–202 or higher203, other studies62,144,158,204 argue reduced H2S

levels in serum using sound arguments. In current study, to evaluate H2S biosynthesis at different 

stages of adipocyte differentiation (day 0, 2 and 7), the 24 h cumulative H2S concentration was

measured, indicating cell capacity for H2S production, but not its physiological levels. In line with 

these studies62,144,158,204, when adipocyte conditioned medium with L1 probe was incubated for 1 

h, H2S concentration (physiological levels) were undetectable.
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In addition, GYY4137 administration attenuated the negative effects of inflammation during 

adipogenesis205,206, whereas Na2S aggravates the negative effects of inflammation on mature 

inflamed adipocytes. These adipogenic and antiinflammatory activities of GYY4137 might be 

explained through the sulfhydration of PPARγ and NFκB cysteine residues56,103. Sulfhydrated 

PPARγ increased its nuclear accumulation, DNA binding activity and adipogenesis gene 

expression, thereby increasing glucose uptake and lipid storage103, whereas sulfhydrated p65 

subunit of NF-κB at cysteine-38 inhibited macrophage inflammation by suppressing NFκB 

pathway activation56. Supporting current data, Na2S and GYY4137 administration was found to 

be associated positively with adipogenic and lipogenic gene expression in 3T3-L1 cells, whereas 

ZYJ1122 (a structural analog of GYY4137 lacking sulfur) had not any effects in these gene 

expression111. Furthermore, Lee and colleagues demonstrated that hydrogen sulfide donor, diallyl 

disulfide, promotes adipogenesis in 3T3-L1 cells207. On the other hand, other studies reported 

antiadipogenic effect of hydrogen sulfide donors derived from garlic208,209. Of note, daily 

administration of Na2S during 3T3-L1 differentiation inhibited adipogenesis, suggesting that H2S

excess suppressed adipogenic differentiation. No significant effects of time expired Na2S on 

adipogenic markers were found, indicating that H2S from donors was the responsible of 

adipogenic effect. Donors used in current study released H2S at different rates, Na2S is a fast-

releasing H2S donor and GYY4137 is a slow-releasing H2S donor, producing in consequence 

different concentrations of the H2S at several times210. These differences in H2S availability and 

concentration could explain why GYY4137 was more effective than Na2S in promoting adipocyte 

differentiation and attenuating the negative effects of inflammation on adipogenesis.

Inflammation in adipocytes is known to decrease adipogenesis in parallel to increased insulin 

resistance211, so novel therapeutic strategies targeting adipose tissue to mitigate inflammation are 

emerging212. Current findings reveal that GYY4137 may represent an innovative therapeutic tool 

against obesity-related adipose tissue inflammation.
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It is well known that GYY4137 release is slower than Na2S137,213. A previous study demonstrated 

that the rate of H2S release from GYY4137 (1 mM, pH 7.4, 37 °C) was 4.17 ± 0.5 nmol/25 min142.

In agreement with these studies, GYY4137 (50 μM) administration did not result in a significant 

increase in H2S levels in adipocyte conditioned media. 

5.3 CYSTATHIONINE-Β-SYNTHASE GENE KNOCKDOWN 
ENHANCED hAMSC ADIPOGENIC CAPACITY 

The multipotent stem cell component of MSC isolates is able to differentiate into derivatives of 

the mesodermal lineage including adipocytes, osteocytes, chondrocytes, and myocytes214. The 

dysregulation of the adipo-osteogenic balance has been linked to several pathophysiologic 

processes, such as aging, obesity, osteopenia, osteopetrosis, and osteoporosis. Numerous in

vitro investigations have demonstrated that fat-induction factors inhibit osteogenesis, and, 

conversely, bone-induction factors hinder adipogenesis215. These factors trigger different 

signaling pathways and activate various transcription factors that guide MSCs to commit to either 

lineage. Increasing evidence implicates a tight regulation of these processes by reactive oxygen 

species. Thus, the regulation of MSC differentiation has increasingly attracted great attention in 

recent years215.

Experimental studies in 3T3-L1 cell pointed to a relevant role of the transsulfuration pathway in 

adipogenesis103,104,111,216, however, the importance of the transsulfuration pathway in hAMSC

adipogenesis has not been yet examined. Even though, Tsai et al reported that both 

transsulfuration pathway enzymes [cystathionine β-synthase (CBS) and cystathionine γ-lyase 

(CTH or CSE)] were important in adipocyte differentiation111, later studies demonstrated that only 

CTH exerted a relevant role in adipogenesis increasing PPARγ activity during adipocyte 

differentiation103,104. In fact, in our previous study, in which Cth and Cbs gene expression in 3T3-

L1 cells was analysed and compared, we found that Cth was highly expressed in preadipocytes 

and increased during adipocyte differentiation, whereas expression of Cbs gene was almost 
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undetectable in preadipocytes and did not change during adipocyte differentiation, even tending 

to decrease in the first two days of the process216.

This thesis demonstrated that, contrary to 3T3-L1 cell in which CTH levels were significantly 

increased but CBS was almost undetectable216, ASC52telo cells showed an increased CBS/CTH 

ratio, characterized by increased CBS, but very low levels of CTH mRNA and protein. In line 

with these findings, previous studies also demonstrated increased CBS vs CTH mRNA and protein 

levels in human mesenchymal stem cells217,218.

These data suggest a major role of CBS in intracellular H2S biosynthesis compared to CTH in

ASC52telo cells. In fact, CBS gene KD in ASC52telo cells resulted in a significant increased

cellular inflammation and oxidative stress in parallel to a decreased capacity to produce

endogenous H2S. A large number of studies demonstrated anti-inflammatory and anti-oxidant

effects of H2S in mesenchymal stem cells217,219 and other cells220–222. However, the pro-oxidant 

and pro-inflammatory effects of CBS depletion might be also explained by other causes,

including:

i) Altered mitochondrial respiratory function, characterized by decreased proton leak and

spare respiratory capacity, two functional measures of mitochondrial function223,224.

Supporting these findings, a recent study demonstrated the importance of CBS on 

mitochondrial function in endothelial cells225. It is important to note that proton leak 

(uncoupled respiration), which was significantly decreased in CBS KD ASC52telo 

(shCBS-ASC52telo) cells, is a key mitochondrial process in the prevention of oxidative 

stress226,227.

ii) Decreased expression of rejuvenation (LC3 and SIRT1)-related genes. The protective

effects of increased SIRT1228–234 and LC3235–238 mRNA levels in the prevention of cellular 

inflammation, oxidative stress and mitochondrial function are widely reported.
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iii) Increased homocysteine/cysthationine ratio. CBS enzyme inhibition results in

increased homocysteine in detrimental of cysthationine levels239,240. The pro-oxidant and 

pro-inflammatory effects of excess homocysteine have been demonstrated in in vitro and 

in vivo experiments240–245. Otherwise, similar to ASC52telo cells, breast tumor tissue 

displayed increased CBS, but very low CTH mRNA levels, resulting in increased

intracellular levels of cysthationine, and in consequence preserving mitochondrial 

function and preventing oxidative and endoplasmic reticulum stress246.

Another important finding of current study was that CBS gene knockdown in ASC52telo cells

greatly enhanced their capacity to differentiate into adipocytes in detrimental to the ability to

differentiate into osteogenic linage. It is well-stablished that increased oxidative stress (ROS

levels) in adipose-derived mesenchymal stem cells promotes a cellular senescence and

inflammation phenotype characterised by increased capacity for differentiate into adipocyte at the 

expense of decreased stemness capacity247–249. In fact, antioxidant treatment in mesenchymal stem 

cells prevented adipocyte differentiation249. In agreement with current data, the administration of 

diallyl disulfide, a slow H2S donor250, restored hAMSC stemness via inhibition of intracellular 

ROS levels251. The relevance of CBS on osteogenesis has been previously reported252–254.

Interestingly, one of these studies demonstrated that exogenous homocysteine administration 

increased intracellular homocysteine levels, and resulted in increased ROS, altered mitochondrial 

function, reduced expression of CBS gene and intracellular H2S level, and in consequence, 

inhibiting its capacity to differentiate into osteogenic linage254. Otherwise, to the best of our 

knowledge, the impact of CBS depletion enhancing hAMSC adipogenesis has not been previously 

shown. These findings could seem controversial with one previous study in 3T3-L1 cells, in which 

CBS gene knockdown decreased adipogenesis111, whereas other studies demonstrated that CTH 

was the only enzyme of transsulfuration pathway with adipogenic properties103,104,216. In line with 

these studies, increased CTH/CBS ratio was associated with increased adipogenic potential in

ASC52telo cells, which was characterised with very high expression of adipogenic genes (such 
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as FABP4 and SLC2A4), even before adding the adipogenic media (at day 0). Moreover, 

supporting the cellular inflammation-associated adipogenic potential observed in shCBS-

ASC52telo cells, two recent studies demonstrated that cellular inflammation promoted the 

generation of new adipocytes and adipose tissue expansion255,256. Otherwise, insulin receptor 

substrate 1 (IRS1) gene expression was significantly decreased in shCBS-ASC52telo cells at day 

0 and during adipocyte differentiation. In line with this, even though IRS-1 is important for lipid 

storage in adipose tissue257, a recent study reported that IRS-1 knockdown in bone marrow

mesenchymal stem cells increased their capacity to differentiate into adipocytes258. Current

findings and these studies253,254,256 suggest that cellular senescence and inflammation might

promote a non-physiological increased adipocyte differentiation.

5.4 COMPREHENSIVE TRANSSULFURATION PATHWAY IN 
ADIPOSE TISSUE OF SUBJECTS WITH AND WITHOUT OBESITY

Translational studies in human adipose tissue supported adipose tissue H2S biosynthesis linked to 

adipogenesis, cellular senescence and inflammation. H2S is a signaling molecule that is actively 

synthesized in various tissues and plays diverse roles in metabolic and signaling pathways. 

Recently, it is recognized that H2S persulfidation of protein, which modifies thiol groups, 

mediates most of H2S activities in various cellular functions. We previously reported that 

disturbed H2S metabolism plays a crucial role in the pathogenesis of obesity, and despite emerging 

observations in the 3T3-L1 mouse cell line and hAMSC, the role of endogenous H2S and its 

impact on human adipose tissue physiology has been unknown. We postulated that H2S may 

regulate adipose tissue physiology through inflammation, oxidative stress and senescence 

regulation. Considering that potential targets of persulfidation are proteins involved in adipogenic 

processes such as fatty acid and lipid metabolism, the modification of transsulfuration pathway 

might contribute to altered adipose tissue physiology. 

Our study provides sound and novel evidences supporting the importance of H2S biosynthesis in 

the physiology of human adipose tissue. Altogether current findings pointed to a crucial role of 
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H2S and H2S-synthetizing enzymes in human adipose tissue physiology at different cellular levels.

Even though, the specific molecular mechanism to explain the possible effects of H2S on human 

adipogenesis has not been fully resolved in this study, some mechanisms might be inferred from 

current findings. These putative mechanisms were as follows:

i) Preserving adipogenic-related proteins through protein persulfidation. Persulfidation often

increases the reactivity of target proteins, modulating their biological activities, whereas other 

post-translational modifications, such as S-nitrosylation often decreases protein activity140. In 

fact, a recent study showed experimentally, for the first time, a higher chemical reactivity in 

proteins with persulfidated cysteines compared to proteins with cysteines with sulfur in the thiol 

state259. Even though, the most reported impact of persulfidation is to activate protein function, 

some studies demonstrated inhibitory effects in some important proteins259.

Taking into account that we found increased persulfidation in FASN, SCD, ACACA, THRSP, 

PLIN4, LIPE, ACSL1, GLUT4 and FABP4, and that an appropriate functionality of these proteins 

is required for adipogenesis and adipocyte physiology260–267, the current results suggest that 

endogenous H2S biosynthesis might preserve the function of those proteins involved in 

adipogenesis. However, further experiments are required to confirm this suggestion.

Supporting the importance of H2S in the physiology of adipose cells, CTH, CBS and MPST mRNA 

levels were detected at substantial levels in adipocytes, increasing during human adipocyte 

differentiation in parallel to ADIPOQ. The knockdown of CTH, CBS and MPST promoted the 

development of dysfunctional adipocytes during adipocyte differentiation, decreasing markers of 

adipogenesis and increasing the expression of proinflammatory cytokines in parallel to decreased 

H2S biosynthesis. Of note, the most anti-adipogenic effect was observed in CTH gene KD. The 

chemical inhibition of CTH activity resulted in decreased adipogenesis during human adipocyte 

differentiation and in fully differentiated adipocytes. In fact, anti-adipogenic and inflammatory 

effects of high PPG dose (250 μM) during human adipocyte differentiation were comparable with 

the effects of CTH gene KD. In contrast, no significant effects of low PPG dose (25 μM) were 

found. This discrepancy could be explained by the previously reported low potency, low 
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selectivity and the limited cell-membrane permeability of PPG268. However, considering that 

inhibiting CBS, CTH and MPST may have effects independent of H2S, such as perturbations in 

homocysteine metabolism, the results of PPG or gene knockdown experiments should be 

interpreted with caution. In addition, it should be considered that knockdown of one of these 

enzymes might be compensated by H2S production by the remaining ones. Otherwise, the 

administration of GYY4137 in the last stage of the process resulted in a dose-dependent increased 

expression of adipogenic genes. Interestingly, when endogenous H2S production was inhibited 

with PPG (250 μM), GYY4137 sustained adipogenic gene expression (Figure 6), preventing the 

reduction observed in Figure 7. Previous studies demonstrated that adipogenic111 and anti-

cancer269 effects of GYY4137 were not observed when cells were treated with ZYJ1122, its 

structural analogue lacking sulfur, indicating that GYY4137 effects were dependent on H2S

moiety. Ex vivo experiments also demonstrated that the activation of H2S-producing enzymes in 

adipose tissue increased expression of adipogenic genes in correlation to H2S biosynthesis. 

Consistent with the suggested impact of H2S on protein persulfidation in adipose cells (current 

study), a recent study demonstrated that persulfidation depends on intracellular H2S levels, 

observing in those situations of decreased H2S biosynthesis, such as aging, a significant decline 

in protein persulfidation, whereas conditions of enhanced H2S production (such as dietary 

restriction) were associated with increased protein persulfidation138.

ii) Preventing inflammatory processes in human preadipocytes through the induction of sirtuin

deacetylase activity. Specifically, in human preadipocytes, exogenous H2S (GYY4137) 

treatment enhanced sirtuin activity, whereas when endogenous H2S biosynthesis was inhibited 

(using PPG or in CTH, CBS and MPST KD) markers of cellular senescence (TP53), apoptosis

(BAX) and inflammation (TNF, IL6) increased. These findings suggest that the previously 

reported anti-senescence effects of H2S270–272 might contribute to improve the adipogenic 

function of preadipocytes, and preserve adipose tissue functionality273. In addition, increased 

SIRT1 mRNA levels and sirtuin activity after transsulfuration pathway activation or GYY4137 

administration in ex vivo experiment (adipose tissue explants) or the consistent association 
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between H2S-producing enzymes and SIRT1 gene expression in human adipose tissue reinforced 

this idea. Furthermore, both SAT and VAT CTH gene expression negatively correlated with 

markers of cellular senescence (TP53), inflammation (TNF) and apoptosis (BAX) in obese 

subjects, which were all associated to adipose tissue dysfunction and insulin resistance274–277.

Even though, TP53, inflammatory cytokines (IL6 and TNF) or apoptosis markers has all been 

previously used to characterize senescence-associated adipose tissue dysfunction274–277, a more 

accurate measurement of cellular senescence (such as β-galactosidase activity) should be 

considered to confirm current associations in further studies.

Strengthening current findings, increased SIRT1 activity led to enhanced adipose tissue 

rejuvenation (characterized by increased cellular stemness) and decreased inflammation 278–282

and H2S administration resulted in enhanced Sirt1 expression and activity270–272, preventing 

vascular aging270 and cellular senescence in human fibroblasts271. In line with these findings, in 

immortalized human adipose-derived mesenchymal stem cells, which unlike human 

preadipocytes and adipocytes (current study) displayed a much higher expression of CBS than 

CTH gene283, CBS gene knockdown promotes a cellular senescence phenotype characterized by 

increased inflammation and oxidative stress, and decreased H2S production283. Of note, this 

cellular senescence phenotype resulted in adipocyte hypertrophy, when these cells differentiated 

into adipocytes, and attenuated their ability to differentiate into osteogenic linage283.

iii) Increasing insulin action through the activation of PPARγ transcriptional activity in

differentiated adipocytes. GYY4137 administration resulted in a significant increase of insulin-

induced Akt phosphorylation at serine 473, whereas PPG administration had opposite effects. A 

fine regulation of insulin action is associated to adipogenesis and adipose tissue physiology284,285.

Ex vivo experiments indicated that the adipogenic effect resulting from transsulfuration pathway 

activation was increased in association with insulin sensitivity, and negatively correlated with 

HbA1c levels, supporting the relationship between H2S and adipose tissue insulin action. In 

addition, AT CTH gene expression was positively correlated to systemic insulin sensitivity in 

both cross-sectional studies (cohort 1 and cohort 2) and increased after bariatric surgery-induced 
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weight loss similar to insulin sensitivity. H2S improved insulin action in mice102,286–288. GYY4137 

administration improved high fat diet-induced insulin resistance through the activation of PPARγ 

in adipose tissue, whereas PPG exerted opposite effects103. Mechanistically, H2S-induced PPARγ 

transactivation is mediated by enhanced PPARγ persulfidation in cysteine residues from DNA 

binding domain 103,104. Since PPG administration also increased pSer536NFκB (p65)/NFκB ratio and 

proinflammatory cytokines (IL6 and TNF), another potential mechanism to explain H2S effects 

on insulin action was the inhibition of NFκB-induced inflammation56. 

In support of current findings, CBS deficiency is known to be associated with decreased fat mass 

in both mice and humans289,290. CTH is involved in adipogenesis in phylogenetically distant 

species from Drosophila melanogaster to mice103,104,111 with cth knockout mice developing 

decreased fat mass under cysteine-limited diets291.  

Decreased levels of H2S-synthetizing enzymes in morbidly obese subjects seem in contradiction 

with the relevance of these enzymes in adipogenesis and fat mass accretion. However, in 

conditions of obesity and insulin resistance, adipogenesis is attenuated13–15, and size enlargement 

of pre-existing adipocytes acquires more relevance in fat mass sustaining292. The findings in 

human adipose tissue are in agreement with decreased adipose tissue H2S production reported in 

db/db and high-fat diet-fed mice109. 

Even though, adipose tissue as a possible source of increased serum sulfide levels, recently 

described in morbidly obese subjects293, cannot be discarded. Alternative hypothesis should be 

investigated: i) Expression of H2S-synthesizing enzymes could be higher in early phases of 

obesity but decrease in more advanced disease as a consequence of adipose tissue inflammation 

and insulin resistance. ii) In addition,  H2S production depends not only by the expression/activity 

of synthesizing enzymes but also on its oxidation. Decreased oxidation may be the result 

of environmental hypoxia as that present in adipose tissue from subjects with obesity294. In this 

context, decreased oxidation could result in persistently higher serum sulfide levels.  

Current data might anticipate clinical applications and also suggest that the modulation of adipose 

tissue H2S biosynthesis may play a role in glucose metabolism. Dietary raw garlic homogenate (a 

complex mixture containing several H2S precursors) administration restored plasma H2S levels in 



GENERAL DISCUSSION

155

diabetic rats and led to increased insulin sensitivity295. Therapeutically, the potentiation of adipose 

tissue H2S-synthetizing enzymes to improve adipose tissue physiology in patients with type 2 

diabetes should be investigated in depth in further studies. 
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6. CONCLUSIONS

1- Serum sulfide concentrations were increased in subjects with morbid obesity, being

circulating sulfide increased in proportion to fat mass accumulation.

2- Slow-releasing H2S improved adipocyte differentiation in inflammatory conditions, and

H2S proadipogenic effects depend on dose, donor and exposure time.

3- Permanent CBS gene KD in ASC52telo cells promotes a cellular senescence phenotype,

which resulted in a non-physiological enhanced adipocyte differentiation with excessive

lipid storage.

4- Adipose tissue H2S-synthetizing enzymes are important actors in human adipose tissue

physiology and systemic insulin sensitivity, possibly, avoiding cellular senescence and

inflammation, and in consequence preserving adipose tissue adipogenesis.

5- Increased adipogenic protein persulfidation in human adipocytes suggests a possible

mechanism to understand the relevance of H2S biosynthesis in the modulation of human

adipocyte physiology, which consists in the preservation of the activity of adipogenic

proteins.
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8. APPENDIX
8.1 EX VIVO EXPERIMENTS IN ADIPOSE TISSUE EXPLANTS

Paired SAT and VAT were obtained from 20 obese participants undergoing open abdominal 

surgery (gastrointestinal bypass) under general anesthesia after an overnight fast. Anthropometric

and clinical parameters were detailed in Suppl Table 2. The study had the approval of the ethical 

committee, and all patients gave informed written consent.

These experiments were performed as previously described 296. In brief, samples of adipose tissue 

were immediately transported to the laboratory (5–10 min). The handling of tissue was carried 

out under strictly aseptic conditions. The tissue was cut with scissors into small pieces (5–10 mg) 

and incubated in buffer plus albumin (3 ml/g of tissue) for 30 min. After incubation, the tissue 

explants were centrifuged for 30 s at 400 g. Then 100 mg of minced tissue was placed into 1 ml 

M199 (Life Technologies, Invitrogen) containing 10% fetal bovine serum (Hyclone, Thermo 

Fisher Scientific), 100 unit/ml penicillin (Life Technologies, Invitrogen), and 100 μg/ml 

streptomycin (Life Technologies, Invitrogen) and incubated for 16 h in suspension culture under 

aseptic conditions. The following treatments were performed: i) Vehicle and ii) L-cysteine (10 

mM) and pyridoxal 5’-phosphate (2 mM), as an inductor of the transsulfuration pathway (H2S-

synthesising enzymes) (Figure 9). 

Figure 9. Schematic overview of adipose tissue explants methods. In this method, tissue was cut into 
small pieces, and placed in control or stimulus (L-cysteine (10 mM) and PLP (2 mM)) eppendorfs.
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8.2 H2S QUANTIFICATION

8.2.1 In vitro and AT explants measurements

In cell cultured medium H2S concentration was assessed using a highly water-soluble

naphthalimide-based fluorescent sensor 6-Azido-2-[2-[2-(2hydroxyethoxy)

ethoxy]ethyl]benzo[de]isoquinoline-1,3-dione (L1) (Figure 10), which was chemically

synthesized in Institute of Computational Chemistry and Catalysis (Chemistry Department,

University of Girona) as described previously297.

Figure 10. Fluorescent L1 probe. L1 fluorescent probe for hydrogen sulfide detection. Figure taken from 
Choi S.A. (2016)297.

L1 probe (5 μM) was included and incubated in adipose tissue (16 h) or in vitro cell media 

(24 h). In each experiment, a negative control that consisted in the incubation of cell culture media 

plus L1 probe (5 μM) without adipose tissue explants or adipocytes was also performed. This 

negative control was used to subtract spontaneous H2S production. After incubation, media was 

transferred to new eppendorf tubes to be homogenized, and were kept at –80ºC in the dark, until 

the read. Fluorescence was read in a Biotek Cytation 5 reader at λ ex = 435 nm and λ em = 550nm 

in duplicate and quantified with a Na2S standard curve  (0, 7.8, 15.6, 31.25, 62.5, 125, 250 and 

500 μM).
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8.2.2 Serum H2S measurements 

H2S concentration in serum was assessed using a naphthalimide-based fluorescent sensor 6-

Azido-2-(2-(2-(2-hydroxyethoxy) ethoxy)ethyl)-1H-benzo[de]isoquinoline-1,3 (2H)-dione (L1), 

as described previously297. To measure H2S levels, serum and standard curve were incubated 70 

minutes at 37ºC in the dark with 5 μmol/l of L1 probe. The standard curve was generated from a 

10 mM stock solution of sodium sulfide (Na2S) in phosphate-buffered saline (PBS) containing 5 

μmol/l of L1 at various concentrations (0, 3.8, 7.8, 15.6, 31.25, 62.5, 125 and 250 μmol/l Na2S). 

After incubation, fluorescence was read in a BiotekCytation 5 reader at λ ex = 435 ± 20 nm and 

λ em = 550 ± 20 nm. Blank control of serum samples was performed in the same incubation 

conditions without L1 probe. Intra- and inter-assay coefficients of variation for these 

determinations were between 9.7% and 10.5% respectively (Figure 11). 

 

 

 

 

 

 

 

 

 

 

75 μL serum + 
75 μl L1 (10 μM) 

70 minutes 
37ºC  

5 μM L1  

Fluorescence measurement:  
λ ex = 435 ± 20 nm  
λ em = 550 ± 20 nm 
 

Figure 11. Serum H2S fluorescent probe quantification workflow.  
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