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Abstract: Sarcopenia is a gradual and generalized skeletal muscle (SKM) syndrome, characterized by 

the impairment of muscle components and functionality. Hydrogen sulfide (H2S), endogenously 

formed within the body resulting from the activity of cystathionine-γ-lyase (CSE), cystathionine- β-

synthase (CBS), and mercaptopyruvate sulfurtransferase, is involved in SKM function. Here, in an in 

vitro model of sarcopenia based on damage induced by dexamethasone (DEX, 1 μM, 48 h treatment) 

in C2C12-derived myotubes, we investigated the protective potential of exogenous and endogenous 

sources of H2S, i.e., glucoraphanin (30 μM), L-cysteine (150 μM), and 3-mercaptopyruvate (150 μM). 

DEX impaired the H2S signalling in terms of a reduction in CBS and CSE expression and H2S 

biosynthesis. Glucoraphanin and 3-mercaptopyruvate but not L-cysteine prevented the apoptotic 

process induced by DEX. In parallel, the H2S-releasing molecules reduced the oxidative unbalance 

evoked by DEX, reducing catalase activity, O2− levels, and protein carbonylation. Glucoraphanin, 3-

mercaptopyruvate, and L-cysteine avoided the changes in myotubes morphology and morphometrics 

after DEX treatment. In conclusion, in an in vitro model of sarcopenia, an impairment in CBS/CSE/H2S 

signalling occurs, whereas glucoraphanin, a natural H2S-releasing molecule, appears more effective 

for preventing the SKM damage. Therefore, glucoraphanin supplementation could be an innovative 

therapeutic approach in the management of sarcopenia. 

Keywords: sarcopenia; skeletal muscle; glucoraphanin; hydrogen sulfide; hydrogen-sulfide-

releasing molecules; cystathionine-γ-lyase; cystathionine- β-synthase 

 

1. Introduction 

Sarcopenia is a skeletal muscle (SKM) disorder characterized by a gradual and 

generalized impairment in terms of structure and functionality, frequently associated 

with physical handicap, significantly worsening patient’s quality of life and, in worst 

cases, leading to death [1,2]. In simpler terms, it could be best defined as SKM 

insufficiency or failure [3]. Sarcopenia is a complex multifactorial condition [4,5], though 

aging is the major underlying cause [5]. Age-related sarcopenia can be enhanced by 

various factors, including sedentary lifestyle, poor nutrition, chronic illness, and 

disturbance in the peripheral and/or central nervous systems. However, even if 

sarcopenia is usually considered an elderly disorder, its development can also occur in 
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young people and in particular in those suffering from autoimmune diseases [6]. In 

addition, hormonal changes contribute to the decrease in muscle mass and performance; 

indeed, although the involvement of several hormones such as insulin, sexual hormones, 

corticosteroids, thyroid hormones, growth hormone, prolactin, and catecholamines are 

described in the onset and development of sarcopenia, it is still not clear how they, 

respectively, specifically act on SKM [4]. Additionally, genetic susceptibility plays a role, 

evidence that can justify the individual and group variability in the incidence rate of 

sarcopenia [7,8]. Finally, it should be underlined that the use of drugs such as 

glucocorticoids and chemotherapeutics also participates in the development of sarcopenia 

[5,9,10]. Therefore, numerous factors are involved in the onset and development of 

sarcopenia. 

In spite of its clinical relevance, sarcopenia is still a poorly recognized and therefore 

poorly managed syndrome in routine clinical practice. Certainly, an early diagnosis and 

an appropriate therapeutic approach are crucial to improving outcomes in patients with 

sarcopenia. The lack of a proper physical activity is related to the reduction in muscle 

mass and performance, so a good exercise routine is assumed as a keystone in the 

management of sarcopenia. Nevertheless, currently there are no FDA-approved 

treatments for the management of sarcopenia. Human growth hormone and 

dehydroepiandrosterone are poorly effective or inactive. Although growth hormone 

increases protein synthesis and muscle mass, no improvements in strength and function 

are reported [11]. Testosterone or other anabolic steroids have also been questioned. Mild 

effects on muscle strength and mass can be observed, but their adverse effects limit their 

application, such as risk increase in male prostate cancer, female virilization, and 

cardiovascular pathology [11]. In this regard, there is a great interest in the development 

of herbal supplements for the treatment of sarcopenia, in particular for ameliorating 

muscle mass. A large number of herbal compounds have been reported to have effects on 

SKM but only a few of them showed modest effects in human studies [12]. Limited data 

support the use of human supplementation concerning the efficacy, safety, side effects, 

and adverse effects, and eventual pharmacological interactions. Going in this direction, 

i.e., for evaluating herbal compounds as a treatment for sarcopenia we analyzed hydrogen 

sulphide (H2S) and H2S-releasing molecules. 

H2S is an endogenous gasotransmitter, the latest discovered, that can be found in 

several anatomical systems and tissues, including the SKM, in both animals and humans 

[13,14]. Current knowledge of H2S endogenous biosynthesis describes the involvement of 

four main enzymes, including cystathionine-γ-lyase (CSE), cystathionine-β-synthase 

(CBS), and cysteine aminotransferase (CAT), that operate in tandem with 3-

mercaptopyruvate sulfurtransferase (3-MST) [15]. CBS and CSE both pyridoxal-5-

phosphate-dependent enzymes utilize the amino acid L-cysteine as a substrate [16]. 

Contrariwise, 3-MST is a pyridoxal-5-phosphate-independent enzyme and uses 3-

mercaptopyruvate as a substrate [17–19]. Several studies have proposed a physiological 

function for H2S in SKM wasting and homeostasis [13,14]. In our opinion, three key 

findings demonstrate the involvement of L-cysteine/CSE-CBS/H2S in the 

physiopathological mechanisms of SKM: (i) a low-cysteine diet regimen in CSE-deficient 

mice led to acute lethal myopathy [20]; (ii) hypercontractile SKM can be observed in 

patients prone to malignant hyperthermia, coupled to higher levels H2S and 

overexpression of CBS [19]; (iii) CBS-deficient mice with hyperhomocysteinemia showed 

an SKM dysfunction [21]. Overall, it would seem that low levels of H2S are associated with 

a scant SKM performance, whilst high levels are associated with 

hypercontractility/susceptibility. To support this, pieces of evidence have suggested that 

consumption of an antioxidant supplement containing cysteine may slow down or 

prevent age-related muscle loss [22]. Moreover, the Duchenne muscular dystrophy 

(DMD) mice model (mdx mice) has analogies to the CSE−/− model fed with low-cysteine 

food, both displaying progressive muscle weakening and degeneration [23–25]. This 

evidence is reinforced by Terrill and colleagues, who observed a decrease in 
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dystropathology and oxidative stress in L-cysteine-treated mdx mice [26]. More recent 

evidence demonstrates that, in myoblasts of DMD patients, there is an impairment in H2S 

signalling; indeed, a lowering in the gene expression of the CBS and CSE and H2S 

production was found [27]. Importantly, the exogenous replacement of H2S improves the 

molecular features of DMD in terms of inflammation and fibrosis in mdx mice [27]. 

In the present work, we investigated: (i) the involvement of H2S signalling in an in 

vitro model of sarcopenia based on damage induced by dexamethasone (DEX) on C2C12-

derived myotubes (ii) the protective potential of an endogenous and exogenous source of 

H2S. For this purpose, glucoraphanin, a glucosinolate occurring exclusively in the 

botanical order Brassicales, as an exogenous source of H2S [28], L-cysteine, as an 

endogenous source of H2S, and 3-mercaptopyruvate, either as an exogenous or 

endogenous source of H2S [29] have been investigated. 

2. Results 

2.1. Impairment of H2S Signalling in DEX-Induced in vitro Model of Sarcopenia in C2C12 Myotubes 

DEX treatment (1 μM) for 48 h induces in vitro model of sarcopenia in C2C12-derived 

myotubes, as previously reported [30]. Here, we found that treatment with DEX 

significantly reduced the expression of both CBS and CSE in C2C12 myotubes (Figure 1A–

C, * p < 0.05; ** p < 0.01). Furthermore, a reduction in H2S production was observed (Figure 

1D). Indeed, the basal amount of H2S was significantly lowered in homogenates of DEX-

treated C2C12 myotubes compared with vehicle-treated ones (** p < 0.001, Figure 1D). 

 

Figure 1. Illustrative Western blot for the expression of CBS and CSE in homogenates of C2C12 

myotubes (A). CSE (B) and CBS (C) expression is significantly reduced in C2C12 myotubes treated 

with DEX compared with vehicle (* p < 0.05, ** p < 0.001). Results are normalized against a 

housekeeping protein, GAPDH. Data are expressed as optical density (OD)*mm2 and calculated as 

mean ± SEM of 5/6 experiments (n = 5 vehicle; n = 6 DEX). H2S production in vehicle-treated or DEX-
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treated C2C12 myotubes (D). The basal amount of H2S is significantly reduced in homogenates of 

C2C12 myotubes treated with DEX compared with vehicle (** p < 0.01). Results are expressed as 

nanomoles per milligram of protein per minute and values are calculated as mean ± SEM of 9 

experiments. 

2.2. C2C12 Myotube Viability and Caspase-3 Activity 

C2C12 myotubes were cotreated for 48 h with DEX (1 μM) and with glucoraphanin 

(30 μM), L-cysteine (150 μM), and 3-mercaptopyruvate (150 μM) to assess their protective 

properties. As shown in Table 1, DEX (in absence or presence of tested compounds) did 

not modify cell viability. As shown in Figure 2, 48 h of DEX treatment (1 μM) induced 

apoptotic processes by promoting caspase-3 activity (increased by 70% in comparison 

with the control; ** p < 0.01). A 48 h cotreatment with glucoraphanin (30 μM) and 

mercaptopyruvate (150 μM) prevented the DEX-induced proapoptotic activity (^^ p < 0.01 

versus DEX). L-cysteine 150 μM was not as protective. 

Table 1. Cell viability in C2C12 myotubes (10 × 103/well) treated for 48 h with DEX 1 μM in presence 

or absence of 30 μM glucoraphanin, 150 μM L-cysteine, and 150 μM mercaptopyruvate. Cell 

viability was evaluated by MTT assay. We arbitrarily set the control condition as 100%. Values are 

expressed as the mean ± S.E.M. of 3 experiments. 

Treatment Cell Viability 

control 100 ± 2.4 

dexamethasone 1 μM 92.3 ± 0.6 

dexamethasone 1 μM + glucoraphanin 30 μM 103.3 ± 2.3 

dexamethasone 1 μM + L-cysteine 150 μM 99.8 ± 3.1 

dexamethasone 1 μM + 3-mercaptopyruvate 150 μM 105.4 ± 2.8 

 

Figure 2. Caspase-3 activity in C2C12 myotubes. C2C12 myotubes were treated for 48 h with 1 μM 

DEX, both alone and in the presence of 30 μM glucoraphanin, 150 μM L-cysteine, and 150 μM 

mercaptopyruvate. Caspase-3 activity was quantified by a fluorescence assay. Values are expressed 

as % of activity and calculated as the mean ± S.E.M. of 3 experiments. ** p < 0.01 versus control; ^^ p 

< 0.01 versus DEX. 

2.3. Protective Effects from Oxidative Stress Induced by DEX 

The treatment with DEX (1 μM) evoked oxidative imbalance, enhancing catalase 

activity (Figure 3) and increasing up to two folds both levels of O2−. (Figure 4) and protein 

carbonylation (Figure 5). As shown in Figure 3, glucoraphanin (30 μM), L-cysteine (150 

μM), and mercaptopyruvate (150 μM) were effective in reducing catalase activity (^^ p < 
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0.01 versus DEX, for glucoraphanin; ^ p < 0.05 versus DEX for L-cysteine and 

mercaptopyruvate). The three compounds were also able to prevent the increase in O2− 

levels (Figure 4); in particular, L-cysteine was able to bring the concentration back to 

control levels (^^ p < 0.01 versus DEX). As shown in Figure 5, protein carbonylation was 

significantly prevented by all of the three compounds (^ p < 0.05 versus DEX for L-

cysteine; ^^ p < 0.01 versus DEX for glucoraphanin and mercaptopyruvate). 

 

Figure 3. Catalase activity in C2C12 myotubes. C2C12 myotubes were treated for 48 h with 1 μM 

DEX, both alone and in the presence of 30 μM glucoraphanin, 150 μM L-cysteine, and 150 μM 

mercaptopyruvate. A fluorescence assay was used to quantify catalase activity. Values are 

expressed as mU/mg protein and calculated as the mean ± S.E.M. of 3 experiments. ** p < 0.01 versus 

control; ^ p < 0.05 and ^^ p < 0.01 versus DEX. 

 

Figure 4. O2−. levels in C2C12 myotubes. C2C12 myotubes were treated with 1 μM DEX for 48, both 

alone and in the presence of 30 μM glucoraphanin, 150 μM L-cysteine, and 150 μM 

mercaptopyruvate. Cytochrome c assay was used to measure O2−. concentration. We measured the 

non-specific absorbance in the presence of superoxide dismutase (SOD) (300 mU/mL) and 

subtracted it from the total value. Values are expressed as μM/mg protein/4 h and calculated as 

mean ± S.E.M. of 3 experiments. ** p < 0.01 versus control; ^ p < 0.05 and ^^ p < 0.01 versus DEX. 
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Figure 5. Protein carbonylation in C2C12 myotubes. C2C12 myotubes were treated for 48 h with 1 

μM DEX, both alone and in the presence of 30 μM glucoraphanin, 150 μM L-cysteine, and 150 μM 

mercaptopyruvate. Western blot analysis was carried out on cell homogenates using a specific 

antibody against DNPH. Figures show the densitometric analysis (top) and the illustrative 

immunoblot (bottom). Each sample was normalized to GAPDH expression. Values are expressed % 

of integrated density and calculated as mean ± S.E.M. of 3 different experiments. ** p < 0.01 versus 

control; ^ p < 0.05 and ^^ p < 0.01 versus DEX. 

2.4. Morphology and Morphometrics of C2C12 Myotubes 

C2C12 myoblasts completely differentiate in myotubes after 7 days of culture in a 

differentiation medium (DM). The following 48 h treatment with DEX (1 μM), altered the 

morphology and morphometry of myotubes (Figure 6A–E), reducing the diameter of 

myotube (Figure 6F) and the quantity of multinucleated myotubes (Figure 6G) by about 

39% and 52%, respectively. The 48 h cotreatment with glucoraphanin (30 μM), L-cysteine 

(150 μM), and mercaptopyruvate (150 μM) prevented the morphological alterations 

(Figure 6A–G). The number of nuclei per myotube was not modified by either DEX or the 

three compounds (Figure 6H). 
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Figure 6. Morphological and morphometric analysis of C2C12 myotubes. C2C12 myoblasts were 

cultured in DM for 7 days. Once differentiated in myotubes, cells were incubated for 48 h with DM 

(A, control); with 1 μM DEX in the absence (B) or presence of 30 μM glucoraphanin (C), 150 μM L-

cysteine (D), and 150 μM mercaptopyruvate (E). Cells were fixed and stained with FITC-conjugated 

phalloidin to highlight F-actin organization (green) and with DAPI, for nuclei staining (blue). Scale 

bar (white line): 50 μm. Morphometric analyses were carried out to provide: the length in μm of the 

myotube diameter (F); the multinucleated cells percentage (G) (percentage ratio of the number of 

multinucleated cells and the number of total cells, considered as 100%); and the number of nuclei in 

each myotube (H). The analyses were conducted in at least 3 random fields of each experimental 

group. Values are expressed as the mean ± S.E.M. of 3 different experiments. * p < 0.05 versus control; 

^ p < 0.05 versus DEX. 

3. Discussion 

Several mechanisms and risk factors, including poor physical activity, smoking, 

malnutrition, and age-related hormonal changes and cytokine levels, contribute to the 

development of sarcopenia [4,5]. The aforementioned mechanisms enclose changes in 

muscle protein turnover, muscle tissue remodelling, muscle cell recruitment, and 

apoptosis leading to muscle atrophy [9]. Sarcopenia is considered part of the aging 

process, so much so that it now represents a key point of research and public policy debate 

for its impact on morbidity, mortality, and healthcare costs. One of the major factors 

implied in the outbreak of sarcopenia is age-related insulin resistance [31]. Indeed, insulin 

is an anabolic hormone that not only promotes glucose absorption, glycogenesis, and 

lipogenesis but also stimulates skeletal muscle protein synthesis [32]. In line with this, the 

association between diabetes and sarcopenia and frailty is well proved by several reports 

[33]. Older diabetic patients have high incidence of frailty (32–48%) compared with 

nondiabetic older subjects (5–10%) [34–36]. To date, the cause/mechanism by which 

diabetes often coexists with sarcopenia/frailty remains to be clarified [37,38]. In a cohort 
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of elderly patients suffering both hypertension and frailty, a correlation between physical 

decline and cognitive impairment was found. This evidence further stresses the role of 

comorbidities in the context of sarcopenia [39]; thus frailty represents an additional 

problem to be considered along with the control of blood pressure in older adults. More 

in general, frailty is frequently accompanied by comorbidities such as diabetes, heart 

failure, and hypertension in older subjects; therefore, a form of prevention of sarcopenia 

could result from better management of these populations of patients [40]. Furthermore, 

there are suggestions of a correlation between chronic kidney disease and muscle 

impairment, leading to a high incidence of frailty and an increased risk for mortality [41]. 

In addition, another critical cause implicated in the development of sarcopenia is the 

use of drugs such as chemotherapies and glucocorticoids [5,9,10]. In fact, a strong 

association between aging and sarcopenia development exists also following 

dexamethasone treatment [42]. Indeed, an excess of dexamethasone markedly reduces 

muscle strength and physical activity in animals [43] and humans [44]. This is not 

surprising considering that glucocorticoids can trigger muscular atrophy, by both 

inhibiting synthesis and accelerating degradation of muscle proteins in preclinical 

models, both in vivo and in vitro [45–48]. Noteworthy, sarcopenia is not only an age-

related disease but it can also hit younger subjects affected by autoimmune diseases, such 

as rheumatoid arthritis [6]. At last, acute sarcopenia arises in survivors of COVID-19 too 

[49]. Thus, despite its clinical relevance, sarcopenia is still badly handled in the current 

clinical practice. In this scenario, H2S may offer new pharmacological approaches for the 

management of sarcopenia. Indeed, it is well accepted the role of H2S in the 

physiopathology of SKM [14,20,27] but also in the pathogenesis of diabetes [50] and not 

last as an important mediator of inflammation [51–53]. Considering this evidence, we 

assessed the efficacy of endogenous or exogenous sources of H2S in an in vitro model of 

sarcopenia. We evaluated the effects of the following in DEX-induced sarcopenia in 

C2C12-derived myotubes: glucoraphanin, a natural H2S donor; L-cysteine, the 

endogenous substrate for H2S production; and 3-mercaptoyruvate, an endogenous and 

exogenous source for H2S [29]. The potential efficacy of the abovementioned agents was 

strongly given by the finding that DEX-induced sarcopenia in C2C12 myotubes, both CBS 

and CSE expression was reduced, coupled with a significant reduction in H2S content. 

Thus, in our experimental condition, DEX negatively impacts the H2S biosynthesis in 

C2C12-derived myotubes. The fact that DEX reduces the CBS and CSE expression has also 

been observed in animal models such as DEX-induced hypertension and osteoporosis in 

the rat [54,55] or LPS-induced endotoxic shock [56]. In addition, we also found that in 

C2C12-derived myotubes DEX increased caspase 3 activity, the canonical biochemical 

indicator of both early and late phases of apoptosis [57] reinforcing the involvement of the 

apoptotic process in sarcopenia. Indeed, growing evidence suggests that muscle fibre 

atrophy is strongly correlated with an increase in muscle cell apoptosis [58,59]. Among 

the agents tested, glucoraphanin and mercaptopyruvate showed greater efficacy for 

reducing the increase in caspase 3 activity, while L-cysteine did not affect it. This apparent 

discrepancy could be related to a different kinetic in releasing H2S, based on the fact that 

either glucoraphanin or 3-mercaptopyruvate releases H2S very quickly, i.e., already 

within 20 min [29,60], while L-cysteine needs to be metabolized, requiring more time to 

release H2S. As reported by studies employing cell-free systems, cytochrome c is able to 

prime apoptosis-like shift in cytosols derived from several cell types [61–64]. In particular, 

cytochrome c, through caspase activation, speeds up apoptotic events in cell extracts, such 

as degradation of various caspase substrates and nuclear condensation and 

fragmentation. H2S can be placed in this context, acting as a cytochrome c inhibitor [65,66] 

and thus interfering with the cascade of caspases activation. Therefore, the timely release 

of H2S from glucoraphanin, L-cysteine, or 3-mercaptopyruvate could be crucial for 

inhibiting cytochrome c to block the caspase activation. The mitochondrial impairment 

leads to a redox unbalance [67], another important issue of sarcopenia; in our 

experimental condition, DEX caused an increase in both catalase activity and O2− levels 
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that resulted in reduced by glucoraphanin, 3-mercaptopyruvate, and L-cysteine. Protein 

carbonylation, the major hallmark of oxidative-stress-related disorders, also plays a role 

in labelling damaged proteins during oxidative stress to eliminate them from the 

biological system [68]. Moreover, we found that protein carbonylation was higher in 

presence of DEX and reduced by the treatment with all three H2S-releasing agents. This 

effect relies on the unquestionable antioxidant ability of H2S. Indeed, it is well known that 

H2S can readily scavenge reactive oxygen and nitrogen species, at higher rates than other 

canonical antioxidants such as glutathione [69]. The cytoprotective effects of the H2S-

releasing molecules were also highlighted in myotubes. Our results show that DEX 

treatment leads to an impairment of morphology, decreasing the diameter and the 

formation of mature myotubes, whereas glucoraphanin, 3-mercaptopyruvate, and L-

cysteine were able to restore the alterations in myotube diameter and number of 

multinucleated cells. It is well known that an oxidative environment negatively impacts 

muscle regenerative ability, this is the case of aging. Oxidative intracellular unbalance 

impairs the differentiation of myoblasts, while myogenesis is promoted by reducing 

conditions [70]. The same is confirmed also in oxidative conditions related to 

hyperglycemia [71]. The reason that the reduction in oxidative stress is correlated with the 

improvement of myotube formation is currently unclear, but in the literature, there is 

recent pieces of evidence linking calmodulin (CaM) to this phenomenon [72]. CaM is a 

fundamental regulator protein of muscle physiology, orchestrating functions such as cell 

proliferation, cell death, and muscle tissue remodelling [73]. CaM is rich in methionine 

(Met) and therefore particularly sensitive to oxidative triggers [74]. A single amino acid 

substitution of Met with Met sulfoxide (M109Q) in one or both alleles of the CALM1 gene, 

which is one of three genes encoding the muscle regulatory protein CaM, strongly 

impaired C2C12 mouse myoblasts differentiation in myotubes [72]. Therefore, CaM seems 

to act a redox sensor, blocking myogenesis as consequence of oxidative stress [72]. 

Taking into account that the modification of the extracellular environment (i.e., the 

satellite cell niche) could improve the functionality of aged muscle precursor cells [67], 

our result hints to an important restorative effect elicited by H2S able to contrast the 

muscle atrophy. However, in this scenario, it is important to stress the role of H2S in 

diabetes, while considering the fact that SKM is an important regulator of glucose 

homeostasis in the human body and that sarcopenia is frequently accompanied by 

diabetes in older subjects. Indeed, plasma levels of L-cysteine, glutathione, and H2S are 

reduced in diabetic conditions [75,76]; as postulated by in vitro and in vivo studies, a 

potential connection exists in diabetes between the decreased levels of H2S and the 

impaired glucose homeostasis [77,78]. In addition, it has been reported that a diet with 

great consumption of organosulfur compounds, such as chives, leeks, garlic, and onions, 

participates in the recovery of circulating levels of H2S positively influencing the 

metabolic state [79,80]. In addition, as reported in an in vitro study performed on C2C12-

derived myotubes, the deletion of CSE leads to a decrement in cellular glutathione 

concentration and makes the cells susceptible to oxidative stress raising ROS production, 

while augmentation of GSH levels and a reduction in cellular oxidative stress have been 

observed after supplementation with NaHS [75]. Similar results have been obtained by 

Sinha-Hikim and co-workers. They elegantly showed dietary supplementation of a 

cystine-ameliorated muscle structure and functionality in old mice [22]. 

In conclusion, this study provides molecular insights into the relevance of the 

CSE/CBS/H2S system in sarcopenia. H2S-releasing molecules, targeting diminishment of 

muscle cell apoptosis, reduction in oxidative stress, and control of glucose homeostasis, 

may represent a framework for therapeutic intervention in the management of sarcopenia. 

Furthermore, supplementation with H2S-releasing natural compounds, such as 

glucoraphanin, or alternatively a diet reach in Brassicales, may be also useful in the 

prevention of sarcopenia. The advantage of using glucoraphanin relies on its H2S slow-

releasing properties and on its metabolization by intestinal microbiota, resulting in 

sulforaphane which, in its turn, exerts antioxidant, detoxifying, anti-inflammatory, and 



Int. J. Mol. Sci. 2022, 23, 5955 10 of 16 
 

 

antiapoptotic effects. [81,82]. For these reasons, and based on our data, glucoraphanin 

stands out among other H2S donors and could be more effective than L-cysteine or 3-

mercaptopyruvate in prevention and treatment of sarcopenia. 

4. Materials and Methods 

4.1. Cell Cultures 

C2C12 mouse skeletal myoblasts were purchased from American Type Culture 

Collection (Manassas, VA, USA), cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% foetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL 

streptomycin, 200 mM L-glutamine (Life Technologies Italia, Milan, Italy) and maintained 

at 37 °C in a humidified atmosphere with 5% CO2. To differentiate myoblasts into myotubes, 

C2C12 myoblasts were cultured to reach 80% of confluence; cells were then shifted to DM 

(DM: DMEM supplemented with 2% horse serum, 100 U/mL penicillin, and 100 μg/mL 

streptomycin, 200 mM L-glutamine) for 7 days. DM replacement was performed every 2 

days. 

4.2. Pharmacological Treatments 

After confluence attainment myoblasts were plated in proper cell culture plates 

(Corning Costar, Sigma-Aldrich, Milan, Italy) according to experimental procedures. 

Once differentiated in myotubes, they were treated with 1 μM DEX (Sigma Aldrich, Milan, 

Italy) for 48 h. Glucoraphanin (30 μM), purified from Tuscan black kale seeds by Bologna 

laboratory (CREA-AA; previously CRA-CIN) according to a previously described method 

[83], L-cysteine (150 μM) and 3-mercaptopyruvate (150 μM) (Sigma-Aldrich, Milan, Italy) 

were used in the presence of DEX. All treatments were done in DM. Concentration and 

time of exposure for DEX-induced damage were previously set up [30]; glucoraphanin 

concentration was chosen based on the ability of the compound to increase the 

intracellular H2S concentration [84]; L-cysteine and 3-mercaptopyruvate concentrations 

were chosen based on previously obtained results [29]. 

4.3. Cell Viability Assay (MTT Test) 

Myotube viability was assessed by evaluating the reduction in 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as an index of 

mitochondrial functionality. Cells were plated into 96-wells cell culture plates (3 × 103 

cells/well) and grown until 80% confluence. After 7 days of differentiation in DM, cells 

were treated with 1 μM DEX in absence or presence of glucoraphanin (30 μM), L-cysteine 

(150 μM), and 3-mercaptopyruvate (150 μM) for 48 h. After abundant washing, 1 mg/mL 

MTT was added to each well and incubated for 30 min at 37 °C. Upon the formation of 

formazan, 150 mL of dimethyl sulfoxide were added to each well to dissolve the crystals. 

The absorbance was measured at 550 nm. Experiments were performed in quadruplicate 

on at least three different experimental sets. 

4.4. Western Blot Analysis 

C2C12 myotube homogenates were prepared in modified RIPA buffer (50 mM Tris-

HCl pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1 

mM EDTA, 1% Igepal) (Roche Applied Science, Italy) and protease inhibitor cocktail 

(Sigma-Aldrich,  Milan, Italy). After the evaluation of protein concentration (Bradford 

assay, Sigma-Aldrich, Milan, Italy), denatured proteins were separated in 10% sodium 

dodecyl sulphate-polyacrylamide gels and then transferred to a poly-vinylidene fluoride 

membrane. Membranes were incubated with mouse monoclonal antibody for CSE 

(1:1000; Abnova, Milan, Italy) or rabbit polyclonal for CBS (1:1000; Santa Cruz 

Biotechnology, Heidelberg, Germany.) and then with horseradish-peroxidase-conjugated 

secondary antibody, before the development with Chemidoc (Biorad, Milan, Italy). 

GAPDH (1:5000, Sigma-Aldrich, Milan, Italy) was considered as the housekeeping to 
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normalize the protein band intensity [85]. Data were calculated as optical density 

(OD)*mm2. 

4.5. H2S Determination 

H2S production was measured in homogenates of C2C12 myotube treated with 

vehicle or DEX. Sample lysis was performed in a modified potassium phosphate buffer 

(100 mM, pH 7.4, sodium orthovanadate 10 mM, and proteases inhibitors) and Bradford 

assay was used to determine protein concentration. In order to evaluate the basal content 

of H2S, pyridoxal-5′-phosphate (2 mM) was added to the homogenates. After incubation 

at 37 °C for 40 min, trichloroacetic acid solution (TCA, 10% wt/vol), zinc acetate (1% 

wt/vol), N,N-dimethyl-p-phenylenediamine sulphate (DPD; 20 mM) in HCl (7.2 M) and 

FeCl3 (30 mM) in HCl (1.2 M) were added to each sample [86]. All samples were performed 

in duplicate, and H2S concentration was measured by optical absorbance at a wavelength 

of 668 nm and calculated against a standard curve of NaHS (3–250 μM). Data were 

calculated as nmol/mg protein*min−1. 

4.6. Caspase-3 Activity 

Myoblasts were plated into 6-well plates (5 × 104 cells/well) and cultured upon 

reaching 80% confluence. After 7 days of differentiation in DM, myotubes were then 

incubated with DEX (1 μM) with or without glucoraphanin (30 μM), L-cysteine (150 μM), 

or 3-mercaptopyruvate (150 μM) for 48 h. Following the treatment, cell lysis was 

performed by adding 100 μL of lysis buffer (200 mM Tris-HCl buffer, pH 7.5, containing 

2 M NaCl, 20 mM EDTA, and 0.2% Triton X-100) and centrifuged at 11,000× g for 10 min 

at 4 °C. A measure of 50 μL of the supernatant was collected and incubated with 25 μM 

fluorogenic peptide caspase substrate rhodamine 110 bis (N-CBZ-L-aspartyl-L-glutamyl-

L-valyl-L-aspartic acid amide) (Molecular Probes, Milan, Italy) at 25 °C for 30 min. 

Cleaved substrate quantification for each sample was performed in a 96-well plate 

fluorescence spectrometer (FlexStation 3, Molecular Devices; excitation at 496 nm and 

emission at 520 nm). Caspase-3 activity for each sample was normalized to protein 

concentration, determined using bicinchoninic acid assay (Sigma Aldrich, Milan, Italy). 

4.7. Catalase Activity 

Myoblasts were plated into 6-well plates (5 × 104 cells/well) and cultured upon 

reaching 80% confluence. After 7 days of differentiation in DM, myotubes were then 

incubated with DEX (1 μM) with or without glucoraphanin (30 μM), L-cysteine (150 μM), 

or 3-mercaptopyruvate (150 μM) for 48 h. Following the treatment, cell lysis was 

performed by adding 100 μL of lysis buffer (200 mM Tris-HCl buffer, pH 7.5, containing 

2 M NaCl, 20 mM EDTA, and 0.2% Triton X-100) and centrifuging at 11,000× g for 10 min 

at 4 °C. The supernatant was collected and used to measure catalase activity by Amplex 

Red Catalase Assay Kit (Invitrogen, Monza, Italy) following the manufacturer’s 

instructions. Catalase activity for each sample was normalized to protein concentration, 

determined using bicinchoninic acid assay (Sigma Aldrich, Milan, Italy). 

4.8. Superoxide Dismutase (SOD)-Inhibitable Superoxide Anion (O2−) Production Evaluated by 

Cytochrome c Assay 

Myoblasts were plated in 6-well plates (5 × 104 cells/well) and grown until 80% 

confluence. After 7 days of differentiation in DM, myotubes were then incubated with DEX 

(1 μM) in absence or presence of glucoraphanin (30 μM), L-cysteine (150 μM), or 3-

mercaptopyruvate (150 μM) for 48 h. After treatment, cells were incubated in serum-free 

DMEM containing cytochrome c (1 mg/mL) for 4 h at 37°C. Nonspecific cytochrome c 

reduction was evaluated by performing tests in the presence of bovine SOD (300 mU/mL). 

After collecting the supernatants, the optical density was spectrophotometrically measured 

at 550 nm. The SOD-inhibitable O2− amount was calculated by subtracting nonspecific 
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absorbance and by using an extinction coefficient of 2.1 × 104 M−1cm−1 and expressed as 

μM/mg protein/4 h. We chose incubation time based on preliminary experiments, which 

pointed out poor reliability after longer cellular environment exposure to cytochrome c. 

4.9. Carbonylated Protein Evaluation 

Myoblasts were plated in a 25 cm2 cell culture flask (7 × 104 cells/flask) and cultured 

upon reaching 80% confluence. Cells were differentiated in myotubes in DM for 7 days. 

Carbonylated proteins were evaluated after 48 h incubation with 1 μM DEX, both alone 

and with glucoraphanin (30 μM), L-cysteine (150 μM) or 3-mercaptopyruvate (150 μM). 

After treatment and PBS washing, myotubes cell cultures were scraped on ice with lysis 

buffer containing 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 

and complete protease inhibitor (Roche, Milan, Italy). Cell suspensions were collected, 

subjected to a freeze–thaw cycle, and centrifuged at 13,000× g for 10 min at 4 °C. 

Bicinchoninic acid assay was used to determine protein concentration. Twenty micrograms of 

proteins from each sample were denatured by 6% SDS and derivatized 10 mM 2,4-

dinitrophenyl hydrazine (DNPH; Sigma-Aldrich, Milan, Italy) for 15 min at room 

temperature. Protein separation was carried out by using a 12% SDS–polyacrylamide gel by 

electrophoresis. Proteins were transferred onto nitrocellulose membranes (Bio-Rad, Milan, 

Italy). Membranes were incubated with blocking solution (PBS containing 0.1% Tween 20 

(PBST) and 1% BSA; Sigma-Aldrich, Milan, Italy) and then overnight with specific primary 

antibody versus DNPH (Sigma-Aldrich) (1:5000 in PBST/1% BSA). After washing with PBST, 

the membranes were incubated for 1 h with horseradish-peroxidase-conjugated secondary 

anti-rabbit (1:5000 in PBST; Cell Signaling, Milan, Italy) and washed again. Peroxidase-coated 

bands were visualized with enhanced chemiluminescence (Pierce, USA). Scion Image analysis 

software was used to perform densitometric analysis. The density of all the bands for each 

condition was reported as the mean and normalized to β-Actin expression [87]. 

4.10. Morphologic Evaluations 

C2C12 myoblasts were plated on coverslips (5 × 103 cells/slice) and grown until 80% 

confluence. Cells were differentiated in myotubes in DM for 7 days. Differentiated 

myotubes were treated with 1 μM DEX in absence or presence of glucoraphanin (30 μM), 

L-cysteine (150 μM), and 3-mercaptopyruvate (150 μM) for 48 h. Afterward, cells were 

fixed and immunolabeled with either FITC-labelled phalloidin (1:40; Sigma-Aldrich, 

Milan, Italy) to stain filamentous actin and 4′,6-Diamidine-2′-phenylindole 

dihydrochloride (DAPI, 1:2000; Sigma-Aldrich, Milan, Italy) to stain the nuclei. The 

evaluation of myotubes diameter, number of nuclei for myotube, and multinucleated cells 

were performed using image analysing software (ImageJ 1.48). Morphometric analysis 

was carried out by collecting at least three independent fields through a 20× 0.5 NA 

objective and micrographs to be analysed were taken using a motorized Leica DM6000B 

microscope equipped with a DFC350FX camera (Leica, Mannheim, Germany). 

4.11. Statistical Analysis 

Results were expressed as mean ± S.E.M. Analysis of variance (ANOVA) or Student’s 

t-test was performed as needed. A Bonferroni significant difference procedure was used 

as a post- hoc comparison. All assessments were made by researchers blinded to cell 

treatments. Data were analysed using the “Origin 8.1” software (OriginLab, 

Northampton, MA, USA) and GraphPad Software (Prism 8, San Diego, CA, USA). p < 0.05 

was considered significant. 

Author Contributions: Conceptualization, R.d.d.V.B. and L.D.C.M.; methodology, D.V., C.T., and 

C.C.; validation, L.M. and E.M.; formal analysis, E.L. and E.M.; data curation, E.L. and E.M.; 

writing—original draft preparation, L.M, E.M., and C.C.; writing—review and editing, R.d.d.V.B. 

and L.D.C.M.; visualization, C.G. and R.S.; supervision, G.C. All authors have read and agreed to 

the published version of the manuscript. 



Int. J. Mol. Sci. 2022, 23, 5955 13 of 16 
 

 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Raw data are available upon request. 

Funding: This research was in part supported by PRIN_ Prot. 2017B9NCSX. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Delmonico, M.J.; Harris, T.B.; Lee, J.-S.; Visser, M.; Nevitt, M.; Kritchevsky, S.B.; Tylavsky, F.A.; Newman, A.B. For the Health, 

Aging and Body Composition Study Alternative Definitions of Sarcopenia, Lower Extremity Performance, and Functional 

Impairment with Aging in Older Men and Women: Sarcopenia Indices, Performance, and Aging. J. Am. Geriatr. Soc. 2007, 55, 

769–774. https://doi.org/10.1111/j.1532-5415.2007.01140.x. 

2. Goodpaster, B.H.; Park, S.W.; Harris, T.B.; Kritchevsky, S.B.; Nevitt, M.; Schwartz, A.V.; Simonsick, E.M.; Tylavsky, F.A.; Visser, 

M.; Newman, A.B.; et al. The Loss of Skeletal Muscle Strength, Mass, and Quality in Older Adults: The Health, Aging and Body 

Composition Study. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2006, 61, 1059–1064. https://doi.org/10.1093/gerona/61.10.1059. 

3. Cruz-Jentoft, A.J. Sarcopenia, the Last Organ Insufficiency. Eur. Geriatr. Med. 2016, 7, 195–196. 

https://doi.org/10.1016/j.eurger.2016.01.003. 

4. Rolland, Y.; Czerwinski, S.; van Kan, G.A.; Morley, J.E.; Cesari, M.; Onder, G.; Woo, J.; Baumgartner, R.; Pillard, F.; Boirie, Y.; et 

al. Sarcopenia: Its Assessment, Etiology, Pathogenesis, Consequences and Future Perspectives. J. Nutr. Heal. Aging 2008, 12, 433–

450. https://doi.org/10.1007/BF02982704. 

5. Morley, J.E.; Anker, S.D.; von Haehling, S. Prevalence, Incidence, and Clinical Impact of Sarcopenia: Facts, Numbers, and 

Epidemiology-Update 2014. J. Cachexia. Sarcopenia Muscle 2014, 5, 253–259. https://doi.org/10.1007/s13539-014-0161-y. 

6. An, H.J.; Tizaoui, K.; Terrazzino, S.; Cargnin, S.; Lee, K.H.; Nam, S.W.; Kim, J.S.; Yang, J.W.; Lee, J.Y.; Smith, L.; et al. Sarcopenia 

in Autoimmune and Rheumatic Diseases: A Comprehensive Review. Int. J. Mol. Sci. 2020, 21, 5678. 

https://doi.org/10.3390/ijms21165678. 

7. Garatachea, N.; Lucía, A. Genes and the Ageing Muscle: A Review on Genetic Association Studies. Age 2013, 35, 207–233. 

https://doi.org/10.1007/s11357-011-9327-0. 

8. Pratt, J.; Boreham, C.; Ennis, S.; Ryan, A.W.; De Vito, G. Genetic Associations with Aging Muscle: A Systematic Review. Cells 

2019, 9, 12. https://doi.org/10.3390/cells9010012. 

9. Waters, D.L.; Baumgartner, R.N. Sarcopenia and Obesity. Clin. Geriatr. Med. 2011, 27, 401–421. 

https://doi.org/10.1016/j.cger.2011.03.007. 

10. Roubenoff, R. Sarcopenia: Effects on Body Composition and Function. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2003, 58, M1012–

M1017. https://doi.org/10.1093/gerona/58.11.M1012. 

11. Sakuma, K.; Yamaguchi, A. Sarcopenia and Age-Related Endocrine Function. Int. J. Endocrinol. 2012, 2012, 127362. 

https://doi.org/10.1155/2012/127362. 

12. Rondanelli, M.; Miccono, A.; Peroni, G.; Guerriero, F.; Morazzoni, P.; Riva, A.; Guido, D.; Perna, S. A Systematic Review on the 

Effects of Botanicals on Skeletal Muscle Health in Order to Prevent Sarcopenia. Evid.-Based Complement. Altern. Med. 2016, 2016, 

5970367. https://doi.org/10.1155/2016/5970367. 

13. Veeranki, S.; Tyagi, S.C. Role of Hydrogen Sulfide in Skeletal Muscle Biology and Metabolism. Nitric Oxide 2015, 46, 66–71. 

https://doi.org/10.1016/j.niox.2014.11.012. 

14. Vellecco, V.; Armogida, C.; Bucci, M. Hydrogen Sulfide Pathway and Skeletal Muscle: An Introductory Review: Hydrogen 

Sulfide and Skeletal Muscle. Br. J. Pharmacol. 2018, 175, 3090–3099. https://doi.org/10.1111/bph.14358. 

15. Bełtowski, J. Synthesis, Metabolism, and Signaling Mechanisms of Hydrogen Sulfide: An Overview. In Vascular Effects of 

Hydrogen Sulfide; Bełtowski, J., Ed.; Springer: New York, NY, USA, 2019; Volume 2007, pp. 1–8; ISBN 9781493995271 

9781493995288. 

16. Kimura, H. Production and Physiological Effects of Hydrogen Sulfide. Antioxid. Redox Signal. 2014, 20, 783–793. 

https://doi.org/10.1089/ars.2013.5309. 

17. Shibuya, N.; Mikami, Y.; Kimura, Y.; Nagahara, N.; Kimura, H. Vascular Endothelium Expresses 3-Mercaptopyruvate 

Sulfurtransferase and Produces Hydrogen Sulfide. J. Biochem. 2009, 146, 623–626. https://doi.org/10.1093/jb/mvp111. 

18. Módis, K.; Panopoulos, P.; Coletta, C.; Papapetropoulos, A.; Szabo, C. Hydrogen Sulfide-Mediated Stimulation of Mitochondrial 

Electron Transport Involves Inhibition of the Mitochondrial Phosphodiesterase 2A, Elevation of cAMP and Activation of Protein 

Kinase A. Biochem. Pharmacol. 2013, 86, 1311–1319. https://doi.org/10.1016/j.bcp.2013.08.064. 

19. Vellecco, V.; Mancini, A.; Ianaro, A.; Calderone, V.; Attanasio, C.; Cantalupo, A.; Andria, B.; Savoia, G.; Panza, E.; Di Martino, 

A.; et al. Cystathionine β-Synthase-Derived Hydrogen Sulfide Is Involved in Human Malignant Hyperthermia. Clin. Sci. 2016, 

130, 35–44. https://doi.org/10.1042/CS20150521. 

20. Ishii, I.; Akahoshi, N.; Yamada, H.; Nakano, S.; Izumi, T.; Suematsu, M. Cystathionine γ-Lyase-Deficient Mice Require Dietary 

Cysteine to Protect against Acute Lethal Myopathy and Oxidative Injury. J. Biol. Chem. 2010, 285, 26358–26368. 

https://doi.org/10.1074/jbc.M110.147439. 



Int. J. Mol. Sci. 2022, 23, 5955 14 of 16 
 

 

21. Majumder, A.; Singh, M.; Behera, J.; Theilen, N.T.; George, A.K.; Tyagi, N.; Metreveli, N.; Tyagi, S.C. Hydrogen Sulfide 

Alleviates Hyperhomocysteinemia-Mediated Skeletal Muscle Atrophy via Mitigation of Oxidative and Endoplasmic Reticulum 

Stress Injury. Am. J. Physiol. Physiol. 2018, 315, C609–C622. https://doi.org/10.1152/ajpcell.00147.2018. 

22. Sinha-Hikim, I.; Sinha-Hikim, A.P.; Parveen, M.; Shen, R.; Goswami, R.; Tran, P.; Crum, A.; Norris, K.C. Long-Term 

Supplementation With a Cystine-Based Antioxidant Delays Loss of Muscle Mass in Aging. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 

2013, 68, 749–759. https://doi.org/10.1093/gerona/gls334. 

23. Willmann, R.; Possekel, S.; Dubach-Powell, J.; Meier, T.; Ruegg, M.A. Mammalian Animal Models for Duchenne Muscular 

Dystrophy. Neuromuscul. Disord. 2009, 19, 241–249. https://doi.org/10.1016/j.nmd.2008.11.015. 

24. Manning, J.; O’Malley, D. What Has the Mdx Mouse Model of Duchenne Muscular Dystrophy Contributed to Our 

Understanding of This Disease? J. Muscle Res. Cell Motil. 2015, 36, 155–167. https://doi.org/10.1007/s10974-015-9406-4. 

25. McGreevy, J.W.; Hakim, C.H.; McIntosh, M.A.; Duan, D. Animal Models of Duchenne Muscular Dystrophy: From Basic 

Mechanisms to Gene Therapy. Dis. Model. Mech. 2015, 8, 195–213. https://doi.org/10.1242/dmm.018424. 

26. Terrill, J.R.; Boyatzis, A.; Grounds, M.D.; Arthur, P.G. Treatment with the Cysteine Precursor L-2-Oxothiazolidine-4-

Carboxylate (OTC) Implicates Taurine Deficiency in Severity of Dystropathology in Mdx Mice. Int. J. Biochem. Cell Biol. 2013, 45, 

2097–2108. https://doi.org/10.1016/j.biocel.2013.07.009. 

27. Panza, E.; Vellecco, V.; Iannotti, F.A.; Paris, D.; Manzo, O.L.; Smimmo, M.; Mitilini, N.; Boscaino, A.; de Dominicis, G.; Bucci, 

M.; et al. Duchenne’s Muscular Dystrophy Involves a Defective Transsulfuration Pathway Activity. Redox Biol. 2021, 45, 102040. 

https://doi.org/10.1016/j.redox.2021.102040. 

28. Dinkova-Kostova, A.T.; Kostov, R. V Glucosinolates and Isothiocyanates in Health and Disease. Trends Mol. Med. 2012, 18, 337–

347. https://doi.org/10.1016/j.molmed.2012.04.003. 

29. Mitidieri, E.; Tramontano, T.; Gurgone, D.; Citi, V.; Calderone, V.; Brancaleone, V.; Katsouda, A.; Nagahara, N.; 

Papapetropoulos, A.; Cirino, G.; et al. Mercaptopyruvate Acts as Endogenous Vasodilator Independently of 3-

Mercaptopyruvate Sulfurtransferase Activity. Nitric Oxide 2018, 75, 53–59. https://doi.org/10.1016/j.niox.2018.02.003. 

30. Di Cesare Mannelli, L.; Micheli, L.; Lucarini, E.; Parisio, C.; Toti, A.; Tenci, B.; Zanardelli, M.; Branca, J.; Pacini, A.; Ghelardini, 

C. Effects of the Combination of β-Hydroxy-β-Methyl Butyrate and R(+) Lipoic Acid in a Cellular Model of Sarcopenia. Molecules 

2020, 25, 2117. https://doi.org/10.3390/molecules25092117. 

31. Park, M.H.; Kim, D.H.; Lee, E.K.; Kim, N.D.; Im, D.S.; Lee, J.; Yu, B.P.; Chung, H.Y. Age-Related Inflammation and Insulin 

Resistance: A Review of Their Intricate Interdependency. Arch. Pharm. Res. 2014, 37, 1507–1514. https://doi.org/10.1007/s12272-

014-0474-6. 

32. Aleman-Mateo, H.; Lopez Teros, M.T.; Ramirez C, F.A.; Astiazaran-Garcia, H. Association Between Insulin Resistance and Low 

Relative Appendicular Skeletal Muscle Mass: Evidence From a Cohort Study in Community-Dwelling Older Men and Women 

Participants. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2014, 69, 871–877. https://doi.org/10.1093/gerona/glt193. 

33. Wong, E.; Backholer, K.; Gearon, E.; Harding, J.; Freak-Poli, R.; Stevenson, C.; Peeters, A. Diabetes and Risk of Physical Disability 

in Adults: A Systematic Review and Meta-Analysis. Lancet Diabetes Endocrinol. 2013, 1, 106–114. https://doi.org/10.1016/S2213-

8587(13)70046-9. 

34. Ottenbacher, K.J.; Graham, J.E.; Al Snih, S.; Raji, M.; Samper-Ternent, R.; Ostir, G.V.; Markides, K.S. Mexican Americans and 

Frailty: Findings From the Hispanic Established Populations Epidemiologic Studies of the Elderly. Am. J. Public Health 2009, 99, 

673–679. https://doi.org/10.2105/AJPH.2008.143958. 

35. Hubbard, R.E.; Andrew, M.K.; Fallah, N.; Rockwood, K. Comparison of the Prognostic Importance of Diagnosed Diabetes, Co-

Morbidity and Frailty in Older People: Diabetes and Frailty. Diabet. Med. 2010, 27, 603–606. https://doi.org/10.1111/j.1464-

5491.2010.02977.x. 

36. Saum, K.-U.; Dieffenbach, A.K.; Müller, H.; Holleczek, B.; Hauer, K.; Brenner, H. Frailty Prevalence and 10-Year Survival in 

Community-Dwelling Older Adults: Results from the ESTHER Cohort Study. Eur. J. Epidemiol. 2014, 29, 171–179. 

https://doi.org/10.1007/s10654-014-9891-6. 

37. Lee, J.S.W.; Auyeung, T.-W.; Leung, J.; Kwok, T.; Leung, P.-C.; Woo, J. Physical Frailty in Older Adults Is Associated with 

Metabolic and Atherosclerotic Risk Factors and Cognitive Impairment Independent of Muscle Mass. J. Nutr. Heal. Aging 2011, 

15, 857–862. https://doi.org/10.1007/s12603-011-0134-1. 

38. Leenders, M.; Verdijk, L.B.; van der Hoeven, L.; Adam, J.J.; van Kranenburg, J.; Nilwik, R.; van Loon, L.J.C. Patients With Type 

2 Diabetes Show a Greater Decline in Muscle Mass, Muscle Strength, and Functional Capacity With Aging. J. Am. Med. Dir. 

Assoc. 2013, 14, 585–592. https://doi.org/10.1016/j.jamda.2013.02.006. 

39. Mone, P.; Pansini, A.; Frullone, S.; de Donato, A.; Buonincontri, V.; De Blasiis, P.; Marro, A.; Morgante, M.; De Luca, A.; Santulli, 

G. Physical Decline and Cognitive Impairment in Frail Hypertensive Elders during COVID-19. Eur. J. Intern. Med. 2022, 99, 89–

92. https://doi.org/10.1016/j.ejim.2022.03.012. 

40. Camafort, M.; Kario, K. Hypertension, Heart Failure, and Frailty in Older People: A Common but Unclear Situation. J. Clin. 

Hypertens. 2020, 22, 1763–1768. https://doi.org/10.1111/jch.14004. 

41. Roshanravan, B.; Gamboa, J.; Wilund, K. Exercise and CKD: Skeletal Muscle Dysfunction and Practical Application of Exercise 

to Prevent and Treat Physical Impairments in CKD. Am. J. Kidney Dis. 2017, 69, 837–852. 

https://doi.org/10.1053/j.ajkd.2017.01.051. 

42. Kaasik, P.; Umnova, M.; Pehme, A.; Alev, K.; Aru, M.; Selart, A.; Seene, T. Ageing and Dexamethasone Associated Sarcopenia: 

Peculiarities of Regeneration. J. Steroid Biochem. Mol. Biol. 2007, 105, 85–90. https://doi.org/10.1016/j.jsbmb.2006.11.024. 



Int. J. Mol. Sci. 2022, 23, 5955 15 of 16 
 

 

43. Aru, M.; Alev, K.; Pehme, A.; Purge, P.; Õnnik, L.; Ellam, A.; Kaasik, P.; Seene, T. Changes in Body Composition of Old Rats at 

Different Time Points After Dexamethasone Administration. Curr. Aging Sci. 2019, 11, 255–260. 

https://doi.org/10.2174/1874609812666190114144238. 

44. Attaix, D.; Ventadour, S.; Codran, A.; Béchet, D.; Taillandier, D.; Combaret, L. The Ubiquitin–Proteasome System and Skeletal 

Muscle Wasting. Essays Biochem. 2005, 41, 173–186. https://doi.org/10.1042/bse0410173. 

45. Auclair, D.; Garrel, D.R.; Chaouki Zerouala, A.; Ferland, L.H. Activation of the Ubiquitin Pathway in Rat Skeletal Muscle by 

Catabolic Doses of Glucocorticoids. Am. J. Physiol. Physiol. 1997, 272, C1007–C1016,. 

https://doi.org/10.1152/ajpcell.1997.272.3.C1007. 

46. Santidrian, S.; Moreyra, M.; Munro, H.N.; Young, V.R. Effect of Corticosterone and Its Route of Administration on Muscle 

Protein Breakdown, Measured in Vivo by Urinary Excretion of Nτ-Methylhistidine in Rats: Response to Different Levels of 

Dietary Protein and Energy. Metabolism 1981, 30, 798–804. https://doi.org/10.1016/0026-0495(81)90026-3. 

47. Thompson, M.G.; Thom, A.; Partridge, K.; Garden, K.; Campbell, G.P.; Calder, G.; Palmer, R.M. Stimulation of Myofibrillar 

Protein Degradation and Expression of mRNA Encoding the Ubiquitin-Proteasome System in C2C12 Myotubes by 

Dexamethasone: Effect of the Proteasome Inhibitor MG-132. J. Cell. Physiol. 1999, 181, 455–461. 

https://doi.org/10.1002/(SICI)1097-4652(199912)181:3<455::AID-JCP9>3.0.CO;2-K. 

48. Menconi, M.; Gonnella, P.; Petkova, V.; Lecker, S.; Hasselgren, P.-O. Dexamethasone and Corticosterone Induce Similar, but 

Not Identical, Muscle Wasting Responses in Cultured L6 and C2C12 Myotubes. J. Cell. Biochem. 2008, 105, 353–364. 

https://doi.org/10.1002/jcb.21833. 

49. Welch, C.; Greig, C.; Masud, T.; Wilson, D.; Jackson, T.A. COVID-19 and Acute Sarcopenia. Aging Dis. 2020, 11, 1345. 

https://doi.org/10.14336/AD.2020.1014. 

50. Szabo, C. Roles of Hydrogen Sulfide in the Pathogenesis of Diabetes Mellitus and Its Complications. Antioxid. Redox Signal. 

2012, 17, 68–80. https://doi.org/10.1089/ars.2011.4451. 

51. di Villa Bianca, R.D.E.; Coletta, C.; Mitidieri, E.; De Dominicis, G.; Rossi, A.; Sautebin, L.; Cirino, G.; Bucci, M.; Sorrentino, R. 

Hydrogen Sulphide Induces Mouse Paw Oedema through Activation of Phospholipase A2: H2S Induced Oedema Formation 

in Mice. Br. J. Pharmacol. 2010, 161, 1835–1842. https://doi.org/10.1111/j.1476-5381.2010.01016.x. 

52. Wallace, J.L.; Ferraz, J.G.P.; Muscara, M.N. Hydrogen Sulfide: An Endogenous Mediator of Resolution of Inflammation and 

Injury. Antioxid. Redox Signal. 2012, 17, 58–67. https://doi.org/10.1089/ars.2011.4351. 

53. Bhatia, M.; Gaddam, R.R. Hydrogen Sulfide in Inflammation: A Novel Mediator and Therapeutic Target. Antioxid. Redox Signal. 

2021, 34, 1368–1377. https://doi.org/10.1089/ars.2020.8211. 

54. d’Emmanuele di Villa Bianca, R.; Mitidieri, E.; Donnarumma, E.; Tramontano, T.; Brancaleone, V.; Cirino, G.; Bucci, M.; 

Sorrentino, R. Hydrogen Sulfide Is Involved in Dexamethasone-Induced Hypertension in Rat. Nitric Oxide 2015, 46, 80–86. 

https://doi.org/10.1016/j.niox.2014.11.013. 

55. Ma, J.; Shi, C.; Liu, Z.; Han, B.; Guo, L.; Zhu, L.; Ye, T. Hydrogen Sulfide Is a Novel Regulator Implicated in Glucocorticoids-

Inhibited Bone Formation. Aging 2019, 11, 7537–7552. https://doi.org/10.18632/aging.102269. 

56. Li, L.; Whiteman, M.; Moore, P.K. Dexamethasone Inhibits Lipopolysaccharide-induced Hydrogen Sulphide Biosynthesis in 

Intact Cells and in an Animal Model of Endotoxic Shock. J. Cell. Mol. Med. 2009, 13, 2684–2692. https://doi.org/10.1111/j.1582-

4934.2008.00610.x. 

57. Choudhary, G.S.; Al-harbi, S.; Almasan, A. Caspase-3 Activation Is a Critical Determinant of Genotoxic Stress-Induced 

Apoptosis. In Apoptosis and Cancer; Mor, G., Alvero, A.B., Eds.; Springer New York: New York, NY, USA, 2015; Volume 1219, 

pp. 1–9; ISBN 9781493916603 9781493916610. 

58. Alway, S.E.; Siu, P.M. Nuclear Apoptosis Contributes to Sarcopenia. Exerc. Sport Sci. Rev. 2008, 36, 51–57. 

https://doi.org/10.1097/JES.0b013e318168e9dc. 

59. Dupont-Versteegden, E.E. Apoptosis in Muscle Atrophy: Relevance to Sarcopenia. Exp. Gerontol. 2005, 40, 473–481. 

https://doi.org/10.1016/j.exger.2005.04.003. 

60. Lucarini, E.; Micheli, L.; Trallori, E.; Citi, V.; Martelli, A.; Testai, L.; De Nicola, G.R.; Iori, R.; Calderone, V.; Ghelardini, C.; et al. 

Effect of glucoraphanin and sulforaphane against chemotherapy-induced neuropathic pain: Kv7 potassium channels 

modulation by H2S release in vivo. Phyther. Res. 2018, 32, 2226–2234. https://doi.org/10.1002/ptr.6159. 

61. Liu, X.; Kim, C.N.; Yang, J.; Jemmerson, R.; Wang, X. Induction of Apoptotic Program in Cell-Free Extracts: Requirement for 

dATP and Cytochrome C. Cell 1996, 86, 147–157. https://doi.org/10.1016/S0092-8674(00)80085-9. 

62. Slee, E.A.; Harte, M.T.; Kluck, R.M.; Wolf, B.B.; Casiano, C.A.; Newmeyer, D.D.; Wang, H.-G.; Reed, J.C.; Nicholson, D.W.; 

Alnemri, E.S.; et al. Ordering the Cytochrome c–Initiated Caspase Cascade: Hierarchical Activation of Caspases-2, -3, -6, -7, -8, 

and -10 in a Caspase-9–Dependent Manner. J. Cell Biol. 1999, 144, 281–292. https://doi.org/10.1083/jcb.144.2.281. 

63. Ow, Y.-L.P.; Green, D.R.; Hao, Z.; Mak, T.W. Cytochrome c: Functions beyond Respiration. Nat. Rev. Mol. Cell Biol. 2008, 9, 532–

542. https://doi.org/10.1038/nrm2434. 

64. Kalpage, H.A.; Bazylianska, V.; Recanati, M.A.; Fite, A.; Liu, J.; Wan, J.; Mantena, N.; Malek, M.H.; Podgorski, I.; Heath, E.I.; et 

al. Tissue-specific Regulation of Cytochrome c by Post-translational Modifications: Respiration, the Mitochondrial Membrane 

Potential, ROS, and Apoptosis. FASEB J. 2019, 33, 1540–1553. https://doi.org/10.1096/fj.201801417R. 

65. Nicholls, P.; Kim, J.-K. Sulphide as an Inhibitor and Electron Donor for the Cytochrome c Oxidase System. Can. J. Biochem. 1982, 

60, 613–623. https://doi.org/10.1139/o82-076. 



Int. J. Mol. Sci. 2022, 23, 5955 16 of 16 
 

 

66. Nicholls, P.; Marshall, D.C.; Cooper, C.E.; Wilson, M.T. Sulfide Inhibition of and Metabolism by Cytochrome c Oxidase. Biochem. 

Soc. Trans. 2013, 41, 1312–1316. https://doi.org/10.1042/BST20130070. 

67. Zanardelli, M.; Micheli, L.; Nicolai, R.; Failli, P.; Ghelardini, C.; Di Cesare Mannelli, L. Different Apoptotic Pathways Activated 

by Oxaliplatin in Primary Astrocytes vs. Colo-Rectal Cancer Cells. Int. J. Mol. Sci. 2015, 16, 5386–5399. 

https://doi.org/10.3390/ijms16035386. 

68. Levine, R.L. Carbonyl Modified Proteins in Cellular Regulation, Aging, and Disease. Free Radic. Biol. Med. 2002, 32, 790–796. 

https://doi.org/10.1016/S0891-5849(02)00765-7. 

69. Wedmann, R.; Bertlein, S.; Macinkovic, I.; Böltz, S.; Miljkovic, J.L.; Muñoz, L.E.; Herrmann, M.; Filipovic, M.R. Working with 

“H2S”: Facts and Apparent Artifacts. Nitric Oxide 2014, 41, 85–96. https://doi.org/10.1016/j.niox.2014.06.003. 

70. Hansen, J.; Klass, M.; Harris, C.; Csete, M. A Reducing Redox Environment Promotes C2C12 Myogenesis: Implications for 

Regeneration in Aged Muscle. Cell Biol. Int. 2007, 31, 546–553. https://doi.org/10.1016/j.cellbi.2006.11.027. 

71. Liu, X.; Heras, G.; Lauschke, V.M.; Mi, J.; Tian, G.; Gastaldello, S. High Glucose-Induced Oxidative Stress Accelerates 

Myogenesis by Altering SUMO Reactions. Exp. Cell Res. 2020, 395, 112234. https://doi.org/10.1016/j.yexcr.2020.112234. 

72. Steil, A.W.; Kailing, J.W.; Armstrong, C.J.; Walgenbach, D.G.; Klein, J.C. The Calmodulin Redox Sensor Controls Myogenesis. 

PLoS ONE 2020, 15, e0239047. https://doi.org/10.1371/journal.pone.0239047. 

73. Berchtold, M.W.; Villalobo, A. The Many Faces of Calmodulin in Cell Proliferation, Programmed Cell Death, Autophagy, and 

Cancer. Biochim. Biophys. Acta—Mol. Cell Res. 2014, 1843, 398–435. https://doi.org/10.1016/j.bbamcr.2013.10.021. 

74. Cui, Z.J.; Han, Z.Q.; Li, Z.Y. Modulating Protein Activity and Cellular Function by Methionine Residue Oxidation. Amino Acids 

2012, 43, 505–517. https://doi.org/10.1007/s00726-011-1175-9. 

75. Parsanathan, R.; Jain, S.K. Hydrogen sulfide increases glutathione biosynthesis, and glucose uptake and utilisation in C2C12 

mouse myotubes. Free Radic. Res. 2018, 52, 288–303. https://doi.org/10.1080/10715762.2018.1431626. 

76. Sekhar, R.V.; McKay, S.V.; Patel, S.G.; Guthikonda, A.P.; Reddy, V.T.; Balasubramanyam, A.; Jahoor, F. Glutathione Synthesis 

Is Diminished in Patients With Uncontrolled Diabetes and Restored by Dietary Supplementation With Cysteine and Glycine. 

Diabetes Care 2011, 34, 162–167. https://doi.org/10.2337/dc10-1006. 

77. Geng, B.; Cai, B.; Liao, F.; Zheng, Y.; Zeng, Q.; Fan, X.; Gong, Y.; Yang, J.; Cui, Q.H.; Tang, C.; et al. Increase or Decrease 

Hydrogen Sulfide Exert Opposite Lipolysis, but Reduce Global Insulin Resistance in High Fatty Diet Induced Obese Mice. PLoS 

ONE 2013, 8, e73892. https://doi.org/10.1371/journal.pone.0073892. 

78. Padiya, R.; Khatua, T.N.; Bagul, P.K.; Kuncha, M.; Banerjee, S.K. Garlic Improves Insulin Sensitivity and Associated Metabolic 

Syndromes in Fructose Fed Rats. Nutr. Metab. 2011, 8, 53. https://doi.org/10.1186/1743-7075-8-53. 

79. Bianchini, F.; Vainio, H. Allium Vegetables and Organosulfur Compounds: Do They Help Prevent Cancer? Environ. Health 

Perspect. 2001, 109, 893–902. https://doi.org/10.1289/ehp.01109893. 

80. Tocmo, R.; Liang, D.; Lin, Y.; Huang, D. Chemical and Biochemical Mechanisms Underlying the Cardioprotective Roles of 

Dietary Organopolysulfides. Front. Nutr. 2015, 2, 1. https://doi.org/10.3389/fnut.2015.00001. 

81. Angelino, D.; Jeffery, E. Glucosinolate Hydrolysis and Bioavailability of Resulting Isothiocyanates: Focus on Glucoraphanin. J. 

Funct. Foods 2014, 7, 67–76. https://doi.org/10.1016/j.jff.2013.09.029. 

82. Vanduchova, A.; Anzenbacher, P.; Anzenbacherova, E. Isothiocyanate from Broccoli, Sulforaphane, and Its Properties. J. Med. 

Food 2019, 22, 121–126. https://doi.org/10.1089/jmf.2018.0024. 

83. De Nicola, G.; Rollin, P.; Mazzon, E.; Iori, R. Novel Gram-Scale Production of Enantiopure R-Sulforaphane from Tuscan Black 

Kale Seeds. Molecules 2014, 19, 6975–6986. https://doi.org/10.3390/molecules19066975. 

84. Gambari, L.; Barone, M.; Amore, E.; Grigolo, B.; Filardo, G.; Iori, R.; Citi, V.; Calderone, V.; Grassi, F. Glucoraphanin Increases 

Intracellular Hydrogen Sulfide (H2S) Levels and Stimulates Osteogenic Differentiation in Human Mesenchymal Stromal Cell. 

Nutrients 2022, 14, 435. https://doi.org/10.3390/nu14030435. 

85. d’Emmanuele di Villa Bianca, R.; Mitidieri, E.; Fusco, F.; Russo, A.; Pagliara, V.; Tramontano, T.; Donnarumma, E.; Mirone, V.; 

Cirino, G.; Russo, G.; et al. Urothelium Muscarinic Activation Phosphorylates CBSSer227 via cGMP/PKG Pathway Causing 

Human Bladder Relaxation through H2S Production. Sci. Rep. 2016, 6, 31491. https://doi.org/10.1038/srep31491. 

86. Mitidieri, E.; Vanacore, D.; Turnaturi, C.; Sorrentino, R.; d’Emmanuele di Villa Bianca, R. Uterine Dysfunction in Diabetic Mice: 

The Role of Hydrogen Sulfide. Antioxidants 2020, 9, 917. https://doi.org/10.3390/antiox9100917. 

87. Disatnik, M.-H.; Chamberlain, J.S.; Rando, T.A. Dystrophin Mutations Predict Cellular Susceptibility to Oxidative Stress. Muscle 

Nerve 2000, 23, 784–792. https://doi.org/10.1002/(SICI)1097-4598(200005)23:5<784::AID-MUS17>3.0.CO;2-Y. 


