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Abstract

Background/Aim—Delayed wound healing is a common skin complication of diabetes, which 

is associated with keratinocyte injury and dysfunction. Levels of methylglyoxal (MGO), an α-

dicarbonyl compound, are elevated in diabetic skin tissue and plasma, while levels of hydrogen 

sulfide (H2S), a critical gaseous signaling molecule, are reduced. Interestingly, the gas has shown 

dermal protection in our previous study. To date, there is no evidence demonstrating whether 

MGO affects keratinocyte viability and function or H2S donation abolishes these effects and 

improves MGO-related impairment of wound healing. The current study was conducted to 

examine the effects of MGO on the injury and function in human skin keratinocytes and then to 

evaluate the protective action of a novel H2S-releasing molecule.

Methods—An N-mercapto-based H2S donor (NSHD)-1 was synthesized and its ability to release 

H2S was observed in cell medium and cells, respectively. HaCaT cells, a cell line of human skin 

keratinocyte, were exposed to MGO to establish an in vitro diabetic wound healing model. 

NSHD-1 was added to the cells before MGO exposure and the improvement of cell function was 

observed in respect of cellular viability, apoptosis, oxidative stress, mitochondrial membrane 

potential (MMP) and behavioral function.

Results—Treatment with MGO decreased cell viability, induced cellular apoptosis, increased 

intracellular reactive oxygen species (ROS) content and depressed MMP in HaCaT cells. The 

treatment also damaged cell behavioral function, characterized by decreased cellular adhesion and 

migration. The synthesized H2S-releasing molecule, NSHD-1, was able to increase H2S levels in 

both cell medium and cells. Importantly, pretreatment with NSHD-1 inhibited MGO-induced 
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decreases in cell viability and MMP, increases in apoptosis and ROS accumulation in HaCaT 

cells. The pretreatment was also able to improve adhesion and migration function.

Conclusion—These results demonstrate that the novel synthesized H2S donor is able to protect 

human skin keratinocytes against MGO-induced injury and behavior dysfunction. We believe that 

more reasonable H2S-releasing molecules will bring relief to patients suffering from delayed 

wound healing in diabetes mellitus in the future.
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Introduction

Diabetic skin ulcer is a major and increasing public health concern in many parts of the 

world. It usually causes substantial morbidity, impairs quality of life, and results in high 

treatment costs for patients [1]. In the diabetic skin ulcer, the resident cells undergo 

phenotypic changes, and their capacity of proliferation and movement is impaired [1–3]. 

Therefore, it is important to discover the mechanisms underlying the dysfunction of skin 

cells in therapy of diabetic skin ulcer.

Methylglyoxal (MGO) is a reactive dicarbonyl agent produced in the metabolism of glucose, 

fatty acid and amino acid [4]. As a potent carbonyl stress agent, MGO is able to induce 

nonenzymatic modification of proteins and nucleotides by cross-linking biological 

macromolecules resulting in the formation of advanced glycation end-products (AGEs) [4]. 

It has been well demonstrated that AGEs, which are closely associated with diabetic 

complications, aging disorder, oxidative stress and chronic inflammation, can lead to 

cellular injury and behavior dysfunction [5, 6]. Of note, the levels of free MGO are 

increased in the plasma of diabetics [7, 8]. Additionally, in the diabetic skin collagen, 

Maillard reaction products, including MGO, are severely accumulated [9]. Added MGO has 

been shown to induce lots of deleterious effects in cellular systems, such as oxidative stress 

[10], defects in cell adhesion [6] and endothelial dysfunction [11]. We therefore speculated 

that MGO-induced skin cell injury and dysfunction may contribute to the delayed wound 

healing observed in diabetes. As such the inhibition of its effects may be a critical 

therapeutic target for diabetic wound.

Hydrogen sulfide (H2S) is a colorless, water soluble gas, with a characteristic smell of rotten 

eggs. Akin to nitric oxide (NO) and carbon monoxide (CO), H2S has traditionally been 

considered as a highly toxic gas and environmental hazard. However, studies have revealed 

that these “toxic” gases are produced enzymatically in mammals under normal conditions 

and exert a number of important physiological roles [12, 13]. Reportedly, in the plasma of 

diabetics, the levels of H2S were markedly reduced [14]. In addition, our previous study has 

shown that H2S was able to protect human skin keratinocytes against hypoxia-induced 

injury and inflammation [15]. Up to date, it is still unclear if the reduced H2S levels are 

responsible for the impaired wound healing in diabetics and if exogenous H2S is able to 

mitigate diabetic skin injury. Recently, our group has developed a series of controllable H2S 

donors, including N-mercapto-based H2S donors (NSHDs) [16] and perthiol-based H2S 

Yang et al. Page 2

Cell Physiol Biochem. Author manuscript; available in PMC 2015 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



donors (SSHDs) [17]. These donors have exhibited promising protective effects against 

myocardial ischemia-reperfusion injury [17]. However, their effects in other tissues are still 

unknown.

In the current study, human skin keratinocytes (HaCaT cells) were exposed to MGO to set 

up an in vitro diabetic skin wound model, and then the effects of NSHD-1 were investigated 

by preconditioning of the cells before exposure to MGO. Our results indicated that the 

exposure of HaCaT cells to MGO induced cellular injury and behavioral dysfunction, which 

were attenuated by pretreatment with NSHD-1.

Materials and Methods

Materials

MGO and Hoechst 33258 were bought from Sigma-Aldrich Co. (st. Louis, MO, US). Cell 

counting kit-8 (CCK-8), 2′,7′-dichlorofluorescein-diacetate (DCFH-DA) and rhodamine123 

(Rh123) were purchased from Dojindo Laboratory (Kyushu, Japan). DMEM medium and 

fetal bovine serum (FBS) were supplied by Gibico BRL (Ground Island, NY, US).

Synthesis and analysis of NSHD-1

NSHD-1 was synthesized from the corresponding thiobenzoic acid (Fig. 1). Briefly, to a 

stirred solution of KOH (280 mg, 5 mmol) in water (15 mL) was added thiobenzoic acid 

(138 mg, 1 mmol) and hydroxylamine-O-sulfonic acid (339 mg, 3 mmol). The solution was 

stirred for 30 min at room temperature and then extracted with CH2Cl2 (X3). The solvent 

was removed under vacuum to afford S-acylthiohydroxylamine (1) as white solid. Re-

dissolve 1 in CH2Cl2, followed by the addition of benzoic anhydride (452 mg, 2 mmol). The 

resultant solution was allowed to stir overnight at room temperature. The final product, 

NSHD-1, was purified by recrystallization in hexane and analyzed by 1H NMR and 13C 

NMR spectra (Fig. 2). m.p. 138–140 °C; 1H NMR (300 MHz, CDCl3) δ 7.92 (m, 4H), 7.60 

(m, 1H), 7.53 (m, 1H), 7.39 (m, 4H), 7.17 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 190.0, 

159.1, 134.6, 134.4, 133.3, 132.8, 129.3, 129.0, 128.0, 127.3; IR (thin film) cm−1 3265, 

3062, 1696, 1659, 1451, 1419, 1257, 1207; HRMS m/z 258.0598 [M+H]+; calcd for 

C14H12NO2S 258.0589; overall yield: 64% (2 steps).

Mechanisms of H2S generation from NSHD-1

NSHD-1 has been reported to be activated by cysteine to release H2S [16]. Maximal 

quantity of 24 μM of H2S was detected from 40 μM of NSHD-1 in the presence of cysteine 

(4 mM) in aqueous buffer solution (pH 7.4). H2S release from NSHD-1 was also confirmed 

in complex biological system, such as plasma. According to the byproducts isolated, 

including N-acylcysteine, benzamide and cystine, H2S release mechanism was proposed as 

follows (Fig. 3): The reaction is initiated by reversible thiol exchange between NSHD-1 and 

cysteine ➀ to first generate the new thioester 1 and N-mercaptobenzamide 2. Compound 1 

then undergoes fast S-to-N acyl transfer to form N-acylcysteine 3. Meanwhile, the reaction 

between 2 and excess cysteine ➁ should lead to benzamide 4 and cysteine perthiol 5. 

Finally, the reaction between 5 and cysteine ➂ should complete the generation of H2S and 

provide cystine 6. Therefore, 3 equivalents of cysteine are needed to trigger H2S generation 
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from NSHD-1. However, sine commercial medium contains cystine instead of cysteine, 

exogenous cysteine must be added accordingly to activate NSHD-1 in the current cell 

experiments.

Cell culture

HaCaT cells are derived from spontaneous transformation of human adult keratinocytes, 

which were bought from Kunming Institute of Zoology in Chinese Academy of Sciences 

(Kunming, P.R. Chian). The cells were maintained in DMEM medium supplemented with 

10% FBS at 37°C under an atmosphere of 5% CO2 and 95% air. They were passaged and 

harvested using trypsin/EDTA. The culture medium was replaced every other day.

Determination of cell viability

Cell viability assay was performed according to the manufacturer’s instruction of CCK-8 kit. 

HaCaT cells were plated in 96-well plates at a density of 10, 000 cells/well. When the cells 

were grown to approximately 70%~80% confluence, indicated treatments were applied. The 

CCK-8 solution (100 μL) at a 1:10 dilution with FBS-free DMEM medium was added to 

each well followed by a further 3 h incubation at 37°C. Absorbance (A) was measured at 

450 nm with a microplate reader (Molecular Devices, US). Experiments were performed for 

6 times.

Assessment of apoptosis

Morphological changes of the nuclei, including chromosomal condensation and 

fragmentation in HaCaT cells, were observed by Hoechst 33258 staining followed by 

photofluorography. In brief, after the indicated treatments, the cells were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS) for 10 min. After stained with 5 mg/L 

Hoechst 33258 for 10 min, the cells were visualized under AMG fluorescent microscope 

(Advanced Microscopy Group, US). Control cells displayed normal nuclear size and 

uniform fluorescence, whereas apoptotic cells exhibited condensed, fractured or distorted 

nuclei. Apoptotic rate was calculated by the ratio of the apoptotic cell number to total cell 

number through Cell counter of Image J software.

Measurement of H2S content

H2S levels in cell medium and cells were determined by a H2S fluorescent probe (WSP-5) 

according to our recent report [18]. NSHD-1, or the same volume of dimethyl sulphoxide 

(DMSO) was added combined with L-cysteine and incubated for 1 h at 37°, and then 50 

μmol/L WSP-5 and surfactant 100 μmol/L cetyltrimethylammonium bromide (CTAB) were 

added and incubated at 37° for 20 min in the dark. H2S-derived fluorescence was observed 

under AMG fluorescent microscope (Advanced Microscopy Group, US) before and after 

removal of cell medium in the plate wells.

Observation of intracellular ROS accumulation

Intracellular ROS were measured by oxidative conversion of cell permeable DCFH-DA to 

fluorescent 2′,7′-dichlorfluorescein (DCF). After the indicated treatments, HaCaT cells were 

washed twice with PBS and incubated with 10 μmol/L DCFH-DA solution at 37°C for 20 
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min in the dark. Intercellular DCF fluorescence was observed under AMG fluorescent 

microscope (Advanced Microscopy Group, US). Mean fluorescence intensity (MFI) of DCF 

from 6 random fields was analyzed with Image J software.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was examined by Rh123 staining assay followed 

by photofluorography. Rh123 is a cell-permeable cationic fluorescent dye that preferentially 

enters mitochondria based on the highly negative MMP. Depolarization of MMP brings 

about the loss of Rh123 from the mitochondria and a decrease in fluorescence intensity. 

After the treatments of HaCaT cells, 10 mg/L Rh123 dissolved in FBS-free medium was 

added and incubated for 20 min at 37°C. The fluorescent signal was visualized under AMG 

fluorescent microscope (Advanced Microscopy Group, US). The MFI of Rh123 of 6 random 

fields in each group was analyzed with Image J software.

Cell adhesion assay

HaCaT cells were treated with 400 μM MGO for 48 h in the absence or presence of 

preconditioning with 100 μM NSHD-1 for 1 h. After the treatments, the cells were digested 

with 0.25% trypsin and centrifuged at 1,000×g for 5 min. The harvested cells were 

inoculated on 96-well plates, with 12 wells in each group. The CCK-8 solution at a 1:10 

dilution with FBS-free DMEM medium was added to the six wells of each group to measure 

the total cells. The cells in the other six wells were cultured for a further 12 h. The medium 

was removed and the cells were washed with PBS twice to remove the unattached cells, and 

then the same CCK-8 solution was added as above to measure the adhesive cells. The 

adhesion rate (%) = the adhesive cells/the total cell × 100%.

Cell migration assay

Cell migration was observed with an in vitro scratch assay performed as described 

previously with certain modifications [19]. Briefly, HaCaT cells were inoculated on 6-well 

plates and cultured up to about 70% confluence. Prior to the indicated treatments, a narrow 

wound-like gap in a cell monolayer was created with a pipette tip. And then the cells were 

treated with 400 μM MGO for 48 h in the absence or presence of preconditioning with 100 

μM NSHD-1 for 1 h. The images were captured at 24 h and 48 h to observe the closure of 

gaps.

Statistical analysis

All the data were expressed as mean ± SE. The significance of inter-group differences was 

evaluated by one-way analysis of variance (ANOVA) followed by LSD-t test with SPSS13.0 

software. A probability of P < 0.05 was accepted as the level of statistical significance.

Results

MGO induced dermal injury in HaCaT cells

Since the levels of MGO were increased in diabetic plasma and skin collagen, we firstly 

performed experiments to test the effects of increasing concentrations of MGO on the 
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viability in cultured human skin keratinocytes, HaCaT cells. As shown in Fig. 4, when the 

concentrations exceeded 200 μM, exposure to MGO induced a dose-dependent inhibition of 

viability with a correlation coefficient of −0.99. In addition, the result also indicated that 

MGO median lethal concentration in HaCaT cells was 400 μM. We therefore used this 

concentration of MGO to treat the cells as an in vitro model of diabetic wound healing.

NSHD-1 attenuated MGO-induced injury in HaCaT cells

To examine whether NSHD-1 exerted dermal protection in MGO-treated HaCaT cells, we 

observed its ability of H2S release using a H2S probe WSP-5 followed by 

photofluorography. As presented in Fig. 5a, both in the cell medium and in the cells H2S-

derived fluorescence were increased after the administration of 100 μM NSHD-1 for 1 h, 

comparing with that of DMSO or L-cysteine alone group, indicating that under the control 

of L-cysteine NSHD-1 has ability to release H2S. We next compared the stability of 

NSHD-1 with a traditional H2S donor, NaHS. As shown in Fig. 5b, NaHS-mediated H2S 

fluorescence was obviously attenuated after a 60 min incubation. However, NSHD-1 was 

more stable, evidenced by little change of H2S fluorescence during the 60 min incubation. 

Finally, we investigated the effects of NSHD-1 on MGO-induced cellular injury in HaCaT 

cells through preconditioning the cells with indicated concentrations of NSHD-1 before 

exposure of HaCaT cells to 400 μM MGO for 48 h. The result in Fig. 6a showed that 

preconditioning with NSHD-1 at 100 and 200 μM for 1 h protected HaCaT cells against 

MGO-induced injury, and 200 μM NSHD-1 alone didn’t alter cell viability. Since NSHD-1-

mediated H2S release needs the activation with L-cysteine at triple concentration, we 

examined the effects of L-cysteine alone on MGO-induced cell injury and no positive results 

were found (Fig 6b). These results suggest that NSHD-1 has ability to release H2S and 

protect human skin keratinocytes against MGO-related injury.

NSHD-1 suppressed MGO-induced apoptosis in HaCaT cells

Decreased cell viability may be resulted from several reasons, such as necrosis, apoptosis 

and autophagy. In order to reveal the mode by which MGO induced cellular injury or 

NSHD-1 exerted protection, experiments were performed to observe the nuclear 

morphological changes with Hoechst 33258 staining followed by photofluorography. As 

shown in Fig. 7, the nuclei of control cells (Fig. 7a) or NSHD-1 alone-treated cells (Fig. 7d) 

exhibited weak and uniform fluorescence, while the nuclei of cells treated with 400 μM 

MGO for 48 h (Fig. 7b) appeared obvious condensation and strong fluorescence, indicating 

cellular apoptosis. However, MGO-induced apoptosis in HaCaT cells was markedly 

attenuated by preconditioning with 100 μM NSHD-1 for 1 h (Fig. 7c), suggesting an anti-

apoptotic action of the H2S donor.

NSHD-1 impeded MGO-induced mitochondrial injury and oxidative stress in HaCaT cells

Mitochondria play an important role in the activation of apoptotic pathway. MMP 

depolarization is an early stage of mitochondrial dysfunction, which can be detected by 

negative MMP-driven entry of the fluorescent dye Rh123. The results of Fig. 8 showed that 

exposure of HaCaT cells to 400 μM MGO for 48 h obviously suppressed MMP, 

characterized by a weaker Rh123 fluorescence in the cells of Fig. 8b than that of control 

group (Fig. 8a). Pretreatment with NSHD-1 alone didn’t alter MMP levels (Fig. 8d), but 
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significantly prevented MGO-induced MMP depolarization (Fig. 8c). This result suggests 

that the mitochondrial protection of NSHD-1 may contribute to its cytoprotective and 

antiapoptotic activity. There is a crosstalk between carbonyl stress and oxidative stress since 

carbonyl agent is able to inhibit mitochondrial oxidative phosphorylation complex. We 

therefore investigated oxidative status after the indicated treatments. As shown in Fig. 8g, 

ROS levels were significantly elevated comparing to the control cells (Fig. 8f), and the 

increased ROS levels were reduced by pretreatment with NSHD-1(Fig. 8h), suggesting its 

anti-oxidative effects.

NSHD-1 partially restored cellular adhesion in MGO-treated HaCaT cells

Proper keratinocyte adhesion is critical to maintain epidermal integrity and homeostasis. 

Impaired adhesion is a major reason for chronic and non-healing wound. As shown in Fig. 

9a, the treatment with MGO reduced cell viability; however, the adhesive cells had worse 

viability comparing with that of control group. Furthermore, the result of Fig. 9b displayed 

that the adhesive ratio (adhesive cells/total cells) in MGO group was lower than that of 

control group, indicative of a suppressed cellular adhesion. However, prior to the treatment 

with 400 μM MGO for 48 h, exposure of HaCaT cells to 100 μM NSHD-1 for 1 h 

significantly prevented the impairment of cellular adhesion.

NSHD-1 improved cellular migration in MGO-treated HaCaT cells

Keratinocyte migration is conducive to wound repairing. As presented in Fig. 10, under 

normal condition, the scratch was almost closed within 48 h in the control group. When the 

cells were treated with 400 μM MGO for 48 h, the scratch was hard to close, indicating an 

impaired migration. However, before treatment with MGO, the cells were preconditioned 

with 100 μM NSHD-1 for 1 h and then migration function was examined. The result showed 

that the impaired migration action was partially restored.

Discussion

In the present study, it was shown that exposure of human skin keratinocytes, HaCaT cells, 

to MGO induced cellular injury and behavior dysfunction, as evidenced by decreases in cell 

viability, MMP, adhesion and migration, as well as increases in apoptotic rate and ROS 

levels. Furthermore, it was found that the novel controllable donor molecule, NSHD-1, 

protected HaCaT cells against cellular injury and behavior dysfunction through release of 

H2S.

Evidence has shown that levels of H2S are decreased in the plasma of diabetic patients and 

model rats [14]. Supplementation of H2S has emerged as a potential approach to mitigate 

diabetic injury in high glucose-stimulated endothelial cells [20], pancreatic beta cells [21], 

and H9c2 cardiomyocytes [22]. In the previous study, we found that added NaHS (a H2S 

donor) protected skin keratinocytes against ischemia-induced injury [15]. Additionally, H2S 

has reportedly enhanced normal mouse wound healing through angiogenic potential in a 

KATP/MAPK dependent manner [23]. These prompted the exploration of the roles of H2S in 

diabetic skin complications.
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Delayed wound healing is a common skin complication of diabetics, which is partially 

associated with keratinocyte dysfunction. It has been documented that the protection of skin 

keratinocytes is beneficial to the wound healing in diabetic ulcers [24, 25]. Reportedly, the 

levels of MGO are elevated in diabetics [7, 8]. In addition, treatment with high 

concentrations of glucose increased MGO generation in vascular smooth muscle cells [26]. 

Administration of MGO induced diabetes-like microvascular changes and delayed wound 

healing [27]. In the current study, MGO was therefore used in conjunction with human skin 

keratinocytes to create an in vitro model of delayed diabetic wound healing. The results 

indicated that exposure of the cells to MGO at the concentrations of 200 to 600 μM 

decreased cell viability in a dose-dependent manner confirming the dermal toxicity of MGO. 

Although the concentration of MGO used in this study is higher than that in the plasma of 

diabetics, this should still be of scientific interests because the vast majority (approximately 

90%) of MGO is bound to macromolecules in tissues [28, 29]. In addition, we noticed that 

this concentration range was also used in a human skin fibroblast experiment [30]. 

Importantly, we showed that MGO-induced skin injury was attenuated by preconditioning 

with NSHD-1. Of note, NSHD-1, as a H2S donor, was more stable and controllable, 

meaning that only in the presence of L-cysteine or reduced glutathion (GSH) this molecule 

can release H2S and that it isn’t easily oxidized by oxygen (O2) in atmosphere comparing 

with NaHS. We believe this is valuable because there are sufficient concentration of L-

cysteine [31] and GSH [32] in mammalian cells to activate NSHD-1 and release H2S. In 

addition, this molecule may be superior to GYY4137, another H2S donor, since the latter 

releases H2S upon spontaneous hydrolysis, and its ability of H2S generation is weak and 

slow [33].

During wound healing, proper apoptosis is necessary to eliminate some specific cells [34]. 

However, excessive cellular apoptosis is harmful to the wound healing process. Darby et al. 

showed that reduced cell proliferation and aberrant control of apoptosis impeded wound 

healing in genetically diabetic mice [35]. In the present study, we found that treatment of 

keratinocytes with MGO caused obvious cellular apoptosis, which is in line with the report 

above [35]. Importantly, MGO-induced apoptotic effects were attenuated by pretreatment 

with NSHD-1, highlighting the inhibitory effects of H2S against apoptosis, which has also 

been shown in other tissues including brain, lung and heart [36–38]. On the other hand, there 

are still some studies indicating H2S is able to induce apoptosis in smooth muscle cells [39] 

and insulin-secreting beta cells [40]. We speculate that these distinct effects of H2S on 

apoptosis may be related to tissue specificity.

The mitochondrial pathway plays an important role in apoptosis. A series of experiments 

were therefore performed to investigate mitochondrial function. Loss of MMP is an early 

change of mitochondrial dysfunction, and we thus measured MMP using Rh123 staining 

followed by photofluorography. The results showed that treatment with MGO suppressed 

MMP levels, while this effect was partially abolished by pretreatment with NSHD-1, 

suggesting a potent role in mitochondrial protection of H2S. Ray and colleagues have 

demonstrated that MGO inhibits electron flow through complex I leading to mitochondrial 

dysfunction [41]. In diabetes, it has been believed that prevention of mitochondrial damage 

may be an important therapeutic strategy [42]. Mitochondrial dysfunction usually causes 

uncoupling of oxidation and phosphorylation and ROS overproduction. Accumulating 
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evidence has suggested that oxidative status exists in MGO-stimulated cells [29]. It was 

documented as early as 1993 that ROS levels were markedly increased under the condition 

of MGO-triggered toxicity in hepatocytes [43]. In this study, we found that exposure of 

keratinocytes to MGO elicited obvious intracellular ROS accumulation characterized by 

increased DCF fluorescence. Besides induction of ROS accumulation, MGO can deplete the 

total glutathione content in rat Schwann cells leading to oxidative imbalance [44]. Through 

improvement of oxidative imbalance, Vaspin prevented MGO-induced apoptosis in human 

vascular endothelial cells [45]. However, some study indicated that ROS generation became 

detectable only under aerobic conditions in severely injured cells, and the author didn’t think 

ROS were involved in MGO hepatotoxicity [43]. In the following report, the author 

provided an explanation that these contradictory data may be due to biochemical machinery 

furnished in various cell types [29]. Interestingly, in this study we also found that the MGO-

induced increase in ROS levels was significantly mitigated by pretreatment with NSHD-1, 

indicating that NSHD-1-triggered cytoprotection may be associated with inhibition of 

oxidative damage, which is consistent with a previous report [45]. The antioxidation of H2S 

has also been demonstrated in both cellular [46] and in vivo models [47] by adding other 

H2S-releasing molecules. According to the previous reports as well as this study, it can be 

concluded that exposure of human skin keratinocytes to MGO leads to a decrease in 

viability and an increase in apoptosis, whose mechanisms may be underlain by oxidative 

stress and mitochondrial impairment. Importantly, NSHD-1 can protect against MGO-

induced injury through improvement of mitochondrial function and oxidative status.

Last but not the least, in the light of adhesion and migration involved in delayed diabetic 

wound healing, we further examined the effects of treatment with MGO on keratinocyte 

behavior phenotype. The data suggested that exposure of keratinocytes to MGO markedly 

suppressed cell adhesive function, evidenced by a decreased adhesive rate, which was 

corroborated by the findings of Tepper et al. on endothelial progenitor cells in type II 

diabetics [48]. Interestingly, we found that preconditioning with NSHD-1 significantly 

rescued MGO-induced adhesive impairment in keratinocytes, suggesting NSHD-1 may be 

beneficial to diabetic wound healing at this point. It has been shown that TGF β, through 

improvement keratinocyte adhesive action, induced upregulation of extracellular matrix 

protein betaig-h3 contributing to boost wound healing process [49]. Besides adhesive 

function, cellular migration is also important to wound healing process. This study indicated 

that exposure of keratinocytes to MGO markedly suppressed cellular migration, which was 

supported by the decreased keratinocyte mobility observed under hyperglycaemic conditions 

[24]. A previous study suggested that MGO-induced cellular migration impairment could be 

associated with oxidative stress [3]. Since the current study suggested that preconditioning 

with NSHD-1 significantly impeded ROS accumulation in keratinocytes, the effects of 

NSHD-1 on MGO-induced migration impairment were examined. The results revealed that 

NSHD-1 in part mitigated the impaired migration induced by MGO in keratinocytes. 

Notably, very recently, Chen et al. found that H2S improved wound healing via restoration 

of endothelial progenitor cell functions and activation of Ang-1 in type 2 diabetic mice [50]. 

From another point of view, the current study has provided a novel insight into the roles of 

H2S in the improvement of wound healing at the skin keratinocyte level, but contradictory 

reports on the effect H2S on diabetes exist. In streptozotocin-induced diabetic rats, H2S 
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signaling pathway was upregulated in the liver and pancreas, which was restored by 

supplement of insulin [51]. Another in vitro study showed that upregulation of the 

cystathionine gamma-lyase/H2S system induced endoplasmic reticulum stress-mediated 

apoptosis in insulin-secreting beta cells [40]. Therefore, a great many of studies still need to 

be conducted to bring clarity to the roles of H2S in diabetic pathogenesis.

In conclusion, the current study provided novel evidence that a controllable and stable H2S 

donor protects human skin keratinocytes against MGO-related dermal injury and 

dysfunction. Given the promising findings on the effects of H2S, more reasonable H2S 

donors will be synthesized in the future. For instance, active carbonyl group-sensitive and 

skin permeable H2S donor skin sprays could bring relief to patients suffering from delayed 

wound healing in diabetes mellitus.

Acknowledgments

This study was supported by Natural Science Foundation of China (81200606) to C.T. Y., Science and Technology 
Planning Project of Guangdong Province in China (2012B031800313) to C.T. Y. National Institutes of Health 
(NIH) (R01HL116571) to M. X., and the ACS-Teva USA Scholar Award to M. X.

References

1. Tsourdi E, Barthel A, Rietzsch H, Reichel A, Bornstein SR. Current aspects in the pathophysiology 
and treatment of chronic wounds in diabetes mellitus. Biomed Res Int. 2013; 2013:385641. 
[PubMed: 23653894] 

2. Stanley A, Osler T. Senescence and the healing rates of venous ulcers. J Vasc Surg. 2001; 33:1206–
1211. [PubMed: 11389419] 

3. Lamers ML, Almeida ME, Vicente-Manzanares M, Horwitz AF, Santos MF. High glucose-mediated 
oxidative stress impairs cell migration. PLoS ONE. 2011; 6:e22865. [PubMed: 21826213] 

4. Thornalley PJ. Protein and nucleotide damage by glyoxal and methylglyoxal in physiological 
systems--role in ageing and disease. Drug Metabol Drug Interact. 2008; 23:125–150. [PubMed: 
18533367] 

5. Rabbani N, Thornalley PJ. Methylglyoxal, glyoxalase 1 and the dicarbonyl proteome. Amino Acids. 
2012; 42:1133–1142. [PubMed: 20963454] 

6. Dobler D, Ahmed N, Song L, Eboigbodin KE, Thornalley PJ. Increased dicarbonyl metabolism in 
endothelial cells in hyperglycemia induces anoikis and impairs angiogenesis by RGD and GFOGER 
motif modification. Diabetes. 2006; 55:1961–1969. [PubMed: 16804064] 

7. McLellan AC, Thornalley PJ, Benn J, Sonksen PH. Glyoxalase system in clinical diabetes mellitus 
and correlation with diabetic complications. Clin Sci (Lond). 1994; 87:21–29. [PubMed: 8062515] 

8. Beisswenger PJ, Howell SK, Touchette AD, Lal S, Szwergold BS. Metformin reduces systemic 
methylglyoxal levels in type 2 diabetes. Diabetes. 1999; 48:198–202. [PubMed: 9892243] 

9. Dyer DG, Dunn JA, Thorpe SR, Bailie KE, Lyons TJ, McCance DR, Baynes JW. Accumulation of 
Maillard reaction products in skin collagen in diabetes and aging. J Clin Invest. 1993; 91:2463–
2469. [PubMed: 8514858] 

10. Wu L, Juurlink BH. Increased methylglyoxal and oxidative stress in hypertensive rat vascular 
smooth muscle cells. Hypertension. 2002; 39:809–814. [PubMed: 11897769] 

11. Chan WH, Wu HJ. Methylglyoxal and high glucose co-treatment induces apoptosis or necrosis in 
human umbilical vein endothelial cells. J Cell Biochem. 2008; 103:1144–1157. [PubMed: 
17721990] 

12. Wang R. Two’s company, three’s a crowd: can H2S be the third endogenous gaseous transmitter? 
FASEB J. 2002; 16:1792–1798. [PubMed: 12409322] 

Yang et al. Page 10

Cell Physiol Biochem. Author manuscript; available in PMC 2015 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



13. Pong WW, Eldred WD. Interactions of the gaseous neuromodulators nitric oxide, carbon 
monoxide, and hydrogen sulfide in the salamander retina. J Neurosci Res. 2009; 87:2356–2364. 
[PubMed: 19267415] 

14. Jain SK, Bull R, Rains JL, Bass PF, Levine SN, Reddy S, McVie R, Bocchini JA. Low levels of 
hydrogen sulfide in the blood of diabetes patients and streptozotocin-treated rats causes vascular 
inflammation? Antioxid Redox Signal. 2010; 12:1333–1337. [PubMed: 20092409] 

15. Yang C, Yang Z, Zhang M, Dong Q, Wang X, Lan A, Zeng F, Chen P, Wang C, Feng J. Hydrogen 
sulfide protects against chemical hypoxia-induced cytotoxicity and inflammation in HaCaT cells 
through inhibition of ROS/NF-kappaB/COX-2 pathway. PLoS ONE. 2011; 6:e21971. [PubMed: 
21779360] 

16. Zhao Y, Wang H, Xian M. Cysteine-activated hydrogen sulfide (H2S) donors. J Am Chem Soc. 
2011; 133:15–17. [PubMed: 21142018] 

17. Zhao Y, Bhushan S, Yang C, Otsuka H, Stein JD, Pacheco A, Peng B, Devarie-Baez NO, Aguilar 
HC, Lefer DJ, Xian M. Controllable hydrogen sulfide donors and the activity against myocardial 
ischemia-reperfusion injury. ACS Chem Biol. 2013; 8:283–1290. [PubMed: 23163700] 

18. Peng B, Chen W, Liu C, Rosser EW, Pacheco A, Zhao Y, Aguilar HC, Xian M. Fluorescent probes 
based on nucleophilic substitution-cyclization for hydrogen sulfide detection and bioimaging. 
Chem Eur J. 2014; 20:1010–1016. [PubMed: 24339269] 

19. Liang CC, Park AY, Guan JL. In vitro scratch assay: a convenient and inexpensive method for 
analysis of cell migration in vitro. Nat Protoc. 2007; 2:329–333. [PubMed: 17406593] 

20. Guan Q, Zhang Y, Yu C, Liu Y, Gao L, Zhao J. Hydrogen sulfide protects against high-glucose-
induced apoptosis in endothelial cells. J Cardiovasc Pharmacol. 2012; 59:188–193. [PubMed: 
21997261] 

21. Kaneko Y, Kimura T, Taniguchi S, Souma M, Kojima Y, Kimura Y, Kimura H, Niki I. Glucose-
induced production of hydrogen sulfide may protect the pancreatic beta-cells from apoptotic cell 
death by high glucose. FEBS Lett. 2009; 583:377–382. [PubMed: 19100738] 

22. Xu W, Wu W, Chen J, Guo R, Lin J, Liao X, Feng J. Exogenous hydrogen sulfide protects H9c2 
cardiac cells against high glucose-induced injury by inhibiting the activities of the p38 MAPK and 
ERK1/2 pathways. Int J Mol Med. 2013; 32:917–925. [PubMed: 23912965] 

23. Papapetropoulos A, Pyriochou A, Altaany Z, Yang G, Marazioti A, Zhou Z, Jeschke MG, Branski 
LK, Herndon DN, Wang R, Szabo C. Hydrogen sulfide is an endogenous stimulator of 
angiogenesis. Proc Natl Acad Sci U S A. 2009; 106:21972–21977. [PubMed: 19955410] 

24. Lan CC, Liu IH, Fang AH, Wen CH, Wu CS. Hyperglycaemic conditions decrease cultured 
keratinocyte mobility: implications for impaired wound healing in patients with diabetes. Br J 
Dermatol. 2008; 159:1103–1115. [PubMed: 18717678] 

25. Zhu P, Yang C, Chen LH, Ren M, Lao GJ, Yan L. Impairment of human keratinocyte mobility and 
proliferation by advanced glycation end products-modified BSA. Arch Dermatol Res. 2011; 
303:339–350. [PubMed: 21132435] 

26. Dhar A, Desai K, Kazachmov M, Yu P, Wu L. Methylglyoxal production in vascular smooth 
muscle cells from different metabolic precursors. Metabolism. 2008; 57:1211–1220. [PubMed: 
18702946] 

27. Berlanga J, Cibrian D, Guillen I, Freyre F, Alba JS, Lopez-Saura P, Merino N, Aldama A, Quintela 
AM, Triana ME, Montequin JF, Ajamieh H, Urquiza D, Ahmed N, Thornalley PJ. Methylglyoxal 
administration induces diabetes-like microvascular changes and perturbs the healing process of 
cutaneous wounds. Clin Sci (Lond). 2005; 109:83–95. [PubMed: 15755259] 

28. Chaplen FW, Fahl WE, Cameron DC. Effect of endogenous methylglyoxal on Chinese hamster 
ovary cells grown in culture. Cytotechnology. 1996; 22:33–42. [PubMed: 22358913] 

29. Kalapos MP. The tandem of free radicals and methylglyoxal. Chem Biol Interact. 2008; 171:251–
271. [PubMed: 18164697] 

30. Sejersen H, Rattan SI. Dicarbonyl-induced accelerated aging in vitro in human skin fibroblasts. 
Biogerontology. 2009; 10:203–211. [PubMed: 18758988] 

31. Ivanov AR, Nazimov IV, Baratova L. Determination of biologically active low-molecular-mass 
thiols in human blood. I. Fast qualitative and quantitative, gradient and isocratic reversed-phase 

Yang et al. Page 11

Cell Physiol Biochem. Author manuscript; available in PMC 2015 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



high-performance liquid chromatography with photometric and fluorescence detection. J 
Chromatogr A. 2000; 895:157–166. [PubMed: 11105857] 

32. Michelet F, Gueguen R, Leroy P, Wellman M, Nicolas A, Siest G. Blood and plasma glutathione 
measured in healthy subjects by HPLC: relation to sex, aging, biological variables, and life habits. 
Clin Chem. 1995; 41:1509–1517. [PubMed: 7586526] 

33. Li L, Whiteman M, Guan YY, Neo KL, Cheng Y, Lee SW, Zhao Y, Baskar R, Tan CH, Moore 
PK. Characterization of a novel, water-soluble hydrogen sulfide-releasing molecule (GYY4137): 
new insights into the biology of hydrogen sulfide. Circulation. 2008; 117:2351–2360. [PubMed: 
18443240] 

34. Greenhalgh DG. The role of apoptosis in wound healing. Int J Biochem Cell Biol. 1998; 30:1019–
1030. [PubMed: 9785465] 

35. Darby IA, Bisucci T, Hewitson TD, MacLellan DG. Apoptosis is increased in a model of diabetes-
impaired wound healing in genetically diabetic mice. Int J Biochem Cell Biol. 1997; 29:191–200. 
[PubMed: 9076954] 

36. Guo C, Liang F, Shah Masood W, Yan X. Hydrogen sulfide protected gastric epithelial cell from 
ischemia/reperfusion injury by Keap1 s-sulfhydration, MAPK dependent anti-apoptosis and NF-
kappaB dependent anti-inflammation pathway. Eur J Pharmacol. 2014; 725:70–78. [PubMed: 
24444438] 

37. Xu DQ, Gao C, Niu W, Li Y, Wang YX, Gao CJ, Ding Q, Yao LN, Chai W, Li ZC. Sodium 
hydrosulfide alleviates lung inflammation and cell apoptosis following resuscitated hemorrhagic 
shock in rats. Acta Pharmacol Sin. 2013; 34:1515–1525. [PubMed: 24122010] 

38. Dong XB, Yang CT, Zheng DD, Mo LQ, Wang XY, Lan AP, Hu F, Chen PX, Feng JQ, Zhang 
MF, Liao XX. Inhibition of ROS-activated ERK1/2 pathway contributes to the protection of H2S 
against chemical hypoxia-induced injury in H9c2 cells. Mol Cell Biochem. 2012; 362:149–157. 
[PubMed: 22134701] 

39. Yang G, Wu L, Wang R. Pro-apoptotic effect of endogenous H2S on human aorta smooth muscle 
cells. FASEB J. 2006; 20:553–555. [PubMed: 16507767] 

40. Yang G, Yang W, Wu L, Wang R. H2S, endoplasmic reticulum stress, and apoptosis of insulin-
secreting beta cells. J Biol Chem. 2007; 282:16567–16576. [PubMed: 17430888] 

41. Ray S, Dutta S, Halder J, Ray M. Inhibition of electron flow through complex I of the 
mitochondrial respiratory chain of Ehrlich ascites carcinoma cells by methylglyoxal. Biochem J. 
1994; 303:69–72. [PubMed: 7945267] 

42. Green K, Brand MD, Murphy MP. Prevention of mitochondrial oxidative damage as a therapeutic 
strategy in diabetes. Diabetes. 2004; 53:S110–118. [PubMed: 14749275] 

43. Kalapos MP, Littauer A, de Groot H. Has reactive oxygen a role in methylglyoxal toxicity? A 
study on cultured rat hepatocytes. Arch Toxicol. 1993; 67:369–372. [PubMed: 8368947] 

44. Fukunaga M, Miyata S, Liu BF, Miyazaki H, Hirota Y, Higo S, Hamada Y, Ueyama S, Kasuga M. 
Methylglyoxal induces apoptosis through activation of p38 MAPK in rat Schwann cells. Biochem 
Biophys Res Commun. 2004; 320:689–695. [PubMed: 15240103] 

45. Phalitakul S, Okada M, Hara Y, Yamawaki H. Vaspin prevents methylglyoxal-induced apoptosis 
in human vascular endothelial cells by inhibiting reactive oxygen species generation. Acta Physiol 
(Oxf). 2013; 209:212–219. [PubMed: 23782902] 

46. Yan SK, Chang T, Wang H, Wu L, Wang R, Meng QH. Effects of hydrogen sulfide on 
homocysteine-induced oxidative stress in vascular smooth muscle cells. Biochem Biophys Res 
Commun. 2006; 351:485–491. [PubMed: 17069760] 

47. Liu Z, Han Y, Li L, Lu H, Meng G, Li X, Shirhan M, Peh MT, Xie L, Zhou S, Wang X, Chen Q, 
Dai W, Tan CH, Pan S, Moore PK, Ji Y. The hydrogen sulfide donor, GYY4137, exhibits anti-
atherosclerotic activity in high fat fed apolipoprotein E(−/ −) mice. Br J Pharmacol. 2013; 
169:1795–1809. [PubMed: 23713790] 

48. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR, Levine JP, Gurtner GC. 
Human endothelial progenitor cells from type II diabetics exhibit impaired proliferation, adhesion, 
and incorporation into vascular structures. Circulation. 2002; 106:2781–2786. [PubMed: 
12451003] 

Yang et al. Page 12

Cell Physiol Biochem. Author manuscript; available in PMC 2015 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



49. Bae JS, Lee SH, Kim JE, Choi JY, Park RW, Yong Park J, Park HS, Sohn YS, Lee DS, Bae Lee E, 
Kim IS. Betaig-h3 supports keratinocyte adhesion, migration, and proliferation through 
alpha3beta1 integrin. Biochem Biophys Res Commun. 2002; 294:940–948. [PubMed: 12074567] 

50. Liu F, Chen DD, Sun X, Xie HH, Yuan H, Jia WP, Chen AF. Hydrogen sulfide improves wound 
healing via restoration of endothelial progenitor cell functions and activation of angiopoietin-1 in 
type 2 diabetes. Diabetes. 2014; 63:1763–1778. [PubMed: 24487028] 

51. Yusuf M, Kwong Huat BT, Hsu A, Whiteman M, Bhatia M, Moore PK. Streptozotocin-induced 
diabetes in the rat is associated with enhanced tissue hydrogen sulfide biosynthesis. Biochem 
Biophys Res Commun. 2005; 333:1146–1152. [PubMed: 15967410] 

Yang et al. Page 13

Cell Physiol Biochem. Author manuscript; available in PMC 2015 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1. 
Synthesis of NSHD-1
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Fig. 2. 
Spectra of NSHD-1. (a) 1H NMR (300 MHz, CDCl3) spectrum, (b) 13C NMR (75 MHz, 

CDCl3) spectrum
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Fig. 3. 
L-cysteine-activated H2S release
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Fig. 4. 
Effects of MGO on the viability of HaCaT cells The cells were exposed to indicated 

concentrations of MGO ranging from 50 μM to 600 μM for 48 h. Cell viability was 

measured by CCK-8 assay. Data were shown as the mean ± SE. n=6. *P<0.05, **P<0.01 

compared with control group.
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Fig. 5. 
H2S production from donors Panel a: The cells cultured in a 12-well plate were incubated 

with 100 μM NSHD-1 or DMSO of the same volume combined with 300 μM L-cysteine 

(Cys) for 1 h, or 300 μM Cys for 1 h. Then 50 μM H2S fluorescent probe (WSP-5) and 100 

μM CTAB were added. After incubation for 20 min, cell medium in plate wells was 

observed under a fluorescence microscopy and the images were taken (Top row). Following 

removal of the medium, intracellular H2S-dervied florescence was observed and the images 

were taken (Bottom row). Panel b: The same concentration (100 μM) of NaHS or NSHD-1 

solution was added to a 12-well plate, and H2S-dervied fluorescence was observed at the 

moment of adding (0 min) or after 60 min and the images were taken.
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Fig. 6. 
Effects of NSHD-1 on MGO-induced injury in HaCaT cells Panel a: The cells were 

preconditioned with various concentrations of NSHD-1 ranging from 50 μM to 200 μM 

combined with triple concentrations of Cys for 1 h followed by treatment with 400 μM 

MGO for 48 h, or with 200 μM NSHD-1 combined with 600 μM Cys for 1 h followed by a 

48-h normal culture. Panel b: The cells were preconditioned with various concentrations of 

Cys ranging from 150 μM to 600 μM for 1 h followed by treatment with 400 μM MGO for 

48 h. After the treatments, cell viability was measured by CCK-8 assay. Data were shown as 

the mean ± SE. n = 6. **P<0.01 versus control group, §P<0.05, §§P<0.01 versus MGO alone 

group.
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Fig. 7. 
Effects of NSHD-1 on MGO-induced cellular apoptosis in HaCaT cells Hoechst 33258 

nuclear staining followed by photofluorography to observe cellular apoptosis. Random 

Hoechst 33258 fluorescent micrographs of the (a) control, (b) treatment with 400 μM MGO 

for 48 h, (c) treatment with 400 μM MGO for 48 h in the presence of preconditioning with 

100 μM NSHD-1 for 1 h and (d) treatment with NSHD-1 alone for 1 h followed by a 48-h 

culture group. During preconditioning of the cells, 300 μM Cys was contained in the cell 

medium of all the groups. (e) Apoptosis rate was calculated by counting normal cells and 

apoptotic cells from 6 random vision fields using cell counter module of Image J software. 

Apoptosis rate (%) = apoptosis cells/(apoptosis cells + normal cells) ×100%. Data were 

shown as the mean ± SE. **P<0.01 versus control group, §§P<0.01 versus MGO alone 

group.
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Fig. 8. 
Effects of NSHD-1 on MGO-induced MMP depolarization and ROS accumulation in 

HaCaT cells Rh123 or DCFH-DA staining followed by photofluorography for the 

observation of MMP or ROS levels in the cells. (a–d) and (f–i) Random micrographs of 

Rh123 or DCF-derived fluorescence in the cells of the (a and f) control group, (b and g) 

treatment with 400 μM MGO for 48 h group, (c and h) treatment with 400 μM MGO for 48 

h in the presence of preconditioning with 100 μM NSHD-1 for 1 h group and (d and i) 

treatment with NSHD-1 alone for 1 h followed by a 48-h culture group. During 

preconditioning, cell medium of each group contained 300 μM Cys. (e and j) Quantitative 

analysis of the mean fluorescence intensity (MFI) of Rh123 (group a–d) or DCF (group f–i) 

using Image J software. Data were shown as the mean ± SE. **P<0.01 versus control 

group, §P<0.05 versus MGO alone group.
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Fig. 9. 
Effects of NSHD-1 on cellular adhesion in MGO-stimulated HaCaT cells The cells were 

treated with 400 μM MGO for 48 h in the absence or presence of preconditioning with 100 

μM NSHD-1 for 1 h. When the cells were preconditioned, the solution of all the groups was 

prepared in the medium containing 300 μM Cys. After the treatments, the cells were 

digested with 0.25% trypsin and collected. The harvested cells were inoculated on 96-well 

plates and cultured. Panel a: CCK-8 assay was performed at the moment of inoculation, and 

after a further incubation for 12 h to measure the numbers of total cells and adhesive cells, 

respectively. Panel b: Adhesion rate (%) was calculated by a ratio of adhesion cells to total 

cells. Data were shown as the mean ± SE. **P<0.01 versus control group, §P<0.05, §§P<0.01 

versus MGO alone group.
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Fig. 10. 
Effects of NSHD-1 on cellular migration in MGO-stimulated HaCaT cells Panel a: The cells 

were inoculated on 6-well plates and cultured up to 70% confluence. And then they were 

treated with 400 μM MGO for 48 h in the absence or presence of preconditioning with 100 

μM NSHD-1 for 1 h. When the cells were preconditioned, the solution of all the groups was 

prepared in the medium containing 300 μM Cys. An in vitro scratch assay was performed to 

measure cell migration. The images were captured at 24 h and 48 h after scratch. Panel b: 

Migration cells was counted in 6 random vision fields of each group using cell counter 
module of Image J software. Data were shown as the mean ± SE. **P<0.01 versus control 

group, §P<0.05 versus MGO alone group.
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