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Abstract 

Hydrogen sulfide (H2S) is a gasotransmitter that regulates both physiological and pathophysiological processes 

in mammalian cells. Recent studies have demonstrated that H2S promotes aerobic energy production in the 

mitochondria in response to hypoxia, but its effect on anaerobic energy production has yet to be established. 

Glycolysis is the anaerobic process by which ATP is produced through the metabolism of glucose. Mammalian 

red blood cells (RBCs) extrude the mitochondrion and nucleus during erythropoiesis. These cells would serve 

as a unique model to observe the effect of H2S on glycolysis-mediated energy production. The purpose of this 

study was to determine the effect of H2S on glycolysis-mediated energy production in mitochondrion-free mouse 

RBCs. Western blot analysis showed that the only H2S-generating enzyme expressed in mouse RBCs is 3-

mercaptopyruvate sulfurtransferase (MST). Supplement of the substrate for MST stimulated, but the inhibition 

of the same suppressed, the endogenous production of H2S. Both exogenously administered H2S salt and MST-

derived endogenous H2S stimulated glycolysis-mediated ATP production. The effect of NaHS on ATP levels 

was not affected by oxygenation status. On the other hand, hypoxia increased intracellular H2S levels and MST 

activity in mouse RBCs. The mitochondrion-targeted H2S donor, AP39, did not affect ATP levels of mouse 

RBCs. NaHS at low concentrations (3-100 μM) increased ATP levels and decreased cell viability after 3 days 

of incubation in vitro. Higher NaHS concentrations (300-1000 μM) lowered ATP levels, but prolonged cell 

viability. H2S may offer a cytoprotective effect in mammalian RBCs to maintain oxygen-independent energy 

production.  

 



Introduction 

H2S is enzymatically synthesized in mammalian cells and serves as an inorganic substrate of the 

mitochondrial electron transport chain at low concentrations (Goubern et al., 2007). The cytosolically localized 

cystathionine-γ-lyase (CSE) and cystathionine-β-synthase (CBS) produce H2S from cysteine and the cytosolic 

and mitochondrial localized 3-mercaptopyruvate sulfur transferase (MST) produces H2S from 3-

mercaptopyruvate (3-MP) (Wang, 2002; Wang, 2014). The role of H2S in eukaryotic bioenergetics can be traced 

back to its life-supporting role in the evolution of life on Earth (Untereiner et al., 2017; Fu et al., 2012; Coletta 

et al., 2015; Módis et al., 2013). Due to the development of oxygenic photosynthesis and aerobic respiration by 

complex life forms, atmospheric oxygen levels increased 2.3 billion years ago (Stamati et al., 2011). But 250 

million years ago, the greatest mass extinction event reduced oxygen to levels that drastically threatened aerobic 

organism survival while anaerobic organisms thrived. These events synchronized with the rise in H2S levels in 

the air and land (Wang, 2010).  It is theorized that organisms that survived this extinction could withstand and 

perhaps metabolize H2S as an alternative energy source and that this evolutionary trait may be retained by the 

descendants of early forms of life, present-day mammals (Wang, 2010).  

The role of H2S as an inorganic mitochondrial electron donor has been reported in human 

adenocarcinoma cells (Wang, 2002), mouse vascular smooth muscle cells (Fu et al., 2012), and in murine liver 

hepatoma cells (Módis et al., 2013). Certain stress conditions induce the translocation of the cytosolic CSE into 

the mitochondrion, which in turn stimulates H2S production inside the mitochondrion and consequently mitigates 

the damaging effects of hypoxia on mitochondrial capacity to produce ATP (Fu et al., 2012). Evidence that H2S 

signalling, and regulation of energy production are activated by an O2-sensitive and oxidative phosphorylation-

dependent mechanism is mounting (Fu et al., 2012; Teng et al., 2013). The physiological role of H2S in oxygen-

independent energy production, however, has not been studied in depth. Glycolysis anaerobically converts one 

glucose molecule into two pyruvate molecules, concomitantly generating a net of two ATP molecules (TeSlaa 

& Teitell, 2014). Some previous studies have reported the effect of H2S on glycolytic flux in cancer cells which 

have both aerobic and anaerobic pathways to produce ATP (Fu et al., 2012; Lee et al., 2014). As such, these 

studies did not satisfactorily address the selective effect of H2S on glycolysis-based ATP production. Mature 

mammalian RBCs, on the other hand, have extruded mitochondria during erythropoiesis and these cells rely 

solely on glycolysis for energy production (Montel-Hagen et al., 2008; Stier et al., 2013). Here, we reported the 

effect of H2S on glycolysis-mediated energy production in mitochondrion-free mouse RBCs and its functional 

impact on RBC survival.  

 

Materials and Methods 

Animals and sample collection. Wildtype (WT) and CSE knockout (KO) C57BL/6J × 129SvEv male 

mice (7-9 weeks old) were bred in-house (Yang et al., 2008). Female Broiler chickens (Gallus gallus) were 

obtained from the Arkell Poultry Research Facility (Guelph University, Canada). Blood from mice was collected 

by cardiac puncture and transferred into heparinized tubes. Chicken blood was drawn from the brachial vein 

using heparinized syringes. The animal use protocols were approved by the Animal Care Committee of 

Laurentian University, Canada. AP39 was synthesized in-house as previously described (Le Tronnaire et al., 

2014). Stock solutions were prepared in DMSO and subsequent serial dilutions were made with PBS (pH 7.4), 

maintaining DMSO level at <0.1%.  

RBC isolation and treatment. Mouse and chicken RBCs were isolated by differential centrifugation of 

whole blood at 845 x g for 3 min at 4°C. The top plasma and buffy coat layers were discarded. The packed RBCs 

were washed 3 times by resuspension in 3 volumes of glucose-free PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4; pH 7.4), centrifuged and re-suspended in equal volumes of PBS.  

RBCs were used within 2 hours of blood collection or stored at -80°C for western blot analysis. For 

normoxic condition, RBCs were incubated in a humidified atmosphere containing 5% CO2 and 95% air. Hypoxia 

was achieved in vitro by incubation in a hypoxic glove box (Coy Laboratory Products) with a flow of a 

humidified mixture of 1% O2, 94% N2 and 5% CO2 at 37°C. Reagents used under hypoxic condition were 

prepared inside the glove box using solvents flushed with N2 for 30 minutes.  



Measurement of ATP, lactate, and protein content. ATP, lactate, and protein content were measured 

using ATP bioluminescent assay kit (Sigma-Aldrich), lactate assay kit (Sigma-Aldrich) and Pierce™ BCA 

protein assay kit (Thermo Fisher), respectively, following manufacturer’s instructions. More details are provided 

in the Supplementary Data. 

Measurement of H2S production rate. RBCs were lysed in 0.05 M potassium phosphate buffer (pH 

6.8) and H2S production rate was measured as previously described (Jin et al., 2020; Zhao et al., 2013). More 

details are provided in the Supplementary Data.  

Western blot analysis. RBCs or liver tissue were lysed in tris-EDTA sucrose buffer containing protease 

inhibitor cocktail (Sigma-Aldrich). Samples were denatured at 95°C and 60 µg/well of RBCs and 10 µg/20 

µL/well liver tissues were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred onto nitrocellulose membranes (Pall Corporation, FL, USA). Membranes were blocked with 5% 

(w/v) non-fat milk solution and incubated overnight at 4°C with appropriate primary antibodies. Horseradish 

peroxidase-conjugated secondary antibodies were used and visualized with ECL (GE Healthcare). Antibodies 

against CBS (1:1000 anti-CBS, Abnova, 1:2000 RAM - rabbit antibody to mouse IgG), CSE (1:1000 anti-CSE, 

Abnova, 1:2000 RAM), MST (1:1000 anti-MST, Novus Biologicals, 1:2000 GAR - goat antibody to rabbit IgG), 

and GAPDH (1:200 anti-GAPDH, Santa Cruz Biotechnology, 1:5000 RAM) were used.  

Survival of mouse RBCs in vitro. Mouse blood was drawn into a syringe containing 1 mL Alsever’s 

solution and transferred to 15 mL tubes, to which 10 mL PBS (136.8 mM NaCl, 2.7 mM KCl, 5.72 mM 

Na2HPO4, 147 mM KH2PO4, 10 mM D-glucose, 2 mM glutamine, 1 mg/mL BSA; pH 7.4) was added prior to 

centrifugation (614 x g for 10 min at 4°C). The recovered pelleted RBCs were washed twice more, centrifuged, 

and resuspended in 3 mL PBS. In 6-well plates, 5×106 cells were plated and incubated in RPMI-1640 medium 

(Sigma-Aldrich) supplemented with sodium bicarbonate, D-glucose (2 mg/mL), BSA (1 mg/mL), 10% fetal 

bovine serum (FBS) and 100 U/ml penicillin and 100 mg/ml streptomycin, and adjusted to pH 7.4. Control and 

treated groups were incubated under normoxic conditions at 37°C.  

Cells with intact cell membranes were counted, and cell morphology observed using a microscope 

(Olympus IX71, Olympus America Inc.) at 640X magnification.  

Statistical analysis. All data were presented as mean ± SEM. Statistical analyses were made using two-

tailed Paired t-test, Student's t-test or one-way ANOVA with Duncan’s multiple comparison’s post hoc test. 

p<0.05 was considered statistically significant. 

Results 

Mouse RBCs synthesize H2S via MST. Western blot analysis detected the expression of MST protein, 

but not CSE and CBS proteins, in mouse RBCs (Fig. 1A). H2S production in WT mouse RBC lysates was 

increased by 3-MP (Fig. 1B) but suppressed by 2-ketobutyric acid (2-KA), a non-competitive inhibitor of MST 

(Zhao et al., 2013).  

H2S stimulates glycolysis. In the absence of extracellular glucose, 0.3-10 µM NaHS increased ATP 

levels in mouse RBCs under normoxic conditions (Fig. 2A). Under hypoxic conditions, 0.3-100 μM NaHS 

induced significant increase in ATP level in RBCs (Fig. 2C). The effect of NaHS was bell-curved with maximal 

ATP level achieved at low concentrations (1 µM and 10 µM NaHS under normoxic and hypoxic conditions, 

respectively; Fig. 2A & C) but without effect at higher concentrations. Incubation of RBCs with extracellular 

glucose (5 mM) significantly increased ATP levels (Fig. 2B) and NaHS further increased ATP contents under 

both normoxic and hypoxic conditions (Fig. 2B & D). The stimulatory effects of NaHS in the presence of 

extracellular glucose were eliminated by 200 μM phloretin, an inhibitor of the glucose transporter (TeSlaa & 

Teitell, 2014; Blodgett & Caruthers, 2004) (Fig. 2E). Lactate is a product of the essential fermentation reaction 

that follows glycolysis. In RBCs treated with 1 µM NaHS in the absence of extracellular glucose and under 

normoxic conditions at 37°C for 1 hour, lactate level was significantly increased (Fig. 3A). 

To determine the role of endogenously produced H2S in the regulation of glycolysis, we treated mouse 

RBCs with 3-MP and measured ATP level. We found that 3-MP promoted endogenous H2S production (Fig. 



1B) and significantly increased ATP level under normoxic conditions after 30 minutes of treatment, both in the 

absence and presence of extracellular glucose (Fig. 3B). ATP content of mouse RBCs (Fig. 3E) was not changed, 

but that of mitochondrion-containing chicken RBCs was increased, by treatment with mitochondrion-targeted 

AP39 (100 nM) (Fig. 3F). 

Exposure to hypoxia increases MST activity. A greater H2S production rate was induced by 3-MP in 

mouse RBCs exposed to 1-hour hypoxia than that under normoxia (p<0.05, Fig. 3C). MST protein levels in RBC 

samples exposed to hypoxia or normoxia were similar (Fig. 3D). 

Mouse RBC survival in vitro. In vitro treatment of mouse RBCs with NaHS for 1 hour in the absence 

of glucose under normoxic conditions did not alter the numbers of living cells (Fig. 4A). RBCs treated with 

lower concentrations of NaHS (3-100 μM) exhibited a steep decline in viability after day 3 (Fig. 4B). In 

contrast, 4 days after treatment with 300-1000 μM NaHS, RBCs exhibited prolonged viability versus untreated 

RBCs (Fig. 4B). After 1-day incubation of RBCs treated with an initial and single dose of 500 and 1000 μM 

NaHS, ATP levels of RBCs were significantly decreased (Fig. 4C). After 3 days of in vitro incubation, ATP 

levels of RBCs were increased by 3-100 μM NaHS but decreased by 300-1000 μM NaHS (Fig. 4D). 

NaHS-treated RBCs appeared structurally intact after 1-day treatment (Fig. 5). Cells appeared smaller 

in size after 8-day NaHS treatment (Fig. 5). While most RBCs in the untreated and 30 uM NaHS-treated 

groups died by day 8 of in vitro incubation, significant portion of RBS treated with NaHS at 300 uM survived 

(Fig. 5). 

Discussion 

RBCs are critical for oxygen transport and yet not much is known about the metabolism and functions 

of H2S in RBCs. Our current study shows that only MST is expressed and responsible for endogenous H2S 

production in mouse RBCs (Fig. 1), consistent with the observed MST expression in human RBCs (Vitvitsky et 

al., 2015) as well as the endogenous production of H2S in mouse RBCs (Yang et al., 2019).  Our work has 

broadened our understanding of enzymatic biosynthesis of H2S in mammalian RBCs and opens the door to 

further study the biological significance of MST-derived H2S for the RBC.  

RBCs require energy to maintain the iron in hemoglobin and protect hemoglobin and other proteins 

from oxidative damage (van Wijk & van Solinge, 2005), which in turn sustains their vital O2 transport. 

Glycolysis, the first metabolic process of both aerobic and anaerobic cellular respiration (van Wijk & van 

Solinge, 2005; Chaudhry & Varacallo, 2020), is an anaerobic process involving a series of cytosolic reactions. 

In the first phase, the cell invests 2 ATP molecules to convert 1 glucose molecule into 2 glyceraldehyde 3-

phosphate (G3P) molecules. In the payoff phase, G3P molecules are metabolized to 2 molecules of pyruvate, 4 

ATP and 2 NADH, resulting in a net glycolytic gain of 2 ATP (van Wijk & van Solinge, 2005; Ghashghaeinia 

et al., 2019).  In cells that primarily rely on aerobic respiration, pyruvate is further metabolized in the oxygen-

dependent Krebs cycle and oxidative phosphorylation, producing 36 ATP molecules overall from 1 glucose 

molecule (Ghashghaeinia et al., 2019).  

In mature mouse erythrocytes, Glut4, an insulin-independent membrane protein, facilitates the 

movement of glucose from blood plasma into cytosol (Montel-Hagen et al., 2008; Vrhovac et al., 2014). The 

GLUT family of glucose transporters facilitate glucose flux based on the transmembrane glucose gradient (Khera 

et al., 2008; Scheepers et al., 2004; Jacquez, 1984). Glucose concentration in mouse RBCs is maintained at the 

level close to that in plasma, about 5 mM.  In the absence of extracellular glucose, there would be residual 

glucose in the cytosol to sustain glycolysis until it has been exhausted. In this study, we investigated the effect 

of NaHS on ATP levels in mouse RBCs both in the absence and presence of extracellular glucose in the 

incubation solution (Fig. 2).  

Glucose deprivation in vitro leads to glucose efflux and a decrease in intracellular glucose 

concentrations (Matsusaka et al., 2017) since glucose flux is reversed (Khera et al., 2008; Scheepers et al., 2004). 

Although glucose deprivation can lead to a decline in cytosolic ATP levels (Carelli-Alinovi et al., 2019; Akel et 

al., 2006), NaHS (0.3-100 μM) increased ATP levels in mouse RBCs under normoxic conditions (Fig. 2A) or 

hypoxic conditions (Fig. 2C) in the absence of extracellular glucose. In the presence of extracellular 5 mM 



glucose, significant increase in ATP level was achieved at both low and high concentrations of NaHS (Fig. 2B 

& D). This stimulatory effect of high concentrations of NaHS (100 µM) was abolished (Fig. 2E) when glucose 

uptake was inhibited by phloretin, a blocker of GLUT4 (TeSlaa & Teitell, 2014; Vrhovac et al., 2014). The 

stimulatory effect of CSE-generated H2S on glucose uptake has been demonstrated in mouse myotubes 

(Parsanathan & Jain, 2018) and endothelial cells (Longchamp et al. 2018). The fact that optimal stimulation of 

ATP levels was sustained at high concentrations of NaHS, in the presence of extracellular glucose, indicates that 

H2S may act to improve glucose uptake in RBCs. It appears that the effect of H2S on glycolysis is two-fold: 

improving glucose uptake and/or stimulating the glycolytic pathway.  

The stimulatory effect of MST-derived endogenous H2S on mitochondrial ATP generation was recently 

described by Módis et al. in rat liver mitochondria (Módis et al., 2013). Our study establishes that endogenously 

produced H2S stimulates glycolysis-based energy production (Fig. 3B). Together these studies highlight the 

importance of endogenous H2S in regulating both aerobic and anaerobic energy production. We also found that 

RBCs treated with NaHS in glucose-free PBS had significantly elevated levels of intracellular lactate (Fig. 3A). 

Lacking oxidative phosphorylation, RBCs rely on lactic acid fermentation, the conversion of pyruvate into 

lactate by lactate dehydrogenase (LDH), to recycle the NADH produced during glycolysis back to NAD+. The 

ATP-generating phase of glycolysis cannot continue if NAD+, required as an electron acceptor during glycolysis, 

is depleted (Chaudhry & Varacallo, 2020). Whether the observed increased lactate level results from increased 

LDH activity and/or increased glycolytic flux has not been clear but can be evaluated by measuring glucose 

uptake and lactate efflux.  

Glycolysis can be studied selectively and specifically in mitochondria-free mature mammalian RBCs. 

Our study has shown that H2S exerts a stimulatory effect on ATP level, regardless of whether mouse RBCs were 

incubated aerobically (Fig. 2A & C; Fig. 3B) or anaerobically (Fig. 2B & D). This indicates that the H2S-

regulated ATP levels measured in our experiments result from the oxygen- and mitochondrion-independent 

anaerobic glycolysis process. We further performed spectrophotometric experiments and confirmed that in RBCs 

exposed to 1-300 µM NaHS, H2S did not irreversibly interact with hemoglobin to form sulfhemoglobin, a 

derivative of hemoglobin that has lower O2 affinity (Supp. Fig. 1-2) (Bianco et al., 2018).  

The bioenergetic effect of H2S in mammalian RBCs would be unique considering (1) the lack of 

mitochondria and (2) the reported cytoprotective H2S-scavenging ability of hemoglobin (Bianco et al., 2018). A 

biphasic effect of H2S on ATP levels was observed after prolonged incubation in RBCs treated with NaHS for 3 

days. ATP levels were significantly increased by 3-100 µM NaHS and inhibited by 300-1000 µM NaHS (Fig. 

4D). The increased RBC ATP levels at 3-100 µM NaHS (Fig. 4D) was coupled with a steep decline in cell 

viability comparable to the untreated RBCs (Fig. 4B). RBCs exposed to 300-1000 µM NaHS exhibited sustained 

viability during prolonged in vitro incubation (1-8 days) but ATP levels were significantly decreased after 1- 3 

days of incubation (Fig. 4).  

Microscopic examination of the NaHS-treated group (300 µM) after 8 days of incubation showed that 

although membrane integrity remained intact, cells appeared smaller than RBCs incubated for 1 day (Fig. 5). 

Time-dependent changes in RBC quantity and quality during blood bank storage are well known and the ensuing 

deteriorated biochemical variables, such as depletion of ATP, and morphologic alterations are collectively 

referred to as “storage lesions” (D’Alessandro et al., 2015). In vitro cellular ATP content is considered a good 

indicator when evaluating post-transfusion in vivo survival of stored RBCs due to observed correlations between 

reduced ATP levels and RBC morphology (reduced deformability) (Walsh et al., 2002; Hess & Greenwalt, 2002; 

Luten et al., 2008). Levels of 2,3-bisphosphoglycerate (2,3-DPG) – a product of the glycolytic bypass known as 

the Rapoport-Luebering shunt that critically improves the ability of RBCs to deliver oxygen – also greatly inform 

cell survival since loss of 2,3-DPG occurs early in storage (Hess & Greenwalt; Luten et al., 2008). 

Interestingly, while H2S at higher concentrations may improve blood storage by prolonging the 

survival of RBCs in vitro, ATP levels were considerably lower. After day 3 of in vitro incubation with NaHS at 

300-1000 µM, ATP levels in the treated RBCs were dramatically lower than the control but cell viability was 

significantly better. Increased hemolysis is characteristic of prolonged in vitro storage of RBCs (Luten et al., 

2008), yet high H2S concentrations seem to have a protective effect on membrane integrity even if cells were 

visibly smaller. RBC shrinkage is often associated with intracellular calcium (Ca2+) build-up which can be 



triggered by osmotic and oxidative stress (Lang et al., 2003). H2S has been implicated in mediating intracellular 

calcium homeostasis in other mammalian cells. It stimulates Ca2+ influx into endothelial cells by acting on the 

sodium/calcium exchanger (NCX) (Zhang et al., 2015). Most types of mammalian RBCs do not have NCX 

except for a few such as canine erythrocytes, in which it regulates cell volume (Schoenmakers & Flik, 1992). 

Determining if Ca2+-permeable channels in mouse RBCs are activated in response to treatment with NaHS can 

help elucidate if H2S-dependent Ca2+ signaling is at play.  

What is the functional impact of the effects of H2S on ATP metabolism in mouse RBCs? RBCs are 

uniquely adapted to facilitate gas exchange: their biconcave shape and reversible deformability help RBCs 

voyage across a network of microcapillaries throughout circulation and withstand high flow conditions and shear 

stress without the loss of structural integrity (Kuhn et al., 2017). To maintain these singular properties, RBCs 

rely solely on the energy produced by glycolysis (van Wijk & van Solinge, 2005).  

RBCs are frontline protectors against hypoxia: RBC production is upregulated by the hypoxia-

inducible transcription factor (Haase, 2010). In mammals, response to hypoxia additionally involves reducing 

the oxygen affinity of hemoglobin by increasing levels of 2,3-DPG, so that O2 is more readily available to tissues 

(van Wijk & van Solinge, 2005). RBCs exposed to hypoxia for 1 hr had elevated rate of H2S production versus 

normoxia (Fig. 3C). Stimulation of H2S production under hypoxic conditions is not due to hypoxia-induced 

stabilization of oxygen-sensitive MST degradation (Fig. 3D). It is conceivable that elevated levels of endogenous 

H2S can protect against hypoxia-induced damage to RBC function and structural integrity. Whole body exposure 

to high altitude hypoxic stress was shown to stimulate glycolysis, reflected by the accumulation of glycolytic 

metabolites without measuring ATP thus produced, and decrease H2S production in human RBCs after 1 day at 

high altitude (D’Alessandro et al., 2016). The observation variance in this human study at high altitude with our 

mouse RBC incubation in vitro can be explained by species difference, experimental conditions encountered in 

vivo vs. in vitro, and hypoxia durations.  

We also undertook a novel comparative study of the effects of mitochondrion-targeted slow-releasing 

H2S delivery molecule, AP39.  AP39 significantly increases ATP level in mitochondrion-containing chicken 

RBCs (Fig. 3F) but has no effect on mitochondrion-free mouse RBCs (Fig. 3E). Szczesny et al. found that while 

AP39 (100 nM) promoted aerobic energy production in endothelial cells, it did not affect glycolytic activity 

(Szczesny et al., 2014). We previously demonstrated that chicken erythrocytes primarily generate ATP via 

mitochondrial oxidative phosphorylation (Jin et al., 2020). The current data further speaks for the usefulness of 

AP39 in studying the effect of H2S solely on mitochondrial bioenergetics. The lack of effect on ATP levels in 

mouse RBCs (Fig. 3E) shows that AP39 does not interact with the glycolytic pathway, as is consistent with 

fluorescence detection studies that showed that AP39-released H2S is primarily localized in the mitochondria of 

brain endothelial cells (Szczesny et al., 2014).  

As fully differentiated cells which lack the nucleus, mitochondria, and other organelles such as 

ribosomes, mature mammalian RBCs cannot synthesize nucleic acids and proteins, regulate expression levels of 

proteins, or reproduce or proliferate (Baynes, 2005). Therefore, these terminally differentiated RBCs rely on 

uniquely modified cellular pathways and post-translation modification signaling to regulate their function 

(Pecankova et al., 2017). In this study, we have shown that, similar to human RBCs, MST is the only H2S-

synthesizing enzyme expressed in mouse RBCs (Vitvitsky et al., 2015). Although there is excellent data amassed 

on the human RBC proteome, we cannot study the effects of knockdown or silencing of MST on H2S production, 

glycolysis, and ATP production in mature mammalian RBCs. On the other hand, the role of endogenous H2S on 

bioenergetics of mouse RBCs has been strongly established in our study using pharmacological approach. In our 

study, 3-MP significantly increased MST-dependent endogenous H2S production (Fig. 1B). Subsequently, 3-MP 

significantly increased ATP levels in mouse RBCs (Fig. 3B), an effect reasonably attributable to endogenous 

H2S. We had tried also to examine the changes of ATP level after treating mouse RBCs with the inhibitor of 

MST, 2-ketobutyric acid (2-KA).  Unfortunately, this measurement is technically impossible since the 

fluorescence generated by 2-KA reagent caused interference with the bioluminescent ATP assay. 

In summary, both exogenously applied and endogenously produced H2S elevated ATP levels in mouse 

RBCs. Hypoxic stress stimulated H2S production which in turn could potentially maintain energy production in 

response to hypoxic stress. This is particularly interesting considering recent findings that hypoxia is a major 



stimuli of ATP release from human RBCs, which then prompts a cascade of responses including improved NO 

bioactivity (Grygorcyk & Orlov, 2017). RBCs require energy to maintain ATP-powered membrane ion pumps 

(van Wijk & van Solinge, 2005), to facilitate blood flow, and to regulate vasodilation through the release of ATP 

(Forsyth et al., 2011). Further exploration of H2S-mediated glycolysis described here could offer more insight 

into RBC signalling functions and the potential role of RBCs in mediating hypoxic stress in the surrounding 

plasma and vasculature. 
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Figure Legends 

Figure 1. H2S synthesis in mouse RBCs. A. Western blot analysis on WT and CSE-KO mouse RBCs and WT 

mouse liver tissue (n = 7 for RBCs; n = 3 for livers). B. H2S production rate in RBC lysates incubated with 3-

MP or 3-MP and 2-KA, measured with methylene blue HPLC method. *p< 0.001 vs. no treatment group (n=5).  

Figure 2. Effect of NaHS on ATP contents of mouse RBCs. A & B. The effects of NaHS on ATP contents of 

isolated mouse RBCs for 1 hour at 37°C under normoxic conditions. * p<0.05 vs. control (no treatment); # p< 

0.05 vs. glucose only treatment group. n = 8 for all groups. C & D. The effects of NaHS on ATP contents of 

isolated mouse RBCs for 1 hour at 37°C under hypoxic conditions. * p< 0.05 vs. control (no glucose and no 

NaHS).  #p< 0.05 vs. glucose only treatment group. n = 5 or 6 for all groups. E. Changes in ATP content of 

RBCs treated with NaHS, glucose, and phloretin for 1 hour at 37°C under normoxic conditions. * p<0.05 vs. 

control (no glucose and phloretin); # p< 0.05. n = 7 for all groups. 

Figure 3. Effects of 3-MP, hypoxia and AP39. A. Mouse RBCs were treated with NaHS for 1 hour at 37°C 

and intracellular lactate level was measured in sample lysates using a colorimetric assay. * p< 0.05 vs. control 

(no treatment). n = 3. B. ATP contents of mouse RBCs treated with 3 µM 3-MP for 30 mins in glucose-free 

(n=5) or glucose-supplemented (n=3) PBS at 37°C under normoxic conditions. * p< 0.05 vs. control (no glucose 

and no 3-MP). # p< 0.01 vs. glucose only treatment group. C. RBCs exposed to 1 hour of normoxic or hypoxic 

conditions were lysed, and protein was precipitated before measuring total intracellular H2S levels by methylene 

blue HPLC method. n = 11. D. H2S production rate in normoxia- and hypoxia-exposed RBC samples incubated 

with 300 µM 3-MP, measured with methylene blue HPLC method. n = 6. E. Mouse and chicken RBCs in 

glucose-free PBS were treated with AP39 at 37°C under normoxic conditions. n = 5. F. Mouse and chicken 

RBCs in glucose-supplemented PBS were treated with AP39 at 37°C under normoxic conditions. NS – not 

significant. n = 5. * p< 0.05. for all panels. 

Figure 4. Effect of NaHS on RBC viability and ATP contents. A. Mouse RBCs were treated with NaHS in 

glucose-free PBS for 1 hour at 37°C under normoxic conditions and cell number was counted using a 

hemocytometer. (n = 5). B. Isolated RBCs were treated with NaHS and cultured in RPMI-1640 medium 

supplemented with 10 mM glucose for 1-8 days under normoxic conditions. Morphologically intact RBCs were 

counted. n = 8 for all groups. C & D. The effect of NaHS on the ATP contents of mouse RBCs after 1-day (B) 

and 3-days (C) of incubation with NaHS in RPMI-1640 medium supplemented with 10 mM glucose under 

normoxic conditions. * p< 0.05 vs. control (no NaHS).  n = 6 for all groups.  

Figure 5. Morphology of NaHS-treated RBCs after 1 and 8 days of incubation. Isolated RBCs were cultured 

in RPMI-1640 medium supplemented with 10 mM glucose and treated with different concentrations of NaHS 

for 8 days at 37°C under normoxic conditions. Cells were observed and imaged using an Olympus 1X71 inverted 

microscope at 640X magnification. Scale bar represents 20 μm.  

  



 



 

  



 

  



 

  



 

  



Supporting Data 

Methods 

Measurement of ATP, lactate, and protein content.  

ATP content of control and treated RBCs was measured using ATP bioluminescent assay kit (Sigma-Aldrich). 

Briefly, samples were lysed 3 times for 10 seconds each using Sonic Dismembrator (Fisher Scientific), diluted 

20 times in double distilled water (ddH2O), and adjusted to pH 7.8. ATP content was measured using ATP 

bioluminescent assay kit (Sigma-Aldrich) following manufacturer’s instructions. Briefly, 50 μl ATP Assay Mix 

Reagent was added to 96-well plates and kept at room temperature for 3 minutes. Once equal volume of RBC 

sample or ATP standard was added, luminescence was measured using the FLUOstar OPTIMA microtiter plate 

reader (BMG Labtech). All assays were prepared in the dark at room temperature. ATP was determined using a 

standard curve. 

Lactate content of control and treated RBCs was measured using lactate assay kit (Sigma-Aldrich) following 

manufacturer’s instructions. RBCs were washed with ice-cold PBS, centrifuged (845 x g, 2 min, 4°C), and the 

supernatant discarded. Pelleted RBCs resuspended and lysed in 4 volumes of Lactate Assay Buffer (Sigma-

Aldrich), and centrifuged (13000 x g, 10 min, 4°C). The lysed samples were deproteinized in ice-cold 4 M 

perchloric acid (PCA) to a 1 M final concentration and incubated on ice for 5 min, and centrifuged (13000 x g, 

2 min, 4°C). The supernatant was neutralized and excess PCA precipitated with ice-cold 2 M potassium 

hydroxide (KOH). A 50 μl aliquot of the sample (adjusted to pH 7-8) or prepared lactate standard was added to 

96-well plates containing 50 μl Master Reaction Mix following manufacturer’s instructions. Plates were 

incubated on a horizontal shaker for 30 min and absorbance was measured at 570 nm (FLUOstar OPTIMA, 

BMG Labtech). 

Total protein content was measured using Pierce™ BCA protein assay kit (Thermo Fisher) following 

manufacturer’s instructions. Briefly, 100 μL of working reagent mix was added to wells of a 96-well plate 

containing 20 μL of sample or prepared bovine serum albumin (BSA) standards. Absorbance was measured at 

560 nm (FLUOstar Optima, BMG Labtech). The BSA standard curve was used to determine the sample protein 

content. 

Measurement of H2S production rate 

H2S production rate in RBC lysates was measured as previously described (Jin et al., 2020; Zhao et al., 2013) 

with modifications. Briefly, RBCs were lysed in 0.05 M potassium phosphate buffer (PPB, pH 6.8) and added 

to 25 mL volumetric flasks containing 0.4 M PPB (pH 7.4) with MST substrate (3-MP, Santa Cruz 

Biotechnology, Texas, USA) and  MST inhibitor (2-ketobutyric acid, Sigma). Plastic cryovials (center wells) 

containing filter paper (2x2.5 cm) wetted with 500 µL of 0.05 M trapping solution (0.05 M zinc acetate dihydrate; 

0.05 M Na2EDTA, pH 12.8) were inserted into the flasks. Flasks were sealed with rubber stoppers and parafilm 

and flushed with N2 for 1 min and incubated in a water bath at 37°C for 90 min with continuous shaking at 50 

rpm. The reaction was stopped by adding 500 µL of 50% w/v trichloroacetic acid. The contents of the centre 

well were transferred to test tubes containing 3.5 mL of ddH2O, to which 0.5 mL of 20 mM N,N-dimethyl-p-

phenylenediamine sulphate (DPD) in 7.2 M HCl and 0.5 mL of 30 mM FeCl3 in 1.2 M HCl were added. H2S 

reacts with DPD, in the presence of FeCl3, an oxidizing agent, to produce methylene blue in a 1:1 molecular 

ratio. After incubating for 20 min in the dark, methylene blue was detected using using Dionex Ultimate 3000 

U-HPLC with a diode array detector set to 660 nm (Thermo Scientific), which allowed a lower detection limit 

of 65 nM. Ten microliter aliquot of the reaction product of the central well contents with DPD and FeCl3 was 

injected on to a C18 column (250 x 4.6, 5 μm, Thermo Scientific Hypersil GOLD). A 30 min gradient elution, 

using acetonitrile and 0.1% (v/v) TFA in water as a mobile phase, was run at a flow rate of 0.5 mL/min and at 

30°C column oven temperature.  

Measurement of sulfhemoglobin in mouse RBCs. The formation of sulfhemoglobin (SHb) in intact RBCs was 

analyzed as previously described with modifications (Kurzban et al., 1999). RBCs were diluted 1:50 in glucose-

free PBS and 900 µL of this suspension was transferred to 1.5 mL microcentrifuge tubes and incubated with 100 

µL of PBS or sodium hydrosulfide (NaHS, Sigma-Aldrich) under normoxic conditions at 37°C for 1 or 5 hours. 

RBCs were recovered after centrifugation (845 x g, 3 min, 4°C) and washed twice by resuspension in 1 mL 



glucose-free PBS (pH 7.4) and subsequent centrifugation (845 x g, 3 min, 4°C) to remove NaHS. Packed RBCs 

were then hemolyzed by hypotonic shock followed by a freeze/thaw cycle (-80°C overnight; thawed at room 

temperature). Lysed RBCs were centrifuged (21130 x g, 15 min, 4°C) and the supernatant (cytosolic fraction) 

was recovered and diluted 10-fold in PBS and monitored for the formation of SHb using Genesys 10S UV-Vis 

(Thermo Scientific). 
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Supplementary Figure 1: The formation of SHb in mouse RBCs. A & B. Mouse RBCs were treated with 

different concentrations of NaHS in glucose-free PBS for 1 hour at 37°C under normoxic (A) and hypoxic (B) 

conditions. C & D. Visible region of the spectra of mouse RBCs treated with NaHS in glucose-free PBS for 5 

hours at 37°C under normoxic (C) and hypoxic (D) conditions. Spectra are representative of at least 3 

independent sample spectral scans. 

 

 

 

        

  

 

 

 

 

                     

 
 
 
 
  
 
 
 
 

               

                          

                                  

 

   

               

 
 
 

 
 
 

             

 

   

 

   

                     

 
 
 
 
  
 
 
 
 

               

 

    

               

             

 

    

   

               

 
 
 
 
  
 
 
 
 

               

             

 

   

   

               

 
 
 
 
  
 
 
 
 

               

             

 
 
 



 

Supplementary Figure 2. The formation of SHb in mouse RBC lysates. RBCs diluted 50-fold in glucose-

free PBS were subjected to hypotonic shock and a freeze/thaw cycle. The hemolyzed RBCs were centrifuged 

(21130 x g, 15 min, 4°C) and the recovered cytosolic fraction was incubated with or without NaHS under 

normoxic (A) or hypoxic (B) conditions at 37°C for 1 hour. Absorption spectra of each sample were recorded 

immediately after incubation. Spectra are representative of at least 3 independent sample spectral scans. 

 


