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ABSTRACT
For successful transplantation of Hematopoietic Stem cells (HSCs), it is quite necessary that 
efficient homing, engraftment and retention of HSC self-renewal capacity takes place, which is 
often restricted due to inadequate number of adult HSCs. Here, we report that short-term ex-vivo 
treatment of mouse bone marrow mononuclear cells (BMMNCs) to Sodium Hydrogen Sulfide 
(NaHS, hydrogen sulfide-H2S donor) can be used as a possible strategy to overcome such hurdle. 
H2S increases the expression of CXCR4 on HSPCs, enhancing their migration toward SDF-1α in- 
vitro and thus homing to BM niche. . Additionally, in-vitro studies revealed that H2S has a role in 
activating mitochondria, thus, pushing quiescent HSCs into division. These results suggest 
a readily available and cost-effective method to facilitate efficient HSC transplantation.
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Introduction

Hematopoietic Stem Cell (HSC)’s ability to self-renew 
and also to differentiate into hematopoietic lineages, 
render them indispensable for hematopoietic stem cell 
transplantation (HSCT). Umbilical cord blood is a rich 
source of HSCs and is of great use to treat hematolo-
gical disorders (malignant and non-malignant) where 
HSCT is inevitable [1]. The inadequate number of 
HSCs per unit cord blood (CB) is a major hindrance 
to their use. One way to overcome this, is to enhance 
the homing efficiency of transplanted HSCs which can 
subsequently repopulate successfully, thus showing 
improved engraftment efficacy, even with limited num-
bers of HSCs, thereby circumventing the need for ex- 
vivo HSC expansion [2].

Several expensive molecules and strategies have been 
identified for ex-vivo manipulation of HSC grafts which 
can increase the efficiency of transplantation and pro-
vide successful outcomes [2]. One such strategy is 
hypoxia preconditioning of bone marrow mesenchymal 
stem cells by dimethyloxalylglycine (DMOG) which is 
hypoxia inducible factor 1α (HIF-1α) prolyl hydroxy-
lase enzyme inhibitor, in order to promote HSC survi-
val after transplantation [3,4]. Transition from hypoxic 
bone marrow niches to non-physiological ambient air 
during HSC collection leads to ROS production and 
opening of mitochondrial permeability transition pore 

(MPTP), causing poor HSC survival and loss of their 
long-term repopulating potential [5–7]. Isolation of 
HSCs in the presence of MPTP inhibitor Cyclosporin 
A has been reported to recover long-term HSCs, pro-
vides better survival and enhanced transplantation effi-
ciency [5]. In addition to it, modulation of calcium- 
sensing receptor (CaR) by treating HSCs with CaR 
agonist Cinacalcet has been reported to enhance HSC 
homing, lodgment, and engraftment [8,9]. Apart from 
this, ex-vivo exposure of HSCs to prostaglandin E2 

(PGE2) has also been implicated to facilitate efficient 
transplantation by increasing HSC frequency, homing 
and full multilineage reconstitution [10].

H2S is accepted to be an endogenous gasotransmit-
ter, which regulates various signaling cascades and cell 
homeostasis in mammalian cells, whose abnormal 
levels have been linked to various human diseases [-
11–13]. H2S is produced in mammals via L-cysteine 
catalyzed by enzymes cystathionine β-synthase (CBS), 
cystathionine γ-lyase (CSE) and 3-mercaptosulfurtrans-
ferase, of which CBS is predominantly expressed in 
brain, CSE in smooth muscles and latter in neurons, 
vascular endothelium, and the retina apart from other 
organs [14,15]. Recent studies have demonstrated the 
role of H2S production by bone marrow mesenchymal 
stem cells (BMMSCs) to maintain their self-renewal 
and bone homeostasis via regulation of Ca2+ channel 
sulfhydration. They further reported that H2 
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S deficiency leads to defects in osteogenic differentia-
tion, which is attributed to abnormal intracellular cal-
cium levels, thus suggesting that H2S has a role in 
regulating BMMSCs and the restoration of H2S levels 
by exogenous donors may be useful for the treatment of 
related disorders [16]. There is an increasing body of 
evidence that the impact of H2S in biological function-
ing is driven by higher influx of calcium that can be 
attributed to modulation of calcium channels (L-Type, 
T-Type, transient receptor potential (TRP) channels) 
via protein S-sulfhydration and polysulfide reactions 
[17–19].

In this study, NaHS was used as an H2S donor and it 
is reported that H2S caused a significant increase in 
intracellular calcium via influx through plasma mem-
brane (in the presence of external calcium) and release 
from intracellular stores upon short term ex-vivo 
exposure of BMMNCs to NaHS. A significant dose- 
dependent upregulation of CXCR4 (chemokine recep-
tor) in NaHS treated BMMNCs was also demonstrated, 
which can be linked to rise in intracellular calcium, 
since it is already well established that external calcium 
treatment of bone marrow cells displays an increase in 
both mRNA expression along with surface expression 
of CXCR4 [20]. Furthermore, pulse exposure of NaHS 
ex-vivo enhanced the homing and lodgment of HSPCs 
to BM niche as compared to vehicle control, mediated 
through elevated CXCR4 expression and chemotaxis 
toward stromal-derived factor1α (SDF1α). Thus, in 
this report modulation of CXCR4-SDF1α axis which 
directs the migration and trafficking of HSPCs from 
circulation to BM microenvironment is implicated as 
one of the strategies to increase homing and transplan-
tation efficiency [21,22]. Apart from this, NaHS pulse 
exposure also resulted in the activation of mitochondria 
via slight elevation of MMP, mitochondrial mass and 
superoxide thus exhibiting enhanced cell proliferation 
and cell differentiation, perhaps, indicating the role of 
H2S in the activation of calcium mitochondrial pathway 
which drives quiescent HSPCs into division [23]. 
Overall, it is concluded that NaHS is a cost-effective 
method for achieving successful homing and hence 
efficient transplantation.

Materials and methods

Animal experiments and irradiation

Inbred male mice (C57BL/6) aged 10–12 weeks (weight: 
25 ± 2 g) were used for bone marrow harvests and 
transplantation while engraftment studies were done 
in female mice (C57BL/6). Mice were provided with 
unlimited mouse chow and water ad libitum. Animal 

handling and all animal experiments followed protocols 
approved by Committee on the Ethics of Animal 
Experiments, Institute of Nuclear Medicine and Allied 
Sciences (INMAS), Defense Research and Development 
Organization (DRDO). The animals were kept in the 
animal house facility under approved optimum condi-
tions. All efforts were made to minimize the number of 
animal animals used and the suffering they underwent.

Mice were given total body ionizing radiation using 
γ-ray irradiator (Bhabatron-II Telecobalt Unit, Pancea 
Medical Technologies, Bangalore, India) and they were 
exposed in a group of 4. The animals were exposed to 
lethal dose of radiation (9 Gy) with the irradiation field 
size of 35 cm x 35 cm and the animals were partially 
restrained to avoid shielding during the period of radia-
tion exposure.

Isolation of BMMNCs and hydrogen sulfide 
pulse-exposure

Whole bone marrow (WBM) cells were flushed out 
from the cavities of tibia and femur of mice using 
Iscove’s Modified Dulbecco’s Media (IMDM, Stem 
Cell Technologies) supplemented with 10% heat- 
inactivated Fetal Bovine Serum (HI-FBS, CELLect™ 
FBS Gold) and 100 U/ml penicillin, and 100 mg/ml 
streptomycin (SIGMA). Single cell suspension was 
obtained by passing through a cell strainer (BD 
Biosciences). For flow cytometric analysis, WBM cells 
were subjected to RBC lysis (ice cold 1x Ammonium 
Chloride potassium buffer) and finally the cells were 
washed and resuspended in IMDM media (+10%FBS). 
For pulse exposure, Sodium hydrogen sulfide (NaHS) 
(Sigma) was dissolved in media and used as a donor of 
H2S. Bone marrow mononuclear cells (BMMNCs) 
(5x106) were resuspended in 2 ml of media and incu-
bated with 300 μM NaHS for 30 min (with intermittent 
tapping) in a CO2 incubator at 37°C (5%CO2, 95% 
humidity). In case of Bone marrow transplantation, 
WBM cells (without RBC lysis) were treated with 
NaHS similarly as mentioned above. After incubation, 
the cells were washed in PBS+2% FBS twice before 
further use. Untreated cells (Control) were also pro-
cessed in the same way.

Lineage depletion and flow cytometry

For flow cytometry experiments, lineage depletion of 
H2S-treated and untreated cells was carried out using 
the mouse lineage cell depletion kit following the man-
ufacturer’s protocol (Miltenyi Biotec). BMMNCs were 
incubated with biotin-conjugated antibodies against 
Lineage markers (CD5, Mac-1, CD45R/B220, Ter-119, 
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and Gr-1) and thereafter they were incubated with anti- 
biotin microbeads for 20 mins on ice. Cells were 
washed with PBS and magnetic separation was per-
formed with an LD MACS column (Miltenyi Biotec) 
to obtain the lin neg fraction which was washed and 
resuspended in binding buffer (PBS+2% Bovine serum 
albumin). The cell number was volumetrically deter-
mined using flow cytometer [24] and further to analyze 
different subsets of hematopoietic stem and progenitor 
cells (HSPCs), they were pre-incubated with anti-CD16 
/32 antibody (0.5 μL/106 cells; Biolegend, CA, USA) to 
block the Fcγ receptors and then stained with anti-Sca1 
-PE (2 μL/106 cells; BD biosciences), c-Kit-APC (2 μL/ 
106 cells; BD biosciences) and anti-mouse CD34-PerCp 
(2 μL/106 cells; Biolegend) at room temperature, in the 
dark for 30 min. Following incubation, the cells were 
washed and finally the frequencies of LSK, ST-HSCs 
and LT-HSCs were analyzed via Flow cytometry using 
BD Accuri C6 software [25,26]. For evaluating CXCR4 
expression, BMMNCs were treated with Vehicle/NaHS/ 
BAPTA-AM (Calcium chelator), incubated for 30 min 
at 37°C, washed and cultured in IMDM+10% HI-FBS 
[supplemented with 2 mM L-glutamine (Himedia) and 
100 U/ml penicillin, and 100 mg/ml streptomycin 
(Sigma)] for 24 h in a CO2 incubator (37°C, 5% CO2). 
After 24 h, the cells were processed in the same way as 
mentioned above and stained for surface markers along 
with CXCR4 antibody (anti-mouse CD184-PerCp, 
2 μL/106 cells; Biolegend), and CXCR4 expression was 
quantified in different subsets of HSPCs via Flow 
cytometer.

RNA extraction and CXCR4 gene expression 
analysis

Total RNA was extracted from NaHS treated, BAPTA- 
AM treated and untreated BMMNCs after 24 h of 
culture using RNeasy mini kit (Qiagen) and quantified 
using Nanodrop (Thermo scientific). A fixed amount of 
RNA was then reverse-transcribed using cDNA synth-
esis kit (Biorad) following manufacturer’s instruction. 
cDNA template was diluted 20 times and Quantitative 
Real-Time PCR was performed using SsoFast EvaGreen 
Supermix (Biorad) and CFX96 (Biorad) Real-Time PCR 
system. The sequences of primers used for amplifica-
tion are as mentioned (Table 1). The reaction was set 
up under the following conditions: 95°C for 30 s, 50 
amplification cycles of 95°C for 5 s, 54°C for 5 s and 72° 
C for 15 s, followed by a melting-curve step to ensure 
single product formation. The relative mRNA expres-
sion was calculated using Livak method and was nor-
malized to the level in vehicle control, that was set to 1 
[27]. For time point studies, cells were treated with 

300 µM of NaHS or vehicle control, washed and cul-
tured and further the expression was determined at 
different time points (14, 24, and 36 h).

Trans well migration assay

To determine the CXCR4-SDF1α (Stromal Derived 
Factor 1- alpha) interaction, chemotaxis assay was per-
formed using Costar 24-well Transwell plates (6.5 mm 
diameter inserts, 8.0 µm PET membrane, Corning, 
USA). 600 µl of IMDM containing SDF1α (100 ng/ml, 
Miltenyi Biotec) was poured into the bottom chamber 
[29]. Linneg cells either treated with NaHS (300 µM) or 
with vehicle and were cultured in IMDM+10% HI-FBS 
for 24 h allowing for the up-regulation of CXCR4 
expression. Additionally, 30 m prior to this assay repli-
cate cells were treated with a CXCR4 antagonist, 
AMD3100 (10 µM) to block the receptor. Thereafter, 
the cells were washed and resuspended in IMDM+0.5% 
BSA. The cells were volumetrically enumerated and 
100 µl of cell suspension (2x105 cells) was added to 
the top chamber of the trans well plate. The plates were 
then incubated for 4 h at 37°C, 5% CO2 and 95% 
humidity. The cells that migrated to the bottom cham-
ber were stained with surface marker antibodies and 
enumerated by flow cytometry.

Cell viability and apoptosis assay

HEK (Human Embryonic Kidney) cells were seeded at 
a density of 5 × 103 per well in a 96-well culture plate 
and kept overnight in the incubator (37°C, 5% CO2, 
95% humidity) for the cells to adhere. Subsequently, the 
cells were treated with NaHS from a dose range of 
100 µM to 1 mM along with vehicle control. After 
24 h of treatment, the cells were washed and MTT 
[3-(4, 5- dimethyl thiazolyl-2)-2,5-diphenyltetrazolium 
bromide] reagent (1 mg/ml, Himedia) was added to 
each well and incubated for 4 h under the same condi-
tions. Thereafter, 150 µl of DMSO was added to dis-
solve the insoluble formazan crystals and the 
absorbance was read at 570 and 670 nm as a reference. 
Percentage viability was calculated as specific absor-
bance of test divided by specific absorbance of control 
x 100.

Table 1. Primers used for amplification.
Gene Primer sequence

CXCR4 [28] F: 5ʹ-TCTATGTTGGCGTCTGGATCC-3’
R: 5ʹ- CTTGGAGTGTGACAGCTTGG-3’

β-actin F: 5ʹ ATAAGAGACAACATTGGCATGGCTT-3’
R: 5ʹ-TCGCCTTCACCGTTCCAGTT-3’
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BMMNCs were treated with 300 µM of NaHS or 
with vehicle control, and incubated for 24 h in IMDM 
+10% HI-FBS (100 U/ml penicillin, and 100 mg/ml 
streptomycin). Following the incubation, the cells 
were lineage-depleted, stained for surface markers 
(LSK) along with AnnexinV-FITC (BD Biosciences) 
and 7-AAD (BD Biosciences) according to the manu-
facturer’s protocol and the proportion of apoptotic and 
dead cells were determined flow cytometrically in Lin 
neg and LSK population.

Colony Forming Unit (CFU) assay

BMMNCs were treated with NaHS or vehicle control, 
washed, and resuspended in IMDM+2% FBS. The cell 
suspension (30,000 cells/plate) was added to the 
Methocult methyl cellulose medium (GF M3434, Stem 
Cell Technologies) in 1:10 ratio and mixed by vortex-
ing. The cell suspension was dispensed using 16-gauge 
blunt end needle (stem cell technologies) into culture 
plates and incubated at 37° C, 5% CO2 and 95% humid-
ity. After 14 days, BFU-E (burst forming unit- 
erythroid), CFU-GM (colony-forming unit granulocyte, 
macrophage) and CFU-GEMM (CFU-granulocyte, ery-
throid, macrophage, megakaryocyte) were scored and 
the data were expressed as number of CFUs/30,000 
input cells [30].

Hematopoietic stem and progenitor cell homing

To evaluate the homing efficiency, host mice were 
lethally irradiated (10 Gy) using 60Co γ-ray irradiator 
(Bhabatron-II Teletherapy Unit, Panacea Medical 
Technologies, Bangalore, India) 24 h before trans-
plantation to deplete the whole bone marrow. WBM 
cells (3x106) from donor mice were treated with 
NaHS or vehicle as described previously, washed, 
and resuspended in PBS+2% FBS. The cells were 
then labeled with 5 µM Carboxyfluorescein diacetate 
succinimidyl ester (CFSE) for 15 min at 37°C in the 
dark with intermittent mixing [31]. Thereafter, the 
labeled cells (CFSE+) were thoroughly washed with 
ice-cold PBS to remove any unbound CFSE from the 
cell suspension and infused into lethally irradiated 
hosts via the tail vein to assess the HSPC homing. 
The host animals were sacrificed 16 h after infusion, 
BMMNCs isolated, lineage depleted and the Lin neg 

cells were stained with anti-mouse Sca1-PE (2 μL/106 

cells; BD biosciences), c-Kit-APC (2 μL/106 cells; BD 
biosciences), CD34-PerCp (3.5 µL/106 cells, 
Biolegend) and homing of different subsets of 
CFSE+ HSPCs (Lin neg, LSK, ST-HSC, LT-HSC) was 

determined flow cytometrically and the mean fluores-
cence intensity was noted.

In-vitro cell proliferation and cell cycle analysis

BMMNCs were treated with NaHS or vehicle, washed, 
and cultured in α-MEM+10% HI-FBS (+2 mM 
L-Glutamine-HIMEDIA, 100 U/ml penicillin, and 
100 mg/ml streptomycin) for 24 h at 37°C (5% CO2, 
95% humidity). For cell cycle analysis, cultured cells 
were washed, lineage depleted, and stained with surface 
marker antibodies (c-kit, Sca-1). After that, the cells 
were fixed in 4% Paraformaldehyde (PFA), permeabi-
lised (with PBS-Tween 20), washed and stained with 
7-aminoactinomycin-D (AAD) along with RNase 
(50 µg/mL) treatment for 15 m on ice. The proportion 
of Lin neg and LSK population in different phases of cell 
cycle were then analyzed via flow cytometer. For the 
determination of cell proliferation, BMMNCs were 
treated similarly, cultured for 24 h, lineage-depleted 
and stained. Subsequently, Lin neg cells were fixed, 
permeabilised, stained with anti-mouse Ki67-FITC 
(cell proliferation marker, Miltenyi Biotec) and the 
proportion of Ki67 positive cells (FITC positive) along 
with their Mean fluorescence intensity (MFI) was 
determined flow cytometrically.

Analysis of mitochondrial activity: measurement of 
mitochondrial membrane potential, mitochondrial 
mass, superoxide and intracellular calcium

Freshly isolated BMMNCs were treated with NaHS or 
vehicle, washed and cultured in α-MEM (Stem cell 
technologies) +10% HI-FBS (supplemented with 
2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ 
ml streptomycin) for 1, 6 and 24 h. After respective 
time points, the cells were washed, and stained for 
surface marker antibodies. The mitochondrial mem-
brane potential (ΔΨm), mitochondrial mass and mito-
chondrial superoxide level were determined using 
Rhodamine-123 (Rh-123, 2 µM), Mito Tracker Green 
(30 nM, Molecular Probes) and MitoSOX Red 
(Mitochondrial Superoxide Indicator; 3 µM, Molecular 
Probes) respectively, following the manufacturer’s pro-
tocol. For measuring intracellular calcium, BMMNCs 
were lineage depleted, stained for surface markers and 
treated with NaHS or vehicle or Nifedipine (60 µM, 
Enzo life sciences) in the presence and absence of 
calcium in PBS. Similar experiment was performed in 
phenol red-free medium. The cells were simultaneously 
stained (along with surface marker antibodies) with 
Fluo-3 AM (3 µM, Thermo Fisher Scientific) and the 
mean fluorescence intensity was measured after 30 min.
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Repopulation of HSCs

BMMNCs were treated with NaHS or with vehicle as 
previously described, washed, and transplanted into 
lethally irradiated (9 Gy; Acute dose) mice after 24 h 
of radiation exposure. After 21 days, peripheral blood 
was collected and changes in various hematopoietic 
parameters were evaluated using hematology analyzer 
(Euro count Plus).

Results

NaHS mediated H2S release, enhances CXCR4 
expression and chemotaxis to SDF-1α

Chemoattraction between chemokine ligand SDF-1α and 
CXCR4 receptor guides the migration of HSPCs to their 
niche in both humans and mice. Upregulation of 
CXCR4 expression on HSPCs is extremely important 
to find their way to BM and exhibit enhanced homing 
after transplantation [22]. Hence, in this study, the 
CXCR4 mRNA expression as well as CXCR4 surface 
protein expression was evaluated, in-vitro, in NaHS 
and vehicle-treated cells (Figure 1(a)). qRT-PCR study 
was performed with different concentrations of NaHS 
and maximum gene expression was observed when 
BMMNCs were treated with 300 µM of NaHS 
(3.4 fold). After this, CXCR4 expression was quantified 
at various time points (14, 24, and 36 h) using the above 
concentration of NaHS and BMMNCs revealed an 
increase in CXCR4 gene expression at all time points 
of which, 24 h displayed the maximum upregulation in 
comparison with the vehicle control (Figure 1(b,c)). 
Additionally, pulse exposure to NaHS also enhanced 
the surface expression of CXCR4 which was reflected 
by significant increase (**p < 0.01) in mean fluorescence 
intensity (MFI) in LSK, ST-HSCs, and LT-HSCs popula-
tion when compared with control (Figure 1(d)). Both 
CXCR4 mRNA and surface expression were reduced in 
the presence of BAPTA-AM (intracellular calcium che-
lator), thus implicating the role of calcium in CXCR4 
expression. To further evaluate the chemotaxis between 
SDF-1α and CXCR4, in-vitro trans-well migration assay 
was performed. It was observed that significant number 
of Lineage negative (linneg) and LinnegSca1+c-kit+ (LSK) 
cells migrated toward 100 ng/ml of SDF-1α (bottom 
chamber) in both control and treated groups with 
a significantly increased migration in NaHS treated 
cells. The frequency of cells migrated, increased up to 
2.5-fold, and 1.87-fold in linneg and LSK population, 
respectively, in the case of NaHS treated cells as com-
pared to vehicle control (Figure 1(e,f)). Additionally, 
significant increases in the migration of short-term (ST- 
HSCs; LinnegSca1+c-kit+CD34+ cells) and long-term 

HSCs (LT-HSCs; LinnegSca1+c-kit+CD34− cells) were 
also evident (Figure 1(g,h)). The enhanced chemotaxis 
of HSPCs due to NaHS treatment was significantly 
blocked by AMD3100, a CXCR4 receptor antagonist 
[32], which was marked by a reduction of 5.73 and 4.92- 
fold (Linneg and LSK, respectively) in comparison with 
NaHS treated migrated cells, thereby specifically illus-
trating that HSPCs trafficking and migration is mediated 
through chemokine receptor CXCR4.

H2S increases HSPC homing efficacy

The processes of migration and homing are reflection 
to each other, dependent on the SDF-1α/CXCR4 inter-
play which is considered essential to direct HSCs and to 
establish residence in their microenvironment that are 
prerequisites to subsequent lodging and engraftment 
[33]. The enhanced migration of NaHS treated cells 
toward SDF-1α through in-vitro studies have already 
been reported. To further investigate the potential of 
NaHS in-vivo, CFSE-labeled NaHS or vehicle-treated 
BMMNCs were infused into lethally irradiated mice to 
evaluate the homing of HSCs. Total CFSE+ linneg 

homed cells along with homed events within different 
subsets of BMMNCs were measured flow cytometri-
cally (Figure 2(a)). The results obtained indicate that 
ex-vivo exposure to NaHS led to a significant increase 
in the number of CFSE+ homed cells with 1.53,1.89,1.32 
and 3.5-fold increase in the CFSE+ linneg, LSK, ST-HSC, 
and LT-HSC subsets, respectively, as compared to vehi-
cle control (Figure 2(b–d)). Now, it is evident that 
enhanced homing efficiency is an outcome of CXCR4 
upregulation and increased chemotactic interplay 
between SDF-1α/CXCR4 axis.

H2S enhances HSPC proliferation and 
differentiation

Inside the BM niche HSCs reside in quiescent state and 
become active under stress conditions and initiate 
hematopoiesis. A correct balance between HSC division 
and self-renewal is important for their maintenance 
and efficient hematopoiesis [34]. To assess the differ-
entiation potential of the treated BMMNCs, CFU assay 
was performed and the colonies were counted on the 
14th day. Significant increases in the formation of CFU- 
GM (vehicle: 34.00 ± 5.033, NaHS: 65.67 ± 8.686) and 
CFU-GEMM (Vehicle:2.033 ± 0.03333, NaHS: 
3.333 ± 0.3333) colonies were detected in NaHS treated 
cells whereas no significant increase in the number of 
BFU-E colonies was observed thus, indicating an 
enhanced differentiation of HSPCs resulting from ex- 
vivo NaHS exposure (Figure 3(a,b)). Cell proliferation 
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was thereafter determined using Ki67 marker in NaHS 
or vehicle-treated cells after 24hrs. Slight but significant 
increases in MFI were observed in both linneg and LSK 
fraction of NaHS treated samples. NaHS induced H2 

S release also resulted in higher percentage of LSK cells 
undergoing proliferation in contrast to vehicle-treated 
cells (Figure 3(c,d)). For further validation, in-vitro cell 
cycle status was analyzed after 6 and 24 h of NaHS or 

Figure 1. Enhanced CXCR4 receptor expression on NaHS treated BMMNCs and chemotaxis of HSPCs toward SDF-1α. (a) 
Representative experimental setup for evaluating CXCR4 expression and other parameters. Total BMMNCs were isolated and treated 
with either vehicle or NaHS for 20 min, washed and cultured in IMDM+10% HI-FBS for 24 h. (b) mRNA amplification plots of CXCR4 
receptor on BMMNCs. Relative mRNA expression was calculated using Livak method and β-Actin as a house keeping gene. Time 
course plot for CXCR4 expression after 12, 24 and 36 h of treatment with vehicle or NaHS to optimize the time point for maximum 
CXCR4 expression after treatment. (c) Changes in the CXCR4 expression in vehicle/NaHS (100 and 300 μM) treated BMMNCs after 
24 h using real time PCR. Data are expressed as mean ± SEM fold change in expression with respect to control (n = 4) and the 
comparisons were done using one-way ANOVA. Linneg cells were sorted from freshly isolated BMMNCs, exposed to NaHS/vehicle, 
washed and cultured in media for 24 h (37ºC, 5%CO2, 95% humidity). Thereafter, the cells were washed and resuspended in IMDM 
+0.5%BSA and were allowed to migrate for 4 h. The number of different subsets of HSPCs migrated to the bottom chamber in the 
presence or absence of SDF-1α were quantified using flow cytometry; (d)Total Linneg cells migrated (e), Migration of gated LSK 
population (f), Migration of LT-HSCs (CD34−) and (g) total ST-HSCs (CD34+) migrated. Data are expressed as mean ± SEM total 
number of cells migrated. (n = 3, ns = non-significant *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001) and analyzed using one-way ANOVA.
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vehicle-pulse exposure to cells. There was no significant 
change in the cycling status of LSK at 6 h but after 24 h 
a significant increase in the fold change was observed in 

the S+ G2M phase of treated LSK, i.e., a greater propor-
tion of NaHS exposed LSK cells were in S+ G2M phase 
as compared to vehicle-treated cells (Figure 3(e)). Thus, 

Figure 2. H2S enhances the homing potential of HSPCs. (a) Graphical representation of experimental setup for evaluating homing of 
different subsets of HSPCs. 3 × 106 murine BMMNCs were treated with vehicle/NaHS, labeled with CFSE dye, washed and 
transplanted into lethally irradiated host mice. After 16 hrs, the host mice were sacrificed, BMMNCs isolated, lineage depleted 
and stained with surface markers and subsequently analyzed through flow cytometry. (b) This panel shows an increase in the homed 
CFSE+ LSK cells after NaHS treatment (n = 4 mice/group). (c) LSK population was analyzed further by staining with CD34 surface 
marker and CFSE+ LSK cells which were CD34+ (ST-HSCs) did not show a significant increase in the homed cells after treatment 
whereas, (d) a significant increase in the number of CD34− (LT-HSCs) homed events were observed after NaHS treatment. Data are 
expressed as mean ± SEM for n = 4 mice, each assayed individually.

Figure 3. H2S enhances proliferation of HSPCs and differentiation of BMMNCs in-vitro. (a) BMMNCs were pulsed with NaHS/vehicle, 
washed and cultured in Methocult (3X104/plate) for 14 days in a CO2 incubator at 37ºC. On the 14th day, the colonies were identified 
as shown and scored as (b) mean ± SEM number of CFUs/3X104 cells. Treated cells displayed a significant increase in the CFU-GM 
and CFU-GEMM. The comparisons were made using student’s t-test. (n = 3, each assayed individually). (c) BMMNCs were treated with 
NaHS/vehicle, washed and plated in α-MEM+10% HI-FBS for 24 h. Thereafter, the cells were sorted, stained, fixed and permeabilized. 
Finally, the cells were stained with cell proliferation marker and the proportion of Ki67+ linneg and LSK cells were analyzed through 
flow cytometry. (d) The mean fluorescence intensity for Ki67 was also noted. Data are expressed as mean ± SEM and analyzed 
through two-way ANOVA. (e) Similarly, the treated cells were incubated for 6 and 24 h, thereafter sorted stained and fixed and the 
proportion of LSK population in cell cycle was quantified using 7-AAD viability dye through flow cytometry and represented as fold 
change in the S+ G2M phase after NaHS exposure. Data are expressed as mean ± SEM and analyzed through two-way ANOVA. 
(n = 3,4 biological replicates, ns = non-significant *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001).
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after pulse exposure to NaHS LSK cells were observed 
to be cycling at a higher frequency than vehicle control 
cells.

H2S modulates intracellular calcium level and 
mitochondrial activity

Quiescent HSCs exhibit low membrane potential along 
with low levels of calcium and rely on glycolysis, not on 
mitochondria for energy. Thus, influx of calcium inside 
mitochondria drives the stem cells from low mitochon-
drial membrane potential (ΔΨm) state to high ΔΨm 

state, thereby activating mitochondria and subse-
quently pushing HSCs to enter into division 
[23,35,36]. It was previously reported that H2S plays 
a key role in the maintenance of bone homeostasis, 
BMMSC self-renewal and differentiation, mediated 
through increased intracellular calcium [16]. Since, 
NaHS treated cells displayed enhanced cell prolifera-
tion, the next step was to examine the intracellular 
calcium changes in NaHS or vehicle-treated HSPCs 
using Fluo-3 AM (calcium-binding dye) staining. 
A significant increase (1.41-fold) in intracellular cal-
cium was observed in NaHS treated cells (in PBS for 
30 min) in the presence of external calcium (1 mM 
CaCl2 in PBS) as compared to vehicle control, demon-
strating that H2S enhances the influx of extracellular 
calcium across the plasma membrane and this calcium 
intake was attenuated by Nifedipine (L-type calcium 
channel blocker) (Figure 4(a)) [37]. As all other studies 
were performed in IMDM or α-MEM media with pre- 
added calcium, the next step was to examine the 
changes in intracellular calcium levels in NaHS or 
vehicle-treated cells in phenol red-free media and the 
results obtained reveal 1.38-fold elevation in intracel-
lular calcium in LSK cells upon NaHS treatment which 
was inhibited by nifedipine (Figure 4(b)). Apart from 
this, when the study was carried out in calcium-free 
medium (PBS Ca2+ Mg2+ free), NaHS treated cells still 
showed 1.29-fold increase in MFI upon calcium bind-
ing and this data suggests that NaHS also mediates the 
release of calcium from intracellular stores along with 
influx across plasma membrane (Figure 4(c)). Since 
there are reports demonstrating the role of calcium in 
CXCR4 expression, in this study, the effect of NaHS 
mediated increase in calcium, on CXCR4 mRNA 
expression was also evaluated in the presence and 
absence of intracellular calcium chelator BAPTA-AM. 
NaHS induced increase in CXCR4 expression was 
found to be significantly reduced in the presence of 
BAPTA-AM, thus indicating the role of calcium in 
enhancing H2S mediated CXCR4 expression (Figure 
4(d)).

Furthermore, to investigate the activation of calcium 
mitochondrial pathway, changes in mitochondrial activity 
were determined by quantifying mitochondrial mass, mito-
chondrial superoxide and ΔΨm in NaHS or vehicle-treated 
cells at 1,6 and 24 h. When compared to the immediate 
control (0 h), significant increases in all three parameters 
were observed at different time points, in NaHS treated LSK 
population. At 1 h time point, there was no significant 
change in ΔΨm between treated and untreated samples. 
ΔΨm slightly but significantly increased in NaHS treated 
sample after 6 h and finally elevated to 1.4-fold at 24 h time 
point (Figure 4(e)). Whereas, mitochondrial mass of treated 
cells increased to 1.42-fold (when compared to the vehicle 
control) within 1 h, followed by a slight drop in the fold 
change (1.17-fold), although still significantly higher than 
the vehicle control after 6 h which returned to an almost 
similar level as that of the control after 24 h (Figure 4(f)). No 
significant change in superoxide level was observed at 1 and 
6 h in treated cells but after 24 h superoxide rose to a sig-
nificant level in treated LSK population with a 1.25-fold 
increase when compared to the vehicle control (Figure 
4(g)).

Effect of H2S on cell viability and apoptosis

H2S is a poisonous gas, which can be deleterious to mam-
malian cells [38]. In order to assess the overall cell health 
and a safe dose, HEK cells were treated with NaHS for 24 h 
ranging from 50 µM to 1 mM and cell viability was deter-
mined using MTT assay. As shown in the figure, cells 
treated with 300 µM of NaHS displayed similar reduction 
of MTT when compared to the vehicle-treated cells. 
Furthermore, increasing concentration of NaHS did not 
have any significant effect on cell viability for the given 
time duration, thus demonstrating that desired concentra-
tion of NaHS has no observed toxic effects on healthy HEK 
cells (Figure 5(e)). In order to further investigate the effect 
of NaHS treatment, apoptosis in LSK population was ana-
lyzed after 24 h of treatment at 300 µM of NaHS. No 
significant early (Annexin V+, 7-AAD−) and late apoptosis 
(Annexin V+, 7-AAD+) was observed after treatment. 
Additionally, the treatment did not induce any cell death 
as indicated by the percentage of 7-AAD+ cell population 
(Figure 5(b–d)).

NaHS enhances the repopulating potential of HSCs

After achieving significant homing of transplanted cells, it 
was determined whether the treated cells can repopulate 
significantly when compared to the control. Changes in 
various hematopoietic parameters in peripheral blood were 
evaluated by using automated hematology analyzer to 
determine whether the H2S treatment can ameliorate 

CELL ADHESION & MIGRATION 221



radiation-induced leukocytopenia, erythropenia, and 
thrombocytopenia (Figure 6(a)). It is already reported 
that radiation leads to a significant loss of blood cells and 
in this study, it was observed that transplantation of treated 
cells resulted in a slight increase in all the hematopoietic 
parameters. The increase in the number of total WBCs 
(Figure 6(b)) and granulocytes (Figure 6(d)) were found 
to be significant in the case of treatment whereas other 
parameters like the number of lymphocytes (Figure 6(c)), 
RBCs (Figure 6(e)), platelets (Figure 6(g)), amount of 

hemoglobin (Figure 6(f)) and the percentage hematocrit 
(HCT) (Figure 6(h)) displayed only a slight increase and 
were not significant when compared to the control after 
21 days post-irradiation.

Discussion

Bone marrow transplantation has become an indispen-
sable strategy for managing hematopoietic malignancies 
such as hematopoietic form of acute radiation 

Figure 4. Modulation of intracellular calcium and mitochondrial activity by H2S and the effect of NaHS mediated Calcium influx on 
CXCR4 expression. (a) Graphs depict the MFI of Fluo-3AM indicative of intracellular calcium measured in LSK cells. The experiment 
was done in PBS with or without CaCl2 in the presence or absence of NaHS and Nifedipine (NF, L-type calcium channel blocker). (b) 
intracellular calcium levels before and after NaHS/NF treatment in LSK population when the cells were incubated in the IMDM media 
(containing pre-added CaCl2, phenol red free) (c) the effect of H2S on intracellular calcium levels in HEK cell line in the presence and 
absence of CaCl2 indicating the effect of H2S not only in LSK fraction of mice but in the other cells also. (d) Fold change in CXCR4 
expression in BMMNCs in vehicle/NaHS/BAPTA-AM treated cells demonstrating the role of calcium in NaHS mediated increase in 
CXCR4 expression. (e) Line graphs indicating the gradual rise in MFI of Rh123, a mitochondrial membrane potential dye after 6,12 
and 24 h in NaHS/vehicle treated cells (LSK fraction). (f) mitochondrial mass in LSK proportion using Mitotraker green (g) 
Mitochondrial superoxide level in vehicle/NaHS treated LSK population using Mitosox red indicator at 3 different time points. (h) 
summary of the proposed mechanism. Data are expressed as fold change in MFI (wrt control) for n = 3 and all the statistical 
comparisons were done using One-way ANOVA and Bonferroni posttest.
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syndrome. Several researchers have proposed ex-vivo 
manipulation of HSCs to enhance the homing and 
engraftment efficiency in order to achieve successful 
transplantation since limited number of HSCs is 
a major constraint to its use. Despite its merit, the 
strategies employed are expensive and may not be 
feasible for all. The cost of HSC transplant in itself is 
high and on top of it, utilizing strategies that employ 
expensive molecules would be an extra burden. So, in 
this study, NaHS have been employed as a donor of H2 

S which displays a potential to enhance the homing of 

the HSPCs and is also cost-effective at the same time. It 
is well documented that H2S as an endogenous gaso-
transmitter is involved in the maintenance of Bone 
marrow mesenchymal stem cells and bone homeostasis 
[16]. It is already established that H2S plays a role in 
promoting HSPC differentiation and providing protec-
tion against fatal myelosuppression by stimulating 
megakaryocytopoiesis [39]. It is a known regulator of 
calcium and mediates calcium influx through various 
calcium channels including L-type, T-type and also via 
sulfhydration of TRP channels [16,17]. There are 

Figure 5. Effect of H2S treatment on apoptosis in LSK population and HEK cell viability. (a) Representative gating strategy followed 
for detecting apoptosis in LSK population after 24 hrs in NaHS/vehicle treated cells using AnnexinV-FITC and 7-AAD. (b) The 
proportion of LSK population in the quadrant 1 i.e. Annexin V+, indicating early apoptosis which was non-significant after treatment. 
(c) The percentage of 7-AAD positive cells (quadrant 4) i.e. dead cells, non-significant after treatment. (d) The proportion of cells that 
are both positive (AnnexinV+7-AAD+), demonstrating late apoptosis 24 h after treatment (vehicle/NaHS). Data are expressed as mean 
± SEM for n = 4 and the comparisons were done using Student’s t-test. (e) Toxicity assessment of NaHS on HEK cells using MTT 
assay. HEK cells were treated with vehicle/NaHS (100–1000 μM) for 24 h, washed and incubated with MTT for 4 h. Thereafter, the 
formazan crystals were dissolved in DMSO and the absorbance was read and the data are expressed as mean ± SEM percentage 
viability for n = 6. The data was analyzed using one-way ANOVA and Bonferroni posttest.

Figure 6. Hematology profiling of irradiated recipient mice after transplantation. Whole Bone marrow cells were isolated in sterile 
conditions, RBC lysis was done, washed and resuspended in sterile 1X PBS. BMMNCs were enumerated, NaHS/vehicle treated and 
transplanted into acutely irradiated recipient mice after 24 h. Changes in the number of (a) total white blood cells (WBC) (b) 
lymphocytes (c) granulocytes (d) RBCs (e) hemoglobin (f) hematocrit percentage and (g) platelets were measured on 21st post 
irradiation day. Each value is a mean ± SEM (n = 3–4 animals/group) and the comparisons are done using unpaired t-test.
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evidence that NaHS as an H2S donor acts as 
a neuromodulator by increasing calcium influx from 
extracellular environment as well as calcium mobiliza-
tion from intracellular stores, thus maintaining calcium 
homeostasis in neurons [36]. Additionally, H2S is 
reported to stimulate angiogenesis, cell proliferation, 
migration in endothelial cells in culture as well as 
a known promoter of angiogenesis in mice in-vivo 
along with proliferative and anti-apoptotic effects on 
hepatoma cells [40–42].

Through this study, the effect of ex-vivo exposure of 
NaHS on hematopoietic stem and progenitor cells has 
been demonstrated. Evaluation of mRNA expression 
revealed a significant increase in NaHS exposed 
BMMNCs, suggesting its potential in homing. Trans-well 
migration assay displayed an enhanced CXCR4 migratory 
response of HSPCs toward SDF-1α in vitro. A significant 
proportion of LSK population migrated towards SDF-1α 
when compared with the control. Transplantation of NaHS 
exposed BMMNCs in lethally irradiated mice resulted in 
a significant increase in the proportion of homed LSK cells 
in the recipient’s bone marrow niche. Furthermore, in-vitro 
studies revealed that NaHS short-term exposure signifi-
cantly elevated cell proliferation marker, Ki67 after 24 h. 
Cell cycle analysis showed that NaHS treatment resulted in 
more percentage of cycling LSK cells, i.e., a higher propor-
tion of cells were in S+ G2M phase, 24 h after the NaHS 
exposure. This data is in concordance with the previous 
reports demonstrating the proliferation and angiogenic 
potential of H2S in different cell types [40,41]. However, 
NaHS exposure also leads to enhanced differentiation of 
BMMNCs as evident through colony-forming assay which 
displayed a significant increase in colonies CFU-GM and 
CFU-GEMM. Although H2S is poisonous gas, but NaHS 
induced H2S release had no significant effect on the viability 
of HEK cells and also no significant apoptosis was observed 
in NaHS treated LSK cells, 24 h after treatment.

Furthermore, the modulation of mitochondrial 
activity and increased intracellular calcium levels by 
NaHS was evaluated as a possible mechanism for 
enhancing the cell proliferation, survival, and homing 
of HSPCs. Based on the previous reports that calcium- 
mitochondrial axis is responsible for driving quiescent 
HSCs into division and H2S is responsible for mediat-
ing the influx of calcium through various calcium chan-
nels leading to the rise in intracellular calcium, the role 
of H2S on mitochondrial activity and calcium levels in 
LSK population was further investigated [16,17,23]. 
NaHS treatment resulted in a significant rise in the 
intracellular calcium in LSK and Linneg population, 
both in the presence and absence of calcium, indicating 
that NaHS induces calcium release from the intracellu-
lar calcium stores as well as influx from the 

extracellular environment. NaHS treated LSK popula-
tion showed a significant increase in MMP after 6 h 
which further increased after 24 h. Pulse exposure also 
resulted in a significant elevation in mitochondrial 
mass at 1h and 6 h which returned to normal after 24 
h. There was no significant increase in superoxide gen-
eration after 1 and 6 h but after 24 h superoxide level 
significantly increased in the NaHS treated LSK cells. 
The above data suggests that along with the changes in 
the calcium level H2S is also capable of modulating 
mitochondrial activity which might be one of the rea-
sons, contributing towards the enhanced cell 
proliferation.

There are previous reports linking the role of extra- 
cellular calcium to increased CXCR4 expression indicating 
the importance of calcium signaling in CXCR4 expression 
[20]. The effect of H2S induced calcium increase on the 
CXCR4 expression in BMMNCs was therefore examined. 
CXCR4 mRNA expression was significantly reduced in the 
presence of BAPTA AM when compared to NaHS treated 
group indicating the role of calcium in enhancing CXCR4 
expression. These results might suggest that the elevation of 
CXCR4 in NaHS treated cells can be attributed to the 
increased intracellular calcium levels which is reduced by 
the intracellular calcium chelator BAPTA AM. Based on 
this study, it can be hypothesized that H2S induced increase 
in calcium might be the possible mechanism through which 
it mediates mitochondrial activity, cell proliferation, 
CXCR4 expression, and subsequently homing of HSPCs 
to their niche.

In conclusion, this study proposes that short term ex- 
vivo exposure of BMMNCs to H2S is a viable and cost- 
effective strategy and that the increased homing of the 
available number of HSCs can alleviate the need of ex- 
vivo expansion. The exact mechanism of action through 
which H2S enhances CXCR4 expression and mediates 
intracellular calcium levels still needs to be assessed. 
Detailed engraftment studies including long-term and 
short-term repopulating potential of NaHS treated cells 
needs to be further evaluated and hematology profiling 
post-21-days could provide some conclusive answers 
which might open a gateway for its future use. Further 
NaHS treatment must be validated on umbilical cord 
blood (UCB) cells and the effect of this treatment on 
CXCR4 expression and homing using UCB cells still 
remains unanswered which is essential for improving its 
clinical utility.

Statistical analysis

All the data values are represented as mean ± standard 
error of mean (SEM) and statistical analysis was done in 
GraphPad Prism Software (v5.0, La Jolla, CA, USA). 
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Differences between control and treated were calculated by 
one-way ANOVA, two-way ANOVA followed by 
Bonferroni post-test for multiple comparison and 
Student’s t-test for single comparison. Significance level is 
denoted as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ns, non- 
significant
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