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Abstract Sphingosine-1-phosphate (S1P) has a role in

transpiration in patho-physiological signaling in skeletal

muscles. The present study evaluated the pre-conditioning

efficacy of S1P in facilitating differentiation of C2C12

myoblasts under a normoxic/hypoxic cell culture environ-

ment. Under normoxia, exogenous S1P significantly pro-

moted C2C12 differentiation as evident from

morphometric descriptors and differentiation markers of

the mature myotubes, but it could facilitate only partial

recovery from hypoxia-induced compromised differentia-

tion. Pretreatment of S1P optimized the myokine secretion,

intracellular calcium release and energy generation by

boosting the aerobic/anaerobic metabolism and mitochon-

drial mass. In the hypoxia-exposed cells, there was

derangement of the S1PR1–3 expression patterns, while the

same could be largely restored with S1P pretreatment. This

is being proposed as a plausible underlying mechanism for

the observed pro-myogenic efficacy of exogenous S1P

preconditioning. The present findings are an invaluable

addition to the existing knowledge on the pro-myogenic

potential of S1P and may prove beneficial in the field of

hypoxia-related myo-pathologies.
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Introduction

Oxygen (O2) homeostasis being essential to survival, a

suboptimal oxygen level elicits physiological disturbances

and pathological responses [1, 2]. Skeletal muscle is a

dynamic biological system whose oxygen demand varies

according to its functional activity, and it responds to

hypoxia by eliciting orchestrated metabolic remodeling to

optimize oxygen utilization and energy production [3].

However, sustained exposure to severe hypoxic stress leads

to mal-acclimatization-mediated patho-physiological

responses [4]. Insufficient energy production and uncon-

trolled inflammation along with a disrupted redox balance

are the underlying causes for decreased muscular activity

even during sub-chronic hypoxia exposure. On the other

hand, muscle tissues possess robust regenerative capabili-

ties to repair tissue damage, a process that involves coop-

erative activity of immune cells, resident myogenic stem

cells and fibroblasts. These myogenic stem cells are the

satellite myoblasts that get activated, differentiate and fuse

to generate multinucleated myofibers, which assist in the

repair of damaged muscle fibers [5, 6]. However, as men-

tioned earlier, sustained hypoxic insult leads to a plethora

of patho-physiological responses leading to loss of the

satellite cell functions that hamper the muscle repair and

Electronic supplementary material The online version of this
article (doi:10.1007/s12576-016-0518-4) contains supplementary
material, which is available to authorized users.

& Shweta Saxena

shweta.dipas@gmail.com

1 Experimental Biology Division, Defence Institute of

Physiology and Allied Sciences (DIPAS), Defence Research

and Development Organization (DRDO), Lucknow Road,

Timarpur, Delhi 110054, India

2 Division of Metabolic and Cell Signaling Research, Institute

of Nuclear Medicine and Allied Sciences (INMAS), Defence

Research and Development Organization (DRDO), Brig. S.K.

Mazumdar Road, Delhi 110054, India

3 Medicinal and Aromatic Plant Division, Defence Institute of

High Altitude Research (DIHAR), Defence Research and

Development Organization (DRDO), Ministry of Defence,

Leh-Ladakh 194101, Jammu and Kashmir, India

123

J Physiol Sci (2018) 68:137–151

https://doi.org/10.1007/s12576-016-0518-4

http://dx.doi.org/10.1007/s12576-016-0518-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s12576-016-0518-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12576-016-0518-4&amp;domain=pdf
https://doi.org/10.1007/s12576-016-0518-4


regeneration process, leading to exponential muscle loss

under chronic hypoxia [7, 8]. Specifically, myoblasts

respond to hypoxia exposure by inhibiting terminal myo-

genic differentiation and myotube formation via down-

regulation of myogenic regulatory factors [9]. This

hypoxia-induced muscle fatigability and hampered regen-

erative repair lead to loss of endurance and skeletal muscle

strength. One of the best examples is of chronic hypoxia-

induced reduction in fiber size and mass during high alti-

tude exposure. However not only high altitude, but also

several other patho-physiological conditions involving

systemic or localized hypoxia, such as peripheral limb

ischemia, are also known to disrupt tissue homeostasis and

result in muscle tissue damage [10]. In view of the paucity

of effective interventions to promote muscle repair and

regeneration to recoup from hypoxia-induced muscle

pathologies, there is an unmet need to investigate novel and

effective pharmacological/biological interventions.

Research outcomes of the past two decades have

established S1P signaling pathways as central to the

molecular and cellular pathogenesis of several human

diseases including atherosclerosis, inflammation, cancer

and multiple sclerosis, etc. [11, 12]. This has placed S1P

and related investigational drugs at the center stage of the

recent drug discovery programs. S1P is a bioactive lipid

mediator that acts intra and extracellularly via specific G

protein-coupled receptors (GPCR)-S1P receptors

(S1PR1–5) and regulates fundamental processes such as cell

proliferation, migration, cytoskeleton re-arrangement,

angiogenesis, endothelial cell chemotaxis, immune cell

trafficking and mitogenesis, etc. [13]. Both in vitro and

in vivo studies by our group have also evidenced the pre-

clinical efficacy of exogenous S1P in improving systemic

and vital organ acclimatization to simulated environmental

hypoxia as well as coping with the associated pathological

disturbances such as redox imbalance, inflammation and

energy deficits, etc. [14–16]. However, its effect on the

restoration of skeletal muscle physiology under hypoxia

remains to be elucidated. Here, we have investigated the

efficacy of S1P pre-conditioning on myogenic differentia-

tion, a key facet of skeletal muscle physiology, in C2C12

myoblast cells under normoxic and hypoxic environment.

These cells offer an established model for studying the

muscle differentiation and growth process in vitro, pro-

ducing reliable data with an advantage of controlled and

synchronized differentiation of myogenic stem cells [17].

The study findings highlight the merits of S1P pre-

conditioning in facilitating myogenic differentiation in

normoxia and its partial recovery in hypoxia, optimization

of adaptive aerobic/anaerobic energy remodeling and cal-

cium homeostasis while balancing the acute myokine

responses following hypoxic challenge to C2C12 myo-

blasts. The dynamics of exogenous S1P-mediated GPCR’s

expression patterns have been proposed as one of the

plausible mechanisms underlying the observed benefits,

although we do not rule out other receptor-independent

effects of S1P. In view of the unifying observation of S1P

pre-conditioning in the restitution of several aspects of

hypoxia-induced loss of myogenic potential in C2C12

cells, this signaling lipid holds the potential to join the

league of exploratory drug candidates worth studying for

clinical applications in muscle pathologies.

Materials and methods

Materials

All chemicals and culture reagents (Dulbecco’s modified

Eagle’s high-glucose medium—DMEM HG, fetal bovine

serum—FBS) were purchased from SIGMA-Aldrich.

Horse serum (HS) was purchased from Thermo Fisher

Scientific Inc. Assay kits and ELISA kits were purchased

from BD Biosciences, Randox Laboratories and Thermo

Fisher Scientific Inc. Antibodies were purchased from

Merck Millipore and Santa Cruz Biotechnology.

C2C12 myoblast culture and differentiation

Murine C2C12 myoblast cells (purchased from NCCS

Pune, India) were grown in DMEM HG supplemented with

10% FBS, 150 mg/l ampicillin and 150 mg/l streptomycin

at 37 �C in a humidified atmosphere of 5% CO2. For all the

experimental groups, the same number of cells (0.2 9 105/

cm2) were seeded and induced to differentiate at 90–95%

confluence in differentiation medium (DM)—DMEM HG

with 2% HS.

Exogenous S1P pre-conditioning, hypoxia exposure

and sample collection

S1P was diluted initially in 10 mM NaOH to prepare a

stock solution of 1 mM. This stock solution was diluted

using the vehicle solution, 0.1% BSA prepared in normal

saline (pH 7.8), to be dispensed to the cultures at the final

dose of 1 lM S1P. The C2C12 myoblast cells were treated

with either 1 lM S1P or vehicle (VC) when the culture had

attained 90–95% confluence following which the media

were replaced with DM, as described earlier [18]. After

30 min of S1P or VC treatment, separate groups of cells

were maintained under either hypoxia (0.5% O2) or nor-

moxia (21% O2) until the fully differentiated stage (8th

day). Samples were collected at undifferentiated 0 day

(0D) (90–95% confluence stage prior to drug treatment),

2nd day (2D), 4th day (4D), 6th day (6D) and 8th day (8D)

from the normoxia (N) and hypoxia (H) groups,
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respectively. The groups were denoted as: 0D, 2NVC,

2NS1P, 2HVC, 2HS1P, 4NVC, 4NS1P, 4HVC, 4HS1P,

6NVC, 6NS1P, 6HVC, 6HS1P, 8NVC, 8NS1P, 8HVC and

8HS1P. Various parameters were assessed in each group as

described in the following sections.

Cell lysate preparation

Following exposure, C2C12 cells were harvested on ice,

thoroughly washed with cold PBS and lysed in NP-40

buffer (150 mM NaCl, 50 mM Tris and 1% NP-40, pH 7.4)

fortified with protease inhibitor cocktail. Protein estimation

was performed using Bradford’s method [19]. This sample

was used for Western blot and bio-energetic marker

analysis.

Morphometric changes, assessment of viability

and cell damage during C2C12 differentiation

Cell proliferation, myoblast fusion, myotube formation and

viability were observed by adding 100 nM of calcein-AM

fluorescence dye (SIGMA-Aldrich, 17783) to the culture

media. Briefly, 0.2 9 105/cm2 cells were seeded in each

group and induced to differentiate, as described earlier,

following which the cells were incubated with the fluo-

rescence dye under respective culture conditions for

30 min, washed twice with incomplete DMEM and visu-

alized using a fluorescence microscope (Olympus inverted

fluorescence microscope, Olympus IX2-KSP) at 109

magnification. Calcein-AM fluorescence signal intensity,

an indicator of cell viability, was also measured using a

multimode plate reader (FLUOstar Omega) and reported as

average fluorescence signal intensity relative to 0D.

Extracellular lactate dehydrogenase (LDH) activity, an

indicator of cellular damage, was estimated in media

supernatant according to a previously described method

[20].

Myokines estimation

Specific myokines viz. IL-6, IFN-c and TNF-a were

quantified in the media supernatant collected at each of the

mentioned time points using BD OptEIATM sandwich

ELISA kits according to the manufacturer’s prescribed

protocol.

Intracellular calcium quantification

Intracellular calcium was estimated using the Fluo-4 NW

calcium assay kit (Thermo Fisher Scientific Inc., F36206).

The fluorescent signal was quantified using a multimode

plate reader (FLUOstar Omega) at an excitation and

emission wavelength of 490 and 520 nm, respectively.

Quantitative fluorescence data were reported as relative

fluorescence units with respect to 0D.

Markers of cellular bioenergetics

Glucose and lactate were quantified by GLUC-PAP (Ran-

dox Laboratories, GL2614) and LAC (Randox Laborato-

ries, LC2389) in cell lysate samples. LDH [20], hexokinase

(HK) [21], citrate synthase (CS) [22] and creatine kinase

(CK) (Randox, CK-NAC335) enzyme activities were

measured in cell lysate using previously described

methods.

Intracellular ATP quantification and mitochondrial

imaging

Intracellular ATP content was measured in cell lysate

using the ATP Estimation Kit (Thermo Fisher Scientific

Inc., A22066). Mitochondrial imaging was performed as

described earlier; a cell-permeable mitochondrial

stain, MitoTracker� Red CMXRos (Thermo Fisher Sci-

entific Inc., M7512), was added to the incomplete

DMEM at a final concentration of 1 lM at each time

point. The cells were incubated under respective culture

conditions for 30 min, washed twice with incomplete

DMEM and imaged by fluorescence microscopy at 109

magnification. Mitochondrial mass (mitotracker inten-

sity) was also quantified by a multimode plate reader

(FLUOstar Omega), and the average signal intensity

relative to 0D was reported [23].

Myotube differentiation marker: myosin heavy

chain (MHC)

A 25-lg protein sample was mixed with 69 Laemelli

buffer (0.25 M Tris–HCl pH 6.8, 10% SDS, 0.5% bromo-

phenol blue, 0.5 M di-thiothretiol and 50% glycerol) and

boiled for 10 min. These samples were resolved on a 10%

polyacrylamide gel following which the resolved proteins

were blotted on a nitrocellulose membrane and blocked in

5% BSA solution for 2 h. Blocking solution and antibody

dilutions were prepared in Tris-buffered saline with 0.1%

Tween-20. Blot was incubated with anti-myosin heavy

chain (MHC, Merck Millipore, MHC A4.1025) primary

antibody dilution (1:1000) overnight at 4�C and then with

HRP labeled-secondary antibody (1:40,000, Santa Cruz

Biotechnology) for 2 h at room temperature. An enhanced

chemiluminescence detection kit (SIGMA-Aldrich,

CPS1300-1KT) was used to develop the blots and capture

them on X-ray film (Fuji Films). b-Actin was used as the

loading control (Santa Cruz Biotechnology, sc-47778)

(1:1000). Densitometry was done using ImageJ software

[24].
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S1PR1–5 expression in C2C12 cells: RNA isolation,

cDNA synthesis and real-time PCR

Total RNA was isolated from differentiating C2C12 cells

at each time point using the Total RNA Isolation kit

(SIGMA-Aldrich, RTN70) and was reverse transcribed

as per the manufacturer’s protocol (Thermo Fisher Sci-

entific Inc., 12574-035). cDNA of the respective sample

was used to determine the expression of S1PR1–5 mRNA

with Power SYBR Green PCR Master Mix (Applied

Biosystem, 4367659) using real-time PCR (Applied

Biosystem, 4376598). The PCR conditions used were

initial denaturation at 94 �C for 5 min, followed by 40

cycles of 94 �C denaturation for 60 s, 60 �C primer

annealing for 60 s and extension at 72 �C for 60 s, and

product formation was confirmed by melting curve

analysis (55–94 �C). Relative mRNA expression of the

respective receptor was calculated after normalization to

an endogenous reference gene (b-actin). Results are

reported as fold changes with respect to undifferentiated

myoblasts (0D) at each time point according to the

comparative CT method (2�DDCT method) as previously

described [25]. Details of the specific gene primers used

are listed in Supplementary Data Table 1.

Morphometric analysis of mature myotubes

Morphometric analysis was done in calcein-AM-stained

differentiated C2C12 myotubes at 8D in normoxia VC and

S1P pretreated cells (8NVC vs. 8NS1P). To quantify the

morphometric parameters of differentiated myotubes, three

random microscopic fields from three independent cultures

were analyzed. Myotubes more than 600 lm long were

counted per field, and each of these myotubes was analyzed

further [26]. Myotubular branchings (Y shaped structures)

were counted manually, and the fiber diameter and length

were measured by ImageJ software.

Statistical analysis

Data are reported as mean ± standard deviation (SD) from

three independent experiments carried out in triplicate.

Statistical analysis was performed using the one-way

ANOVA/post hoc Bonferroni’s analysis method. Image

analysis and densitometry were performed using ImageJ

software. Statistical significance was denoted by NVC vs.

HVC ($p\ 0.05, *p B 0.005) and HVC vs. HS1P

(@p\ 0.05, #p B 0.005) at respective time points. The

statistical analysis for morphometric study was performed

at 8D using unpaired Student’s t test. Statistical signifi-

cance was denoted by NVC vs. NS1P (**p\ 0.05,

*p B 0.005).

Results

Pre-conditioning with exogenous S1P in C2C12

myoblast cells partially remediates hypoxia-

mediated impaired differentiation

The chronological changes in the morphology of C2C12

cells during differentiation were imaged using calcein-AM

dye. In the NVC group, the flat star/fusiform-shaped

undifferentiated myoblasts (0D) transformed into elongated

fusing myoblast at 2D. These cells further differentiated

into myocytes and nascent myotube like structures at 4D,

where a large number of thin myotubes were interspersed

scantily with thick myotubes. A robust myogenesis was

observed by 6D with the emergence of an even larger

number of thicker and longer syncytial myotubes that at 8D

terminally differentiated into branched, mostly Y-shaped

myotubes that even elongated in multi-directions in several

microscopic fields (Fig. 1a). In the Western blot analysis,

the expression of MHC protein could also be captured

earliest at 4D (Fig. 1b) with the emergence of short length

nascent myotubes (Fig. 1a).

The detrimental effect of exposure to hypoxia (0.5% O2)

on the differentiation of C2C12 was captured as the

inability of these hypoxia-exposed C2C12 cells to fuse and

form nascent myotube-like structures at 4D (Fig. 1a). Also,

the prevailing hypoxic environment, up to 8D, led to

severely compromised viability as evident from a steep fall

in the calcein-AM signal intensity (Fig. 1d) and raised

LDH activity in the culture medium (Fig. 1e). Toward the

end stages of differentiation there was an appearance of

scant, thin and short nascent myotubes interspersed with

remnant myoblasts that had failed to differentiate. As

evidenced by morphometric analysis, the compromised

myogenesis in HVC cells co-existed with the earliest

detection of MHC expression only at 6D (Fig. 1b, c).

The present study, for the first time, demonstrates the

efficacy of S1P pre-conditioning to facilitate recovery from

hypoxia-mediated injury and retarded differentiation in

C2C12 cells. Interestingly, even under normoxic condi-

tions, with S1P pre-conditioning, myogenic differentiation

could be observed at 2D along with the appearance of

MHC (Fig. 1b, c). The cells in this group appeared densely

populated and relatively more elongated compared to

respective vehicle control cells at 2D. Also, their fusion

resulted in an early appearance of thicker, longer and more

branched myotubes as observed during 4–8D. Certainly,

this pro-myogenic efficacy of S1P was an advantage during

the hypoxic challenge, wherein the MHC signal was

detectable as early as 4D, although it was only accompa-

nied by the emergence of thin nascent myotubes (with

nearly 1.5-fold higher MHC expression by 8D (w.r.t. HVC
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Fig. 1 Effect of S1P pre-

conditioning on hypoxia-

impaired differentiation:

0.2 9 105/cm2 C2C12 cells

were seeded in each group,

maintained in DMEM-HG

media and induced to

differentiate at 90–95%

confluence by switching to DM

(DMEM HG with 2% HS).

a S1P (1 lM) and VC

pretreated differentiating

C2C12 cells under normoxia

(N) and 0.5% hypoxia (H) at

various time points (2D, 4D, 6D

and 8D) were stained with

calcein-AM (100 nM) and

imaged by an inverted

fluorescence microscope at 910

magnification. Scale bar

100 lm. The groups were:

2NVC, 2NS1P, 2HVC, 2HS1P,

4NVC, 4NS1P, 4HVC, 4HS1P,

6NVC, 6NS1P, 6HVC, 6HS1P,

8NVC, 8NS1P, 8HVC, 8HS1P.

b MHC (molecular weight:

220 kDa) expression was

determined in cell lysate by

standard Western blotting

protocol. c Densitometric

analysis of MHC Western blot

normalized against the loading

control (b-actin). d Calcein-AM

fluorescence signal intensity, an

indicator of cell viability, was

measured using a multimode

plate reader (FLUOstar Omega),

and average values relative to

0D were reported. e Cell

damage marker, extracellular

LDH activity, was estimated in

cell culture supernatant by the

previously described method.

Data are reported as

mean ± SD from three

independent experiments

carried out in triplicate.

Statistical analysis was

performed using the one-way

ANOVA/post hoc Bonferroni’s

analysis method. Image analysis

and densitometry was

performed using ImageJ

software. Statistical significance

is denoted by NVC vs. HVC

($p\ 0.05, *p B 0.005) and

HVC vs. HS1P (@p\ 0.05,

#p B 0.005) at respective time

points
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cells, p\ 0.05; Fig. 1a, c).The nascent myotubes in the

HS1P group were evidently longer and displayed a higher

formation propensity (Fig. 1a). Also, the hypoxia-mediated

cell injury was curtailed in these cells as indicated by the

higher calcein-AM signal (p\ 0.05; Fig. 1d) and lower

LDH activity (p B 0.005; Fig. 1e) in the media in S1P-

pretreated cells.

Morphometric analysis of terminally differentiated

myotubes

Morphometric analysis of end-stage (8D) VC- and S1P-

treated myotubes, under normoxia, revealed that pre-con-

ditioning with S1P facilitates the formation of long, wide

and branched fibers. In hypoxic cultures (HVC and HS1P),

mature myotubes, like in normoxic culture, were absent;

only nascent myotubes were observed, which were com-

paratively shorter, thinner, scanty and indistinct. As shown

in Fig. 1a, counting nascent myotubes was not feasible and

incomprehensible in hypoxia.

In normoxic culture we found S1P mediated a two fold

(p\ 0.05) increment in the number of myotubes per field

under normoxic conditions in comparison to the NVC

group (Fig. 2a). Further, analysis of individual myotubes

([600 lm length) in each of the groups indicated a longer

length, diameter and branching (p\ 0.05) as an outcome

of S1P pre-conditioning (Fig. 2b–d). Specifically, in the

NS1P group nearly 14.8% of the counted myotubes

superseded the NVC myotubes in all the above-mentioned

morphometric indices, indicating a higher propensity of

myoblasts to fuse and differentiate into myotubes. A scatter

plot of morphological parameters makes it more evident

that S1P pretreatment improved the quality of mature

myotubes (Supplementary Data Figure 1). However, mor-

phometric analysis could not be performed in hypoxic

culture even though microscopically we observed that S1P

could assist the formation of thin and short nascent myo-

tubes under hypoxia by the 8th day, which were signifi-

cantly scanty in the hypoxia control group (Fig. 1a).

S1P-mediated temporal secretion of myokines IL-6,

IFN-c and TNF-a assisted recovery

of differentiation in hypoxic C2C12 cells

Myokines IL-6, IFN-c and TNF-a are the cytokines

secreted by skeletal muscle cells that regulate the immune/

Fig. 2 Morphometric analysis of terminally differentiated myotubes:

0.2 9 105/cm2 C2C12 myoblast cells were seeded and induced for

myotube formation as described previously. Morphometric analysis

was done in calcein-AM stain differentiated C2C12 myotubes

([600 lm length) at 8D in normoxia VC and S1P pretreated cells

(8NVC vs. 8NS1P). a Number of myotubes/field was counted

manually. b Myotube length was measured by using ImageJ software.

c Myotube diameter was measured by using ImageJ software.

d Number of branches (Y shaped structures) was counted manually.

Data are reported as mean ± SD from three independent experiments

carried out in triplicate. Statistical analysis was performed using

unpaired Student’s t test. Statistical significance is denoted by NVC

vs. NS1P (**p\ 0.05, *p B 0.005)
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metabolic responses linked to muscle functioning. Of

these, IL-6 and IFN-c are major determinants of the pro-

liferation, differentiation potential and metabolic home-

ostasis [27–29]. Time series evaluations of secreted

myokines show that IL-6, IFN-c and TNF-a are increased

along with differentiation of C2C12 cells under normoxia

(Fig. 3), whereas hypoxia exposure robustly increases the

IL-6 secretion at 2D to nearly 1.4-fold (w.r.t. NVC,

p B 0.005) followed by decreased secretion toward 8D

(HVC) (Fig. 3a). Interestingly, in S1P-pretreated hypoxia-

exposed cells (HS1P), two fold boosts in IL-6 secretion

(w.r.t. 0D, p\ 0.05 vs. HVC) were observed on 2D fol-

lowed by relatively higher IL-6 secretion toward 8D (w.r.t.

HVC, p\ 0.05). IFN-c secretion under hypoxic conditions

is boosted until 2D in HVC and HS1P cultures, and

thereafter the secretions are stabilized until 8D. The IFN-c
secretion in the HS1P group was higher than in HVC

cultures at all time points (p\ 0.05 vs. HVC). TNF-a
secretion, indicative of a pro-apoptotic milieu, was also

observed to be upregulated across at all time points in

hypoxic conditions; however, S1P-treated cells secreted

significantly lower levels of TNF-a (p\ 0.05, HVC vs.

HS1P). Moreover, we speculate a plausible reciprocal

regulation of TNF-a secretion by the S1P-mediated IFN-c
secretion (Fig. 3c) [30].

S1P pre-conditioning boosts intracellular calcium

to facilitate recovery from hypoxia-mediated loss

of myogenic differentiation in C2C12 cells

The i[Ca2?] in myogenic cells is a key regulator of cellular

differentiation especially for molecular synthesis (energy

metabolism) and cell behavior (alignment and fusion) [31].

In the present study, a robust and temporal increase in the

i[Ca2?] accompanied the myogenic differentiation of

C2C12 cells with a maximum 7.9-fold increase of the Fluo-

4 signal in 8D NVC cells as compared to 0D (Fig. 4). In

C2C12 cells pretreated with pro-myogenic S1P, fluori-

metric analysis revealed significantly high i[Ca2?] levels at

all time points compared to the NVC group (Fig. 4).

There was a notable fall in the differentiation potential

of these cells along with a steep reduction in i[Ca2?] levels

following hypoxia exposure (p B 0.005, NVC vs. HVC)

with a mere 2.7-fold maximum boost in the calcium level

at 8D HVC (w.r.t. 0D). However, S1P pretreatment, despite

hypoxia exposure, could remarkably boost the i[Ca2?]

Fig. 3 S1P mediates temporal secretion of myokines in hypoxic

differentiating C2C12 cells. Media supernatant from S1P (1 lM) and

VC pretreated differentiating C2C12 cells under normoxia (N) and

0.5% hypoxia (H) at various time points was analyzed for the

composition of secreted myokines—IL-6 (a), IFN-c (b) and TNF-a
(c); 0.2 9 105/cm2 C2C12 cells were seeded and induced to

differentiate as described. Following this the media supernatant was

snap-frozen for myokine content analysis using a sandwich ELISA-

based commercial kit. Data are reported as mean ± SD from three

independent experiments carried out in triplicate. Statistical analysis

was performed using the one-way ANOVA/post hoc Bonferroni’s

analysis method. Statistical significance is denoted by NVC vs. HVC

($p\ 0.05, *p B 0.005) and HVC vs. HS1P (@p\ 0.05,

#p B 0.005) at respective time points
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levels with a 4.8-fold maximal boost in 8D HS1P (w.r.t.

0D) (p\ 0.05, HVC vs. HS1P; Fig. 4).

S1P pre-conditioning facilitates efficient substrate

utilization, boosts both aerobic and anaerobic

energy production, and increases mitochondrial

mass to recover from the hypoxia-induced energy

deficit

S1P pre-conditioning significantly remediated the ATP

deficit imposed by hypoxic challenge in differentiating

the C2C12 culture (p B 0.005, HVC vs. HS1P; Fig. 6c).

This S1P-mediated recovery from energy deficiency was

an outcome of several adaptive metabolic modifica-

tions—foremost being the increased intracellular glucose

availability in HS1P cells in comparison to HVC cells

(p\ 0.05; Fig. 5a). Further, this increased intracellular

glucose could be sourced to the upregulated anaerobic

glycolysis (oxygen-independent energy-producing path-

way) indicated by the significantly increased enzyme

activities of LDH and HK (p\ 0.05; Fig. 5c, d) to

replenish the cellular ATP. An effect known as Pasteur’s

effect was evident here, which led to accumulation of

higher intracellular lactate levels, especially in the sub-

chronic duration of 4D, where besides being a metabolic

end product, lactate could also play pro-myogenic sig-

naling functions (p\ 0.05; Fig. 5b) [32]. The apparent

boost of Pasteur’s effect following S1P pretreatment

conferred an adaptive advantage to the cells under

hypoxia.

Along with an anaerobic boost, the S1P pre-conditioning

positively influenced the aerobic energy generation

machinery as well. Since a rise in mitochondrial mass is

mandatory for fulfilling the ever-rising energy demands

during myogenesis, the pro-myogenic response of S1P was

accompanied with a significantly higher mitochondrial

density compared with NVC (Fig. 6a, b). Hypoxia expo-

sure drastically affected the myogenic potential of C2C12

cells and also the mitochondrial biogenesis, which resulted

in a significant deficit in the mitochondrial mass of C2C12

cells. This is evident from a 20% deficit in the MitoTracker

intensity of the HVC group in comparison with the NVC

group at 2D reaching a maximum deficit of 70% in HVC at

8D (p B 0.005; Fig. 6b) with a compromised myogenic

differentiation in the HVC group at all time points

(Fig. 1a). The hypoxia-induced loss of mitochondrial mass

could be restored to a significant extent, with S1P pre-

conditioning of C2C12 cells prior to hypoxia exposure as

evident from the relatively higher signal of MitoTracker

dye after 2D in HS1P compared with HVC (p\ 0.05;

Fig. 6a, b). At the functional level, the S1P-mediated boost

in the mitochondrial mass observed via the increased aer-

obic metabolism was also validated by the increased

activities of the aerobic enzyme markers CS and CK

(Fig. 5e, f). Also, the S1P-mediated significant increase in

CK activity (p\ 0.05) is a pro-myogenic indicator as the

cellular CK content appears only after the myoblasts have

been triggered to differentiate into myotubes.

The property of S1P pre-conditioning to boost mito-

chondrial mass is observed to be an adaptive advantage in

the hypoxia-challenged C2C12 culture. The mitochondrial

mass signal in the HS1P group is increased nearly 1.2–1.5

fold with respect to HVC from 2D to 8D and is coincident

with pro-myogenic stimuli despite the ambient hypoxia.

Modulation of S1P receptor expression in C2C12

differentiating cells

The assessment of relative gene expression using real-time

PCR revealed that hypoxia exposure temporally modulated

the S1PR1–4 receptor expression in a way to suggest the

occurrence of cellular injury and loss of the myogenic

potential of the differentiatingC2C12 cells. Interestingly, S1P

preconditionedC2C12myocytes expressed a distinct S1PR1–4

receptor expression profile, appearing to assist recovery from

hypoxia-induced cellular injury and loss of myogenic poten-

tial (Fig. 7). Explicitly, the S1PR1 was continuously upregu-

lated until 8D in the normally differentiating NVC group,

whereas, under hypoxia, S1PR1 expression started to decline

from 6D onwards (p\ 0.05, NVC vs. HVC; Fig. 7a). With

S1P pre-conditioning prior to hypoxia exposure (i.e., the

HS1P group), though a similar depression of S1PR1 expres-

sion was observed from 6D onwards, interestingly, its

Fig. 4 S1P pre-conditioning boosts intracellular calcium in hypoxia-

impaired C2C12 cell differentiation. S1P (1 lM) and VC pretreated

differentiating C2C12 cells under normoxia (N) and 0.5% hypoxia

(H) were stained with Fluo-4 dye at pre-defined study time points.

Intracellular calcium was quantified by a fluorimeter. Data are

reported as relative fluorescence signal intensity with respect to 0D,

which is proportional to the calcium binding to Fluo-4. Data are

reported as mean ± SD from three independent experiments carried

out in triplicate. Statistical analysis was performed using the one-way

ANOVA/post hoc Bonferroni’s analysis method. Statistical signifi-

cance is denoted by NVC vs. HVC ($p\ 0.05, *p B 0.005) and HVC

vs. HS1P (@p\ 0.05, #p B 0.005) at respective time points
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expression was maintained at a significantly higher level

compared to the hypoxia control group at all the time points

(p B 0.005; HVC vs. HS1P). In all the study groups, the

S1PR2 followed a similar trend of gene expression as S1PR1

since its level showed a continuous upregulation in the nor-

mally differentiating NVC group, while with hypoxia expo-

sure (both HVC and HS1P) its level started to fall after an

initial boost until 4D. However, as with S1PR1, S1P precon-

ditioning assisted in the maintenance of a significantly higher

level of S1PR2 expression despite hypoxia exposure at all the

study time points in comparison to the HVC group

(p B 0.005, HVC vs. HS1P; Fig. 7b). The effect of S1P pre-

conditioning on S1PR1 and S1PR2 expression per se could be

vividly observed in theNS1P groupwhere a robust increase in

the expressions of both these receptors was documented at all

the time points in comparison to the NVC as well as HVC

groups (p\ 0.05 NVC vs. NS1P, p\ 0.05 HVC vs. HS1P).

In the NVC group, there was only a subtle upregulation

in the expression of S1PR3 and S1PR4 on 4D, following

which they were maintained at a comparable level until

8D; however, following hypoxia exposure in the HVC

groups, they were continuously downregulated until the

study end point (p\ 0.05, NVC vs. HVC; Fig. 7c, d). As

with S1PR1,2, S1P preconditioning prior to hypoxia expo-

sure (HS1P group) maintained a significantly higher level

of S1PR3,4 expression in comparison to the HVC group

throughout the study (p B 0.005, HVC vs. HS1P), which

was indeed due to the S1PR1–4 expression boosting effect

of S1P alone as observed in the NS1P group. The expres-

sion of S1PR5 could not be detected in any of the experi-

mental groups in the present study.

Discussion

Exposure to acute or chronic hypoxia damages skeletal

muscle tissues to varying degrees by affecting the mor-

phological and cellular homeostasis. In the present longi-

tudinal study, we evaluated the in vitro preclinical efficacy

of S1P in promoting myogenic differentiation of C2C12

Fig. 5 S1P pre-conditioning

boosts energy metabolism in

hypoxia-exposed differentiating

C2C12 myoblast cells. C2C12

myoblast cells were seeded and

induced to differentiate as

described earlier. S1P (1 lM)

and VC pretreated

differentiating C2C12 cells

under normoxia (N) and 0.5%

hypoxia (H) were analyzed for

various cellular bioenergetics

markers at predefined time

points in all study groups.

Differentiating C2C12 cell

lysate was analyzed for

intracellular glucose (a), lactate
(b), lactate dehydrogenase

activity (LDH) (c), hexokinase
activity (HK) (d), citrate
synthase activity (CS) (e) and
creatine kinase activity (CK) (f).
Data are reported as

mean ± SD from three

independent experiments

carried out in triplicate after

normalization with cell lysate

(mg/ml). Statistical analysis was

performed using the one-way

ANOVA/post hoc Bonferroni’s

analysis method. Statistical

significance is denoted by NVC

vs. HVC ($p\ 0.05,

*p B 0.005) and HVC vs. HS1P

(@p\ 0.05, #p B 0.005) at

respective time points
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myoblast cells under normoxia and hypoxia (0.5% O2) over

a period of 8 days [33]. This is the first study, to the best of

our knowledge, in which the temporal myokine secretary

responses and the bioenergetic changes congruent with

C2C12 myoblasts differentiation have been elucidated.

Under normoxic culture conditions, the S1P pre-condi-

tioning significantly improved the terminal differentiation

morphometric descriptors of the myotubes (especially the

length and diameter) as evident from Figs. 1a and 2. A

separate set of experiments was conducted under chronic

hypoxia (up to 8 days), an extreme stress leading to critical

loss of the myogenic differentiation potential in the C2C12

cells. Here too exogenous S1P pre-conditioning was

observed to promote the formation of a relatively larger

number of nascent myotubes, although their morphometric

comparison in HS1P vs. HVC groups was not possible

because of either complete loss or extremely scanty nascent

myotubules in the HVC group (Fig. 1a). The formation of

mature myotubes is the end stage of differentiation,

although there are several preceding stages and factors

influencing the final outcome of differentiation. Here, in

the present study, the benefit of S1P preconditioning has

Fig. 6 S1P pre-conditioning boosts ATP production by enhancing

mitochondrial density; 0.2 9 105/cm2 C2C12 cells were seeded and

maintained in DMEM-HG media and induced to differentiation at

90–95% confluence by shifting to DM (DMEM HG with 2% HS).

a S1P (1 lM) and VC pretreated differentiating C2C12 cells under

normoxia (N) and 0.5% hypoxia (H) at pre-defined study time points

were stained by MitoTracker and imaged by an inverted fluorescence

microscope at 910 magnification. Scale bar 100 lm. bMitochondrial

mass (mitotracker intensity) was also quantified by a multimode plate

reader (FLUOstar Omega), and average values relative to 0D were

reported. c ATP was measured in differentiating C2C12 cell lysate

using a commercial kit as per the manufacturer’s protocol. Data are

reported as mean ± SD from three independent experiments carried

out in triplicate after normalization with cell lysate (mg/ml).

Statistical analysis was performed using the one-way ANOVA/post

hoc Bonferroni’s analysis method. Statistical significance is denoted

by NVC vs. HVC ($p\ 0.05, *p B 0.005) and HVC vs. HS1P

(@p\ 0.05, #p B 0.005) at respective time points
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been observed for several factors (viz., i[Ca2?], myokines,

MHC expression, bioenergetics and mitochondrial density,

etc.) that affect various stages of differentiation.

In the present study, we hypothesize that pre-condi-

tioning with S1P to undifferentiated C2C12 myoblast cells

confers an adaptive advantage in early differentiation and

triggers the differentiation signaling cascade in normoxia/

hypoxia culture. Myokine remodeling and calcium signal-

ing are the early factors that determine the fate of differ-

entiation by activating the residual undifferentiated

myogenic satellite cells [34]. S1P enhances the IL-6

secretion and stabilizes the IFN-c level, which prevents

TNF-a-induced apoptosis and leads to activation of the

undifferentiated myoblasts in early differentiation and

maintains the metabolic homeostasis during metabolic

demand alteration [28, 29], while reduced TNF-a and

upregulated S1PR2 expression have the anti-apoptotic and

mitogenic ability that boosts the differentiation protein

MHC [30, 35]. However, upregulated S1PR1 mRNA

expression differentially regulates the early C2C12 differ-

entiation by enhancing the proliferation into reserve cells

and commitment in myoblasts to differentiate [36]. In

agreement with this, the present study indicated S1P pre-

treated C2C12 cells secreted lower levels of TNF-a,
despite hypoxia exposure, and displayed a higher level of

differentiation promoting S1PR1–2 m-RNA along with

MHC expression (Fig. 1b) [37]. Meanwhile, along with

myokine secretion, a temporal increase in i[Ca2?] corrob-

orated the facilitation of differentiation in normoxia,

whereas following hypoxia exposure its decreased level co-

existed with hampered differentiation [31, 34]. An impor-

tant observation was that all the study time points in S1P

pretreatment, in both the normoxia and hypoxia groups,

could retain the i[Ca2?] levels above that of HVC cells and

also co-existed with improved C2C12 differentiation

(Figs. 1a, 2, 4) [31, 38, 39]. Remarkably, downregulation

of S1PR2 and S1PR3 receptor expression could abolish the

calcium mobilization during differentiation in hypoxia.

Fig. 7 Hypoxia modulates S1P receptor expression in C2C12

differentiating cells. S1P (1 lM) and VC pretreated differentiating

C2C12 cells under normoxia (N) and 0.5% hypoxia (H) were

analyzed for S1P receptor expression. Quantitative mRNA analysis

was performed by using real-time PCR of the target genes S1PR1 (a),
S1PR2 (b), S1PR3 (c) and S1PR4 (d). S1PR5 expression was not

detected. Relative mRNA expression of the respective receptor was

calculated after normalization to an endogenous reference gene (b-
actin). Results are reported as fold changes (mean ± SD) from three

independent experiments carried out in triplicate with respect to

undifferentiated myoblasts (0D) at each time point according to the

comparative CT method (2�DDCT method). Statistical analysis was

performed using the one-way ANOVA/post hoc Bonferroni’s analysis

method. Statistical significance is denoted by NVC vs. HVC

($p\ 0.05, *p B 0.005) and HVC vs. HS1P (@p\ 0.05,

#p B 0.005) at respective time points
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The S1P-mediated boost in the expression of S1PR2 and

S1PR3, especially under hypoxia, is being proposed to be a

potential underlying factor behind the improved i[Ca2?]

levels in these cells (Figs. 2, 7). It has been previously

reported that S1P elicits the mobilization of calcium via.

S1PR2 and S1PR3 mediated opening of calcium channels to

reorient the localized cytoskeleton architecture at sites of

intercellular adherens junctions between myoblasts and

also to activate cell contraction [40, 41].

Being an energy-intensive biological process, the fate

and rate of differentiation are strictly regulated by the

metabolic substrate and oxygen availability to fulfill the

ever-growing energy demand [42, 43]. In the early differ-

entiation, oxidative phosphorylation contributes to only

about one-third of the total ATP, whereas, as differentia-

tion proceeds, mitochondrial respiration takes the lead and

contributes to over 60% of the total ATP [44, 45]. Pro-

gressively higher intracellular lactate levels and LDH

activity up to 4 days in hypoxia-exposed C2C12 cells

indicate a delayed differentiation in comparison to nor-

moxic cells where this effect is only seen up to 2 days

(Fig. 5b, c). In the hypoxia-exposed group, where delayed

differentiation was evident, an enormous ATP deficit

developed apparently because of the reduced efficiency of

anaerobic respiration involving the LDH and HK enzymes;

however, the role of restrained activities of aerobic energy-

producing enzymes could also not be ruled out [46]. It was

noteworthy that S1P pretreatment prior to hypoxia expo-

sure obliterated this hypoxia-induced energy deficit

potentially via reinstating the aerobic enzyme activities,

upregulating anaerobic enzyme activities and improving

the glucose utilization [15].

Further, the observed temporal increase in the intracel-

lular glucose availability, in the normoxia group, appears to

fuel the rising metabolic activity, while this increase was

enormous in the S1P pretreated group and surpassed the

control groups at all time points, thus appreciably facilitating

the energy production as differentiation proceeded. In

hypoxia,we speculatemanifestation of a ‘‘Pasteur effect’’ an

acute phase hypoxia survival strategy to compensate for the

unmet energy needs, attributed to HIF-1a boosting the

expression of glucose transporter GLUT-1 enhancing ATP

generation [47, 48]. Acute hypoxia (up to 2D) led to higher

intracellular glucose availability and S1P pre-conditioning

owing to its HIF-1a-stabilizing properties improving it fur-

ther [14, 15]. It is important to mention here that despite

improved glucose, hypoxia-exposed cells could not match

the glucose utilization efficiency of normoxic cells because

of the reduced mitochondrial density with compromised

Kreb’s cycle activity (Figs. 5e, 6a) culminating in higher

ATP levels in normoxic cells compared with hypoxic cells.

In our previous study, we showed that preconditioning with

S1P prior to hypoxia facilitates the recovery from hypoxia-

induced energy deficits via activation of Rac 1 GTPase and

PKC leading to HIF-1a stabilization [16].

In C2C12 myoblast differentiation, metabolic shift is a

key event accompanying withdrawal from the proliferation

state and switching to terminally differentiate into myo-

tubes. However, at this juncture, due to cessation of pro-

liferation, the metabolic rate dips transiently prior to a

robust mitochondrial biogenesis at later stages [49]. In the

present study, we observed an abrupt fall in ATP levels at

4D in normoxia and 6D in hypoxia groups co-existing with

a lower level of intracellular lactate, LDH and CS enzyme

activity (Fig. 5) along with a temporal increase in mito-

chondrial density. Decreased aerobic enzyme activities

along with a compromised mitochondrial mass during the

late differentiation stage in the hypoxia control group could

be a reason for the compromised/impaired differentiation

leading to failure of mature myotube formation. Interest-

ingly, S1P pretreatment of these cells prior to hypoxia

exposure significantly improved the mitochondrial density

as well as the glucose utilization, leading to enhancement

of ATP turnover via oxidative phosphorylation as evi-

denced by the observed boost mediated by HK, CK and CS

activities in this study group. These are potential underly-

ing causes for the S1P-mediated upregulation of MHC

expression and enhanced terminal differentiation of C2C12

cells leading to partial recovery from hypoxia-induced

impaired differentiation and nascent myotube formation. In

Hep G2 cells, exogenous S1P improved the mitochondrial

function and mass via S1PR2-mediated upregulation of

PGC-1a [50]. It is also reported that in stressful conditions

a higher i[Ca2?] pool regulates mitochondrial biogenesis in

C2C12 myoblasts [51]. Since in the present study exoge-

nous S1P pretreatment of C2C12 cells upregulated S1PR2–3

m-RNA expression along with i[Ca2?] and mitochondrial

density, we propose this as a plausible mechanism behind

S1P-induced mitochondrial biogenesis (Fig. 7b, c).

However, hypoxia induces disruption of cellular

myokines/calcium homeostasis and mitochondrial func-

tions/mass that impairs the aerobic respiration leading to

bioenergetic disturbances, one of the main causes of cell

death and compromised early/terminal differentiation. In

hypoxia increased extracellular LDH activity could

potentially be a result of the burden of hypoxia-induced

cell death as well. With S1P pretreatment, the cellular

damage was controlled while a parallel increase in the

viability was observed under both normoxia and hypoxia at

all time points (Fig. 1d, e). It is notable here that S1P

pretreatment promotes pErk and pAkt mediated survival in

splenocyte culture during hypoxia exposure [14]. S1P’s

pro-myogenesis potential was further recapitulated at 6 and

8 days of differentiation by commitment/differentiation

surrogate markers where upregulated S1PR1–2–3 expression

promoted mitochondrial mass, CK activity and MHC
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protein expression [23, 50]. Strikingly, under hypoxia these

markers were compromised with derangement of the above

mentioned receptors’ mRNA expression [23]. A potential

underlying basis of pro-myogenic efficacy, at least in part,

could be the upregulated expressions of S1PR1–3 (Fig. 8).

Each of these receptors has been demonstrated in various

in vitro and in vivo models to individually have positive

benefits on muscle mass formation [35, 36, 40, 41]. Also

S1P promotes protein synthesis in a S1PR1-dependent

manner, which ultimately influences muscle mass and fiber

size [52]. It is notable here as well that S1PR1 expression

was significantly upregulated following S1P pretreatment

under normoxia with a significantly larger number of

thicker and branched mature myotubular structures.

Though the magnitude of this effect was lower in hypoxia-

exposed cells owing to the extremely stressful environ-

ment, the observed benefit of S1P in promoting C2C12

differentiation cannot be denied and is indeed worth further

exploration.

In conclusion, the present study sets the path for in-

depth future studies for assessment of S1P’s potential as a

prophylactic intervention for hypoxia-related myo-

pathologies.
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