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Metabolic dysfunction, dysregulated differentiation, and atrophy of skeletal muscle occur
as part of a cluster of abnormalities associated with the development of Type 2 diabetes
mellitus (T2DM). Recent interest has turned to the attention of the role of 1-
deoxysphingolipids (1-DSL), atypical class of sphingolipids which are found significantly
elevated in patients diagnosed with T2DM but also in the asymptomatic population who
later develop T2DM. In vitro studies demonstrated that 1-DSL have cytotoxic properties
and compromise the secretion of insulin from pancreatic beta cells. However, the role of 1-
DSL on the functionality of skeletal muscle cells in the pathophysiology of T2DM still
remains unclear. This study aimed to investigate whether 1-DSL are cytotoxic and disrupt
the cellular processes of skeletal muscle precursors (myoblasts) and differentiated cells
(myotubes) by performing a battery of in vitro assays including cell viability adenosine
triphosphate assay, migration assay, myoblast fusion assay, glucose uptake assay, and
immunocytochemistry. Our results demonstrated that 1-DSL significantly reduced the
viability of myoblasts in a concentration and time-dependent manner, and induced
apoptosis as well as cellular necrosis. Importantly, myoblasts were more sensitive to
the cytotoxic effects induced by 1-DSL rather than by saturated fatty acids, such as
palmitate, which are critical mediators of skeletal muscle dysfunction in T2DM.
Additionally, 1-DSL significantly reduced the migration ability of myoblasts and the
differentiation process of myoblasts into myotubes. 1-DSL also triggered autophagy in
myoblasts and significantly reduced insulin-stimulated glucose uptake in myotubes.
These findings demonstrate that 1-DSL directly compromise the functionality of skeletal
muscle cells and suggest that increased levels of 1-DSL observed during the development
of T2DM are likely to contribute to the pathophysiology of muscle dysfunction detected in
this disease.
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INTRODUCTION

1-deoxysphingolipids (1-DSL) are a class of atypical sphingolipids
found significantly elevated in plasma of individuals with impaired
fasting glucose, metabolic syndrome (MetS) and T2DM (1, 2).
Interestingly, recent clinical studies demonstrated that plasma 1-
DSL are also significantly elevated in non-diabetic individuals who
later develop T2DM (3). In contrast, these atypical lipids are not
elevated in patients with diabetes type 1 (T1DM) (4). This suggests
that 1-DSL could be considered early predictors of T2DM
independently of the levels of glycated haemoglobin and MetS
in general population (3, 5). Recent studies revealed that these
atypical lipids were found significantly elevated in obese and
T2DM patients compared to athletes and lean individuals, and
that their accumulation appeared to cause insulin resistance in
vitro (5). However, the underlying molecular mechanisms leading
to development of T2DM in patients with elevated atypical
sphingolipids have not been fully elucidated.

The first step in de novo sphingolipid synthesis occurs in the
endoplasmic reticulum (ER) where the enzyme serine
palmitoyltransferase (SPT) catalyses the condensation of serine
and palmitoyl Co-A to form sphinganine (SA) which is then
metabolised to ceramide and complex sphingolipids
(sphingomyelins, glycosphingolipids) (6). On the other hand,
when alanine is used over serine, SPT sintethises the atypical
sphingolipids 1-DSL. This class of sphingolipids lacks the C1-
OH group of canonical sphingolipids which make them resistant
to normal sphingolipid catabolism thus resulting in the
accumulation of 1-DSL inside cells and tissues (7). Recent in
vitro studies have demonstrated accumulation of 1-DSL promote
death of pancreatic beta-cells and interfere with insulin secretion
(8) and may be involved in the mechanisms of insulin resistance
(5). Another clinical study showed that 1-DSL levels are elevated
in the early stages of diabetic neuropathy, although this elevation
did not correlate with the clinical course of the disease (9).

Deterioration of skeletal muscle mass is a hallmark of patients
with T2DM (10). A reduction in skeletal muscle’s ability to
respond to insulin and the subsequent development of insulin
resistance are key events in the establishment of high blood
glucose levels and impaired glycaemic control. In addition to
these metabolic dysfunctions, muscle loss or atrophy is
associated with diminished strength, quality of life, and early
mortality (11, 12). T2DM-generated muscle atrophy is initiated
by dysfunctions in the activity of myogenic progenitor cells, so-
called myoblasts (13–15). Specifically, proliferation, migration,
and differentiation of myoblasts, which are vital for the
maintenance of skeletal muscle integrity, are reduced during
T2DM (16, 17). While muscle dysfunction and atrophy coincide
with the development of T2DM, the exact relationship between
T2DM and the reduced functionality of myoblasts remains
largely unexplored.
Abbreviations: 1-DSA, 1-deoxysphinganine; 1-DSL, 1-deoxysphingolipids; ATP,
Adenosine Triphosphate; MTT, Thiazolyl Blue Tetrazolium Bromide; PA,
palmitic acid; SA, sphinganine; SL, sphingolipids; T2DM, Type 2
Diabetes Mellitus.
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Given the cytotoxic properties associated with atypical lipids,
the aim of this study was to investigate whether 1-DSL
compromises the functionality of skeletal myoblasts and their
differentiation into mature myotubes thus contributing to the
pathophysiology of T2DM.
MATERIALS AND METHODS

Mammalian Cell Culture
Immortalised mouse C2C12 myoblast cell line (ATCC, CRL-1772,
USA) was cultured in a complete medium comprising high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) –
(Sigma, D6429, USA), 10% Fetal Bovine Serum (FBS) (Thermo
Fisher Scientific, 10099158, USA), and 1X penicillin-streptomycin
(Thermo Fisher Scientific, 10378016, USA) at 37°C, 5% CO2, and
saturating humidity. The cells were passaged once a week before
reaching confluence using Trypsin – EDTA solution (Sigma,
T4049, USA).

To induce myoblast differentiation into myotubes, the
complete medium was changed to a differentiation medium of
DMEM with 2% horse serum (Thermo Fisher Scientific, 260500,
USA) and 1X penicillin-streptomycin for 5 days. Lipid
treatments included either 1-deoxysphinganine (Avanti Polar
Lipids, 860493P, USA) or the control non-toxic - sphinganine
(Avanti Polar Lipids, 860498P, USA), or the control toxic -
palmitic acid (Sigma, P0500, USA) which causes insulin
resistance in skeletal muscle cells (18). Lipids were dissolved in
absolute ethanol to obtain a stock concentration of 1 mM. Fatty
acid-free - bovine serum albumin (Sigma, A6003, USA) was used
as a lipid carrier and added to the complete medium at the same
molar concentration as the lipids. The working concentrations
for lipids were prepared by diluting lipid stock solutions in a
complete medium or differentiation medium according to the
relevant assays.

Cell Viability Assay
C2C12 cells were seeded into 96-well plates (2x104 cells/well) and
lipids at concentrations of 0.5 µM, 1 µM, and 3 µM, were added
when the cells reached 100% confluency, as described in the
figure legends. The numbers of live and dead cells were
quantified by staining with Trypan Blue dye (Life
Technologies, 5250061, USA) and manual counting was
performed using a Neubauer chamber (Blau Brand, 717810,
Germany). Alive cells as indicated by no Trypan blue staining
were counted under a microscope and our read-out normalised
to this number.

Cell viability was also quantified by Thiazolyl Blue
Tetrazolium Bromide (MTT) assay. C2C12 cells (2x104 cells/
well) were cultivated in 96 well plates and treated with the lipids
as described in the figure legends. After the treatment period, 10
mL of 5 mg/mL MTT (Sigma, M5655, USA) was dissolved in PBS
and was added to each well, and incubated for 2 hours at 37°C.
After aspirating the supernatant, formazan crystals were
dissolved in 100 µl of DMSO and quantified by measuring the
December 2021 | Volume 12 | Article 772925
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absorbance at 570 nm and reference at 670 nm using the Infinite
200 Pro microplate reader (Tecan, 396235, Switzerland).

ATP Assay
Intracellular Adenosine Triphosphate (ATP) levels at different time
points were quantified using the CellTiter-Glo Luminescent
Viability Assay (Promega, G7570, USA), following the
manufacturers’ instructions. Luminescence was recorded over an
integration period of 0.25 to 1 second using the Infinite 200 Pro
microplate reader. ATP levels for each cell were calculated by
normalizing the luminescence levels to the number of live cells
After lipid treatment, wells were washed with 1X PBS, then 50 mL of
Trypsin was added to the wells and incubated for 10 min. Trypsin
reaction was stopped by adding 60 mL fresh 10% FBS DMEM (total
volume = 110 mL). 10 mL of cell suspension was mixed with 10 mL of
Trypan blue. Alive cells as indicated by no Trypan blue staining
were counted under a microscope and our read-out normalised to
this number. Data = luminescence RLU/number of live cells.

Immunocytochemistry
Cells (2x104 cells/well) were grown in Nunc Lab-Tek 8-chamber
slides (Sigma, C7182, USA) and treated with the lipids as described
in the figure legends. Cells were then fixed with 4% formaldehyde
(Life Technologies, FB002, USA), permeabilised with 0.2% Triton
X-100 (Sigma, T9284, USA), and incubated in primary antibodies
diluted in blocking solution (2% bovine serum albumin (BSA)
(Sigma, A6003, USA). Primary antibodies used were rabbit anti-
cleaved caspase-3 (D175) (1:400, Cell Signalling Technology,
9661S, USA), rabbit anti-p62/SQSTM1 (1:500, Cell Signaling
Technology, 4108, USA) subsequently incubated with secondary
antibodies Alexa Fluor 594 goat anti-rabbit IgG (H+L) (1:500,
Invitrogen, A-11037, USA). F-actin was visualised with
Phalloidin-FITC (1:32, Sigma, P5282, USA) and nuclei with
DAPI contained in Prolong mounting solution (Life
Technologies, P36941, USA). Microscopy analyses were
performed on a wide-field EVOS M5000 Cell Imaging
microscope (Thermo Fisher, AMF5000, USA). Quantification of
labelled cells was performed in at least 5 randomly selected high-
power fields (60X magnification) per slide using the ImageJ
Software (version v1.52a, National Institutes of Health, USA).

Migration Assay
Myoblast migration assay was carried out as previously described
(19, 20). Briefly, myoblasts (5 x 104 cells/well) were seeded in 24-
well-plates until reaching confluency and then incubated for 24
hours with DMEM containing 1% FBS. The cell monolayer was
scratched with a pipette tip to obtain an acellular area in the middle
of the well. Lipids were then added to the cells in a fresh medium
with 1% FBS. Scratch width was measured using an EVOS M5000
Cell Imaging microscope (Thermo Fisher, AMF5000, USA).
Myoblast migration at different incubation times was calculated
as the percentage of scratch width over the initial scratch width.

Myoblast Fusion Assay
Myoblast’s differentiation was induced for 5 days with or without
lipids. Cells were then fixed in 100% cold methanol, and
myotubes stained as previously described (21–23), with minor
Frontiers in Endocrinology | www.frontiersin.org 3
modifications. Briefly, cells were stained with May-Grunwald
solution (Abcam, 150670, UK) for 15 minutes followed by
Giemsa staining solution (Abcam, 150670, UK) for 30 minutes.
Cells were visualized with the EVOS M5000 Cell Imaging
microscope (Thermo Fisher, AMF5000, USA). Myotubes
containing at least 3 nuclei were counted in 5 randomly
selected regions per well using ImageJ software (version v1.52a,
National Institutes of Health, USA).

Glucose Uptake Assay
Glucose uptake was assessed in myotubes using the Glucose
Uptake-Glo Assay (Promega, J1341, USA) following the
manufacturer’s instructions. After three days of differentiation,
myotubes were treated with either a control medium (no lipids)
or medium with 0.5 mM/3 mM lipids, for two additional days. On
the last day of treatment, serum was not added to the
differentiation medium. Cells were then treated with or
without 100 nM insulin for 2 hours at 37 °C, followed by the
addition of 100 mM 2-deoxyglucose for 10 min at 37 °C. Glucose
uptake was quantified recording luminescence with 0.3 to 1
second integration time using the Infinite 200 Pro microplate
reader. Glucose uptake levels were then normalized to the
number of live cells. After lipid treatment, wells were washed
with 1X PBS, then 50 mL of Trypsin was added to the wells and
incubated for 10 min. Trypsin reaction was stopped by adding 60
mL fresh 10% FBS DMEM (total volume = 110 mL). 10 mL of cell
suspension was mixed with 10 mL of Trypan blue. Alive cells as
indicated by no Trypan blue staining were counted under a
microscope and our read-out normalised to this number. Data =
luminescence RLU/number of live cells.

Statistical Analysis
Each experiment was the average of three independent
experiments. All treatments and time-points were performed in
triplicates. All statistical analyses were completed using GraphPad
Prism version 8.3.0 Statistics for Windows (GraphPad Software,
San Diego, California USA). The effects of 1-DSA on cellular
viability, metabolic activity, energy (ATP) production levels,
migration, and the fusion of myoblasts were analysed by one-
way ANOVA with 1-DSA treatment as factors. The effect of 1-
DSA on glucose uptake of myotubes was analysed by two-way
ANOVA with insulin effect and 1-DSA effect as factors. ANOVA
results were then followed by a post hoc analysis using Tukey’s
Honest Significant Difference test as appropriate. The effects of 1-
DSA on inducing apoptosis, necrosis, and autophagy onmyoblasts
were analysed by two-tailed Student’s t-test. Data are presented as
mean ± Standard Error of Mean (SEM). The results were
considered statistically significant when p < 0.05.
RESULTS

1-DSA Treatment Reduces the
Viability of Myoblasts
We investigated whether incubation with 1-DSL is directly toxic
to C2C12 myoblasts, the most commonly used mouse skeletal
December 2021 | Volume 12 | Article 772925
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muscle cell line (24, 25). Myoblasts were treated with low
micromolar concentrations (0.5 µM, 1 µM, and 3 µM) of either
the 1-DSL 1-deoxysphinganine (1-DSA) or the control
sphinganine (SA). Incubation with 1-DSA significantly lowered
the number of living cells in a concentration-dependent manner,
as assessed by trypan blue exclusion assay (Figure 1A) and MTT
assay (Figure 1B). There was no significant difference between
the control SA groups at all the concentrations tested.

We then tested whether 1-DSA significantly reduced the
number of live cells in a time-dependent manner. We
measured cell viability over time upon incubation with 3 mM
1-DSA, a concentration that greatly reduced the number of live
cells after 24 hours of treatment (See Figures 1A, B). Three
micromoles of 1-DSA did not affect cell viability after 4 hrs of
incubation, but significantly reduced the number of viable cells
over the 24-hour-period, as determined by trypan blue exclusion
assay (Figure 1C) and MTT assay (Figure 1D), which suggested
that 1-DSL suppressed myoblast proliferation. A significant
reduction in the number of live cells was accompanied by
morphological alterations of C2C12 cells, including rounding
up and detachment from the well surface (Figure 1E).
Frontiers in Endocrinology | www.frontiersin.org 4
Lipid-induced toxicity has been demonstrated in muscle cells in
the presence of saturated fatty acids (26). This lipotoxicity has the
potential to induce insulin resistance in muscle cells (27, 28), and
thus contribute to the pathophysiology of diabetes. We compared
the lipotoxicity of the saturated fatty acid palmitic acid with 1-DSA.
Treatment with 1-DSA (1 and 3 µM) significantly reduced the
number of viable cells at concentrations significantly lower than
palmitic acid (200 and 500 µM) (Figures 1F, G). Additionally, 1-
DSA induced more cell rounding and detachment from the surface
of the cell-culture flask, compared to the palmitic acid treatment
(Figure 1H). This demonstrates that 1-DSA is much more
cytotoxic to myoblasts than palmitic acid.
1-DSA Induce Necrosis, Apoptosis, and
Autophagy and Raise ATP Levels in
C2C12 Myoblasts
The reduction in live cell number observed upon 1-DSA
treatment may be attributed to either reduced myoblast
proliferation or increased cell death. The morphological
changes described in (Figures 1E, H) suggest that incubation
A B C

E
F

D

G

H

FIGURE 1 | 1-DSA reduce viable cell numbers in a concentration and time-dependent manner. (A) Cell viability of C2C12 myoblasts treated at 100% confluence
with SA or 1-DSA at the selected concentrations and incubated for 24 hours and tested by trypan blue exclusion assay. SA groups were used as control. (B) Cell
viability of C2C12 myoblasts treated with the designated SA or 1-DSA concentrations for 24 hours by MTT assay. (C) Cell viability of myoblasts treated with 3 mM
SA or 3 mM 1-DSA at the indicated time points up to 24 hours by trypan blue exclusion assay. (D) Cell viability of C2C12 myoblasts treated with 3 mM SA or 3 mM 1-
DSA at the indicated time points up to 24 hours by MTT assay. (E) Bright-field images showing C2C12 myoblast morphology treated at 100% confluence with 3 mM
1-DSA and 3 mM SA at indicated time points. (F) Cell viability of C2C12 myoblasts treated at 100% confluence with SA or 1-DSA at 1 µM and 3 µM and incubated
for 24 hours, by trypan blue exclusion assay. Data are presented as mean ± SEM (n=3). *p < 0.05, SA vs. 1-DSA in (A–D, F); one-way ANOVA followed by post hoc
tests. (G) Cell viability of C2C12 myoblasts treated at 100% confluence with control or palmitic acid at 200 µM and 500 µM and incubated for 24 hours, by trypan
blue exclusion assay. Data are presented as mean ± SEM (n=3). *p < 0.05, control versus palmitic acid; one-way ANOVA followed by post hoc tests. (H)
Representative cellular morphological images under the effect of 1-DSA (1 mM and 3 mM, respectively) and palmitic acid (200 mM and 500 mM, respectively) after 24
hour-incubation. Scale bars: 100 mm.
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with the lipids induces cell death. This is in line with previous
investigations in which an increase in ATP levels could be
considered as pre-requisite of apoptotic processes (29, 30).
This was further confirmed by quantification of dead cell
numbers by trypan blue staining, showing that 3 mM of 1-DSA
increased the number of trypan blue positive myoblasts
(Figures 2A, B). Trypan blue staining relies on the loss of
membrane integrity and is a strong indicator of cellular
necrosis (31).

Immuno-staining for the apoptotic marker cleaved caspase-3
revealed that treatment with 3 mM of 1-DSA significantly
induced apoptosis in C2C12 myoblasts (Figure 2C). Cleaved
caspase-3 positive cells showed nuclear condensation and cell
shrinkage, characteristic features of the apoptotic process
(Figure 2D). To further investigate the induction of apoptosis
upon 1-DSA incubation, we quantified cellular ATP content, as
increased ATP is required to support the activity of hydrolytic
enzymes, chromatin condensation, and formation of membrane-
enclosed vesicles observed during apoptotic cell death (29). ATP
levels were higher in 1-DSA treated cells at all the time points
analysed (Figure 2E), further supporting that 1-DSA triggers
apoptosis in C2C12 myoblasts.

Finally, we investigated the cellular processes underlying 1-
DSA-mediated cytotoxicity. Autophagy is often associated with
cell death (32, 33) and 1-DSA have recently been shown to
increase the autophagic flux in embryonic fibroblasts and
macrophages (34). Treatment with 3 mM of 1-DSA significantly
increased the number of cells expressing the autophagic marker
P62/SQSTM1 (Figures 2F, G), thus demonstrating that 1-DSA
trigger autophagy in C2C12 myoblasts.

1-DSA Inhibit the Migration of C2C12
Myoblasts
Myoblast migration is critical for muscle integrity and
regeneration as cell migration is the first step for myoblast
differentiation (35, 36). Both myoblast migration and
differentiation are impaired in T2DM (14, 17, 37–40), thus, we
tested whether incubation with 1-DSA reduces the migration
ability of C2C12 myoblasts. We incubated C2C12 myoblasts with
0.5 mM and 1 mM of 1-DSA, concentrations that induced only a
minor decrease in the number of live cells and thus minimising
the confounding element of cell death in our analysis. Our results
showed that 1-DSA significantly reduced migration of myoblasts
in a concentration-dependent and time-dependent manner, as
measured by a wound-healing assay. (Figures 3A, B).

1-DSA Impair C2C12 Myoblasts Fusion
Into Myotubes
After demonstrating that 1-DSA treatment reduces myoblast
migration, we further evaluated whether it also reduces myoblast
fusion into myotubes, a key step for the differentiation of
myoblasts into mature myofibers. Treatment with 0.5 mM and
1 mM 1-DSA over 5 days reduced the number of myotubes in a
concentration-dependent manner compared to the control
group SA, as detected by May-Grunwald Giemsa staining
(Figures 4A, B). Concomitant with lowering the frequency of
Frontiers in Endocrinology | www.frontiersin.org 5
cell fusion into myotubes, 1-DSA treatment also altered the
morphology of myotubes. Specifically, in control SA treated
cells, myotubes were elongated and contained nuclei
distributed along the longitudinal axis. Conversely, in 1-DSA
treated cells, the majority of the myotubes were shorter than
controls and contained multiple nuclei concentrated in the
centre of the expanded cell body (Figure 4C).

1-DSA Impair Insulin-Stimulated Glucose
Uptake in C2C12 Myotubes
Glucose intolerance is a characteristic feature of T2DM, where
insulin-responsive tissues like skeletal muscle lose their ability to
be stimulated by insulin and uptake glucose, leading to
compromised glucose homeostasis (10, 41). To test whether 1-
DSA impairs glucose uptake in muscle cells, we differentiated
C2C12 myoblast into myotubes for 3 days and quantified glucose
uptake after 2 days exposure with SA or 1-DSA (treatment
regimen depicted in Figure 5A). Incubation with 1-DSA for
this length of time did not alter cell viability (Figure 5B). We
found that incubation with 3 mM of 1-DSA reduced the overall
amount of glucose taken up by the cells, both in the absence and
presence of insulin (Figure 5C). This effect was concentration-
dependent, as 0.5 mM 1-DSA did not change the level of glucose
uptake compared with control treatments. The reduction of
glucose uptake in the presence of 1-DSA may derive from a
lower number of live cells present upon lipid incubation. This
was confirmed by a reduction in viable cell number in 1-DSA
treated samples assessed by Trypan blue and MTT assays,
respectively (Figures 5B, D). Finally, we investigated the
insulin response at a cellular level by quantifying glucose
uptake normalised by the number of viable cells. 1-DSA
treatment reduced the magnitude of the insulin response in
C2C12 myotubes (Figure 5E), suggesting that the lipid perturbs
glucose uptake in myotubes.
DISCUSSION

Over the last 20 years, T2DM rates around the globe have risen
dramatically and its consequences represent a major public
health concern (42). In T2DM, the metabolism and
functionality of skeletal muscle, an organ that plays a major
role in maintaining blood glucose homeostasis, are
compromised, and these deteriorations contribute to the
progression of the disease (43, 44). Therefore, identifying the
molecular factors that compromise skeletal muscle before and
during T2DM is key to counteract the disease.

The findings of this study demonstrate that in vitro
incubation with 1-DSA cause functional impairments in
C2C12 skeletal muscle precursor and differentiated cells and
that these impairments are similar to the ones observed in vivo
and in T2DM patients, which have increased levels of circulating
1-DSL.

It has to be clarified that in patients treated with anti-diabetic
medications (insulin and/or other ipoglicemic drugs) and/or
December 2021 | Volume 12 | Article 772925
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with fasting plasma glucose levels ≥ 7mmol/L, the average of
circulating 1-DSL plasma levels was 0.09 mM/L (3). As in T2DM
several physiological responses can be highly responsive to
environmental factors such as drugs and diet, and contingent
Frontiers in Endocrinology | www.frontiersin.org 6
on the cellular context, we decided to use concentrations of 1-
DSL ranging from 0.5 mM, 1 mM, to 3 mM in line with the current
literature (8). The present study confirmed the previously
reported cytotoxic effect of 1-DSL (45–48) and importantly
A B

C

E

D

GF

FIGURE 2 | 1-DSA induced necrosis, apoptosis, and autophagy in C2C12 cells. (A) Representative image of trypan blue stained myoblasts after 16-hour-treatment
with either control 3 mM SA or 3 mM 1-DSA. The arrows depict positive necrotic stained cells. Scale bars, 350 mm. (B) Quantification of C2C12 necrotic dark blue
dead cell numbers. (C) Quantification of positive stained apoptotic cells. (D) Representative images of C2C12 myoblast after 16-hour treatment with either control 3
mM SA or 3 mM 1-DSA, as shown by immunostaining with apoptotic marker Cleaved Caspase-3 (red), FITC-phalloidin (green), and DAPI (blue). Arrows indicate
cleaved-caspase 3-positive cells. Scale bars, 50 mm. (E) Quantification of cellular ATP levels in C2C12 myoblasts with either 3 mM of SA or 1-DSA treatment at
indicated time points. Data are presented as mean ± SEM (n=3). *p < 0.05, SA vs. 1-DSA; one-way ANOVA followed by post hoc tests. (F) 1-DSA induced
autophagy as shown by immunostaining with autophagic marker P62/SQSTM1 (red), FITC-phalloidin (green), and DAPI (blue). Arrows indicate P62/SQSTM1-positive
cells. Scale bars, 50 mm. (G) Quantification of positive stained autophagic cells. Data in (B, D, G) are presented as mean ± SEM (n=3); *p < 0.05, SA vs. 1-DSA;
unpaired student’s t-test.
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identifies mechanisms that may contribute to the development
of T2DM.

1-DSA Compromises the Functionality of
Precursor Myoblasts and Differentiated
Myotubes
Muscle atrophy is typified by a reduction in myofiber size and
muscle mass, and the resulting loss of muscle function as well as
strength are commonly observed in T2DM patients (14, 49). In
the current study, we found that low micromolar concentrations
(1 µM and 3 mM) of 1-DSA cells reduced the number of live cells
in both precursor and differentiated C2C12 cells. These findings
support the notion that even relatively low concentrations of 1-
DSL detected in the blood of MetS (pre-diabetes) patients (50)
and T2DM patients (3) may be harmful to skeletal muscle cells.
The plasma levels of 1-DSL were previously reported to
significantly elevate in T2DM patients compared to the healthy
group (3, 50). In addition, we showed that 1-DSA cytotoxicity is
time-dependent, as the magnitude of the deleterious effects
increased after prolonged lipid exposure. This is in accordance
with the concept that, as a result of their biological structure, 1-
DSL are metabolized intracellularly very slowly compared to
typical sphingolipids, thus leading to a gradual accumulation of
1-DSL inside the cells and consequent cellular dysfunction (45).

Fast replicating, sub-confluent myoblasts were particularly
sensitive to 1-DSA exposure, leading to cell death (Supplementary
Frontiers in Endocrinology | www.frontiersin.org 7
Figure 1A), while the effect was less pronounced in slowly replicating
confluent cells and differentiated myotubes (Supplementary Figure
1B). Further investigations are required to determine themechanisms
underlying the different sensitivity observed. However, the lower
replication rate of the cells following confluency and differentiation
may account for the lower lipotoxicity, as previously shown in
insulin-producing beta cells (8).

Additional analyses on the characteristics of 1-DSA-induced
toxicity revealed that incubation with the lipid inhibited
myoblast migration and myoblast differentiation into
myotubes. These processes are crucial to maintain muscle
homeostas i s . Spec ifical ly , myoblas t migrat ion and
differentiation are key steps in myogenesis and regeneration
(51–53). During the regeneration phase, myoblasts migrate to
the affected areas and undergo terminal differentiation where
they align and fuse into myotubes (54, 55). The biochemical
features of C2C12 myoblast cell line represents a meaningful and
effective examination tool to examine skeletal muscle metabolism
and differentiation (1, 2). We investigated common myogenic
markers (MyoG, FABP3), and we found that 1-DSL did not alter
their gene expression (Supplementary Figure 2). Further studies
in myoblast primary cell lines and in vivo investigations would
offer a better understanding of the gene and protein expression
levels of myogenic markers for a targeted therapeutic
intervention in patients with elevated 1-DSL levels. Our results
also suggest that 1-DSA could contribute to the impaired
A

B

FIGURE 3 | 1-DSA significantly reduces the migration of muscle cells in a concentration and time-dependent manner, as tested by Wound-healing assay. (A) The
wound-healing results are represented as the percentage of the initial wound area. Values are expressed as mean ± SEM (n = 3). *p < 0.05, SA vs. 1-DSA; one-way
ANOVA followed by post hoc tests. (B) The representative wound-healing images of C2C12 myoblasts under the effect of either SA or 1-DSA were recorded by
microscopy at the indicated time points. Scale bars: 350 mm.
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myoblast differentiation and regeneration observed in-vivo
during T2DM, which leads to skeletal muscle wasting and loss
that often accompanies insulin resistance (56). In addition, our
results indicate that 1-DSA incubation compromise glucose
uptake in differentiated muscle cells. This has important
implications in understanding the pathophysiology of T2DM,
as it suggests that the effect of 1-DSA in skeletal muscle cells may
contribute to the increase in blood levels of glucose observed in
the disease.

We also reported that 1-DSA are much more cytotoxic to
myoblasts than palmitic acid, a well-known saturated fatty acid
causing insulin resistance in muscle cells (26, 27, 57). The
saturated fatty acid palmitate also has a harmful effect on the
myotube size and morphology of C2C12 myotubes (58).
Palmitate-stimulated insulin resistance in C2C12 myotubes is
closely associated with the reduction on myotube numbers and
reduced expression of health benefit myokine genes, which
confirmed the negative effect of palmitate accumulation in
myotubes (59). Therefore, these findings highlight the concept
Frontiers in Endocrinology | www.frontiersin.org 8
that both 1-DSL and saturated fatty acids are responsible for
muscle cell lipotoxicity, which is a key contributing factor in the
pathophysiology of T2DM (60–62).

Mechanisms of 1-DSA-Induced
Lipotoxicity
Toxic effects induced by exposure to 1-DSA have been reported
in different cell types, including insulin-producing b-cells (8),
pancreatic acinar cells (63), and peripheral neurons (46, 48, 64),
mouse embryonal fibroblasts (MEFs) (65), pig kidney epithelial
cells and human prostate cancer cells (66). However, the
underlying mechanisms of 1-DSA lipotoxicity have not been
fully elucidated. Some studies reported that 1-DSA incubation
damages the structure and functionality of intracellular
organelles, including mitochondria (67), ER (65), and Golgi
apparatus (34). Damaged or stressed organelles are normally
degraded and recycled via the cellular process of autophagy (68).
In addition to the previous study of Lauterbach et al., 1-DSA
were recently found to alter cellular autophagy and to induce
A

B

C

FIGURE 4 | 1-DSA inhibits myogenic differentiation and impaired myotube formation. (A) Quantification of myotubes per well after 5 days of SA or 1-DSA treatment.
Values are expressed as mean ± SEM (n = 3). *p < 0.05, SA vs. 1-DSA; one-way ANOVA followed by post hoc tests. (B) Representative May-Grunwald Giemsa
staining images of day 0 and day 6 of differentiation of C2C12 cells. Scale bars: 350 mm. (C) Insets represented a higher magnification of 5-day-differentiated
myotubes treated with either 1 mM SA or 1-DSA. White arrows depict myotubes. Dotted lines cover the shape of myotubes. Scale bars: 50 mm.
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autophagosome accumulation in MEFs (34). Our data showed
that exposure to 1-DSA increase autophagosomes formation in
C2C12 myoblasts and altered autophagy activity is one of the
major causes for a variety of skeleton muscle disorders (69). This
is of special interest as dysfunction in the autophagic process is
linked with the development of obesity and T2DM (13, 69). As
plasma levels of 1-DSL are elevated in metabolic MetS and
T2DM patients (2, 3), our findings suggest a potential
involvement of 1-DSL in activating autophagosome in the
context of the disease. Further investigations are required to
elucidate the molecular mechanisms by which exposure to 1-
DSA trigger autophagy. One possible cellular mediator for the
observed phenotype is the generation of 1-deoxyceramide, a
downstream metabolite of 1-DSA that accumulates in cells
upon 1-DSA treatment in vitro (70). In addition, 1-
deoxyceramide is highly enriched in vivo in visceral adipose
tissue as well as in the serum of obese patients with T2DM (71).
Ceramides are bioactive signalling molecules that counteract the
activity of suppressors of autophagy, including Class I PI3K and
AKT, via activation of PP2A (72). Ceramides have also been
proven to alleviate IL-13-mediated inhibition of autophagy (73),
which is believed to require the class I PI3K/AKT pathway (74).
Frontiers in Endocrinology | www.frontiersin.org 9
1-DSA-derived 1-deoxyceramide may also contribute to the
apoptotic death observed in skeletal muscle cells. In support of
this hypothesis, ceramides can trigger caspases 3 and 7 and thus
stimulate apoptosis (75). Ceramides can also alter the
permeability of the outer membrane of mitochondria (75), by
forming channels through the mitochondrial membrane (76),
which is an critical step in the generation of apoptosis.
CONCLUSION

The findings of this study revealed that 1-DSA exerts cytotoxic
effects in both myoblast progenitors and differentiated myotubes.
Our study suggests that the risen levels of 1-DSL detected in
T2DM patients may contribute to the diminished functionality
of skeletal muscle tissue. Further studies are required to further
validate our findings in primary muscle cells, human skeletal
muscle organoids and mouse models. In addition, as circulating
levels of 1-DSL can be modulated via dietary interventions (47,
63), additional investigations are warranted to test whether
lowering 1-DSL may improve glycaemic control and then
complement presently available therapies in preventing T2DM.
A

B C

D E

FIGURE 5 | 1-DSA induced insulin resistance by reducing glucose uptake in C2C12 5-day-differentiated-myotubes. (A) Model of C2C12 skeletal muscle
differentiation and lipids SA or 1-DSA treatment for glucose uptake assay. SA was used as a control. (B) Cell viability of C2C12 myotubes treated with 3 mM SA or 1-
DSA for 48 hours with/without insulin, as tested by trypan blue exclusion assay. No insulin groups were used as control. (C) Myotubes were treated with either 0
mM, 0.5 mM 1-DSA, or 3 mM SA/1-DSA with or without 100 nM insulin. Glucose uptake levels were determined with 2-DG by measuring luminescence, upon 48-
hour- treatment with the lipids (D) Cell viability of C2C12 myotubes treated with 3 mM SA or 1-DSA for 48 hours with/without insulin, as tested by MTT assay. No
insulin groups were used as control. (E) Quantification of glucose uptake level per live cell by normalizing luminescence to the number of live cells. Data are
presented as a percentage of the control – SA/1-DSA no insulin group. Data correspond to the mean ± SEM (n = 3). *p < 0.05, no insulin vs. insulin; #p < 0.05, 1-DSA
vs. SA; two-way ANOVA followed by post hoc tests.
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Supplementary Figure 1 | 1-DSA reduce viable cell numbers in a concentration-
dependent manner. (A) C2C12 cells were seeded at 5 x 103 cells/well. Cell viability
of C2C12 myoblasts treated at sub-confluence with SA or 1-DSA at the selected
concentrations and incubated for 24 h, as tested by MTT assay. SA groups were
used as control. (B) C2C12 cells were seeded at 2 x 104 cells/well. Cell viability of
C2C12 5-day-differentiated myotubes, included 24 h of SA or 1-DSA treatment at
the selected concentrations, as tested by MTT assay. Data were presented as
mean ± SEM (n=3). *p < 0.05, SA vs. 1-DSA; one-way ANOVA followed by post hoc
tests.

Supplementary Figure 2 | Effect of 1-DSA on mRNA expression of myogenic
markers. mRNA levels were normalized to EEF2 mRNA and presented as fold
change.
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