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Intramuscular injection of sotagliflozin promotes
neovascularization in diabetic mice through enhancing skeletal

muscle cells paracrine function

Lai-liu Luo'?, Jing-xuan Han'?, Shou-rong Wu"*3

and Vivi Kasim'?3

Diabetes mellitus is associated with series of macrovascular and microvascular pathological changes that cause a wide range of
complications. Diabetic patients are highly susceptible to hindlimb ischemia (HLI), which remains incurable. Evidence shows that
skeletal muscle cells secrete a number of angiogenic factors to promote neovascularization and restore blood perfusion, this
paracrine function is crucial for therapeutic angiogenesis in diabetic HLI. In this study we investigated whether sotagliflozin, an anti-
hyperglycemia SGLT2 inhibitor, exerted therapeutic angiogenesis effects in diabetic HLI in vitro and in vivo. In C2C12 skeletal
muscle cells, we showed that high glucose (HG, 25 mM) under hypoxia markedly inhibited cell viability, proliferation and migration
potentials, which were dose-dependently reversed by pretreatment with sotagliflozin (5—20 uM). Sotagliflozin pretreatment
enhanced expression levels of angiogenic factors HIF-1a, VEGF-A and PDGF-BB in HG-treated C2C12 cells under hypoxia as well as
secreted amounts of VEGF-A and PDGF-BB in the medium; pretreatment with the HIF-1a inhibitor 2-methoxyestradiol (2-ME2,
10 uM) or HIF-1a knockdown abrogated sotagliflozin-induced increases in VEGF-A and PDGF-BB expression, as well as sotagliflozin-
stimulated cell proliferation and migration potentials. Furthermore, the conditioned media from sotagliflozin-treated C2C12 cells in
HG medium enhanced the migration and proliferation capabilities of vascular endothelial and smooth muscle cells, two types of
cells necessary for forming functional blood vessels. In vivo study was conducted in diabetic mice subjected to excising the femoral
artery of the left limb. After the surgery, sotagliflozin (10 mg/kg) was directly injected into gastrocnemius muscle of the left
hindlimb once every 3 days for 3 weeks. We showed that intramuscular injection of sotagliflozin effectively promoted the formation
of functional blood vessels, leading to significant recovery of blood perfusion in diabetic HLI mice. Together, our results highlight a
new indication of SGLT2 inhibitor sotagliflozin as a potential therapeutic angiogenesis agent for diabetic HLI.
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INTRODUCTION
Diabetes mellitus is a lifelong metabolic disease characterized by
chronic hyperglycemia [1]. International Diabetes Federation
estimated that 1 in 11 adults aged 20-79 years (415 million
adults) had diabetes mellitus globally in 2015. Furthermore, this
number is projected to rise to 642 million by 2040, as the trend
keeps increasing [2]. Despite the tremendous efforts put into
prolonging the lives of patients with diabetic mellitus, diabetes
has remained as the fifth leading cause of death worldwide and
has directly resulted in 1.6 million deaths [3]. In chronic conditions,
diabetes can lead to long-term damage, dysfunction, and failure of
different organs, especially eyes, kidneys, nerves, heart, and blood
vessels [4]. Unfortunately, until now, no complete cure for
diabetes has been found [5, 6].

Vascular complications are the leading causes of morbidity and
mortality in diabetic patients [7]. Diabetic hindlimb ischemia (HLI)

stands for the pathological changes of blood vessels and nerves in
the feet of diabetic patients, resulting in insufficient blood supply,
especially to the lower extremity [8]. In severe cases, HLI could
lead to tissue necrosis, amputation and even death. Indeed,
diabetes has become the main cause of non-traumatic amputa-
tion [9].

Currently, there have been limited advances in therapies for
diabetic HLI. Revascularization approach is largely inappropriate
for diabetic HLI patients due to larger wound surface areas and
higher rates of relapse compared to non-diabetic patients.
Furthermore, patients with critical limb ischemia, the most severe
stage of HLI whose risk is even significantly higher in diabetic
patients compared to non-diabetic patients, could not receive
revascularization treatments due to severe damages in their
vessels. For these “no-option” patients, amputation is frequently
inevitable to prevent the generation of other complications
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[10, 11]. For approximately two decades, therapeutic angiogenesis
is one of the most studied and regarded as an effective promising
strategy for HLI disease, especially for nonrevascularizable patients
[12]. However, hyperglycemia disrupts internal angiogenic poten-
tial, causing ineffective induction of angiogenesis to yield a
successful therapy in diabetic HLI patients.

Skeletal muscle cells, the largest paracrine and endocrine organ, is
an attractive target for therapeutic angiogenesis, as they could
secrete paracrine and autocrine signals, including vascular endothe-
lial growth factor-A (VEGF-A), platelet-derived growth factor-BB
(PDGF-BB), fibroblast growth factor 2 (FGF2), and heme oxygenase-1
(HO-1) [13-15]. These factors could positively influence vascular
endothelial and smooth muscle cells, and subsequently enhance
neoangiogenesis [13, 14, 16, 17]. Vascular endothelial cells, which
initiates angiogenesis by forming the inner vessel tubes, and smooth
muscle cells, which cover the vessel tubes formed by vascular
endothelial cells, are two fundamental cells forming functional and
mature vessels [18]. Meanwhile, growing evidences from pre-clinical
and clinical studies have implicated alterations in hypoxia-inducible
factor 1 (HIF-1a) levels, which regulates various angiogenic factors
including VEGF-A and PDGF-BB, in the abrogation of pro-angiogenic
pathways [19], and that stabilization of skeletal muscle cells HIF-1a
might benefit angiogenesis [20, 21]. Furthermore, our previous
studies have shown that targeting skeletal muscle cells and
improving their paracrine function could serve as a potential
therapeutic strategy for HLI [17, 22, 23].

Sotagliflozin, a dual inhibitor of sodium-glucose co-transporter-
2 (SGLT2) and sodium-glucose co-transporter-1, is an anti-
hyperglycemic drug that has been approved by the European
Medicines Agency [24]. Recent study showed that sotagliflozin
could significantly lower the total number of deaths from
cardiovascular causes in patients with diabetes and chronic
kidney disease [25, 26]. However, whether sotagliflozin could
exert therapeutic angiogenesis effects in diabetic HLI is still
unknown. Here we showed that SGLT2 inhibitor sotagliflozin could
significantly enhance the viability and paracrine function of
skeletal muscle cells, which subsequently promote neovascular-
ization in diabetic HLI mice.

MATERIALS AND METHODS

Chemicals

Sotagliflozin (purity >=99%) was purchased from Meilunbio
(Shenyang, China). Mannitol (purity =99%) was purchased from
Macklin Biochemical (Shanghai, China). Streptozocin (STZ; purity
>75%) was purchased from Sigma-Aldrich (St Louis, MO, USA).

Cell lines and cell culture

C2C12, HUVEGCs, and MOVAS cell lines were purchased from the
American Type Culture Collection. Cells were cultured with
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Life Technol-
ogies, Grand Island, NY, USA) with 10% fetal bovine serum (FBS;
Biological Industries, Beit Haemek, Israel) and 1% penicillin/
streptomycin (Gibco) in a humidified incubator (37 °C, 5% CO,).
Prior to use in cell culture experiments, C2C12 cells were
differentiated into myotubes by culturing them in DMEM with
2% horse serum (Biological Industries) and 1% penicillin/strepto-
mycin for 5 days [27]. Normal glucose condition was obtained by
culturing the cells in DMEM with a final glucose concentration of
7.5 mM, while hyperglycemic condition was obtained by culturing
the cells in DMEM with a final glucose concentration of 25 mM.
High osmotic group was established by culturing the cells in
normal glucose condition with 17.5 mM mannitol (final concen-
tration). Cells were then exposed to hypoxia in a hypoxia chamber
(Anaeropouch Box, 0.1% O,, Mitsubishi Gas Chemical, Tokyo,
Japan). Regular detection for mycoplasma contamination was
performed by Mycoplasma Detection Kit-QuickTest (Biotool,
Houston, TX, USA).
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Sotagliflozin treatment

For sotagliflozin treatment, cells were treated for 24 h with
indicated doses of sotagliflozin dissolved in 10% dimethylsulf-
oxide (DMSO). After sotagliflozin treatment, medium was replaced
with FBS-free DMEM, and cells were put under hypoxic condition
as described above.

For HIF-1a inhibition, cells were treated with 2-methoxyestradiol
(2-ME2; Shanghai Macklin Biochemical, Shanghai, China; final
concentration: 10 uM) for 12 h, followed by sotagliflozin treatment
as described above.

For HIF-1a silencing experiment, C2C12 cells were transfected
with control vector (shCon) or shRNA expression vector targeting
HIF-1a (shHIF-10) using Lipofectamine 2000 (Invitrogen Life
Technologies, Grand Island, NY, USA) according to the manufac-
turer’s instruction. Puromycin selection (2 ug/mL) was performed
24 h after transfection for 48 h to eliminate untransfected cells.

Plasmids and constructs

For HIF-1a silencing experiment, shRNA expression vectors
targeting murine HIF-1la (NM_001313919; target sites: 5'-
GTGAAAGGATTCATATCTA-3' (shHIF-1a—1), or 5-GACACAGCCTC
GATATGAA-3' (shHIF-10—2)) were constructed as described
previously. Target sites were predicted as described previously
[28]. For control vector (shCon), a vector containing a stretch of
seven thymines downstream to the U6 promoter was used.

Animal experiment

Male C57BL/6 and Balb/c mice aged 6 weeks (body weight 15-20 g)
were obtained from the Third Military Medical University (Chongg-
ing, China). Animal studies were approved by the Laboratory Animal
Welfare and Ethics Committee of the Third Military Medical
University and performed in the Third Military Medical University.
All animal studies conformed to the approved Guidelines for the
Care and Use of Laboratory Animals of the Third Military Medical
University. All efforts were made to minimize suffering.

For diabetes induction, C57BL/6 mice were fed with high fat
diet for 3 weeks (20% kcal protein, 20% kcal carbohydrate, and
60% kcal fat). Intraperitoneal administration of 60 mg/kg body
weight STZ diluted in sodium citrate buffer was then performed
for the following 6 days. Mice were fasted overnight prior to each
STZ injection and blood glucose level measurement. Blood
glucose level was evaluated using Accu-Check Integra (Roche
Diagnostics, Shanghai, China). Mice with blood glucose level
>16.6 mM were assumed as diabetic mice, and were used for
establishment of HLI model.

HLI model mice were established as described before [20]. Mice
were anesthetized using pentobarbital sodium (100 mg/kg body
weight). Surgery was performed by excising the femoral artery of
the left hindlimb, while the corresponding right hindlimb was left
without surgery and used as control. Mice were then grouped
randomly. Starting from 24 h after surgery, sotagliflozin (10 mg/kg
body weight) or equal volume of 10% DMSO was intramuscularly
injected into the gastrocnemius muscle of the left hindlimb of the
sotagliflozin-treated or control group, respectively, every 3 days
for 21 days.

Damage caused by ischemia was evaluated with visual
examination and scored as described previously (0 = no difference
with control, 1 =mild change in color, 2 = moderate change in
color, 3 =severe change in color, necrosis, loss of subcutaneous
tissue, and 4 = lower-extremity amputation) at indicated time
points [17, 29]. Blood perfusion in the hindlimb was visualized and
analyzed by Laser Doppler Imager (Moor Instruments Ltd,
Axminster, Devon, UK) at indicated time points. Prior to
visualization, mice were anesthetized and the fur of the hindlimb
area was depilated. Blood perfusion ratio was acquired by
calculating the ratio between ischemic hindlimb (left) to
corresponding control (right hindlimb) as described previously
[17, 22, 30].
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Conditioned media

Mature C2C12 cells were cultured in hyperglycemic condition as
described above and treated with 10% DMSO or 10uM
sotagliflozin for 24 h. Cells were then washed with PBS and
exposed to hypoxia for 24 h. For control, cells were cultured in
normoglycemic condition before being exposed to hypoxia for
24 h. Conditioned media collected from C2C12 cells cultured
under normoglycemia and treated with 10% DMSO (CM-NG), as
well as those collected from C2C12 cells cultured under
hyperglycemia and treated with 10% DMSO or sotagliflozin (CM-
HG or CM-HG + Sota, respectively) were obtained and filtered with
0.22 um filter (Sartorius, Germany) to eliminate cell debris.

Enzyme-linked immunosorbent assay (ELISA)

The amounts of VEGF-A and PDGF-BB in conditioned medium
were determined using Mouse VEGF ELISA kit (Neobioscience,
Shenzhen, China) and Mouse PDGF-BB ELISA kit (Neobioscience),
respectively. ELISA was performed according to the manufac-
turer’s guidelines.

EdU incorporation assay

Mature C2C12 cells were cultured under normoglycemic condi-
tion, or treated with 10 uM sotagliflozin or an equal volume of
10% DMSO under hyperglycemia for 24 h, followed by exposure to
hypoxia for 12 h as described above. EdU incorporation assay was
performed using BeyoClick™ EdU-488 Cell Proliferation Assay Kit
(Beyotime, Shanghai, China) according to the manufacturer’s
instruction. Images were obtained using Olympus IX73 (Olympus,
Tokyo, Japan). Quantification was accomplished using Imagel.
Results were presented as the ratio of EdU-positive cells to those
of Hoechst-positive cells. For experiments using the conditioned
media, cells were cultured with CM-NG, CM-HG or CM-HG -+ Sota
instead of DMEM prior to hypoxic treatment as described above.

Transwell migration assay

Mature C2C12 cells were cultured under normoglycemic condi-
tion, or treated with 10 uM sotagliflozin or the same volume of
10% DMSO under hyperglycemic condition for 24 h. Cells were
then re-seeded (5 x 10° per well) into the upper compartment of
the transwell chamber and exposed to hypoxia for 24 h. Cells
migrated to the lower compartment were stained using crystal
violet (Beyotime). Visualization was achieved using Olympus 1X71
(Olympus). For experiments using the conditioned media, HUVECs
or MOVAS cells were seeded into the upper compartment, while
the conditioned media were placed in the lower compartment of
the transwell chambers prior to exposure to hypoxia.

Phalloidin staining

Mature C2C12 cells seeded in a glass bottom dish (4 x 10% per
well) were cultured under normoglycemic condition, or treated
with 10 uM sotagliflozin or an equal volume of 10% DMSO under
hyperglycemia for 24 h, and exposed to hypoxia 12 h. Prior to
staining, cell fixation and permeabilization were employed by
incubating the cells with 4% paraformaldehyde and 0.1% Triton X-
100, respectively. Cells were then incubated with 1% bovine
serum albumin, followed by phalloidin at room temperature for
60 min each. Images were obtained with Microsystems-TPS SP8
(Leica, Heidelberg, Germany). Fractal dimension analysis was
accomplished using Imagel. For experiments using conditioned
media, HUVECs and MOVAS cells were cultured in the conditioned
media for 24 h prior to being cultured under hypoxia for 12 h.

RNA extraction and quantitative reverse-transcription PCR (qRT-
PCR)

Mature C2C12 cells were cultured under normoglycemic condi-
tion, or treated with indicated doses of sotagliflozin or an equal
volume of 10% DMSO under hyperglycemia for 24 h. Cells were
then serum-starved and exposed to hypoxia for 12 h, then total
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RNA was extracted using Trizol (Invitrogen Life Technologies)
according to manufacturer’s instruction. Total RNA (1 pg) was
reverse-transcribed into cDNA using the PrimeScript RT Reagent
Kit with gDNA Eraser (Takara Bio, Dalian, China). qRT-PCR was
performed using SYBR Premix Ex Taq (Takara Bio). All primers used
are listed in Supplementary Table S1. Data were shown as relative
expression of mRNA level to the control, which was assumed as 1.

Western blotting analysis

Mature C2C12 cells were cultured in normoglycemic condition, or
treated with indicated doses of sotagliflozin or an equal volume of
10% DMSO under hyperglycemia for 24h. Cells were then
exposed to hypoxia for 24 h prior to protein extraction using
radioimmunoprecipitation assay (RIPA) lysis buffer with protease
inhibitor and phosphatase inhibitor cocktail (complete cocktail,
Roche Applied Science, Mannheim, Germany). For animal tissue,
protein was extracted from the frozen gastrocnemius muscle of
the ischemic limb using RIPA lysis buffer with protease inhibitor
and phosphatase inhibitor cocktail (complete cocktail, Roche
Applied Science, Mannheim, Germany). Detailed method for
Western blotting was described previously [31]. Antibodies used
are listed in Supplementary Table S2. B-Actin was used as loading
control. Quantification was performed using Quantity One
(Thermo Scientific, Waltham, MA, USA). Data were presented as
relative to the control, which was assumed as 1.

Immunohistochemical staining

Gastrocnemius muscles were fixed in 4% paraformaldehyde
before being embedded in paraffin. Tissues were then sliced at
4 um thickness using a cryostat, mounted on pre-coated glass
slides, dewaxed using xylene, and then rehydrated. Antigen was
retrieved by microwaving the sections in 10 mM sodium citrate
buffer for 5min followed by cooling for 20 min. Sections were
treated with normal goat serum (Beyotime) for 1h at room
temperature to block nonspecific background staining, and
incubated overnight at 4 °C with anti-HIF-1a polyclonal antibody
at a dilution of 1:200 (Zen-Bio, Chengdu, China). Endogenous
peroxidase activity was blocked using 3% H,0O, in methanol for
3 min. Then the sections were incubated for 30 min with biotin-
labeled goat anti-rabbit IgG serum (ZSGB-BIO, Beijing, China),
followed by avidin-biotin-alkaline phosphatase complex (Vector
Laboratories) for 30 min. After being washed with PBS, sections
were developed in 3,3’-diaminobenzidine (DAB) chromogen
solution, lightly counterstained with hematoxylin, dehydrated,
and mounted. Images were obtained using Pannoramic Midi
(3DHistech, Budapest, Hungary). For hematoxylin and eosin (H&E)
staining, sections were stained with Hematoxylin and Eosin
(Beyotime) after being dewaxed and rehydrated as described
above. Images were obtained using Olympus IX73 (Olympus).

Immunofluorescence staining

For immunofluorescence staining, gastrocnemius muscles from the
ischemic hindlimb of HLI mice were sliced at 4 um thickness and
stained for platelet-derived cell adhesion molecule-1 (PECAM-1)
and alpha-smooth muscle actin (a-SMA) antibodies, as described
previously [17]. Briefly, the tissue sections were incubated with
PECAM-1 antibodies for 1 h, followed by incubation with mono-
clonal antibody against murine a-SMA conjugated with Cy3 and
Alexa Fluor 488 Goat Anti-Rat IgG. Antibodies used in immuno-
fluorescence staining are listed in Supplementary Table S2. Images
were obtained with confocal microscopy (Leica, Microsystems-
TPS SP8).

Cell viability and colony formation assay

Mature C2C12 cells were cultured in 96-well plates, treated with
the indicated doses of sotagliflozin and cultured under hypergly-
cemic condition as described above. Cell proliferation assay was
performed using MTS (Promega, Madison, WI, USA). Number of
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viable cells was measured with a spectrophotometric microplate
reader (BioTek Instruments, Winooski, VT, USA) at a wave length of
490 nm.

For colony formation assay, C2C12 cells were prepared as
described above, re-seeded into six-well plates (50 cells per well)
and grown for 14 days. Cells were fixed by 5 min incubation with
4% paraformaldehyde and stained using crystal violet (Beyotime).
The numbers of colonies in each well were then counted.

Statistical analysis

Quantitative data were expressed as mean*SD (n =3, unless
further indicated). Statistical analysis of the blood perfusion ratio
between time points in vivo was carried out using repeated-
measures ANOVA, while difference between treatment groups
was evaluated using one-way ANOVA. Morphological assessment
was performed by a nonparametric Mann-Whitney test. Other
statistical analysis was performed using Student’s t test. Statistical
analyses were performed using IBM SPSS Statistics v.17.0 (Armonk,
NY, USA), and P < 0.05 was considered as statistically different.

RESULTS

Sotagliflozin enhances skeletal muscle cells’ viability under
hyperglycemia

Downregulation of skeletal muscle cells’ viability by hyperglycemia
leads to defective angiogenesis potential and poor prognosis;
therefore, increasing their viability is critical for therapeutic
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angiogenesis [32]. Hence, we first evaluated whether sotagliflozin
could enhance skeletal muscle cells viability under hyperglycemia.
To this end, we first induced the maturation of C2C12 cells by serum
starvation as described previously [27], and confirmed their
maturation by detecting the increase of myogenic differentiation
(MyoD1) and myogenin (MyoG), two myogenic regulatory factors
involved in the early and later stages of skeletal muscle differentia-
tion, respectively (Supplementary Fig. S1). We next examined the
effect of high glucose on cell viability, and confirmed that
differentiated C2C12 cells viability was significantly decreased under
hyperglycemia (Supplementary Fig. S2a, b). It is noteworthy that
while glucose increased the osmotic pressure of the medium,
culturing the differentiated C2C12 cells in 17.5mM mannitol
mimicking the osmotic pressure of the hyperglycemia did not
significantly affect the cell viability compared to that of the
normoglycemic medium, indicating that high glucose reduced cell
viability irrespective of increased osmotic pressure [33, 34]. We then
treated the differentiated C2C12 cells with different concentration of
sotagliflozin under hyperglycemia. As shown in Fig. 1a, while
hyperglycemia attenuated C2C12 cells viability, 48 h treatment with
sotagliflozin could significantly increase it in a dose-dependent
manner; however, there was only slight difference between
treatment with 5, 10, or 20 uM sotagliflozin. To determine the
appropriate dose for further experiments, we prolonged the
treatment to 72 h, and found that there was no significant difference
between the effect of 10 and 20 uM sotagliflozin on C2C12 cells
viability (Fig. 1b). In line with this, sotagliflozin significantly enhanced
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Fig. 1 Sotagliflozin improves cell viability in skeletal muscle cells under hyperglycemia. Total cell number of C2C12 cells treated with
different doses of sotagliflozin and cultured under hyperglycemia for 48 h (a) or 72 h (b) (n = 3). ¢, d Effect of different dosages of sotagliflozin
treatment on C2C12 cells viability as examined by colony formation assay. Representative images (c) and quantification results (d; n = 4) were
shown. Cells cultured under normoglycemia were used as controls. Data were presented as mean +SD. NG normoglycemia, HG + Sota
hyperglycemia + sotagliflozin, NS not significant; **P < 0.01; ***P < 0.001.
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colony numbers formed by C2C12 cells under hyperglycemia dose-
dependently (Fig. 1c, d). Together, these results indicate that
sotagliflozin could promote skeletal muscle cells viability. Further-
more, as both cell viability and colony formation assay showed that
there was no significant difference between treatment with 10 uM
or higher concentration of sotagliflozin, we used 10 uM sotagliflozin
in further experiments.

Sotagliflozin promotes angiogenic factors expression in skeletal
muscle cells

Skeletal muscle cells promote angiogenesis by expressing and
secreting various angiogenic factors; however, hyperglycemia
suppressed the expression levels of various angiogenic factors in
maturated C2C12 cells, while high osmotic did not result in
significant effect (Supplementary Fig. S3a), indicating that high
glucose concentration but not high osmotic pressure affected the
potential of maturated C2C12 cells in angiogenic factors expres-
sion. We then analyzed whether sotagliflozin could promote the
expression levels of angiogenic factors in skeletal muscle cells
under hyperglycemia. Sotagliflozin restored mRNA expression
levels of VEGF-A, FGF2, PDGF-B, and HO-1 in C2C12 cells, which
were suppressed under hyperglycemia (Fig. 2a). Examination of
the accumulation of HIF-1a protein, a transcription factor that
regulates multiple angiogenic genes and is suppressed under
hyperglycemia, demonstrated a significant restoration upon
treatment with sotagliflozin (Fig. 2b, c). Similarly, the levels of
VEGF-A, FGF2, PDGF-BB, and HO-1 protein were also restored.
Furthermore, similar with the effect of sotagliflozin on skeletal
muscle cells viability, the effect of sotagliflozin on abovemen-
tioned angiogenic factors also showed a dose-dependency
(Fig. 2d, e). Moreover, sotagliflozin also promoted stromal cell-
derived factor-1 (SDF-1)/CXC chemokine receptor 4 (CXCR4) axis
(Supplementary Fig. S3b), which is crucial for endothelial cells
migration and adhesion [35]. As skeletal muscle cells cross-talk
with blood vessels-forming cell is through their secretome, we
next analyzed the amounts of VEGF-A and PDGF-BB in the
medium. Sotagliflozin treatment clearly increased the levels of
VEGF-A and PDGF-BB in the medium, indicating that it promoted
the secretion levels of these factors (Fig. 2f). These results
indicated that sotagliflozin could promote HIF-1a protein accu-
mulation and subsequently, angiogenic factors expression in
skeletal muscle cells.

Sotagliflozin improves skeletal muscle cells proliferation and
migration potentials

Skeletal muscle cells proliferation ability is important for providing
sufficient angiogenic factors to form new blood vessels, while
their migration ability is also crucial as it helps the dissemination
of secreted angiogenic factors into larger ischemic areas [17]. To
this end, we next analyzed the effect of sotagliflozin on
proliferation and migration potentials of skeletal muscle cells
under hyperglycemia. It is noteworthy that similar to the effects on
cell viability and angiogenic factors expression levels, while
hyperglycemia downregulated the ratio of EdU-positive C2C12
cells and the number of C2C12 cells migrated into the lower
compartment of the transwell chamber, high osmotic pressure did
not bring significant effect (Supplementary Fig. S4a, b). Mean-
while, sotagliflozin robustly increased the ratio of EdU-positive
C2C12 cells, indicating the potential of sotagliflozin to enhance
skeletal muscle cell proliferation (Fig. 3a, b). Furthermore,
sotagliflozin increased the number of C2C12 cells migrated into
the lower compartment of the transwell chamber, which was also
suppressed by hyperglycemia, showing its stimulatory effect on
skeletal muscle cells’ migration potential (Fig. 3¢, d). The effect of
sotagliflozin on cell migration potential was further confirmed by
phalloidin staining, revealing that sotagliflozin promoted F-Actin
polymerization from G-Actin, an event that precede cell move-
ments (Fig. 3e, f).
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Sotagliflozin enhances skeletal muscle cells angiogenic potential
under hyperglycemia in a HIF-1a-dependent manner

HIF-1a is a key regulator of multiple angiogenic factors, including
VEGF-A and PDGF-BB, which are not only crucial for forming
mature blood vessels [14, 17], but also could trigger autocrine
signaling pathway to stimulate skeletal muscle cells’ proliferation
and migration potentials [36, 37]. To reveal the molecular
mechanism underlying sotagliflozin regulation on skeletal
muscle cells proliferation and migration potentials, we next
examined whether HIF-1a is involved in sotagliflozin regulation
on skeletal muscle cells angiogenic potential. While sotagliflozin-
induced HIF-Ta protein accumulation under hyperglycemia,
treatment with 2-ME2, a HIF-1a inhibitor [38], clearly abolished
this effect. Furthermore, 2-ME2 suppressed sotagliflozin-
enhanced VEGF-A and PDGF-BB protein levels in C2C12 cells
under hyperglycemia (Fig. 4a, b). Similarly, 2-ME2 also re-
suppressed the ratio of EdU-positive cells as well as the number
of cells migrated to the lower chamber induced by sotagliflozin
under hyperglycemia (Fig. 4c-f).

To further confirm the role of HIF-1a in sotagliflozin regulation
on C2C12 cells proliferation and migration potentials, we next
silenced HIF-Ta in C2C12 cells using two shRNA expression vectors
targeting different sites of HIF-Ta (Supplementary Fig. S5a-c). As
the silencing effect of shHIF-1a—2 was higher, we used it for
further experiments. Indeed, HIF-1a silencing abolished the effect
of sotagliflozin in inducing VEGF-A and PDGF-BB mRNA (Fig. 5a)
and protein (Fig. 5b, ) expression levels. Concomitantly, HIF-1a
silencing cancelled the increase of VEGF-A and PDGF-BB secretion
induced by sotagliflozin (Fig. 5d, e). Furthermore, as presented in
Fig. 5f-i, the stimulatory effects of sotagliflozin on skeletal muscle
cells proliferation and migration potentials both decreased
significantly in HIF-1a-silenced C2C12 cells. Together, these results
demonstrated that the pro-angiogenic effect of sotagliflozin on
skeletal muscle cells occurs in a HIF-1a-dependent manner.

Sotagliflozin increases the proliferation and migration potentials
of vascular endothelial and smooth muscle cells via skeletal
muscle cells secretome

Skeletal muscle cells contribute to angiogenesis by interacting
with blood vessels-forming cells through their secretome [14]. To
examine whether sotagliflozin could enhance the proliferation
and migration potentials of blood vessels-forming cells through
skeletal muscle cells secretome, we obtained conditioned media
from C2C12 cells cultured under normoglycemia and treated with
10% DMSO (CM-NG), as well as from those cultured under
hyperglycemia and treated with 10% DMSO or 10 uM sotagliflozin
(CM-HG and CM-HG + Sota, respectively). Compared to CM-NG,
culturing vascular endothelial cells (HUVECs) using CM-HG
significantly decreased the ratio of EdU-positive cells; however,
CM-HG + Sota reversed this tendency (Fig. 6a, b). Similarly, CM-HG
-+ Sota also restored the number of HUVECs cells migrated to the
lower chamber of a transwell chamber, indicating that CM-HG +
Sota restored endothelial cells migration potential which was
disrupted when cultured with CM-HG (Fig. 6c¢, d), most plausibly
due to the increase of F-Actin polymerization (Fig. 6e, f).

Similar to vascular endothelial cells, the ratio of EdU-positive
smooth muscle cells (MOVAS cells) was suppressed when cultured
with CM-HG, indicating that the angiogenic potential of secretome
from skeletal muscle cells was disrupted when they were cultured
under hyperglycemia (Fig. 7a, b). Meanwhile, the ratio of EdU-
positive MOVAS cells was restored when cultured with CM-HG +
Sota. Furthermore, CM-HG + Sota also restored the migration
potential (Fig. 7c, d) as well as F-Actin polymerization (Fig. 7e, f) of
MOVAS cells.

It is noteworthy that direct treatment of sotagliflozin did not
enhance the expression levels of VEGF-A and PDGF-BB in HUVECs
(Supplementary Fig. S6a, b), nor their proliferation and migration
potentials (Supplementary Fig. S6¢-f). Moreover, we also did not
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Fig. 2 Sotagliflozin promotes angiogenic factors expression in skeletal muscle cells under hyperglycemia. a mRNA expression levels of
angiogenic factors in C2C12 cells treated with sotagliflozin under hyperglycemia, as examined using quantitative reverse-transcribed PCR
(gRT-PCR). b, c Protein expression levels of angiogenic factors in C2C12 cells treated with sotagliflozin under hyperglycemia, as examined
using Western blotting. Representative images (b) and quantification results (c) were shown. d, e Protein expression levels of angiogenic
factors in C2C12 cells treated with different doses of sotagliflozin under hyperglycemia, as examined using Western blotting. Representative
images (d) and quantification results (e) were shown. f Secreted amount of VEGF-A and PDGF-BB in the culture medium of matured C2C12
cells treated with sotagliflozin under hyperglycemia, as analyzed using ELISA. Cells cultured under normoglycemia were used as controls. -
Actin was used for gRT-PCR normalization and as Western blotting loading control. Quantitative data are shown as relative values to those of
control, and expressed as mean+SD (n=3). NG normoglycemia, HG hyperglycemia, HG + Sota hyperglycemia + sotagliflozin, NS not
significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4 Sotagliflozin enhances skeletal muscle cells angiogenesis potentials through HIF-1a under hyperglycemia. a, b Protein expression
levels of angiogenic factors in C2C12 cells treated with 10 pM sotagliflozin and 2-ME2 under hyperglycemia, as examined using Western
blotting. Representative images (a) and quantification results (b) were shown. ¢, d Proliferation potential of C2C12 cells treated with 10 uM
sotagliflozin and 2-ME2 under hyperglycemia, as evaluated by EdU incorporation assay. Representative images (c; scale bars: 100 um) and
quantification results (d; n=6) were shown. e, f Migration potential of C2C12 cells treated with 10 uM sotagliflozin and 2-ME2 under
hyperglycemia, as investigated using transwell migration assay. Representative images (e; scale bars: 200 pm) and quantification results (f; n =
6) were shown. Cells treated with 10% DMSO under hyperglycemia were used as controls. $-Actin was used as Western blotting loading
control. Data were presented as mean £ SD (n = 3, unless further indicated). **P < 0.01; ***P < 0.001.

observe any significant changes in the expression levels of VEGF-A
and PDGF-BB, proliferation, and migration potentials of MOVAS
cells treated directly with sotagliflozin (Supplementary Fig. S7a-f).
Altogether, our results indicated that sotagliflozin could enhance
the proliferation and migration potentials of blood vessels-
forming cells by enhancing skeletal muscle cells’ secretome-
mediated cross-talk, but not through its direct effect on blood
vessels-forming cells.
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Sotagliflozin promotes neovascularization in diabetic HLI model
mice

Finally, we examined whether sotagliflozin could promote
neovascularization in diabetic and non-diabetic HLI mice. To this
end, we established diabetic and non-diabetic HLI model mice by
excising the left hindlimb femoral artery and administered
sotagliflozin through intramuscular injection at the gastrocne-
mius muscle near the ischemic location, i.e., near the excision
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Fig. 5 Sotagliflozin promotes skeletal muscle cells angiogenesis potentials through HIF-1a under hyperglycemia. a mRNA expression
levels of angiogenic factors in HIF-1a-knocked down C2C12 cells treated with 10 uM sotagliflozin under hyperglycemia, as examined using
qRT-PCR. b, c Protein expression levels of angiogenic factors in HIF-Ta-silenced C2C12 cells treated with 10 pM sotagliflozin under
hyperglycemia, as examined using Western blotting. Representative images (b) and quantification results (c) were shown. Secreted amount of
VEGF-A (d) and PDGF-BB (e) in the culture medium of HIF-1a-knocked down C2C12 cells treated with 10 uM sotagliflozin under hyperglycemia,
as analyzed using ELISA. f, g Proliferation potential of HIF-1a-knocked down C2C12 cell treated with 10 pM sotagliflozin under hyperglycemia,
as evaluated by EdU incorporation assay. Representative images (f; scale bars: 100 pm) and quantification results (g; n = 6) were shown. h, i
Migration potential of HIF-1a-silenced C2C12 cells treated with 10 pM sotagliflozin under hyperglycemia, as investigated using transwell
migration assay. Representative images (h; scale bars: 200 um) and quantification results (i; n = 6) were shown. Cells transfected with shCon
and treated with 10% DMSO under hyperglycemia were used as controls. f-Actin was used for gRT-PCR normalization and as Western blotting
loading control. Data were presented as mean +SD (n = 3, unless further indicated). **P < 0.01; ***P < 0.001.
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Fig. 6 Sotagliflozin enhances vascular endothelial cells migration and proliferation potentials under hyperglycemia through skeletal
muscle cells’ secretome. a, b Proliferation potential of HUVECs cultured with CM-HG + Sota, as examined using EdU incorporation assay.
Representative images (a; scale bars: 100 um) and quantification results (b) were shown. ¢, d Migration potential of HUVECs cultured with CM-
HG + Sota, as analyzed using transwell migration assay. Representative images (c; scale bars: 200 pm) and quantification results (d) were
shown. e, f F-Actin polymerization in HUVECs cultured with CM-HG + Sota, as examined using phalloidin staining. Representative images (e;
scale bars: 100 pm for upper panels and 50 pm for lower panels) and quantification of fractal dimension (f) were shown. Data were presented
as mean £ SD (n =6). CM-NG conditioned media obtained from 10% DMSO-treated C2C12 cells under normoglycemia, CM-HG conditioned
media obtained from 10% DMSO-treated C2C12 cells under hyperglycemia, CM-HG + Sota conditioned media obtained from 10puM
sotagliflozin-treated C2C12 cells under hyperglycemia; ***P < 0.001.
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Fig. 7 Sotagliflozin enhances smooth muscle cells migration and proliferation potentials under hyperglycemia through skeletal muscle
cells’ secretome. a, b Proliferation potential of MOVAS cells, as examined using EdU incorporation assay. Representative images (a; scale bars;
100 pm) and quantification results (b) were shown. ¢, d Migration potential of MOVAS cells cultured with CM-HG + Sota, as analyzed using
transwell migration assay. Representative images (c; scale bars: 200 pm) and quantification results (d) were shown. e, f F-Actin polymerization
in MOVAS cells cultured with CM-HG + Sota, as examined using phalloidin staining. Representative images (e; scale bars: 100 um for upper
panels and 50 pm for lower panels) and quantifications of fractal dimension (f) were shown. Data were presented as mean + SD (n = 6). CM-NG
conditioned media obtained from 10% DMSO-treated C2C12 cells under normoglycemia, CM-HG conditioned media obtained from 10%
DMSO-treated C2C12 cells under hyperglycemia, CM-HG + Sota conditioned media obtained from 10 uM sotagliflozin-treated C2C12 cells
under hyperglycemia; ***P < 0.001.
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location. Blood perfusion in both the left and the corresponding
right hindlimb, which was used as control, was measured using
Laser Doppler Imager. As shown in Fig. 8a, compared to that of
control group which reached 30% blood perfusion recovery at
day 21 after surgery, blood perfusion recovery in the ischemic
hindlimb of diabetic HLI mice treated with sotagliflozin robustly
increased starting from day 3 after surgery, and reached
approximately 80% recovery at day 21 after surgery (Fig. 8a, b).
Ischemic damage assessment further confirmed the positive
effect of sotagliflozin (Fig. 8c), as sotagliflozin-treated diabetic HLI
mice showed better limb morphologies, with most of the mice
scoring 1, while most of the mice in the control group scored 3.
Furthermore, although HLI in diabetic patients is harder to cure
than in non-diabetic patients, HLI disease can also occur in non-
diabetic patients [9, 39, 40], so we wondered if sotagliflozin would
also be effective in inducing angiogenesis in non-diabetic HLI
Balb/c mice. Indeed, intramuscular injection of sotagliflozin also
significantly increased the recovery of blood perfusion in non-
diabetic HLI Balb/c mice (Supplementary Fig. S8a, b). Together,
these results clearly indicated the efficacy of sotagliflozin on
enhancing blood perfusion recovery in both diabetic and non-
diabetic HLI mice.

We then examined the potential mechanism behind the blood
perfusion recovery induced by intramuscular injection of sotagli-
flozin. Immunofluorescence staining against PECAM-1, a marker of
vascular endothelial cells, and a-SMA, a marker of smooth muscle
cells, showed that sotagliflozin treatment noticeably increased the
number of both PECAM-1- and a-SMA-positive cells (shown in
green and red, respectively; Fig. 8d), as well as the number of
PECAM-1-positive tube-like structures covered by a-SMA-positive
cells (merged in yellow) in the ischemic hindlimb of diabetic HLI
mice (Fig. 8d, e). Similarly, sotagliflozin treatment noticeably
increased the number of both PECAM-1- and a-SMA-positive cells
(Supplementary Fig. S8c), as well as the number of PECAM-1-
positive tube-like structures covered by a-SMA-positive cells in the
ischemic hindlimb of non-diabetic HLI mice (Supplementary
Fig. S8d).

Next, we examined the expression level of HIF-1a in the
gastrocnemius muscle of diabetic HLI mice. As shown by
immunohistochemical staining, sotagliflozin enhances the accu-
mulation of HIF-1a protein (Fig. 8f). This effect was further
confirmed by Western blotting results (Fig. 8g, h). Furthermore,
we confirmed robust increase of the protein expression levels of
VEGF-A, FGF2, PDGF-BB, and HO-1 in the gastrocnemius muscle
of the diabetic HLI mice treated with sotagliflozin. Taken
together, our results suggested that intramuscular injection of
sotagliflozin could enhance the formation of mature blood
vessels in diabetic HLI mice. It is noteworthy that the blood
glucose level of control group and sotagliflozin-treated group
had no significant differences (Supplementary Table S3), indi-
cating that the effect of sotagliflozin in improving blood
perfusion in diabetic HLI mice was not due to the amelioration
of hyperglycemic environment. Moreover, H&E staining of
different organs in diabetic HLI mice showed that intramuscular
injection of sotagliflozin had no significant effect on heart, liver,
spleen, lung, kidney, and muscle tissues (Supplementary Fig. S9),
as well as on mice’s body weight (Supplementary Table S4),
indicating that there was no significant toxicity of sotagliflozin
administered intramuscularly.

Together, our results showed sotagliflozin promoted blood
perfusion recovery by enhancing angiogenesis in diabetic HLI
mice through its direct function on increasing HIF-1a protein
accumulation in skeletal muscle cells, thereby enhancing the
expression of its downstream angiogenic factors. These factors in
turn contribute to triggering the proliferation and migration
capabilities of vascular endothelial and smooth muscle cells, thus
effectively promoting angiogenesis by improving the formation of
mature blood vessels in diabetic HLI model mice (Fig. 9).
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DISCUSSION

Intrinsic angiogenesis potential is necessary for coupling with the
damage in blood vessels; however, hyperglycemia adversely affects
it [4]. Despite extensive and intensive researches, it is disappointing
that vascular complications, mainly HLI [41], continue to compro-
mise the quantity and quality of the lives of diabetic patients. While
surgical-based direct revascularization strategy is not effective for
diabetic HLI patients, therapeutic approach delivering angiogenic
factors has become a promising strategy [13, 42]. Therapeutic
angiogenesis aims to stimulate vessel formation and blood
perfusion in order to alleviate hypoxic damages caused by
insufficient oxygen supply into organs and tissues due to ischemia
[43]. However, treatment with a single angiogenic factor could not
produce effective neovascularization [44, 45], as it is a complex
process of stimulating and promoting neovascularization, and
forming new functional blood vessels requires a myriad of
angiogenic factors and involves different type of cells.

Previous studies have reported that skeletal muscle is a
prospective target for inducing effective and functional therapeu-
tic angiogenesis, as it could secrete various angiogenic factors that
lead to capillary growth [13, 17, 22]. However, due to impaired
blood flow to the lower extremities, HLI reduced skeletal muscle
capillary density and impaired muscle oxygen delivery [46]. This
condition is even worse in diabetic patients, as hyperglycemia-
induced systemic impairment could disrupt the paracrine and
other cellular functions of skeletal muscle cells. Furthermore,
recent studies uncovered that HIF-1q, which plays a crucial role for
coping with hypoxic stress, is destabilized under hyperglycemia,
resulting in the loss of the cellular hypoxic responses including
angiogenesis in most diabetic complications [19, 20]. Together,
these lead to the aberrant decrease in angiogenic factors
expression, subsequently deteriorating the endogenous angio-
genesis potential in diabetic HLI patients [47]. Thus, the defect in
endogenous angiogenesis potential is the obstacle for applying
therapeutic angiogenesis strategy in diabetic HLI [48, 49], and
stimulating this intrinsic potential is the key for successful
therapeutic angiogenesis in diabetic HLI patients.

SGLT inhibitors, a new class of oral hypoglycemic agents, have
been proven for its efficacy in reducing hyperglycemia [50]. In this
study, we revealed that direct administration of SGLT inhibitor
sotagliflozin into skeletal muscle cells increases their viability,
proliferation, and migration potentials, as well as their paracrine
function which are suppressed by hyperglycemia. This leads to the
increase of VEGF-A, PDGF-BB, FGF2, and HO-1, as well as SDF-1/
CXCR4 axis, which are crucial for mature and functional
angiogenesis, and are targets of HIF-1a [19-21, 51]. VEGF-A is an
initiator of angiogenesis which induces the formation of the tube-
like structure by endothelial cells; while FGF2 and PDGF-BB are
crucial for vascular maturation. Meanwhile, HO-1 is a cell survival
factor that suppresses oxidative stress-induced cellular damage
and mitigates cellular injury [52]. SDF-1 is a member of the
chemokine family that specifically binds to CXCR4 [53]. SDF-1/
CXCR4 axis induces ischemic vessels to extend toward the areas
with adequate blood supply by guiding endothelial cells migration
and adhesion [35]. Collectively, our results show that although
further investigation is required to examine if sotagliflozin also
affects the levels of other angiogenic factors, its therapeutic effect
on diabetic HLI mice could be attributed, at least partly, to the
interplay between VEGF-A, FGF2, PDGF-BB, and HO-1. Our present
findings give a new perspective for SGLT inhibitor sotagliflozin
application as a potential clinical drug for diabetic HLI.

While our findings showed that intramuscularly-administrated
sotagliflozin promotes angiogenesis in diabetic HLI, it is note-
worthy that SGLT-2 inhibitors showed different effects on diabetic-
associated vascular complications. Recent studies showed that
while oral intake of empagliflozin and dapagliflozin, which lower
cardiovascular morbidity and mortality in patients with type 2
diabetes, did not show increased risk of amputation [54, 55], oral
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Fig. 8 Sotagliflozin enhances neovascularization in diabetic HLI mice. a, b Blood perfusion in the ischemic hindlimbs of diabetic HLI mice
administered intramuscularly with sotagliflozin at indicated times. Representative images (a) and quantification data of blood perfusion ratio
were shown (b; n = 7). ¢ Morphological assessment of ischemic hindlimb in diabetic HLI mice intramuscularly injected with sotagliflozin at
indicated time points (n = 7). d, e Immunofluorescence against PECAM-1 (green) and a-SMA (red) in ischemic hindlimbs tissue of diabetic HLI
mice intramuscularly injected with sotagliflozin at day 21 after surgery. Representative images (d; scale bars: 50 pum) and quantification results
(e; n=6) were shown. f Immunohistochemical staining of HIF-1a in ischemic hindlimbs tissue of diabetic HLI mice intramuscularly injected
with sotagliflozin at day 21 after surgery. Representative images (scale bars: 50 pm) were shown. g, h Protein expression levels of angiogenic
factors in the ischemic hindlimbs of diabetic HLI mice intramuscularly injected with sotagliflozin, as examined using Western blotting.
Representative images (g) and quantification results (h) were shown. p-Actin was used as Western blotting loading control. Quantitative data
were presented as mean + SD (n = 3, unless further indicated). Con mice were administered with 10% DMSO, Sota mice were administered
with sotagliflozin (10 mg/kg body weight), NS not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

administration of canagliflozin inhibits tube formation, thus These distinct effects are most plausibly due to the difference in

increasing the risk of limb amputation [56, 57]. Meanwhile, administration method, as orally-administered sotagliflozin might
although sotagliflozin is known as an oral anti-hyperglycemic be metabolized and distributed systematically, while intramuscu-
drug, we found that its intramuscular injection did not cause lar injection provided a more localized and direct effect of
significant change in blood glucose levels of diabetic HLI mice. sotagliflozin. Furthermore, direct sotagliflozin treatment could not
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Fig. 9 Schematic diagram of the effect of SGLT2 inhibitor
sotagliflozin on facilitating therapeutic angiogenesis in diabetic
HLI mice. Sotagliflozin promotes the viability, proliferation, and
migration potentials of skeletal muscle cells, and enhances the
expression of angiogenic factors in skeletal muscle cells of diabetic
HLI mice. These angiogenic factors in turn trigger proliferation and
migration potentials of blood-vessels forming cells, and subse-
quently promotes therapeutic angiogenesis in diabetic HLI model
mice.

affect the viability, proliferation and migration potentials of
vascular endothelial and smooth muscle cells, indicating that
these direct effects of sotagliflozin might be cell-type specific.
Therefore, while further intensive studies are needed to elucidate
the detailed molecular mechanism, these facts indicate that
different SGLT2 inhibitors might have distinct functions depen-
dent on the compound structure, the administration method, as
well as on the target cell types.

In conclusion, our results described a novel function of SGLT2
inhibitor sotagliflozin in protecting skeletal muscle cells and
promoting angiogenesis under hyperglycemia. Sotagliflozin
restores HIF-1a protein accumulation in skeletal muscle cells
disrupted by hyperglycemia, leading to the restoration of their
angiogenic potential, which, as a consequence, promotes the
proliferation and migration capabilities of vascular endothelial and
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smooth muscle cells. These in turn promoted the formation of
mature and functional blood vessels and, subsequently, improved
the recovery of blood perfusion in diabetic HLI mice. While further
pre-clinical and clinical studies are necessary, this study high-
lighted the potential application of sotagliflozin as a small
molecule drug for therapeutic angiogenesis strategy for treating
diabetic and non-diabetic HLI.
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