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SGLT2 inhibitor empagliflozin promotes revascularization in
diabetic mouse hindlimb ischemia by inhibiting ferroptosis
Jing-xuan Han1,2, Lai-liu Luo1,2, Yi-cheng Wang1,2,3, Makoto Miyagishi4, Vivi Kasim1,2,3 and Shou-rong Wu1,2,3

Gliflozins are known as SGLT2 inhibitors, which are used to treat diabetic patients by inhibiting glucose reabsorption in kidney
proximal tubules. Recent studies show that gliflozins may exert other effects independent of SGLT2 pathways. In this study we
investigated their effects on skeletal muscle cell viability and paracrine function, which were crucial for promoting revascularization
in diabetic hindlimb ischemia (HLI). We showed that treatment with empagliflozin (0.1−40 μM) dose-dependently increased high
glucose (25 mM)-impaired viability of skeletal muscle C2C12 cells. Canagliflozin, dapagliflozin, ertugliflozin, ipragliflozin and
tofogliflozin exerted similar protective effects on skeletal muscle cells cultured under the hyperglycemic condition. Transcriptomic
analysis revealed an enrichment of pathways related to ferroptosis in empagliflozin-treated C2C12 cells. We further demonstrated
that empagliflozin and other gliflozins (10 μM) restored GPX4 expression in high glucose-treated C2C12 cells, thereby suppressing
ferroptosis and promoting cell viability. Empagliflozin (10 μM) also markedly enhanced the proliferation and migration of blood
vessel-forming cells by promoting paracrine function of skeletal muscle C2C12 cells. In diabetic HLI mice, injection of empagliflozin
into the gastrocnemius muscle of the left hindlimb (10 mg/kg, every 3 days for 21 days) significantly enhanced revascularization
and blood perfusion recovery. Collectively, these results reveal a novel effect of empagliflozin, a clinical hypoglycemic gliflozin drug,
in inhibiting ferroptosis and enhancing skeletal muscle cell survival and paracrine function under hyperglycemic condition via
restoring the expression of GPX4. This study highlights the potential of intramuscular injection of empagliflozin for treating
diabetic HLI.
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INTRODUCTION
Gliflozins are known as sodium–glucose co-transporter-2 (SGLT2)
inhibitors. Their oral administration can lower blood glucose levels
of patients with type 2 diabetes by blocking glucose reabsorption
in kidney proximal tubules [1–9]. However, recent reports showed
that orally administered gliflozins, such as empagliflozin, canagli-
flozin, and dapagliflozin, could also exert other functions,
including improving cardiac functions and treating acute heart
failure in diabetic and non-diabetic patients, in an SGLT2-
independent manner [10–14]. This indicates that their functions
are underestimated, and they might be potential new drugs for
treating other diseases in an SGLT2-independent manner.
Peripheral artery disease (PAD) is strongly associated with

increased morbidity and mortality in both non-diabetic and
diabetic patients [15, 16]. In 2015, 237 million people were
estimated to have PAD, and this trend is still increasing [17]. Lower
limb ischemia, the most common manifestation of PAD, is the
pathological change in blood vessels that results in insufficient
blood supply to the lower extremities [18]. In severe cases, lower
limb ischemia can lead to amputation and mortality [19]. As one of
the main risk factors for PAD, hyperglycemia leads to impaired

angiogenesis and healing processes in chronic wounds, thereby
causing worse outcomes in diabetic lower limb ischemia patients
[20, 21]. Due to the larger surface of ischemic damage and higher
relapse rate, patients with severe lower limb ischemia, including
those with diabetes, are not appropriate for standard revascular-
ization strategies, such as by-pass and/or vascular stents. Thus,
they are currently condemned as “no-option for therapy”. For
approximately two decades, therapeutic angiogenesis, which aims
to induce the formation of new and functional blood vessels at
ischemic sites, has been regarded as a promising strategy for
treating lower limb ischemia, including the severe type seen in
diabetic patients [22]. However, as angiogenesis is a complex,
multi-step process involving various angiogenic factors and
multiple cell types, there is currently no effective small-molecule
drug for therapeutic angiogenesis.
Skeletal muscle, as the largest paracrine and endocrine organ,

is a prospective target for the treatment of many diseases,
including sarcopenia and muscle wasting [23]. Targeting skeletal
muscle has also become an attractive potential therapeutic
strategy for treating diabetic lower limb ischemia as it can
secrete various angiogenic factors. These paracrine signals, in
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turn, affect the vascular endothelial and smooth muscle cells—
the two main types of blood vessel-forming cells that initiate the
formation of inner vessel tubes and promote vascular matura-
tion, respectively [16, 24–28]. However, skeletal muscle is
severely affected in diabetic patients. Hyperglycemic conditions
suppress its viability and secretory functions, thereby impairing
its angiogenic functions—another main cause of poor prognosis
in patients with diabetic lower limb ischemia [29]. Increasing
skeletal muscle cell viability and secretory function are the main
hurdles for therapeutic angiogenesis targeting skeletal muscle
cells in patients with diabetes [24, 30]. However, the detailed
mechanism of hyperglycemic-induced skeletal muscle cell death
has not been completely elucidated [31]. Hence, there is an
urgent need to elucidate the molecular mechanism underlying
hyperglycemia-induced skeletal muscle cell death and to
develop small-molecule drugs to increase their viability and
paracrine function [26, 28, 30].
In this study, we examined the effect of empagliflozin on

skeletal muscle cell viability and cell death under hyperglycemia
and performed a systematic analysis using RNA-sequencing to
unravel the molecular mechanism. We found that hyperglycemia
suppresses skeletal muscle cell viability by inducing ferroptosis,
a type of non-apoptotic programmed cell death caused mainly
by the disruption of redox homeostasis due to the dysregulation
of iron ion metabolism, disruption in the de novo synthesis of
glutathione (GSH), and/or aberrant lipid peroxidation reduction
process by lipid repair enzymes [32]. We further revealed that
hyperglycemia suppresses the expression level of glutathione
peroxidase 4 (GPX4), thereby induces skeletal muscle cells
ferroptosis; while empagliflozin restores skeletal muscle cell
viability and paracrine potential by inhibiting ferroptosis
through promoting its accumulation in an SGLT2-independent
manner. Furthermore, we explored the possibility of using
intramuscularly injected empagliflozin as a new small-molecule
drug for potential therapeutic angiogenesis in diabetic hindlimb
ischemia (HLI).

MATERIALS AND METHODS
Cell lines and cell culture
C2C12, HUVECs, MOVAS and HEK293T cell lines were all purchased
from the American Type Culture Collection (ATCC). Cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Life Technologies, Grand Island, NY, USA) added with 10% fetal
bovine serum (FBS; Biological Industries, Beit Haemek, Israel) in a
humidified incubator (37 °C, 5% CO2). Routine detection for
mycoplasma was performed by Mycoplasma Detection Kit-
QuickTest (Biotool, Houston, TX, USA). Prior to use, C2C12 cells
were differentiated into myotubes using DMEM with 2% horse
serum (Biological Industries) for five days [33]. For experiments
under hyperglycemic condition, cells were cultured in DMEM with
25mM glucose (final concentration), while for experiments under
normoglycemic condition, cells were cultured in DMEM with
7.5 mM glucose (final concentration). Cells were then exposed to
hypoxic condition in a hypoxia chamber (Anaeropouch Box, 0.1%
O2, Mitsubishi Gas Chemical, Tokyo, Japan) for indicated time.
Transfection was performed using Lipofectamine 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA) according to the manufac-
turer’s instruction.

Plasmids and constructs
For constructing shRNA expression vectors against murine GPX4
(NM_001037741.4), shRNA target sites prediction and shRNA
expression vectors construction were performed as described
previously (target sites: 5′-GCAGGAGCCAGGAAGTAAT-3′ for
shGPX4-1; and 5′-GCCAGGAAGTAATCAAGAA-3′ for shGPX4-2)
[34, 35]. For control vector (shCon), a vector containing a stretch
of seven thymines downstream to the U6 promoter was used.

Animal experiment
Male C57BL/6 mice aged 6 weeks (body weight 15–20 g) were
purchased from Chongqing Medical University (Chongqing,
China). Animal studies were approved by the Laboratory Animal
Welfare and Ethics Committee of Chongqing Medical University,
and carried out in the Chongqing Medical University. All animal
studies conformed to the approved Guidelines for the Care and
Use of Laboratory Animals of Chongqing Medical University. All
efforts were made to minimize suffering.
For diabetes induction, C57BL/6 mice were fed with high fat

diet (HFD) for 3 weeks (20% kcal protein, 20% kcal carbohydrate,
and 60% kcal fat). Intraperitoneal administration of 60 mg/kg body
weight streptozotocin (STZ, Sigma-Aldrich, St Louis, MO, USA)
diluted in sodium citrate buffer was then performed for the
following six 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 above 16.6 mM
were assumed as diabetic mice, and were used for establishing
diabetic HLI model as described previously [28]. Briefly, mice were
anesthetized using ketamine/xylazin (80 mg/kg body weight and
50mg/kg body weight, respectively). Femoral artery of the left
hindlimb was excised, while the corresponding right hindlimb was
left without surgery and used as control. Mice were then grouped
randomly. Empagliflozin dissolved in 10% DMSO (empagliflozin
final concentration: 10 mg/kg body weight) or 10% DMSO, as well
as shCon or shGPX4, were injected into the gastrocnemius muscle
of the left hindlimb of the diabetic HLI mice. Treatments were
done every three days for 21 days, starting from 24 h post-surgery.
Damage caused by ischemia was evaluated with visual examina-
tion and scored at indicated time points 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) [28, 36]. Blood perfusion in the hindlimb was
visualized and analyzed by a Laser Doppler Imager (Moor
Instruments Ltd, Axminster, Devon, UK) at indicated times. 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
[26, 28, 37].

Transmission electron microscopy
Skeletal muscle cells treated as described above and tissue
samples from the gastrocnemius muscle of the left hindlimb of HLI
mice were pre-fixed with a 3% glutaraldehyde. Cells and tissues
were then post-fixed in 1% osmium tetroxide, dehydrated in series
acetone, infiltrated, and embedded in Epox 812, before being cut
into ultra-thin sections. Sections were stained with uranyl acetate
and lead citrate prior to being examined with JEM-1400-FLASH
Transmission Electron Microscope (JEOL, Tokyo, Japan).

RNA extraction, quantitative reverse transcription PCR (qRT-PCR),
and Western blotting
Total RNA was extracted using TRIzol (Invitrogen) according to
manufacturer’s instruction. Total RNA (1 μg) was reverse-
transcribed into cDNA according to manufacturer’s instruction,
and qRT-PCR was performed using SYBR Premix Ex Taq (Takara
Bio, Dalian, China). The sequences of the primers used were listed
in Supplementary Table S1. Cells were lysed with radioimmuno-
precipitation assay (RIPA) lysis buffer with protease inhibitor and
phosphatase inhibitor cocktail (complete cocktail, Roche Applied
Science, Indianapolis, IN, USA) according to manufacturer’s
instruction. Antibodies used in Western blotting are listed in
Supplementary Table S2. Protein quantification was analyzed with
Quantity One software (Thermo Scientific, Waltham, MA, USA). β-
Actin was used as the loading control for qRT-PCR and Western
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blotting. Data were represented as relative to the control, which
was assumed as 1.

Statistical analysis
Statistical analyses were performed using SPSS Statistics (v17.0) and
GraphPad Prism (v8.4). Quantitative data were expressed as mean
±SDs from three independent experiments unless further indicated.
Statistical analysis of the blood perfusion ratio between time points
in vivo was carried out by using repeated-measures ANOVA, while
difference between treatment groups was evaluated using one-way
ANOVA. Limb morphological assessment was performed by a
nonparametric Mann–Whitney test. Two-tailed unpaired Student’s t
test was performed when there were only two groups. Other
statistical analysis was performed using one-way ANOVA. *P < 0.05
was considered as statistically significant.

RESULTS
Gliflozins promote skeletal muscle cell survival under
hyperglycemic conditions
To evaluate whether gliflozins can enhance skeletal muscle cell
viability under hyperglycemic conditions, we first examined their
effects on C2C12 cell viability. We induced mature C2C12 cells as
described previously [33]. Their maturation was confirmed by
increased levels of myogenic differentiation 1 (MyoD1) and
myogenin (MyoG), the two myogenic regulatory factors, in
differentiated skeletal muscles (Supplementary Fig. S1a). We then
treated differentiated C2C12 cells with different doses of
empagliflozin under hyperglycemic conditions. While hyperglyce-
mia reduced the viability of C2C12 cells, empagliflozin significantly
increased their viability in a dose-dependent manner (Fig. 1a).
Notably, there was no significant difference between the effects of
10 μM and higher doses of empagliflozin; hence, we used 10 μM
empagliflozin in further experiments. We next investigated the
effects of other aryl-C-glucosides drugs, canagliflozin, dapagli-
flozin, ertugliflozin, ipragliflozin, and tofogliflozin [1], on C2C12 cell
viability to examine if this class of drugs has similar effects on
skeletal muscle cells cultured under hyperglycemic conditions.
Like empagliflozin, these drugs enhanced C2C12 cell viability
under hyperglycemic conditions (Fig. 1b). Furthermore, gliflozins
robustly suppressed hyperglycemia-induced cell death (Fig. 1c),
while increasing C2C12 cells proliferation under hyperglycemia
(Supplementary Fig. S1b, c). These results show that gliflozins
could protect skeletal muscle cells by reducing hyperglycemia-
induced cell death, thus increasing their viability.
To systematically examine the mechanism by which gliflozins

suppress skeletal muscle cell death and induce their viability
under hyperglycemic conditions, we performed RNA sequencing
and transcriptomic analysis of empagliflozin-treated C2C12 cells.
We observed that empagliflozin treatment increased the expres-
sion of 3687 genes and decreased that of 5049 genes in C2C12
cells (Fig. 1d). Gene Ontology (GO) analysis showed enrichment in
angiogenesis and response to hypoxia, indicating the possibility of
using empagliflozin as a therapeutic angiogenesis agent for
treating HLI (Fig. 1e). Furthermore, lipid metabolic process and
response to oxidative stress were also enriched by empagliflozin
treatment. Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis showed enrichment of pathways related to ferroptosis
and GSH metabolism (Fig. 1f). Given that ferroptosis is a type of
cell death induced by lipid peroxidation and aberrant GSH
metabolism, these results indicate that empagliflozin might affect
skeletal muscle cell viability by suppressing ferroptosis.

Empagliflozin inhibits ferroptosis in skeletal muscle cells under
hyperglycemic conditions
Ferroptosis is a recently identified form of non-apoptotic
programmed cell death caused by the disruption of redox
homeostasis due to the dysregulation of iron, GSH synthesis,

and lost activity of lipid repair enzymes (Fig. 2a). To examine
whether hyperglycemia could induce ferroptosis in skeletal
muscle cells, we first examined lipid peroxidation in C2C12 cells
cultured under hyperglycemic conditions. Indeed, we observed an
increase in lipid oxygen reactive species (ROS; Supplementary
Fig. S2a), lipid peroxidation (Supplementary Fig. S2b), and
4-hydroxynonenal (4-HNE, a lipid peroxidation-specific aldehyde;
Supplementary Fig. S2c) levels in C2C12 cells cultured under
hyperglycemic conditions. Hyperglycemia also led to mitochon-
drial shrinkage (Supplementary Fig. S2d), a typical characteristic of
ferroptosis caused by lipid peroxidation-induced disruption of the
mitochondrial membrane [38]. Furthermore, treatment with
ferrostatin-1, a small-molecule cellular ROS scavenger that can
suppress ferroptosis [38], conspicuously restored C2C12 cell
viability suppressed by hyperglycemia (Supplementary Fig. S2e).
These results clearly demonstrate that hyperglycemia induces
ferroptosis in skeletal muscle cells.
Next, we examined the effect of empagliflozin on

hyperglycemia-induced ferroptosis. To this end, we treated
mature C2C12 cells with 10 μM empagliflozin. Empagliflozin
suppressed the increase in lipid ROS and lipid peroxidation levels
under hyperglycemic conditions, thereby reducing the lipid
peroxidation ratio (Fig. 2b–d). Furthermore, empagliflozin also
suppressed the levels of 4-HNE (Fig. 2e, f) and malondialdehyde
(MDA; Supplementary Fig. S2f), and significantly restored the
morphology of mitochondria in C2C12 cells cultured under
hyperglycemic conditions (Fig. 2g). These results suggest that
empagliflozin protects the mitochondria from lipid peroxidase-
induced damage and ameliorates ferroptosis.

Gliflozins inhibit hyperglycemia-induced ferroptosis in a GPX4-
dependent manner
Maintenance of iron ion homeostasis, de novo synthesis of GSH and
reduction of lipid ROS by GSH are the main pathways that maintain
ferroptosis homeostasis. To reveal the molecular mechanism of
empagliflozin regulation of hyperglycemia-induced ferroptosis, we
analyzed the fold change of the differentially expressed genes
related to ferroptosis in empagliflozin-treated skeletal muscle cells
cultured under hyperglycemia using RNA-seq data, namely ferritin
light chain 1 (FTL1), GPX4, glutamate-cysteine 3 ligase, modifier
subunit (GCLM), glutathione synthetase (GSS), solute carrier family
3, member 2 (SLC3A2), glutamate-cysteine ligase, catalytic subunit
(GCLC), ferritin heavy chain 1 (FTH1), solute carrier family 7, member
11 (SLC7A11), and solute carrier family 40 (iron-regulated transpor-
ter), member 1 (SLC40A1). As shown in Fig. 3a, b, the level of GPX4,
an enzyme that facilitates GSH to reduce lipid hydroperoxides to
lipid alcohols [39], was most significantly affected. Similar results
were obtained from the validation of its protein expression in
empagliflozin-treated skeletal muscle cells (Fig. 3c, d). It is
noteworthy that empagliflozin did not significantly affect the
expression of FTH1, which is crucial for iron homeostasis; and
SLC7A11, the core subunit of system xc

−, a cystine-glutamate
antiporter that mediates the exchange of extracellular cystine with
intracellular glutamate and crucial for de novo GSH synthesis
[39, 40]. Meanwhile, empagliflozin promoted the levels of FTL1 and
SLC40A1, which are involved in iron homeostasis; as well as GCLM,
GSS, SLC3A2, and GCLC, which are regulators of de novo GSH
synthesis; however, the increase in the expression of these factors
was significantly lower than that of GPX4. Furthermore, we
observed a decrease of GPX4 expression in skeletal muscle cells
exposed to hyperglycemia compared to those cultured under
normoglycemia (Supplementary Fig. S3a, b), which is in accordance
with ArrayExpress: E-GEOD-31553 (https://www.ebi.ac.uk/
arrayexpress/experiments/E-GEOD-31553). These results suggest
that hyperglycemia might induce skeletal muscle cells ferroptosis
by suppressing the level of GPX4, thereby disrupting skeletal muscle
cells reduction potential. Together, these results suggest that
empagliflozin suppressed hyperglycemia-induced ferroptosis in
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skeletal muscle cells mainly by regulating the reduction process of
lipid peroxidation. We further confirmed these results by treating
C2C12 cells with erastin, which inhibits GSH synthesis [38], and (1S,
3R)-Ras-selective lethal small molecule 3 (RSL3), which inhibits lipid
ROS reduction [32]. Treatment with both erastin and RSL3 reduced
the viability of C2C12 cells in a dose-dependent manner
(Supplementary Fig. S3c, d). However, empagliflozin restored the

cell viability suppressed by RSL3, but not erastin (Fig. 3e, f).
Concomitantly, empagliflozin did not affect the protein level of
SLC7A11 (Supplementary Fig. S3e, f), and failed to cancel the
suppressive effect of erastin on SLC7A11 expression (Supplemen-
tary Fig. S3g, h).
Next, we analyzed the effect of RSL3 treatment on

empagliflozin-treated C2C12 cells. Treatment with RSL3 clearly

Fig. 1 Gliflozins promote skeletal muscle cells survival under hyperglycemia. a Cell viability of C2C12 cells treated with indicated
concentration of empagliflozin. b Cell viability of C2C12 cells treated with 10 μM gliflozins. c Cell death rate of C2C12 cells treated with 10 μM
gliflozins, as examined using PI staining and flow cytometry. d RNA-sequencing analysis of C2C12 treated with 10 μM empagliflozin. Heat-map
represents the result of clustering analysis of differentially expressed genes with fold-change ≥1.5 and P-value < 0.05. e GO analysis of
differentially expressed genes with fold-change ≥1.5 and P-value < 0.05. Enriched GO biological processes were identified and listed according
to their enrichment scores (-log10 P-value). f KEGG enrichment analysis of differentially expressed genes with fold-change ≥1.5 and P-
value < 0.05. C2C12 cells cultured under hyperglycemia were used as control. All experiments were performed under hyperglycemia unless
further indicated. Data were presented as mean ± SD (n= 3). NG normoglycemia, HG hyperglycemia, NS not significant, *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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suppressed empagliflozin-induced GPX4 protein expression
(Fig. 3g, h) and concomitantly canceled the suppressive effect of
empagliflozin on lipid peroxidation in C2C12 cells (Fig. 3i, j).
Subsequently, we observed that RSL3 attenuated the inhibitory
effect of empagliflozin on C2C12 cell death (Fig. 3k).
To further confirm the role of GPX4 in empagliflozin inhibition

of hyperglycemia-induced ferroptosis, we knocked down GPX4
expression in C2C12 cells using two shRNA expression vectors
targeting different sites of GPX4 (Supplementary Fig. S4a–c). We
used shGPX4-2 for further experiments as its knockdown effect
was stronger. The absence of GPX4 canceled the effect of
empagliflozin on GPX4 mRNA (Fig. 4a) and protein (Fig. 4b, c)
expression. Concomitantly, GPX4 knockdown abolished the effects
of empagliflozin on suppressing hyperglycemia-induced lipid
peroxidation (Fig. 4d, e). Subsequently, we observed that
empagliflozin failed to promote viability and suppress cell death
of GPX4-knocked down C2C12 cells cultured under hyperglycemic
conditions (Fig. 4f, g). It is also noteworthy that empagliflozin
could slightly promote GPX4 expression in C2C12 cells under

normoglycemia (Supplementary Fig. S5a, b); suggesting that
empagliflozin could also enhance GPX4 expression under
normoglycemia, although the effect was significantly lower than
in hyperglycemia.
To assess whether other gliflozins also promote skeletal muscle

cell viability through the GPX4/ferroptosis pathway, we examined
whether they could increase GPX4 expression. Treatment with
canagliflozin, dapagliflozin, ertugliflozin, ipragliflozin, and tofogli-
flozin also induced the expression of GPX4mRNA and protein under
hyperglycemic conditions (Fig. 5a–c). Furthermore, knocking-down
GPX4 clearly suppressed the effect of gliflozins in suppressing C2C12
cell death (Fig. 5d), and subsequently attenuated their effect in
increasing C2C12 cell viability (Fig. 5e). This effect is most plausibly
achievedby suppressing hyperglycemia-induced ferroptosis (Fig. 5f),
as gliflozins reduced hyperglycemia-induced 4-HNE and MDA levels
in skeletal muscle cells (Fig. 5g, h).
Together, these results demonstrate that empagliflozin and

other gliflozins could suppress hyperglycemia-induced ferroptosis
in skeletal muscle cells by promoting GPX4 expression.

Fig. 2 Empagliflozin inhibits ferroptosis in skeletal muscle cells under hyperglycemia. a Schematic diagram of molecular mechanism of
ferroptosis. b Lipid ROS level in empagliflozin-treated C2C12 cells, as examined using C11-BODIPY staining and flow cytometry. c, d Lipid
peroxidation ratio in empagliflozin-treated C2C12 cells, as analyzed using C11-BODIPY staining. Representative images (c; scale bars: 100 μm)
and quantification results (d; n= 6) were shown. e, f 4-HNE level in C2C12 cells treated with empagliflozin, as examined using Western
blotting. Representative images (e) and quantification results (f) were shown. β-Actin was used as loading control. g Transmission electron
microscopy images of the mitochondria in C2C12 cells treated with empagliflozin. Red arrows: mitochondria; scale bars: 200 nm. All
experiments were performed under hyperglycemia. Data were presented as mean ± SD (n= 3, unless further indicated). HG hyperglycemia,
Empa: 10 μM empagliflozin; **P < 0.01; ****P < 0.0001.
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Fig. 3 Empagliflozin inhibits hyperglycemia-induced ferroptosis by enhancing GPX4 expression. a Heatmap showing ferroptosis-related
genes which are differently expressed genes in C2C12 cells cultured under hyperglycemia and treated with 10 μM empagliflozin obtained by
RNA-seq. Values are scaled as indicated (1.0 to −1.5). b mRNA expression levels of ferroptosis-related genes in C2C12 cells cultured under
hyperglycemia and treated with 10 μM empagliflozin. c, d GPX4 protein expression in C2C12 cells cultured under hyperglycemia and treated
with 10 μM empagliflozin, as examined using Western blotting. Representative images (c) and quantification results (d) were shown. Cell
viability of C2C12 cells treated with 10 μM empagliflozin and 100 nM RSL3 (e) or 500 nM erastin (f). g, h GPX4 protein expression in C2C12 cells
treated with 10 μM empagliflozin and 100 nM RSL3, as examined using Western blotting. Representative images (g) and quantification results
(h) were shown. i, j Lipid peroxidation ratio in C2C12 cells treated with 10 μM empagliflozin and 100 nM RSL3, as analyzed using C11-BODIPY
staining. Representative images (i; scale bars: 100 μm) and quantification results (j; n= 6) were shown. k Cell death rate of C2C12 cells treated
with 10 μM empagliflozin and 100 nM RSL3 as examined using PI staining and flow cytometry. β-Actin was used for qRT-PCR normalization
and as Western blotting loading control. All experiments were performed under hyperglycemia. Data were presented as mean ± SD (n= 3,
unless further indicated). HG hyperglycemia, NS not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 4 Empagliflozin inhibits ferroptosis under hyperglycemia through GPX4. GPX4 mRNA (a) and protein (b, c) expression in GPX4-knocked
down C2C12 cells treated with 10 μM empagliflozin, as examined using qRT-PCR and Western blotting, respectively. Representative images (b)
and quantification results (c) were shown. β‐Actin was used for qRT-PCR normalization and as Western blotting loading control. d, e Lipid
peroxidation ratio in GPX4-knocked down C2C12 cells treated with 10 μM empagliflozin, as analyzed using C11-BODIPY staining.
Representative images (d; scale bars: 100 μm) and quantification results (e; n= 6) were shown. f Cell viability in GPX4-knocked down C2C12
cells treated with 10 μM empagliflozin. g Cell death rate in GPX4-knocked down C2C12 cells treated with 10 μM empagliflozin, as examined
using PI staining and flow cytometry. All experiments were performed under hyperglycemia. Data were presented as mean ± SD (n= 3, unless
further indicated). **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 5 Gliflozins inhibit ferroptosis under hyperglycemia through GPX4. mRNA (a) and protein (b, c) expression of GPX4 in C2C12 cells
treated with 10 μM of indicated gliflozins, as examined using qRT-PCR and Western blotting, respectively. Representative images (b) and
quantification results (c) were shown. β‐Actin was used for qRT-PCR normalization and as Western blotting loading control. d Cell death rate in
GPX4-knocked down C2C12 cells treated with 10 μM of indicated gliflozins, as examined using PI staining and flow cytometry. e Cell viability in
GPX4-knocked down C2C12 cells treated with 10 μM of indicated gliflozins. f Lipid ROS level in C2C12 cells treated with 10 μM of indicated
gliflozins, as examined using C11-BODIPY staining and flow cytometry. 4-HNE (g) and MDA (h) levels in C2C12 cells treated with 10 μM of
indicated gliflozins, as analyzed using ELISA and Lipid Peroxidation MDA Assay Kit, respectively. All experiments were performed under
hyperglycemia. Data were presented as mean ± SD (n= 3). HG hyperglycemia; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus shCon;
while #P < 0.05; ##P < 0.01; ###P < 0.001; ####P < 0.0001 versus shGPX4.
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Empagliflozin promotes skeletal muscle cells’ angiogenic potential
in a GPX4-dependent manner
As demonstrated in previous studies and confirmed in Supplemen-
tary Fig. S6, the expression of angiogenic factors in skeletal muscle
cells decreased under hyperglycemic conditions [16, 28, 41]. GO
analysis revealed the enrichment of “angiogenesis” in
empagliflozin-treated C2C12 cells under hyperglycemic conditions.
Skeletal muscle cells contribute to angiogenesis through their
secretome to vascular endothelial cells (HUVECs) and smooth
muscle cells (MOVAS), the two major types of blood vessel-forming
cells [24, 42, 43]. Our results showed that empagliflozin enhanced
the mRNA expression of angiogenin-1 (ANG1), fibroblast growth
factor 2 (FGF2), hepatocyte growth factor (HGF), platelet-derived
growth factor-BB (PDGF-BB), and vascular endothelial growth
factor-A (VEGF-A), which are angiogenic factors crucial for the
formation and maturation of blood vessels, in C2C12 cells (Fig. 6a).
However, these effects were abolished by GPX4 silencing. Similar
results were obtained for protein expression (Fig. 6b). Concomi-
tantly, empagliflozin promoted the secretion of ANG1, PDGF-BB,
and VEGF-A from C2C12 cells under hyperglycemic conditions, but
not from GPX4-knocked down cells (Fig. 6c).
Next, we obtained conditioned media from C2C12 cells

transfected with shCon or shGPX4 under hyperglycemic conditions,
and treated them with 10% dimethylsulfoxide (DMSO; CM-shCon
and CM-shGPX4, respectively), or with empagliflozin (CM-shCon
+Empa and CM-shGPX4+Empa). Then, we examined their effects
on blood vessel-forming cells. Compared to those cultured with CM-
shCon, the ratio of EdU-positive cells was significantly increased in
HUVECs cultured with CM-shCon+Empa. This indicates that
empagliflozin enhanced HUVEC proliferation potential through
the skeletal muscle cell secretome (Fig. 6d, e). However, this effect
could not be achieved using CM-shGPX4+Empa. Similar tendencies
were observed in MOVAS cells (Fig. 6f, g). These results clearly
showed that empagliflozin could enhance vascular endothelial and
smooth muscle cell proliferation potential through the skeletal
muscle cell secretome. In addition, they also showed that GPX4 in
skeletal muscle cells is crucial for this effect.
Migration potential is another characteristic of the angiogenic

function of blood-vessel-forming cells, which is crucial for their
migration towards the ischemic site. Migration potential of
HUVECs cultured with CM-shCon+Empa, but not with CM-
shGPX4+Empa, was increased robustly, as there were more cells
migrated to the lower compartment of the transwell chamber
than those cultured with the control (CM-shCon, Fig. 6h, i).
Similarly, MOVAS cell migration potential was also significantly
enhanced by CM-shCon+Empa (Fig. 6j, k). Thus, empagliflozin,
most plausibly through its effect in promoting skeletal muscle
cells GPX4, robustly promotes the migration potential of blood
vessel-forming cells.
Notably, treating HUVECs and MOVAS cells directly with

empagliflozin did not enhance their proliferation (Supplementary
Fig. S7a–d) nor their migration potential (Supplementary
Fig. S7e–h). Together, our results indicate that empagliflozin
enhances the proliferation and migration potentials of blood
vessels-forming cells through enhanced skeletal muscle cell
angiogenesis potential by inhibiting ferroptosis and promoting
their viability in a GPX4-dependent manner, but not through its
direct effect on them.

Empagliflozin promotes revascularization in diabetic HLI model
mice in a GPX4-dependent manner
Finally, we examined the effect of empagliflozin on promoting
revascularization in diabetic HLI mice. Diabetic HLI model mice
were established by excising the left hindlimb femoral artery of
diabetic mice. Empagliflozin was intramuscularly injected at the
gastrocnemius muscle near the ischemic location, that is, near the
excision location. Blood perfusion in both the left and correspond-
ing right hindlimb, which was used as a control, was measured

using a Laser Doppler Imager. The control group comprising of
mice treated with shCon and 10% DMSO showed only 30% blood
perfusion recovery at day 21 after surgery. In contrast, the
recovery rate in the ischemic hindlimb of diabetic HLI mice treated
intramuscularly with empagliflozin reached more than 70% at day
21 after surgery (Fig. 7a, b). Meanwhile, GPX4-knockdown clearly
abolished the effect of empagliflozin on promoting the blood
perfusion recovery in diabetic HLI mice. The morphological
assessment further confirmed the positive effect of empagliflozin
on revascularization and the crucial role of GPX4 in empagliflozin-
induced revascularization (Fig. 7c). Mice in the empagliflozin-
treated group showed better hindlimb morphologies, and most of
them scored 1. In contrast, mice in the control group scored 2 or 3.
Furthermore, GPX4 silencing abolished the effect of empagliflozin
on the morphology of the ischemic hindlimb. These results
indicate the efficacy of empagliflozin in enhancing the blood
perfusion recovery in diabetic HLI mice and the essential role of
GPX4 in the therapeutic effect of empagliflozin in diabetic HLI
mice. It is also noteworthy that in mice treated with only shGPX4,
the blood perfusion recovery was even slower than that of the
control, and most of the mice scored 3 from day 14 after surgery
for morphological assessment, further confirming that ferroptosis
disrupts the angiogenic potential of diabetic HLI mice.
Then, we examined the potential mechanism of intramuscularly

injected empagliflozin in promoting the blood perfusion recovery
in diabetic HLI mice. Immunofluorescence staining of platelet
derived cell adhesion molecule-1 (PECAM-1), a marker of vascular
endothelial cells, and alpha-smooth muscle actin (α-SMA), a
marker of smooth muscle cells, showed that empagliflozin
treatment noticeably increased the number of both PECAM-1-
and α-SMA-positive cells (shown in green and red, respectively;
Fig. 7d). Intramuscular injection of empagliflozin also increased
the number of PECAM-1-positive tube-like structures covered by
α-SMA-positive cells (merged in yellow), which indicate mature
blood vessels in the ischemic hindlimb of diabetic HLI mice
(Fig. 7d, e). Furthermore, in accordance with the blood perfusion
recovery and morphological analysis results, GPX4 silencing clearly
reduced the number of PECAM-1- and α-SMA-positive cells as well
as the number of mature blood vessels induced by empagliflozin.
We next examined GPX4 expression in the gastrocnemius muscle

of diabetic HLI mice. As shown in Fig. 7f, empagliflozin treatment
promoted GPX4 accumulation. Concomitantly, immunohistochem-
ical staining for 4-HNE also showed that empagliflozin significantly
reduced lipid peroxidation in the gastrocnemius muscle of diabetic
HLI mice. However, GPX4 silencing abolished these effects (Fig. 7f).
Furthermore, we observed mitochondrial morphology in tissues
obtained from the gastrocnemius muscle of diabetic HLI mice. The
control group had smaller, shrunken mitochondria, while the
mitochondria in the empagliflozin-treated group were larger with
increased mitochondrial crista (Fig. 7g). However, GPX4 silencing
canceled the effect of empagliflozin in protecting mitochondrial
morphology.
Furthermore, H&E staining showed that there was no obvious

damage to the heart, liver, spleen, lung, or kidney of mice injected
with empagliflozin intramuscularly (Supplementary Fig. S8). More-
over, there was no significant difference in the body weight
between the groups (Supplementary Table S3). Although further
detailed investigations are needed, these results preliminarily
indicated that there was no significant toxicity induced by
intramuscular administration of empagliflozin.
Orally administered gliflozins have been known to suppress

blood glucose levels by inhibiting SGLT2. However, we did not
observe any significant difference in the blood glucose levels
among the different diabetic HLI mice treated with empagliflozin
or 10% DMSO (Supplementary Table S4). These results indicated
that gliflozins administered directly to skeletal muscle cells might
exert functions different from those administered orally. ArrayEx-
press (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-
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Fig. 6 Empagliflozin promotes blood vessel-forming cells proliferation and migration by enhancing skeletal muscle cells paracrine
function in a GPX4-dependent manner. mRNA (a) and protein (b) expression of angiogenic factors in GPX4-knocked down C2C12 cells
treated with 10 μM empagliflozin, as examined using qRT-PCR and Western blotting, respectively. β‐Actin was used for qRT-PCR normalization
and as Western blotting loading control. c Secreted amount of ANG1, PDGF-BB and VEGF-A in the culture medium of C2C12 cells treated with
10 μM empagliflozin, as analyzed using ELISA. Proliferation potential of HUVECs (d, e) and MOVAS cells (f, g) cultured with indicated
conditioned media collected from GPX4-knocked down C2C12 cells treated with 10 μM empagliflozin, as examined using EdU incorporation
assay. Representative images (d and f; scale bars: 100 μm) and quantification results (e and g; n= 6) were shown. Migration potential of
HUVECs (h, i) and MOVAS cells ( j, k) cultured with indicated conditioned media, as analyzed using transwell migration assay. Representative
images (h and j; scale bars: 200 μm) and quantification results (i and k; n= 6) were shown. All experiments were performed under
hyperglycemia. Data were presented as mean ± SD (n= 3, unless further indicated). CM-shCon and CM-shGPX4: conditioned media obtained
from shCon-transfected or GPX4-knocked down C2C12 cells; CM-shCon+Empa and CM-shGPX4+Empa: conditioned media obtained from
shCon- or shGPX4-transfected C2C12 cells treated with 10 μM empagliflozin. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 7 Empagliflozin enhances revascularization in diabetic HLI mice by inhibiting ferroptosis through GPX4. a, b Blood perfusion in the
ischemic hindlimbs of diabetic HLI mice intramuscularly injected with empagliflozin (10mg/kg body weight) and shCon or shGPX4 vectors at
indicated time points. Representative images (a) and quantification data of blood perfusion ratio were shown (b; n= 7). c Morphological
assessment of ischemic hindlimbs in diabetic HLI mice intramuscularly injected with empagliflozin (10mg/kg body weight) and shCon or
shGPX4 vectors at indicated time points (n= 7). d, e Immunofluorescence against PECAM-1 (green) and α-SMA (red) in ischemic hindlimbs
tissue of diabetic HLI mice intramuscularly injected with empagliflozin (10mg/kg body weight) and shCon or shGPX4 vectors at day 21 after
surgery. Representative images (d; scale bars: 50 μm) and quantification results (e) were shown. f Representative images of
immunohistochemical staining against GPX4 and 4-HNE in ischemic hindlimbs tissues of diabetic HLI mice intramuscularly injected with
empagliflozin (10 mg/kg body weight) and shCon or shGPX4 vectors at day 21 after surgery (scale bars: 50 μm). g Transmission electron
microscopy images of the mitochondria in the ischemic hindlimbs tissues of diabetic HLI mice intramuscularly administered with
empagliflozin (10mg/kg body weight) and shCon or shGPX4 vectors at day 21 after surgery. Red arrows: mitochondria; scale bars: 200 nm.
Data were presented as mean ± SD (n= 6). NS not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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2836) showed that SGLT2 is highly expressed in renal cells but not
in skeletal muscle cells [44]. Our results further confirmed this, as
we could clearly detect the expression of SGLT2 in HEK293T cells
but not in C2C12 cells (Supplementary Fig. S9). Hence, gliflozins
exert their suppressive effect on skeletal muscle cell ferroptosis
through a mechanism distinct from their anti-hyperglycemic
function.
Taken together, our results show that empagliflozin inhibits

ferroptosis by promoting GPX4 accumulation to enhance skeletal
muscle cell survival. Furthermore, it also protects their paracrine
function, thereby triggering vascular endothelial and smooth
muscle cells’ proliferation and migration capabilities, and subse-
quently promotes revascularization through enhanced formation
of mature blood vessels in diabetic HLI model mice (Fig. 8). Hence,
promoting skeletal muscle cell viability by inhibiting ferroptosis is
a promising strategy for the future application of empagliflozin in
treating diabetic HLI.

DISCUSSION
Therapeutic angiogenesis, which aims to stimulate revasculariza-
tion to enhance tissue viability and recover blood perfusion, has
recently become a prospective strategy for lower limb ischemia
patients [24, 25]. Skeletal muscle was reported to be a prospective
target to promote therapeutic angiogenesis as its paracrine
function is essential to form new blood vessels [16, 24, 26, 28].
However, impaired blood flow in the lower extremities in lower
limb ischemia reduces skeletal muscle cell viability, thus
demonstrating impaired capillary density and muscle oxygen
delivery to an extreme extent [45]. This condition is worse in lower
limb ischemia patients with diabetes, as hyperglycemia increases
ROS and produces advanced glycation end products (AGEs), which
reduces the mitochondrial efficiency of skeletal muscle myotubes

and the expression of myogenic regulatory factors, leading to
skeletal muscle cell death and reduced muscular strength in
diabetic patients [46, 47]. Furthermore, hyperglycemia-induced
systemic impairment also affects skeletal muscle cell cellular
functions, including paracrine function, as well as the proliferation
and migration potential of blood vessel-forming cells. These lead
to poor angiogenic potential in diabetic lower limb ischemia, and
subsequently, to severe outcomes and poor prognosis with a
wider damaged area and high reoccurrence rate. Together, these
factors constitute the main obstacle for treating diabetic lower
limb ischemia patients. In addition to being inappropriate for
standardized revascularization therapy, it is difficult to induce
effective therapeutic angiogenesis in these patients [16, 20, 24].
Thus, there is an urgent need to develop novel small-molecule
drugs to treat diabetic lower limb ischemia.
Oral administration of gliflozins has recently been found to

exert positive effects on renal outcomes by inhibiting SGLT2 [7–9]
as well as improving cardiac functions and treating acute heart
failure in an SGLT2-independent manner [10–14]. In this study, we
clearly showed that empagliflozin could increase the viability of
skeletal muscle cells suppressed by hyperglycemia by promoting
the expression of GPX4, whose expression is decreased under
hyperglycemia. This, in turn, leads to the suppression of skeletal
muscle cell ferroptosis, and subsequently, to an increase in the
secretion of angiogenic factors, such as VEGF-A, PDGF-BB, and
ANG1, from skeletal muscle cells, which then promotes the
proliferation and migration potentials of blood vessel-forming
cells. VEGF-A contributes to the formation of tube-like structures
of endothelial cells and is recognized as an initiator of
angiogenesis [48], while PDGF-BB and ANG1 are crucial for
vascular maturation [16, 49]. Subsequently, intramuscular treat-
ment with empagliflozin might restore the angiogenic potential of
diabetic HLI model mice, enhance the formation of mature and
functional blood vessels, and improve blood perfusion recovery.
Hence, our study provides a potential novel therapeutic strategy
for diabetic HLI by using empagliflozin.
Gliflozins exert their function of lowering blood glucose by

inhibiting SGLT2 to block glucose reabsorption in the kidney [1–3].
However, SGLT2 expression is specific to renal and colorectal cells
[44] and is not expressed in skeletal muscle cells. Furthermore,
localized intramuscular administration of empagliflozin did not
affect blood glucose levels. Thus, the mechanism by which
empagliflozin suppresses skeletal muscle cell ferroptosis and
subsequently increases therapeutic angiogenesis in diabetic HLI
mice might occur through a completely distinct pathway than the
one that suppresses blood glucose levels. Moreso, it is indepen-
dent of SGLT2. Notably, oral administration of canagliflozin has
been reported to attenuate myocardial infarction in mice models
and impair blood reperfusion in the ischemic hindlimb by
inhibiting mitochondrial functions, thus increasing the risk of
limb amputation [50, 51]. However, our results showed that direct
treatment of skeletal muscle cells with gliflozins, including
canagliflozin, suppresses ferroptosis and increases skeletal muscle
cell viability by enhancing the expression of GPX4 and decreasing
the level of lipid ROS caused by hyperglycemia. These distinct
effects might be owing to the different administration methods of
gliflozins. Gliflozins taken orally might be metabolized and
distributed systematically, whereas intramuscular injection pro-
vides a more localized and direct effect on target cells.
Ferroptosis is a recently identified form of non-apoptotic cell

death caused by dysregulation of iron and lipid metabolism due to
the loss of activity of lipid repair enzymes. This causes subsequent
accumulation of lipid hydroperoxides [32, 52], which may lead to
diseases such as neurodegenerative diseases, brain injuries, stroke,
and ischemic heart injuries [53, 54]. Furthermore, a recent study
showed an increase in ferroptosis in skeletal muscle cells of aged
mice, suppressing skeletal muscle cell proliferation and regenera-
tion [55]. Hence, our findings, which reveal the potential of gliflozins

Fig. 8 Schematic diagram showing the mechanism of
intramuscularly-injected empagliflozin in enhancing therapeutic
angiogenesis. Empagliflozin inhibits hyperglycemia-induced ferrop-
tosis in skeletal muscle cells by enhancing GPX4 expression, thus
promoting revascularization in diabetic HLI mice.
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as novel anti-ferroptosis small-molecule drugs, may provide new
therapeutic strategies for treating these diseases.
Despite their potential as new therapeutic strategies for treating

diabetic HLI, there are still some limitations in this study that need to
be solved. While the fact that empagliflozin is a well-known
approved orally delivered drug whose safety has already been
proven might benefit the translational process of these findings to
clinical application of intramuscular injection of empagliflozin; it
needs to be re-tested for intramuscular administration in patients.
Furthermore, despite our preliminary experiments demonstrated
that intramuscular empagliflozin treatment does not cause
significant toxicity, as there is no significant difference in the body
weight and morphologies in different organs of diabetic HLI mice
intramuscularly injected with empagliflozin, further investigations
and clinical studies are needed. Moreover, it should be noted that
while all these gliflozins are aryl-C-glucosides with the same core
structures and belong to the same class of drugs, differences in their
chemical structures might regulate hyperglycemia-induced ferrop-
tosis in skeletal muscle cells to different extents, thus further pre-
clinical and clinical studies are needed before the clinical
applications of gliflozins as anti-ferroptosis small-molecule drugs.
In conclusion, our study uncovered a novel role of empagliflozin

as an anti-ferroptosis small-molecule drug that promotes the
viability of skeletal muscle cells under hyperglycemic conditions
by enhancing lipid ROS clearance through GPX4. Furthermore, we
observed effective revascularization in diabetic HLI mice following
intramuscular administration of empagliflozin. While further
preclinical and clinical studies are needed, this study highlights
a promising therapeutic strategy for intramuscular administration
of empagliflozin to inhibit ferroptosis to promote therapeutic
angiogenesis in diabetic HLI.
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