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Background: Metabolic associated fatty liver disease (MAFLD), characterized by hepatic
lipid accumulation and fatty degeneration, is intertwined with obesity and type 2 diabetes
mellitus (T2DM). Empagliflozin is a sodium-glucose cotransporter-2 inhibitor that effectively
lowers blood glucose, but its effect on MAFLD and associated mechanisms are not fully
understood.

Methods: Eight-week-old db/db mice, an in vivomodel, were administered empagliflozin
or saline intragastrically. A hepatocyte steatosis model was established by inducing
HL7702 cells with high glucose and palmitic acid and then treated with or without
empagliflozin. The autophagy inhibitor (3-methyladenine, 3-MA) and AMP-activated
protein kinase (AMPK) activator (AICAR)/inhibitor (Compound C) were used to
determine the involvement of AMPK and autophagy in the regulation of lipid
accumulation by empagliflozin. Ten-eleven translocation 2 (TET2) knockdown was
achieved by siRNA transfection. Hepatic steatosis was evaluated by Oil Red O staining
and triglyceride quantification. Immunohistochemistry, immunofluorescence, and western
blot were performed to assess protein levels.

Results: Empagliflozin alleviated liver steatosis in db/db mice and reduced triglyceride
content and lipid accumulation in the hepatocyte steatosis model. Empagliflozin elevated
autophagy, accompanied by an increase in p-AMPK and TET2. Both 3-MA and
Compound C abolished the ability of empagliflozin to induce autophagy and reduce
hepatic steatosis, while these effects could be recapitulated by AICAR treatment. TET2
knockdown resulted in autophagy inhibition and lipid accumulation despite empagliflozin
treatment.

Conclusion: Empagliflozin improves hepatic steatosis through the AMPK-TET2-
autophagy pathway. The use of empagliflozin as a treatment for preventing and
treating MAFLD in patients with T2DM warrants further study.
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INTRODUCTION

Metabolic associated fatty liver disease (MAFLD), formerly
named non-alcoholic fatty liver disease (NAFLD), inflicts a
heavy health burden worldwide (Eslam et al., 2020). In
absence of alcohol abuse, it encompasses a spectrum of liver
disorders from simple steatosis to steatohepatitis, the latter of
which can lead to progressive liver fibrosis (Lee et al., 2020),
cirrhosis, and ultimately hepatocellular carcinoma (HCC)
(Kanwal et al., 2019). MAFLD is epidemiologically related to
obesity and type 2 diabetes mellitus (T2DM). Up to 70%–80% of
patients with T2DM have MAFLD, and the concurrent
conditions of MAFLD in T2DM are associated with more
severe histological changes and worse outcomes than MAFLD
alone (Targher et al., 2018). MAFLD arises from the imbalance
between fat accumulation and β-oxidation and consequent
excessive fat deposition in the liver. However, the exact
molecular mechanisms underlying the pathogenesis and
progression of MAFLD remain unclear, limiting the
development of effective treatments for this disease. There is
an urgent need to unravel the molecular pathogenesis of MAFLD
and identify novel therapeutic targets.

Autophagy is a programmed degradation process that
maintains cellular homeostasis under basal and stress
conditions. It is a major pathway for lipid catabolism in
hepatocytes. In this process, lipid droplets are enclosed by
autophagosomes, which fuse with lysosomes and break down
triglycerides into free fatty acids (Ueno and Komatsu, 2017).
Dysfunction of autophagy has been observed in MAFLD (Fukuo
et al., 2014), and autophagy deficient mice (Atg7−/−) exhibited
increased hepatic fat accumulation and phenotypes that
resembled the clinical presentations of MAFLD in humans
(Singh et al., 2009). Also, autophagy was defective in ob/ob
mice and in high-fat diet-induced obese mice, which showed
substantial hepatic fatty infiltration; conversely, hepatic
overexpression of Atg7 prevented the development of fatty
liver hepatic steatosis in these mice (Yang et al., 2010).

Ten-eleven translocation 2 (TET2) oxidizes 5-methycytosine
(5-mC) to 5-hydroxymethylcytosine (5-hmC) and converts the
latter to unmethylated cytosine by base excision repair and
thymidine DNA glycosylase (Tahiliani et al., 2009). TET2-
mediated demethylation is involved in various physical and
pathological processes such as tumorigenesis (Pan et al., 2017),
cell differentiation and proliferation (Wang et al., 2015b), and
embryonic stem cell maintenance (von Meyenn et al., 2016).
Emerging evidence has suggested a role of DNA demethylation in
the pathogenesis of metabolic diseases (Volkmar et al., 2012;
Multhaup et al., 2015). Upstream of TET2, AMP-activated
protein kinase (AMPK) serves as a metabolic sensor and
orchestrates epigenetic modifications by TET2 (Wu et al.,
2018; Chiou et al., 2020). The detailed mechanism linking
diabetes to TET2-mediated DNA demethylation has been
unveiled by one study, which demonstrated that the
hyperglycaemic condition caused a reduction in TET2 due to
the inactivation of AMPK, a kinase that phosphorylates TET2
and prevents it from degradation, and epigenomic alterations
occurred as a consequence of decreased TET2 (Wu et al., 2018).

Autophagy-related genes, such as BECN1, are among the
downstream targets of TET2; by regulating the expression of
these genes, TET2 modulates the activity of autophagy in
response to stress stimuli (Li et al., 2015; Peng et al., 2016;
Yang et al., 2016). Based on the available evidence, the
AMPK-TET2 axis can be viewed as a key signaling
transduction pathway that rallies metabolic cues to autophagy
and alters the flux of this degradation pathway.

Sodium-glucose cotransporter-2 (SGLT-2)/solute carrier
family five member 2 (SLC5A2) inhibitors are a class of
glucose-lowering agents that inhibit renal glucose reabsorption,
thereby increasing urinary glucose excretion (Marsenic, 2009). In
addition to the glucose lowering effect, it has been increasingly
recognized that SGLT-2 inhibitors can exert pleiotropic effects via
various mechanisms of action. One of the potential additional
benefits with SGLT-2 inhibitors is improving MAFLD and
preventing disease progression (Seko et al., 2017; Kuchay
et al., 2018; Shibuya et al., 2018; Shimizu et al., 2019).
Empagliflozin is a potent and competitive SGLT-2 inhibitor
with high selectivity (Grempler et al., 2012). Empagliflozin
showed promise in treating MAFLD in the E-LIFE trial, in
which the combination of empagliflozin and standard therapy
significantly reduced liver fat in patients with T2DM andMAFLD
(Kuchay et al., 2018). In an animal model of T2DM, empagliflozin
reduced hepatic steatosis, which was associated with the
activation of AMPK (Kim et al., 2018). In this study, using
both in vivo and in vitro models of hepatic steatosis, we
investigated the effect of empagliflozin on liver fat
accumulation. Furthermore, we explored underlying
mechanisms and examined the roles of AMPK, TET2, and
autophagy, which presumably act as the key players in the
regulation of fat deposition in the liver. We demonstrated that
empagliflozin could reduce hepatic steatosis, and this effect was
mediated through the AMPK-TET2-autophagy pathway.

MATERIALS AND METHODS

In vivo Studies
Eight-week-old male db/db mice and male db/mmice (purchased
from Model Animal Research Center of Nanjing University,
China) were maintained at room temperature (20–24°C) and
fed with a standard chow diet ad libitum in environmentally
controlled animal facilities at Tianjin Medical University. Db/db
mice were an established animal model of T2DM and MAFLD,
and it harbors a point mutation in the gene encoding a leptin
receptor, which leads to fatty liver, obesity, hyperglycaemia, and
other metabolic defects. After 2 weeks adaptation, db/db mice
were randomly assigned into two groups and administered either
empagliflozin (3.8 mg/kg/d, n � 6) or saline (same volume as used
for empagliflozin, n � 6) intragastrically for eight weeks. As a
control group, db/m mice (n � 6) were treated with matching
volumes of saline for the same period of time. To test whether the
hypoglycemic effect of empagliflozin was attributed to the
genotyping in mice, another group of db/m mice (n � 6) were
administered empagliflozin intragastrically for 7 days. We
calculated with the appropriate dose of empagliflozin in mice
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based on the body surface areas of adults and mice. Body weight,
blood glucose, and urine glucose were measured twice a week,
over the 8 weeks course of treatment. To test whether the effects
of empagliflozin were due to the decrease in blood glucose,
another group of db/db mice (n � 6) were injected
subcutaneously with insulin glargine. At the end of treatment,
all mice were sacrificed by exsanguination under anesthesia with
inhaled 5% isoflurane in room air. All animal procedures were
approved by the Tianjin Medical University Experimental
Animal Ethics Committee.

Cell Culture and Treatments
HL7702 cells were cultured in RPMI-1640 (HyClone, SH30809
01) supplemented with 10% fetal bovine serum (Excell Bio) and
100U/ml penicillin (Solarbio) in a humidified incubator at 37°C
with 5% CO2. To establish a hepatocyte steatosis model, HL7702
cells were treated with palmitic acid (PA) and high glucose (HG)
when the cells reached 60%–70% confluence in six-well plates.
Mannitol was used for osmolality control. After experimenting
with different concentrations of PA (0, 0.1, 0.25, 0.5, 0.75 mM)
and different durations (24 and 48 h), treatment with 0.5 mM PA
and 25 mM glucose for 48 h was determined as the optimal
condition to induce steatosis (Supplementary Figure 4B–E).
Empagliflozin was applied at a concentration of 10 μM, based
on results of a cell viability assay with Cell Counting Kit-8
(CCK8). To determine the role of autophagy or AMPK,
HL7702 cells were induced with 0 5 mM PA and 25 mM
glucose for 48 h, and then were treated with or without
empagliflozin (10 μM) and with or without 3-methyladenine
(3-MA, 5 mM, Selleck, TX), AICAR (10 μM, MCE), or
Compound C (2 μM, Sigma). Complete culture medium was
used in all experiments to avoid starvation-induced autophagy.

Western Blot Analysis
Proteins were extracted from cells or tissues in RIPA lysis buffer
supplemented with PMSF and phosphatase inhibitors and
dissolved in SDS loading buffer. Equal amounts of proteins
were resolved by SDS-PAGE and transferred to a
nitrocellulose membrane (Millipore). After being blocked with
5% skimmed milk in 0.25% TBS-Tween (TBST), membranes
were incubated with the following primary antibodies overnight
at 4°C: p62 (1:2000, Abcam, ab56416), ATG5 (1:2000,
Proteintech, No. 10181-2-AP), Beclin-1 (1:2000, Proteintech,
No. 11306-1-AP), LC3 (1:2000, Proteintech, No. 14600-1-AP),
TET2 (1:1,000, Proteintech, No. 21207-1-AP), p-AMPK (1:2000,
Abcam, ab23875), AMPK (1:2000, Abcam, ab80039), SGLT2 (1:
1,000, Proteintech, No. 24654-1-AP), SREBP-1c (1:1,000, Abcam,
ab28481), PPARα (1:800, Proteintech, No. 15540-1-AP), CD36
(1:1,000, Abcam, No. 18836-1-AP), and β-actin (1:5,000,
Bioworld, BS6007M). After washing with TBST, the
horseradish peroxidase (HRP)-conjugated secondary antibody
was incubated for 1 h at room temperature. Finally, protein
bands were visualized with an ECL kit (Advansta, K-12045-
D50). Quantification of each band was analyzed with ImageJ
software. Proteins levels were normalized against the loading
control β-actin.

Immunofluorescence
Cells grown on coverslips were fixed in 4% paraformaldehyde for
30 min at room temperature, permeabilized with 0.1% Triton X-
100 for 30 min. Cells were blocked in 5% BSA for 1 h at room
temperature, washed with sterile phosphate buffer saline (PBS)
for 15 min, and then incubated overnight with anti-ATG5 (1:100;
Proteintech), anti-Beclin-1 (1:100; Proteintech), anti-p62 (1:200;
Abcam), and anti-TET2 (1:50; Proteintech) at 4°C. Then cells
were incubated with corresponding Alexa Fluor-conjugated
secondary antibodies for 1 h at room temperature, washed
with sterile PBS for 15 min, and counterstained with DAPI
(Zhongshan Jinqiao, ZLI-9557). Fluorescence signals were
detected by confocal fluorescence microscopy (Leica
Microsystems).

Hematoxylin and Eosin Staining and
Immunohistochemistry
Livers were fixed in 4% paraformaldehyde, embedded in paraffin,
and sectioned into four micromrter thick slices. The liver sections
were deparaffinised in xylene, dehydrated in graded alcohol and
washed with ddH2O. The liver sections were stained with
hematoxylin and eosin according to the manufacturer’s
protocols. For immunostaining, liver slices were blocked with
5% BSA and incubated overnight at 4°C with anti-ATG5 (1:200;
Proteintech), anti-Beclin-1 (1:200; Proteintech), anti-TET2 (1:
200; Proteintech), and anti-p62 (1:200; Abcam) after heat
mediated antigen retrieval with citrate for 20 min. The slices
were incubated with appropriate secondary antibodies at room
temperature for 1 h, washed with sterile PBS for 15 min, stained
with DAB, counterstained with hematoxylin, dehydrated in
graded alcohol, rinsed with xylene, and mounted on slides.
Images were acquired by an Olympus I3-TPC microscope.

Oil Red O Staining
Frozen liver sections were fixed in 4% ice-cold paraformaldehyde,
washed with sterile PBS for 10 min, stained with Oil Red O
solution (0.5% in isopropanol, diluted with ddH2O in ratio of 3:2)
for 20 min at room temperature, washed thrice with ddH2O, and
finally counterstained with hematoxylin for 5 min, washed with
ddH2O for 10 min and mounted on slides. Cells were fixed in 4%
paraformaldehyde for 20 min, washed with sterile PBS for
10 min, and stained with Oil Red O for 20 min at room
temperature. Finally, the cells were washed thrice with ddH2O.
Images were taken by an Olympus I3-TPC microscope. To
quantify Oil Red O staining, intracellular lipids were extracted
with isopropanol and shaken for 10 min at room temperature,
and the absorbance at 520 nm was measured on a
monochromator microplate reader (Bio Tek).

siRNA Transfection
Specific TET2 siRNA (5′-CCAUCACAAUUGCUUCUUUTT-3′
and 5′-AAAGAAGCAAUUGUGAUGGTT-3′) and negative
control siRNA were obtained from GenePharma. TET2 siRNA
was transfected with Lipofectamine 2000 (Invitrogen, 11668019)
for 6 h according to the manufacturer’s protocol. TET2
knockdown was verified by western blot (Supplementary
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Figure 6). After 6 h of transfection, the cells treated with PA, HG
and empagliflozin for 48 h.

Statistical Analysis
Each experiment was repeated at least three times. Statistical
analysis was performed using Prism 7.0 software (GraphPad,
La Jolla, CA, United States). All data were presented as the
mean ± SEM from three independent experiments.
Comparisons between multiple groups were analyzed by
one-way ANOVA followed by the Tukey post-test.
Unpaired Student’s t-test were used to compare the
differences between two groups. Statistical significance was
accepted at p < 0.05.

RESULTS

Empagliflozin Decreases Blood Glucose
and Liver Lipid Accumulation in Db/DbMice
The db/db mice exhibited hyperglycaemia and features of
MAFLD including a pale and enlarged liver, increased liver to
body weight ratio, elevated serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), raised serum
triglyceride (TG) and total cholesterol (TC), lipid
accumulation around the perisinusoidal areas in the form of
macrovascular steatosis (Figure 1). Western blot results showed
that CD36 and SREBP-1c were significantly increased while
PPARα decreased in db/db mice compared with that of db/m
mice (Supplementary Figure 1C–D), indicating that hepatic
steatosis was observed in db/db mice. Empagliflozin
significantly lowered blood glucose and increased urinary
glucose excretion in db/db mice (Figure 1A,B). Notably, eight
weeks for empagliflozin treatment, db/db mice demonstrated a
normal liver phenotype and had lower serum levels of AST, ALT,
TG and TC, decreased liver to body weight ratio, less hepatic lipid
accumulation, improved the index for lipid metabolism
(i.e., CD36, SREBP-1c, PPARα), and reduced liver weight and
body weight compared with db/db mice treated with saline
(Figure 1C–I and Supplementary Figure 1A–D). To test
whether the hypoglycemic effect of empagliflozin was
attributed to the genotyping in mice, db/m mice were treated
with short-term (7 days) empagliflozin. But after short-term
empagliflozin treatment, empagliflozin did not significantly
alter blood glucose compared with saline in db/m mice
(Supplementary Figure 1E). No adverse effects of
empagliflozin were observed during treatment. These results
indicated that empagliflozin had a preventative effect on the
development of MAFLD in db/db mice.

Autophagy and AMPK-TET2 Signaling Are
Inhibited in Db/Db Mice and Restored by
Empagliflozin
Autophagy degrades liver lipid droplets and prevents hepatic
steatosis (Ueno and Komatsu, 2017). To determine whether
autophagy was suppressed in db/db mice and this activity was
restored by empagliflozin, autophagy flux was evaluated with

autophagy-specific markers. Although LC3II/LC3I is widely used
as an indicator of autophagy, several caveats make the detection
of two LC3 isoforms and the interpretation of the ratio
problematic, and this ratio is not always a reliable marker of
autophagy (Klionsky et al., 2016). Therefore, we used other
autophagy-related proteins, p62, ATG5, and Beclin-1, to assess
autophagy in subsequent experiments. Immunohistochemistry
and western blot results showed that Beclin-1 and ATG5 were
significantly decreased while p62 accumulated in the livers of db/
db mice compared with that of db/m mice, indicating that
autophagy was suppressed in db/db mice (Figure 2A–E).
Empagliflozin restored autophagy activity in the livers of db/
db mice, as demonstrated by the increase in Beclin-1 and ATG5
and reduction in p62 (Figure 2A–E). The livers of db/db mice
also showed signs of vascular degeneration, while these
histopathologic changes were ameliorated by empagliflozin
(Figure 2A). To test whether the effects of empagliflozin were
attributed to the decrease in blood glucose, db/db mice were
treated with insulin. However, insulin treatment did not induce
discernible changes in p62 and Beclin-1 compared with saline in
db/db mice (Supplementary Figure 2B–D), suggesting that the
effect of empagliflozin on autophagy was independent of its
hypoglycaemic effect. Meanwhile we examined whether SGLT-
2 was expressed in the livers of mice. Western blot results revealed
that SGLT-2 was expressed in mice livers (Supplementary
Figure 3).

To explore possible mechanisms by which empagliflozin
affects autophagy, p-AMPK, AMPK, and TET2 were assessed
by western blot, given that the AMPK-TET2 axis has been shown
to be involved in the regulation of autophagy (Wu et al., 2018).
The phosphorylation of AMPK was reduced in db/db mice,
whereas it was recovered by empagliflozin treatment
(Figure 2B,G). Meanwhile, the level of TET2 protein was
reduced in db/db mice; however, empagliflozin treatment
resulted in an increase in TET2 protein levels (Figure 2B,F).

Collectively, empagliflozin treatment enhanced autophagy,
activated AMPK, and increased TET2 protein levels in db/
db mice.

Empagliflozin Reduces Lipid Accumulation
and Upregulates Autophagy in a Steatosis
Cell Model
To confirm the effects of empagliflozin on autophagy and
steatosis in vitro, we established a cell model of hepatic
steatosis and treated cells with empagliflozin. Firstly, we tested
the expression of SGLT-2 in HL7702 cells (Supplementary
Figure 3). Then in order to determine the optimal condition
to induce steatosis, HL7702 cells were treated with ascending
concentrations of PA (0, 0.01, 0.25, 0.5, 0.75 mM) for different
durations (24 and 48 h). Based on the accumulation of p62, the
reduction in TET2, and lipid deposition, 0.5 mM PA and 25 mM
glucose for 48 h was selected as the optimal treatment regimen
(Supplementary Figure 4B–E). Furthermore, there was no
significant difference between mannitol and normal control
(NC), excluding the interference of hyperosmosis
(Supplementary Figure 5A,B). Lipid deposits were markedly
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elevated in this hepatocyte steatosis model, demonstrated by the
increase in Oil Red O staining (Figure 3A) and TG level
(Figure 3B). Treatment with empagliflozin significantly
attenuated lipid accumulation in these cells (Figure 3A,B).

Then we evaluated autophagy flux in the hepatocyte steatosis
model. Immunofluorescence and western blot results showed that
under PA and HG-induced steatosis, cellular levels of ATG5 and

Beclin-1 were decreased, and p62 was increased (Figure 3D–H).
Empagliflozin treatment reversed the effects induced by PA and
HG, increasing ATG5 and Beclin-1 and reducing p62
(Figure 3D–H). Consistent with NC group, cells exposed to
PA and HG showed reduced p-AMPK and TET2, but
empagliflozin significantly up-regulated AMPK-activity and
TET2 expression (Figure 3C,E,I,J). However, empagliflozin

FIGURE 1 | Empagliflozin ameliorates hyperglycaemia and hepatic steatosis in db/db mice. Eight-week-old male db/db mice were treated with saline or
empagliflozin for eight weeks, and eight-week-old male db/m mice given no treatment were used as a control (A) Blood glucose and; (B) urine glucose concentrations
over the 8-weeks treatment duration; (C) Representative images of mouse liver after 8 weeks treatment. Scale bar represents 1 cm (D) Liver to body weight and (E–H)
serum AST, ALT, TG and TC concentrations after 8-weeks treatment (I) Liver histology and hepatic lipid accumulation were observed using hematoxylin-eosin
staining and Oil Red O staining. The representative images are shown (Scale bar represents 200 μm). Data in (D–F) are presented as means ± SEM from three
independent experiments. ALT, alanine aminotransferase; AST, aspartate aminotransferase; Empa, empagliflozin; HE, hematoxylin and eosin staining. *p < 0.05,
**p < 0.01, ***p < 0.001.
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treatment had no effect in NC group (Supplementary
Figure 5A, 5B). These data demonstrated that empagliflozin
increased AMPK phosphorylation and TET2, induced
autophagy, and reduced lipid accumulation in the
hepatocyte steatosis model.

To test whether autophagy mediates the preventative effect of
empagliflozin on lipid accumulation, we blocked autophagy with
its inhibitor, 3-MA. While PA and HG significantly increased
intracellular lipid accumulation, empagliflozin decreased lipid
contents in the cells (Figure 3N,O). However, in the presence of
3-MA, empagliflozin was no longer able to reduce lipid
accumulation in hepatocytes exposed to PA and HG
(Figure 3N,O). These results indicated that autophagy activity
was required for the reduction of lipid accumulation by
empagliflozin.

Empagliflozin Elevates TET2 andAutophagy
Through AMPK
Active AMPK phosphorylates TET2 and protects it from
degradation in peripheral blood mononuclear cells (Wu et al.,
2018). We hypothesized that empagliflozin treatment led to the
activation of AMPK, thereby stabilizing TET2 and increasing its
intracellular level. To test this hypothesis, we treated steatotic
hepatocytes with the AMPK activator AICAR or its inhibitor,
Compound C. The reagent used for testing was consistent with
other studies (Koyani et al., 2020; Wang et al., 2020). Similar to
empagliflozin, AICAR significantly reduced hepatocellular lipid
content; in contrast, Compound C exacerbated lipid accumulation
in the hepatocyte steatosis model (Figure 4A,B). More importantly,
empagliflozin did not alleviate PA and HG-induced steatosis in the

FIGURE 2 | Autophagy, AMPK phosphorylation, and TET2 are decreased in db/db mice and restored by empagliflozin. Eight-week-old male db/db mice were
treated with saline or empagliflozin for eight weeks, and eight-week-old male db/m mice given no treatment were used as a control (A) Representative
immunohistochemistry images of Beclin-1, ATG5, TET2, and p62 staining in mice liver tissues. Scale bar represents 100 μm; (B) Western blot analyses of ATG5,
Beclin-1, p62, TET2, p-AMPK, and AMPK with β-actin as a loading control and (C–G) densitometric analyses of band intensities normalized to β-actin. Data in
(C–G) are presented as means ± SEM from three independent experiments. Empa, empagliflozin. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3 | Empagliflozin ameliorates lipid accumulation and activates autophagy and the AMPK-TET2 signaling in HL7702 cells treated with PA and HG (A–J)
HL7702 cells were treatedwith or without PA andHG, with or without empagliflozin (A)Representative images of Oil RedO staining and (B) quantitative analysis of TGs. Scale bar
represents 30 μm. Immunofluorescence of (C) TET2 and (D) p62 in HL7702 cells. Scale bars represent 30 μm (C) and 100 μm (D), respectively, (E) Western blot analyses of
ATG5, Beclin-1, p62, TET2, p-AMPK, and AMPK with β-actin as a loading control and (F–J) densitometric analyses of band intensities normalized to β-actin (K–O)
HL7702 cellswere treatedwith orwithout PA andHG,with orwithout empagliflozin, in thepresence or absenceof 3-MA (K)Western blot analyses of Beclin-1 and p62with β-actin
as a loading control and (L, M) densitometric analyses of band intensities normalized to β-actin (N) Representative images of Oil Red O staining and (O) quantitative analyses of
TGs. Data in (B, F–J, L,M, andO) are presented asmeans ± SEM from three independent experiments. Empa, empagliflozin; HG, high glucose; NC, negative control group; PA,
palmitic acid; TG, triglyceride; 3-MA, 3-methyladenine. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4 | The increase in TET2 and autophagy and reduction in lipid accumulation by empagliflozin are dependent on AMPK activation. HL7702 cells were treated
with or without PA and HG, with or without empagliflozin, in the presence or absence of AICAR or compound C (A) Representative images of oil red O staining and
(B) quantitative analysis of TGs. Scale bar represents 30 μm (C, I)Western blot analyses of p-AMPK, AMPK, TET2, ATG5, Beclin-1, and p62 with β-actin as a loading control
and (D–H, J–N) densitometric analyses of band intensities normalized to β-actin. Data in (B, D–H, J–N) are presented as means ± SEM from three independent
experiments. Empa, empagliflozin; HG, high glucose; NC, negative control group; ns, not significant; PA, palmitic acid; TG, triglyceride. *p < 0.05, **p < 0.01, ***p < 0.001.
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presence of Compound C (Figure 4A,B). Both empagliflozin and
AICAR increased TET2 in the hepatocyte steatosis model
(Figure 4C,E). With regard to autophagy, both empagliflozin and
AICAR significantly decreased p62 while increased Beclin-1 and
ATG5 (Figure 4C,F–H). In contrast, Compound C decreased the
levels of TET2, ATG5, and Beclin-1 and increased p62 in the

hepatocyte steatosis model (Figure 4I,K–N). Notably, in the
presence of AICAR or Compound C, empagliflozin treatment
had no additional effects on TET2 and the autophagy markers
(Figure 4C,E–I,K–N). These results suggested that AMPK was
involved in the regulation of TET2, autophagy, and lipid
deposition under empagliflozin treatment.

FIGURE 5 | TET2 is required for empagliflozin-induced autophagy. HL7702 cells were transfected with or without TET2 siRNA and treated with or without PA and
HG, with or without empagliflozin (A)Representative images of Oil Red O staining and (B) quantitative analysis of TGs. Scale bar represents 30 μm. Immunofluorescence
of (C) TET2 and (D) p62. Scale bars represent 30 μm (C) and 100 μm (D), respectively (E) Western blot analyses of TET2, ATG5, Beclin-1, and p62 with β-actin as a
loading control and (F–I) densitometric analyses of band intensities normalized to β-actin. Data in (B) and (F–I) are presented as means ± SEM from three
independent experiments. Empa, empagliflozin; HG, high glucose; NC, negative control group; PA, palmitic acid; TG, triglyceride. *p < 0.05, **p < 0.01, ***p < 0.001.
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TET2 Is Required for Autophagy Induction
and Reduction of Lipid Accumulation by
Empagliflozin
To investigate the potential role of TET2 in inducing
autophagy and reducing lipid content, siRNA directed
against TET2 was transfected into HL7702 cells. The
preventive effect of empagliflozin on PA and HG-induced
steatosis was abolished when TET2 was knocked-down
(Figure 5A,B). Also, under the depletion of TET2,
autophagy was no longer activated by empagliflozin in the
hepatocyte steatosis model, based on the levels of Beclin-1,
ATG5, and p62 (Figure 5C–I). We concluded that TET2
contributed to empagliflozin-induced autophagy and the
regulation of lipid levels in hepatocytes.

DISCUSSION

Patients with T2DM are at high risk of developingMAFLD due to
systemic metabolic dyshomeostasis (Tilg et al., 2017). Preventing
and treating MAFLD in patients with T2DM is critical since it
may progress into advanced liver diseases that are associated with
high morbidity and mortality. In the current study, we
demonstrated that empagliflozin could reduce hepatic lipid
accumulation and prevent hepatic steatosis both in vitro and
in vivo. The data indicated that empagliflozin might exert this
effect via activation of autophagy through the AMPK-TET2
signaling.

SGLT-2 inhibitors are commonly used to treat T2DM, and
they lower blood glucose by inhibiting glucose reabsorption in the
kidney and promoting urinary glucose excretion. In addition to
the sustained hypoglycaemic effect, SGLT-2 inhibitors are also
able to reduce body weight and abdominal fat (Cefalu et al., 2013).
It was demonstrated in vivo that tofogliflozin induced a switch
from carbohydrate oxidation to fatty acid oxidation, which might
contribute to the decrease in fat accumulation in the adipose
tissue and liver (Suzuki et al., 2014). In patients with T2DM and
MAFLD, luseogliflozin reduced liver fat and body weight
(Shibuya et al., 2018), and similarly, dapagliflozin ameliorated
hepatic steatosis and fibrosis (Shimizu et al., 2019). The E-LIFT
trial showed that empagliflozin combined with standard therapy
reduced liver fat in patients with T2DM and MAFLD (Kuchay
et al., 2018). In db/db mice, empagliflozin prevented hepatic
steatosis, but insulin alone elevated TG in the liver (Katsiki et al.,
2019). In our study, empagliflozin treatment reduced blood
glucose, body weight, hepatic TG content, and hepatic
steatosis and enhanced urinary glucose excretion in db/db
mice. In the PA and HG-induced steatosis cell model,
intracellular content of lipid and TGs was significantly
decreased after treatment with empagliflozin. These results are
consistent with previous reports (Jojima et al., 2016; Bajaj et al.,
2018; Lai et al., 2020). In comparison, insulin injection did not
improve MAFLD despite the glucose-lowering effect. Our results
and the available preclinical and clinical evidence point to the
potential benefit of preventing fatty liver and improving MAFLD
with empagliflozin in patients with T2DM.

Autophagy contributes to lipid metabolic balance and
alleviates liver damage and inflammation (Liu and Czaja, 2013;
Sinha et al., 2014). Suppressed autophagy may underlie the
pathogenesis and progression of MAFLD (Madrigal-Matute
and Cuervo, 2016). Particularly, lipophagy is a subtype of
autophagy where intracellular lipid droplets are engulfed by
the autophagosome, transported to and subsequently degraded
in the lysosome (Sathyanarayan et al., 2017). Inhibition of this
degradation process is associated with ectopic lipid deposition in
the liver and hepatic steatosis (Liu and Czaja, 2013). Steatosis of
hepatocytes is a hallmark of MAFLD, and with the build-up of fat
in liver, inflammation, cirrhosis, and liver damage may ensue.
Diabetic mice developed steatohepatitis, in parallel with
inhibition of autophagy in the liver (Zhang et al., 2015). Based
on the role of autophagy in maintaining lipid balance in the liver,
it can be postulated that activating autophagy is a potential
approach to treating MAFLD. In our study, empagliflozin
treatment led to activation of autophagy in both db/db mice
and a hepatocyte steatosis model, based on alterations of
autophagy markers including p62, Beclin-1, and ATG5.
Nonetheless, the ratio of LC3II/LC3I changed in an opposing
manner to Beclin-1 and ATG5 in db/db mice. The accumulation
of LC3-II relative to LC3I under autophagy inhibition was also
observed in other studies (Gonzalez-Rodriguez et al., 2014; Wang
et al., 2015a)and a guideline on the assays for monitoring
autophagy warned against relying on LC3II/LC3I as an
indicator of autophagy flux (Klionsky et al., 2016).

We explored the potential mechanism mediating autophagy
activation under empagliflozin treatment. AMPK is a serine/
threonine protein kinase that regulates a variety of cellular
processes, including metabolic homeostasis, cell proliferation, and
cell death. The role of AMPK in modulating autophagy and its
clinical implications have been elucidated (Zaouali et al., 2013; Oh
et al., 2016). In diabetic mice, empagliflozin treatment activated
AMPK, which led to inhibition of mitochondrial fissions and
alleviation of cardiac microvascular injury (Zhou et al., 2018). A
novel SGLT-2 inhibitor, NGI001, increasedAMPKphosphorylation
and ameliorated lipid accumulation and inflammation in human
hepatocytes (Chiang et al., 2020). Consistently, in the present study,
under steatosis-inducing conditions, empagliflozin elevated AMPK
phosphorylation, resulting in an increase in autophagy and
reduction in lipid deposition in hepatocytes both in vivo and in vitro.

TET2 is an α-ketoglutarate- and Fe2+-dependent dioxygenase
that mediates DNA demethylation by catalyzing the oxidation of
5-mC to 5-hmC.8 As a tumor suppressor gene, TET2 was first
discovered in acute myeloid leukemia (Abdel-Wahab and Levine,
2013), and its mutation was closely related to hematopoietic
malignancy (Cimmino et al., 2015). The epigenomic regulation of
gene expression by TET2 and its involvement in carcinogenesis
have been studied in various cancers, but its relationship with
metabolic disorders has only emerged recently. Disturbance in
the DNA methylation-demethylation balance plays an important
role in the pathogenesis of metabolic disorders (Feinberg et al.,
2010). A recent study demonstrated that TET2 functioned as an
epigenetic regulator of PPARG target genes, and it was required
for Rosiglitazone-mediated insulin sensitization in adipocytes
(Bian et al., 2018). Under hyperglycaemia, more TET2
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proteins were degraded due to the loss of its phosphorylation by
AMPK, resulting in epigenomic reprogramming (Wu et al.,
2018). TET2 may function as a master of autophagy by
regulating the expression of Beclin-1, and the activity of
autophagy was suppressed if the level of TET2 was reduced in
the cell (Peng et al., 2016; Yang et al., 2016). We showed that the
TET2 might be an intermediate regulator of the AMPK-
autophagy pathway in hepatocytes. Empagliflozin, by
activating AMPK, preserves the intracellular level of TET2
protein, which in turn induces autophagy; through the
AMPK-TET2-autophagy signaling, empagliflozin reduces
hepatic lipid accumulation and has potential to improve
MAFLD. One study reported that empagliflozin caused modest
AMPK activation at doses well above its peak plasma
concentrations (Hawley et al., 2016). We posit that this
inconsistency may be due to differences in cell models (HEK-293
vsHL7702) and treatment regimens (treatingwith empagliflozin only
vs treating with empagliflozin after induction with PA and HG).
However, the upstream mechanism by which empagliflozin
activates AMPK remains elusive, given that the target of
empagliflozin, SLC5A2, is rarely expressed in hepatocytes.
Further studies are needed to reveal how empagliflozin
regulates AMPK, whether additional mechanisms exist for
its regulation of autophagy and lipid content in hepatocytes,
and the clinical relevance of these effects.

In summary, our results demonstrate that empagliflozin,
through the AMPK-TET2-autophagy pathway, reduces lipid
accumulation and alleviates hepatic steatosis in vitro and in
vivo models. Based on these findings and previous clinical
evidence, empagliflozin could have potential to improve
outcomes for patients with T2DM and MAFLD.
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