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Background: Sodium-glucose cotransporter type 2 (SGLT2) inhibitors, such as dapagliflozin, are primarily used to lower glucose in
type 2 diabetes. Recent studies suggest broader metabolic effects, particularly in the liver. This study explores the molecular mecha-
nisms by which dapagliflozin influences hepatic glucose and lipid metabolism, hypothesizing that it activates the 5’-adenosine mo-
nophosphate-activated protein kinase (AMPK)-sirtuin 1 (Sirtl) pathway to promote gluconeogenesis and reduce lipid accumulation
via autophagy.

Methods: HepG2 hepatocellular carcinoma cells were treated with dapagliflozin, and Western blotting, quantitative reverse tran-
scription polymerase chain reaction, and fluorescence microscopy were used to assess gluconeogenic enzyme expression and au-
tophagy. In vivo, mice with liver-specific autophagy related 7 (Atg7) deletion and those on a high-fat diet were used to evaluate glu-
cose regulation, lipid metabolism, and autophagy.

Results: Dapagliflozin significantly increased expression of gluconeogenic enzymes like phosphoenolpyruvate carboxykinase
(PEPCK) in HepG2 cells and enhanced autophagic flux, evidenced by increased light chain 3B (LC3B)-II levels and autophagosome
formation. AMPK-Sirt] activation was confirmed as the underlying mechanism. Additionally, dapagliflozin reduced fatty acid syn-
thesis by suppressing enzymes such as acetyl-CoA carboxylase and fatty acid synthase, while promoting fatty acid degradation via
carnitine palmitoyltransferase 1a (CPTla) upregulation. In high-fat diet mice, dapagliflozin increased hepatic gluconeogenesis and
reduced lipid accumulation, though serum cholesterol and triglyceride levels were unaffected.

Conclusion: Dapagliflozin enhances hepatic gluconeogenesis and reduces steatosis by activating the AMPK-Sirt]1 pathway and pro-
moting autophagy. These findings suggest that SGLT2 inhibitors could offer therapeutic benefits for managing hepatic lipid disor-
ders, beyond glycemic control.
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INTRODUCTION

Sodium-glucose cotransporter type 2 (SGLT2) inhibitors repre-
sent a significant advancement in glucose-lowering therapies,
primarily blocking renal glucose reabsorption and thereby re-
ducing blood glucose levels [1,2]. Dapagliflozin (DAPA), a
known SGLT?2 inhibitor, is widely approved for managing type
2 diabetes mellitus owing to its efficacy in impeding SGLT2-de-
pendent renal glucose reabsorption [3]. In addition, DAPA aids
in weight reduction, decreases cardiovascular mortality, and po-
tentially slows the progression of diabetic kidney disease [4].
Beyond their core role in glycemic control, SGLT2 inhibitors
have garnered substantial interest for their ancillary benefits, in-
cluding the alleviation of body fluid overload through osmotic
diuresis, which in turn reduces blood pressure and improves
heart failure outcomes [5-12]. These cardiovascular benefits
have accelerated the clinical adoption of SGLT2 inhibitors [4,9-
11]. Nevertheless, further investigation of their metabolic effects
on other tissues is essential to optimize their therapeutic poten-
tial and ensure comprehensive clinical safety.

SGLT?2 inhibitors also enhance hepatic glucose production,
which is often associated with elevated plasma glucagon levels
[13]. The exact mechanism behind SGLT2-induced gluconeo-
genesis remains debated, with some research suggesting an in-
direct effect via increased urinary glucose excretion, while oth-
ers proposing a direct impact on pancreatic alpha cells, thereby
stimulating glucagon secretion [14,15]. In addition, SGLT2 in-
hibitors reduce hepatic steatosis by promoting fatty acid oxida-
tion and suppressing lipogenesis [16-18]. Despite these find-
ings, the specific molecular mechanisms through which SGLT2
inhibitors influence hepatic glucose and lipid metabolism have
not been completely clarified.

Thus, this study aimed to elucidate the molecular pathways
that explained the influence of SGLT2 inhibitors on liver lipid
and glucose metabolism. Specifically, we examined the role of
the activation of 5’-adenosine monophosphate-activated protein
kinase (AMPK) and hepatic autophagy, both crucial for main-
taining hepatic glucose and lipid homeostasis [19,20]. We hy-
pothesized that SGLT2 inhibitors stimulated hepatic gluconeo-
genesis and reduced hepatic lipid accumulation by activating
AMPK and enhancing hepatic autophagy. To test this hypothe-
sis, we employed a comprehensive approach incorporating both
in vitro and in vivo experiments using HepG2 cells and a mouse
model of hepatic autophagy deficiency (liver-specific autopha-
gy related 7 [Atg7] knockout mice).
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METHODS

Animal experiments

Four-week-old male C57BL/6J mice were housed in a controlled
environment with a 12-hour light/dark cycle and temperatures
maintained at 21°C+2°C and humidity at 60%=%10%. After a
1-week acclimation period, the mice were assigned to four
groups based on their diet and treatment: (1) standard chow diet;
(2) standard chow diet supplemented with DAPA (2.0 mg/kg/
day) mixed into the food pellets; (3) high-fat diet (HFD; 60%
kcal from fat; D12492; Research Diets Inc., New Brunswick, NJ,
USA); and (4) HFD with DAPA (2.0 mg/kg/day) incorporated
into the food pellets. Liver-specific Atg7 knockout (Atg7Ahep)
mice were provided with an HFD with or without DAPA treat-
ment (2.0 mg/kg/day) mixed into their food pellets. To create liv-
er-specific Atg7-deficient mice, Atg7"" mice were bred with Cre
mice driven by the albumin promoter, resulting in the generation
of atg7"%;alb-Cre mice (Atg7Ahep). Five-week-old mice were
placed on diet rich in fats (n=37) for 8 weeks before administra-
tion of the drug. Age-matched control group mice were given a
standard chow diet (negative control) (n=12).

Following a 12-week period, the chow-fed mice were catego-
rized into two groups: one receiving chow (n=6) and the other re-
ceiving chow+DAPA (n=6). The HFD-induced diabetic mice
were also divided into two cohorts: HFD (n=18) and HFD+DAPA
(n=19). Treatment continued for an additional 12 weeks, during
which blood glucose concentrations, body weight, and food con-
sumption were assessed weekly. Following the treatment phase,
the mice were administered with tiletamine—zolazepam (Zoletil;
50 mg/kg; Virbac, Carros, France). Serum samples were obtained
and preserved at —80°C, while hepatic tissues were harvested,
flash frozen in liquid nitrogen, and maintained at —80°C until sub-
sequent analysis.

All animal experiments were approved by the Institutional
Animal Care and Use Committee at Yonsei University College
of Medicine (approval number: 2024-0056) and were conducted
in compliance with applicable guidelines and regulations

Western blotting

Both cells and liver tissues were lysed using radioimmunopre-
cipitation assay (RIPA) bufter, which comprised 20 mM Tris-
HCI (pH 7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic
acid, 1 mM egtazic acid, 1% ethoxylated nonylphenol, 1% so-
dium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM sodium vanadate, and 1 pg/mL leu-
peptin (BRI-9010-010M, Tech & Innovation Co. Ltd., Chun-
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cheon, Korea), using a mixture of protease and phosphatase in-
hibitors (78440, Thermo Scientific, Waltham, MA, USA). Pro-
tein samples were separated using 10% and 15% polyacrylamide
gels, followed by transfer to polyvinylidene fluoride membranes
(PVHO00010, Millipore, Burlington, MA, USA) and nitrocellu-
lose membranes. To assess the levels of various proteins, the
membranes were treated with primary antibodies, including
phosphoenolpyruvate carboxykinase (PEPCK; ab28455, Abcam,
Cambridge, UK), glucose 6-phosphatase (G6Pase; ab83690, Ab-
cam), light chain 3B (LC3B) (L7543, Sigma-Aldrich, St. Louis,
MO, USA), AMPK (25328, Cell Signaling, Danvers, MA,
USA), p-AMPK (25358, Cell Signaling), actin beta (ACTB)
(A1978, Sigma-Aldrich), and an horseradish peroxidase-conju-
gated anti-mouse immunoglobulin G (IgG) (70768, Cell Signal-
ing). For the secondary antibody, anti-rabbit IgG (7074S, Cell
Signaling) was utilized.

RNA extraction and quantitative reverse transcription
polymerase chain reaction

Total RNA was extracted from HepG2 cells using TRIzol accord-
ing to the manufacturer’s protocol. RNA purity and concentration
were assessed using a NanoDrop spectrophotometer by measur-
ing absorbance at 260/280 nm. For cDNA synthesis, the Prime-
Script™ RT Reagent Kit (Perfect Real-Time) (Cat. #RR037A,
Takara Bio, Kusatsu, Japan) was used according to the manufac-
turer’s instructions. Quantitative real-time polymerase chain reac-
tion (PCR) was performed using the TB Green premix Ex Taq
(RR420A, Takara Bio) in a qPCR machine (CronoSTAR™ 96
Real-Time PCR System, Takara Bio) to measure the expression
levels of the target genes glucose-6-phosphatase (G6PC), phos-
phoenolpyruvate carboxykinase 1 (PCK1), pyruvate kinase liver
type (PKLR), sirtuin 1 (SIRT1), fatty acid synthase (FAS), acetyl-
CoA carboxylase (ACC), carnitine palmitoyltransferase la
(CPT1a), hydroxyacyl-CoA dehydrogenase trifunctional multi-
enzyme complex subunit alpha (HADHa), long-chain acyl-CoA
dehydrogenase (LCAD), and peroxisome proliferator-activated
receptor alpha (PPARa). Gene-specific primers were designed
based on sequences obtained from the National Center for Bio-
technology Information nucleotide database. The thermal cycling
conditions were as follows: initial denaturation at 95°C for 30
seconds, followed by 40 cycles of 95°C for 5 seconds and 60°C
for 30 seconds. Relative gene expression levels were calculated
using the AACt method, normalizing to glyceraldehyde 3-phos-
phate dehydrogenase.
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Assessment of autophagic flux using fluorescence
microscopy

HepG2 cells were transfected for 48 hours with a plasmid that
encoded a green fluorescent protein (GFP)-tagged microtubule-
associated protein 1 light chain 3 and monomeric red fluores-
cent proteins (mRFP) combined with GFP and LC3 using lipo-
fectamine 2000 (1166-027, Invitrogen, Waltham, MA, USA).
After transfection, the cells were fixed in a solution of 4% para-
formaldehyde (PFA) in phosphate buffer (pH 7.4) for 10 min-
utes. Following fixation, the cells were washed three times us-
ing phosphate-buffered saline (PBS) for 5 minutes each time
and then analyzed using an LSM 700 confocal microscope (Carl
Zeiss, Oberkochen, Germany).

Cell maintenance and experimental procedures
Hepatocarcinoma cell line (HepG2) cells were grown in Dul-
becco’s modified Eagle’s medium (SH30243.01, Thermo Scien-
tific) under 5% COs conditions in a 37°C incubator. The medium
was supplemented with 10% fetal bovine serum (SH30071.03,
Thermo Scientific) and 1% each of penicillin and streptomycin
(SV30010, Thermo Fisher Scientific). HepG2 cells were pre-in-
cubated with bafilomycin A1 (Baf A1) (B1793, Sigma-Aldrich)
or chloroquine (C6628, Sigma-Aldrich) for 2 hours then treated
with DAPA (10 uM) for 12 hours. Hepatic cells were exposed to
250 uM palmitic acid (PA) along with DAPA (10 uM) for 24
hours to establish an in vitro system simulating hepatic lipid ac-
cumulation.

Tests for oral glucose, insulin, and pyruvate tolerance

For the oral glucose tolerance test (OGTT), mice were made to
fast overnight and then received an oral gavage of 40% glucose
solution at a dosage of 2 g/kg body weight. Blood glucose lev-
els were assessed at baseline and then again at 30, 60, 90, and
120 minutes during the test. Insulin tolerance tests were per-
formed after a 4-hour fasting period, during which insulin (0.75
units/kg; catalogue number 9177C, Sigma-Aldrich) was given
via intraperitoneal injection, and blood glucose measurements
were taken according to the previously outlined method. At the
time of the pyruvate tolerance test (PTT), mice were given an
intraperitoneal injection of sodium pyruvate (2 g/kg; catalogue
number P2256, Sigma-Aldrich) mixed in PBS after an 18-hour
fast. Following the injection, blood samples were obtained from
the tail vein. Blood glucose levels were measured using an Ac-
cu-Chek Performa glucometer (Bioehringer-Mannheim, India-
napolis, IN, USA).
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Glucose production assay

Glucose synthesis from cells was evaluated with a colorimetric
detection kit for glucose (K606-100, BioVision, Milpitas, CA,
USA), as per the manufacturer’s specifications. In summary,
HepG2 cells were exposed to DAPA for 12 hours, either in its
presence or absence. The prepared conditioned medium was
subsequently gathered and combined with the reaction solution,
then incubated at room temperature for 30 minutes. Absorbance
was measured at 450 nm with a 96-well plate reader (Molecular
Devices, Sunnyvale, CA, USA).

Haematoxylin and eosin staining

Liver tissues were preserved using 4% PFA, embedded in paraf-
fin, and subjected to H&E staining. Lipid buildup was exam-
ined through electron microscopy.

Electron microscopy for transmission imaging
Transmission electron microscopy techniques was utilized to ob-
serve autophagic vacuoles in the liver. Mouse liver tissue, fixed
with glutaraldehyde, was subjected to post-fixation using 2% os-
mium tetroxide and then dehydration through a series of alcohol
solutions. Finally, it was flat embedded in EPON 812 (100503-
876, Electron Microscopy Sciences, Hatfield, PA, USA). Ultra-
thin sections of 300 nm were created and examined using an
electron microscope (JEM-1011, JEOL/Mega-View II, Olym-
pus, Tokyo, Japan).

Analysis of serum lipid concentrations and hepatic steatosis
Blood serum samples were dispatched to the Department of Lab-
oratory Animal Resources in Yonsei University College of Medi-
cine for the evaluation of total triglyceride and cholesterol levels.
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Fig. 1. Dapagliflozin (DAPA) increases autophagy-dependent glucose output and upregulates the levels of gluconeogenesis-related enzymes,
whereas glycolytic enzymes remain unaffected in HepG2 cells. HepG2 cells are treated with DAPA (10 uM) and bafilomycin A1 (Baf A1,
20 nM) or chloroquine (CQ; 50 uM). Real-time quantitative reverse transcription polymerase chain reaction reveals that DAPA increases the
expression of phosphoenolpyruvate carboxykinase 1 (PCK1) (A) but not that of glucose-6-phosphatase (G6PC) (B). However, DAPA has no
significant effect on the mRNA expression of pyruvate kinase liver type (PKLR) (C) in HepG2 cells. DAPA treatment increases the glucose
output (D). (E) Western blot analysis showing increased levels of PCK1 and G6PC, which encode gluconeogenic enzymes. Data are present-
ed as the mean= standard error of the mean. PEPCK, phosphoenolpyruvate carboxykinase. Significance levels indicated as *P<0.05 when
compared with negative control (NC); ®P<0.05 when compared with DAPA group; °P<0.01 when compared with DAPA group.
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Analysis of statistical data <0.05 was considered statistically significant.

Data are presented as the average+standard error of the mean.

Comparisons between two and three groups were performed us- RESULTS

ing Student’s ¢ test and one-way or two-way analysis of variance

(ANOVA) with Bonferroni’s post hoc test, respectively. All sta-  DAPA enhanced the expression of key rate-limiting

tistical analyses were conducted using GraphPad Prism version ~ enzymes associated with gluconeogenesis in HepG2 cells

8 (GraphPad Software Inc., San Diego, CA, USA). A P value of  To examine how DAPA influences hepatic gluconeogenesis, we
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Fig. 2. Dapagliflozin (DAPA) stimulates autophagy in HepG2 cells. (A) Using the autophagy marker green fluorescent protein (GFP)-light
chain 3A (LC3A), HepG?2 cells are treated with DAPA (10 pM) for 12 hours. Fluorescent images are then captured using confocal microsco-
py (63 Xmagnification). The histogram columns indicate the quantity of LC3A puncta per cell, with a minimum of 10 random fields selected
from each sample. (B) Light chain 3B (LC3B)-II levels are increased in cells treated with DAPA, as indicated by Western blot analysis. In the
group treated with bafilomycin A1 (Baf A1), DAPA triggers autophagic flux. (C) After transfecting hepatic cells with monomeric red fluores-
cent protein (mRFP)-GFP-LC3B, DAPA is given for of 12 hours. Fluorescent images are then captured using confocal microscopy (63X
magnification). The GFP signals are unstable at low lysosomal pH, leading to its degradation. Conversely, red fluorescent protein signals re-
main more stable in acidic environments, thus retaining its red fluorescence. The histogram columns indicate the ratio of mRFP to GFP
LC3B puncta. Data are presented as the mean+standard error of the mean. CTL, control; NC, negative control; ACTB, actin beta. Signifi-
cance levels are indicated as follows: *P<0.05; °P<0.01; °P<0.0001.
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investigated its impact on the levels of key enzymes related to
gluconeogenic and glycolytic pathway in HepG2 hepatocellular
carcinoma cells. Real-time quantitative reverse transcription
polymerase chain reaction (QRT-PCR) analysis demonstrated
that a 10-hour treatment with DAPA (10 uM) significantly in-
creased the expression of the gluconeogenic enzyme PCK1
(soluble) (Fig. 1A), but it did not affect the expression of G6PC
(catalytic subunit) (Fig. 1B). Correspondingly, we investigated
PEPCK and G6Pase expression in HepG2 cells treated with
DAPA (10 uM) for 12 hours. PEPCK and G6Pase protein levels
were elevated, suggesting enhanced gluconeogenesis (Fig. 1E).
In contrast, DAPA did not significantly alter the mRNA levels
of PKLR (Fig. 1C). To determine whether the gluconeogenic ef-
fect of DAPA was mediated through autophagy, cells were co-
treated with DAPA and Baf A1, a lysosomal inhibitor. Baf Al
treatment attenuated the DAPA-induced increase in PEPCK and
G6Pase expression (Fig. 1E) and reduced glucose production
(Fig. 1D). These findings indicate that DAPA specifically mod-
ulates the expression of gluconeogenic enzymes in HepG2 cells.
Furthermore, they underscore the involvement of autophagy in
mediating DAPA-induced gluconeogenesis.

DAPA triggered autophagic activity, resulting in increased
levels of gluconeogenic enzymes
Given that autophagy enhanced gluconeogenesis in hepatic tis-
sues [21], we investigated if DAPA enhanced autophagy in hepa-
tocytes by introducing a vector into HepG2 cells that expressed
the autophagy marker light chain 3A (LC3A), a microtubule-as-
sociated protein involved in autophagy conjugated with GFP.
DAPA treatment increased the quantity of GFP-LC3A fluores-
cent puncta, indicating the presence of autophagosomes in the
cytosolic space (Fig. 2A). In contrast, puncta were hardly notice-
able in the control cells (Fig. 2A). To validate these findings, we
conducted Western blot analysis, and the results revealed higher
levels of LC-3B-II in the DAPA group than in the control group;
this suggested that DAPA stimulated autophagy in hepatic cells
(Fig. 2B). Cells were treated with Baf A1 to prevent autophagy,
followed by DAPA treatment to assess whether the increase in
LC3B levels induced by DAPA was due to autophagy activation
or a blockage in autophagic flux. DAPA additionally elevated
LC-3B-II levels in cells pretreated with Baf A1, indicating that
DAPA promoted autophagy instead of inhibiting it (Fig. 2B).
Next, hepatic cells were transfected with a tandem construct that
encoded LC3 fused to both mRFP and GFP, allowing for the as-
sessment of autophagic turnover.

GFP was broken down in the acidic environment of the lyso-
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some, resulting in the disappearance of the green fluorescence.
In contrast, red fluorescent signal remained stable in such condi-
tions, preserving the red fluorescence. A yellow fluorescent sig-
nal, resulting from the combination of mRFP and GFP, was ob-
served in autophagosomes, whereas only red signals (mRFP)
were observed in autolysosomes. The quantity of red and yellow
puncta was increased in cells exposed to DAPA, suggesting that
DAPA stimulated the formation of autophagosomes and autoly-
sosomes, leading to enhanced autophagic flux (Fig. 2C). To ver-
ify whether DAPA activated autophagy, we treated cells with ra-
pamycin, known to induce autophagy [22], as a positive control.

DAPA alleviated hepatic accumulation in HFD mice and
PA-stimulated HepG2 cells

We investigated the mechanisms by which DAPA inhibited he-
patic triglyceride synthesis. Acetyl-CoA initiates fatty acid syn-
thesis, which entails the incorporation of two-carbon units to
elongate the fatty acid chain. The conversion of acetyl-CoA to
malonyl-CoA and nicotinamide adenine dinucleotide phosphate
(NADPH) is catalyzed by ACC, while the fatty acid chain is
also extended to produce PA. Consequently, we investigated the
primary enzymes and transcription factors involved in lipid me-
tabolism within HepG2 cells. Treatment with DAPA (10 pM)
resulted in a reduction of mRNA expression levels for ACC and
FAS (Fig. 3A).

Thereafter, we investigated whether DAPA enhanced the deg-
radation of fatty acids through B-oxidation. The mRNA levels
of CPT1a, a marker of B-oxidation, were significantly decreased
with the addition of PA in HepG2 cells. In contrast, DAPA treat-
ment increased mRNA levels of CPT1a (Fig. 3B). Similarly,
mRNA levels of LCAD were diminished by PA, whereas DAPA
treatment reversed this effect, increasing LCAD mRNA levels
(Fig. 3B). However, DAPA did not affect L-3-hydroxyacyl-CoA
dehydrogenase alpha expression under the same conditions,
suggesting that it protected hepatocytes from PA-induced lipo-
toxicity (Fig. 3B).

Given that Sirtl serves as a central upstream regulator, both
the reduction in fatty acid accumulation and the enhancement of
fatty acid oxidation induced by DAPA appear to be downstream
effects of Sirtl activation. The transcription factor PPARa di-
rectly influences multiple stages of hepatic lipid metabolism, in-
cluding the activation of CPT1a expression [23]. Given that
DAPA upregulated CPT1a expression, we assessed whether it
also upregulated PPARa expression. DAPA increased the mRNA
levels of PPARa in HepG2 cells treated with PA (Fig. 3B). This
indicated that its protective effects were mediated, at least in

Copyright © 2025 Korean Endocrine Society
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Fig. 3. Dapagliflozin (DAPA) reduces lipid accumulation and enhances lipid oxidation in HepG2 cells treated with palmitic acid. Histologi-
cal analysis following H&E staining in vivo revealed that DAPA treatment mitigated hepatic steatosis by reducing intracellular lipid droplet
formation. Cells are treated with 250 uM either in the absence or presence of DAPA. The levels of (A) fatty acid synthase (FAS) and acetyl-
CoA carboxylase (ACC), as lipogenic enzymes, and (B) carnitine palmitoyltransferase 1a (CPT1a), hydroxyacyl-CoA dehydrogenase tri-
functional multienzyme complex subunit alpha (HADHa), long-chain acyl-CoA dehydrogenase (LCAD), fatty oxidation genes, and peroxi-
some proliferator-activated receptor alpha (PPARa) are measured using quantitative reverse transcription polymerase chain reaction. The ex-
pression values of the target genes are normalized to those of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase. (C) Liver
sections are processed with H&E staining (scale bar=100 um). The data are presented as mean+standard error of the mean. NC, negative

control; WT, wild-type; HFD, high-fat diet. Significance levels are indicated as *P<0.05; "P<0.01; °P<0.001; “P<0.0001.

part, through the upregulation of PPARa expression. To assess
if DAPA reduced hepatic lipid accumulation in vivo, hepatic lip-
id accumulation was increased in the study groups. Histological
analysis following H&E staining revealed that DAPA treatment
mitigated hepatic steatosis by reducing intracellular lipid droplet
formation (Fig. 3C).

DAPA promoted gluconeogenesis in vitro through the
AMPK-Sirtl1 signaling pathway
To evaluate if autophagy was triggered through the AMPK-Sirt1

Copyright © 2025 Korean Endocrine Society

pathway, RNA expression of Sirtl and the protein levels of
AMPK and Sirtl were analyzed. The p-AMPK to AMPK ratio
was increased in HepGz2 cells treated with DAPA (Fig. 4B). Si-
multaneously, Sirtl expression was increased (Fig. 4A). To ex-
plore the relationship between AMPK activation and autophagy
triggered by DAPA, the AMPK inhibitor compound C was uti-
lized to prevent AMPK phosphorylation in HepG2 cells. Com-
pound C administration mitigated the DAPA-induced increase in
Sirtl expression (Fig. 4B). This indicated that the AMPK-Sirt1
axis was involved in the hepatic mechanism of action of DAPA.
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Fig. 4. Dapagliflozin (DAPA) activates 5’-adenosine monophosphate-activated protein kinase (AMPK)-sirtuin 1 (Sirtl) pathway signaling in
HepQG2 cells. (A) Sirt] mRNA levels are upregulated in HepG2 cells treated with DAPA. The mRNA expression of the target gene is stan-
dardized against glyceraldehyde-3-phosphate dehydrogenase levels. (B) Western blot and corresponding densitometry analysis of p-AMPK
and Sirt] in hepatic cells. HepG2 cells are exposed to DAPA along with 10 pM compound C. Data are expressed as the mean+standard error
of the mean. NC, negative control. Significance levels are indicated as *P<0.05.

DAPA increased hepatic glucose production and autophagic
processes in mice fed a fat-rich diet

To assess the in vivo effects of DAPA on glucose regulation, we
initiated a 12-week HFD regimen in mice aged 5 weeks. There-
after, the mice were administered DAPA for 8 additional weeks.
Notably, the average body weight was higher in the HFD Atg7
wild-type (WT) mice than in the chow diet Atg7 WT mice (Fig.
5A), regardless of dietary consumption. Fasting blood glucose
(FBG) levels were evaluated, along with glucose tolerance, in
week 25, insulin tolerance in week 26, and pyruvate tolerance in
week 27. Significantly elevated FBG levels were observed in
mice subjected to a far-rich diet. (Fig. 5B). The OGTT results
were not significantly different between the HFD Atg7 WT
group and the HFD+DAPA Atg7 WT group (Fig. 5C), indicat-
ing that DAPA did not enhance pancreatic beta-cell function by
week 25. However, insulin sensitivity was notably improved in
the two groups (Fig. 5D). Furthermore, PTT demonstrated sig-
nificantly higher blood glucose levels in the HFD+DAPA Atg7
WT group than in the HFD Atg7 WT group (Fig. SE), indicating
enhanced hepatic gluconeogenesis in the former group.

To determine whether DAPA protected against lipid accumula-
tion under our experimental conditions, we measured the serum
levels of total cholesterol and triglycerides in the four groups.
Both total cholesterol and triglyceride levels were increased in
the HFD Atg7 WT group (Fig. SF, G). However, DAPA treat-
ment did not reduce the total cholesterol or triglyceride levels in
these mice. The mice were euthanized at the end of the study
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(week 27), and liver tissues were analyzed. The data revealed
higher PEPCK protein expression in the livers of HFD+DAPA
Atg7 WT mice than in HFD Atg7 WT mice (Fig. 6). Additional-
ly, transmission electron microscopy showed notable vacuoliza-
tion and the presence of autophagosomes in the hepatocytes of
HFD+DAPA Atg7 WT mice, with the proportion of autophagic
vacuoles being markedly higher than in controls (Fig. 7). Collec-
tively, these data demonstrated that DAPA treatment increased
hepatic gluconeogenesis by stimulating autophagy.

DISCUSSION

This study investigated how DAPA, a SGLT?2 inhibitor, affects
hepatic glucose and lipid metabolism, focusing on its role in ac-
tivating the AMPK-Sirt]l pathway and modulating autophagy.
By examining both hepatic cells and HFD-fed mice, the study
elucidated the previously unclear mechanisms by which DAPA
activates gluconeogenesis and reduces lipid accumulation in the
liver, which is a significant finding in understanding its role in
managing obesity-related metabolic dysfunction.

SGLT?2 inhibitors, such as DAPA, represent a novel category
of oral medications designed to control blood sugar levels and
manage type 2 diabetes mellitus [24]. Increased SGLT2 activity
and expression have been detected in liver cells under elevated
blood glucose conditions, leading to increased glucose reab-
sorption [25]. SGLT2 inhibitors, such as DAPA and empa-
gliflozin, can increase hepatic gluconeogenesis and improve

Copyright © 2025 Korean Endocrine Society
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Fig. 5. Effect of dapagliflozin (DAPA) administration on the metabolic profiles of hyperglycemic mice on a high-fat diet (HFD)-fed liver-
specific autophagy related 7 (Atg7) mice. (A) Influence of DAPA treatment on changes in body weight in Atg7 wild-type (WT) mice and
Atg7 Ahep mice. (B) Fasting blood glucose levels are increased in Atg7 WT mice fed a HFD. (C) Results of the oral glucose tolerance test
(OGTT) conducted at age 25 weeks indicate no differences between the groups (HFD-fed Atg7 WT mice and HFD+DAPA-fed Atg7 WT
mice). (D) Results of insulin tolerance test (ITT) show improvement in insulin response in the DAPA-treated Atg7 WT mice. (E) Pyruvate
tolerance test (PTT) conducted at age 27 weeks reveal increased blood glucose levels in the Atg7 WT mice treated with DAPA. (F) Triglycer-
ide (TG). (G) Total cholesterol (TC). Data are presented as the mean = standard error of the mean. KO, knockout; AUC, area under the curve.
Significance levels are indicated *P<0.05; *P<0.01; *P<0.0001.
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Fig. 6. Dapagliflozin (DAPA) treatment increases hepatic gluconeo-
genesis in vivo. (A) Western blot analysis is conducted to assess the
protein expression levels of phosphoenolpyruvate carboxykinase
(PEPCK), an essential gluconeogenic enzyme, in mice. (B) Densi-
tometric analysis of Western blot results is performed to evaluate
PEPCK expression in mice, with actin levels serving as a control.
Densitometry analysis of PEPCK content is conducted with the Im-
agel software (National Institutes of Health), normalizing the results
to the control level. Data are presented as the mean=standard error
of the mean. WT, wild-type; HFD, high-fat diet; KO, knockout. Sig-
nificance levels indicated as *P<0.05.

metabolic and hepatic disorders [26-28]. However, the specific
mechanisms linking these effects to glucose metabolism and
liver function are poorly understood. Thus, understanding the
precise mechanisms by which SGLT2 inhibitors enhance hepat-
ic gluconeogenesis and mitigate diet-induced metabolic disor-
ders is crucial.

SGLT?2 is a sodium-glucose transporter predominantly found
in the kidney’s proximal convoluted tubules, but it has also been
identified in other human tissues [29]. SGLT2 is expressed in
immortalized HuS-E/2 human primary hepatocytes, HepG2 cell
line human liver cancer cells, and liver tissues from mice [30-
32]. The SGLT family, consisting of 12 members, presents an
ongoing controversy regarding its expression signature in extra-
renal tissues owing to the absence of specific antibodies [33].
However, previous studies have confirmed SGLT2 expression
in liver cell lines and rat hepatic tissues [34]. Building on this,
our study demonstrated that continuous treatment with DAPA
significantly enhanced hepatic gluconeogenesis and reduced
lipid deposition in mice given an HFD. This effect was correlat-
ed with the upregulation of gluconeogenic enzymes (e.g.,
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Fig. 7. Electron microscopy to analyze autophagosomes in the livers
of mice that received dapagliflozin (DAPA) treatment. (A) Trans-
mission electron microscopy shows significant vacuolization and
autophagosomes in the hepatocytes of mice treated with DAPA. The
arrows highlight the double membranes of the autophagosomes. (B)
DAPA treatment substantially increases the formation of autophagic
vacuoles in the mice livers. Data are presented as the mean=stan-
dard error of the mean. Atg7, autophagy related 7; HFD, high-fat
diet; WT, wild-type. Significance levels defined as *P<0.01.

PEPCK and G6Pase), reduction in the expression of liver fat
synthesis genes (e.g., FAS and ACC), and an increase in fatty
acid oxidation genes (e.g., CPT1) in PA-stimulated HepG2
cells. Collectively, these results support that DAPA modulates
hepatic gluconeogenesis and lipid metabolism through specific
gene regulatory pathways, further implicating SGLT2 receptor
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activity in these processes.

However, the specific mechanisms by which autophagy pro-
motes gluconeogenesis remain to be elucidated. During periods
of starvation, autophagy is believed to serve as a survival strate-
gy, providing vital amino acids that facilitate gluconeogenesis
in the liver [21,35]. Mice lacking autophagy due to Atg5 knock-
out generally succumb to hypoglycemic episodes occurring
within 24 hours of birth [36]. Further, HFD mice with targeted
deletion of Atg7 in the liver demonstrate enhanced insulin re-
sponsiveness and glucose tolerance relative to their WT litter-
mates on the same diet [37]. Our findings demonstrate that
DAPA treatment in HFD-fed mice leads to increased PEPCK
expression and improved pyruvate tolerance, which is not ob-
served in mice with a liver-specific deficiency in Atg7. This
provides compelling evidence that DAPA promotes gluconeo-
genesis through autophagy. This is in line with previous find-
ings that G6pc and Pck1 expressions are elevated in statin-treat-
ed primary hepatocytes but not in the liver cells of Atg7-defi-
cient mice with liver-specific knockout [38]. In contrast, another
study revealed that virus-induced enhanced expression of Atg7
lowered expression levels of rate-limiting enzymes related to
gluconeogenesis in the liver tissue of mice [39]. However, this
study did not verify whether Atg7 overexpression induced au-
tophagy; therefore, whether the observed effects were attribut-
able to autophagy induction remained uncertain.

AMPK serves as a key metabolic modulator, suppressing en-
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ergy-demanding pathways while stimulating compensatory
mechanisms to reestablish energy equilibrium [40]. AMPK is
crucial to the activation of autophagy and SIRT1 activation as a
reaction to different cellular stresses, including glucose depriva-
tion [41,42]. Within hepatic tissues, the activation of AMPK
modulates metabolism by enhancing catabolic processes (e.g.,
autophagy [43]) via SIRT1 activation [44] and fatty acid oxida-
tion [45] while simultaneously inhibiting anabolic processes
such as lipid biosynthesis [46]. Moreover, mammalian target of
rapamycin, a key downstream effector of AMPK, exerts an in-
hibitory effect on autophagy activity [20]. Our study revealed
that DAPA increased AMPK phosphorylation and subsequently
upregulated SIRT1 expression in HepG2 cells, and this effect
was counteracted by the AMPK-specific inhibitor compound C.
This indicated that DAPA’s influence on hepatic gluconeogene-
sis and its enhancement of hepatic steatosis was directly linked
to AMPK activation (Fig. 8). These findings highlight the cru-
cial involvement of the AMPK-SIRT1 signaling pathway in the
activation of autophagy within the liver.

In this study, we observed no significant changes in the ex-
pression levels of glucose transporter 2 (GLUT2) and SGLT2 in
HepG2 cells under DAPA treatment (Supplemental Fig. S1).
However, independent of the expression levels of these trans-
porters, previous studies using the SGLT2 inhibitor, cana-
gliflozin, in the same cell line demonstrated a reduction in glu-
cose uptake [31]. These findings support the hypothesis that
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DAPA may act through a similar mechanism, leading to reduced
glucose uptake in HepG2 cells.

The precise mechanism of SGLT2 inhibitor-induced gluco-
neogenesis remains under debate, with some studies suggesting
an indirect effect through increased urinary glucose excretion,
while others propose a direct impact on pancreatic alpha cells
that stimulates glucagon secretion [14,15]. In our study, we ob-
served a trend toward increased serum glucagon levels in the
HFD+DAPA group compared to the HFD group, although the
difference was not statistically significant (P=0.06) (Supple-
mental Fig. S2). This lack of statistical significance may be at-
tributed to fasting conditions during the experimental design, as
fasting is a known stimulus for glucagon secretion and likely el-
evated glucagon levels in both groups. Consequently, the fast-
ing-induced increase in glucagon may have minimized the ob-
servable differences between the two groups. This suggests that
while glucagon may play a role in the metabolic effects ob-
served, its exact contribution to autophagy activation and hepat-
ic gluconeogenesis remains uncertain. Recent studies have
demonstrated that DAPA can exert direct effects on the liver,
particularly under conditions of hepatic steatosis [34]. Similarly,
our findings confirm that DAPA acts directly on HepG2 cells,
where SGLT2 expression is observed (Supplemental Fig. S1).
However, since the kidney remains the primary target of SGLT2
inhibitors, further clinical and structural studies are required to
fully elucidate whether SGLT2 inhibitors have significant direct
actions on the liver in humans.

One key strength of this study lies in its comprehensive ap-
proach, combining both laboratory settings and living organ-
isms to assess the molecular pathways responsible for DAPA’s
effect on hepatic metabolism. The use of HepG2 hepatocellular
carcinoma cells allowed us to explore specific intracellular pro-
cesses, such as autophagy and expression levels of enzymes.
Meanwhile, the use of Atg7-deficient mice with liver-targeted
knockout and HFD-fed mouse models provided robust evidence
for the function of autophagy in DAPA-induced metabolic
changes. This combination of models strengthens the relevance
of our findings across different biological systems, enhancing
the generalizability of the results. Additionally, the detailed mo-
lecular analyses, including Western blotting, qRT-PCR, fluores-
cence microscopy, and transmission electron microscopy, of-
fered strong mechanistic insights. By investigating the involve-
ment of the AMPK-Sirtl pathway, we not only demonstrated
the pathways through which DAPA affected autophagy and me-
tabolism, but also identified potential therapeutic targets for ad-
dressing hepatic steatosis and glucose dysregulation in metabol-
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ic diseases.

Despite these strengths, certain limitations warrant consider-
ation. First, although HepG2 cells are a widely used model for
studying liver metabolism, they may not fully replicate the com-
plexity of human hepatic tissues. Therefore, further studies us-
ing primary hepatocytes or human liver biopsies would be nec-
essary to confirm the clinical relevance of our findings. Addi-
tionally, although DAPA promoted hepatic gluconeogenesis in
HFD-fed mice, it did not significantly alter serum cholesterol or
triglyceride levels. This suggests that although DAPA can miti-
gate hepatic lipid accumulation, it may have limited effects on
systemic lipid metabolism, warranting further investigation into
its broader metabolic impacts. Moreover, our study primarily
focused on the AMPK-Sirt]-autophagy axis. Although we iden-
tified autophagy as a key mediator of DAPA’s action, the precise
interplay among autophagy, glucose metabolism, and lipid oxi-
dation requires further exploration. Future research can expand
on these findings by investigating other metabolic pathways and
regulatory mechanisms potentially involved in the effects of
DAPA on hepatic metabolism.

In conclusion, DAPA enhanced hepatic gluconeogenesis and
mitigated hepatic steatosis by increasing the key gluconeogenic
enzymes PEPCK and G6Pase, decreasing the levels of the lipo-
genic enzymes FAS and ACC, enhancing the enzyme CPT1 in-
volved in fatty acid oxidation, and stimulating autophagy. These
positive outcomes appear to be facilitated by the activation of
the AMPK-SIRT]1 signaling pathway. Additionally, DAPA stim-
ulates autophagy through the AMPK-SIRT1 pathway. Impor-
tantly, these results elucidated a novel mechanism by which
DAPA alleviates hepatic steatosis, highlighting its role in aug-
menting hepatic gluconeogenesis through the SGLT2-mediated
AMPK-SIRT1-autophagy pathway. This research offers new
perspectives on the possible clinical uses of DAPA for non-al-
coholic fatty liver disease by focusing on the modulation of in-
tracellular autophagy in liver cells.
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