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A B S T R A C T   

Aims: Steatosis reducing effects of sodium-glucose cotransporter 2 (SGLT2) inhibitors in non-alcoholic steato
hepatitis (NASH) has been consistently reported in humans, but their mechanism remains uncertain. In this 
study, we examined the expression of SGLT2 in human livers and investigated the crosstalk between SGLT2 
inhibition and hepatic glucose uptake, intracellular O-GlcNAcylation, and autophagic regulation in NASH. 
Materials and methods: Human liver samples obtained from subjects with/without NASH were analyzed. For in 
vitro studies, human normal hepatocytes and hepatoma cells were treated with SGLT2 inhibitor under high- 
glucose and high-lipid conditions. NASH in vivo was induced by a high-fat, − fructose, and -cholesterol Amylin 
liver NASH (AMLN) diet for 10 weeks followed by an additional 10 weeks with/without SGLT2 inhibitor 
(empagliflozin 10 mg/kg/day). 
Results: Liver samples from subjects with NASH were associated with increased SGLT2 and O-GlcNAcylation 
expression compared with controls. Under NASH condition (in vitro condition with high glucose and lipid), 
intracellular O-GlcNAcylation and inflammatory markers were increased in hepatocytes and SGLT2 expression 
was upregulated; SGLT2 inhibitor treatment blocked these changes by directly reducing hepatocellular glucose 
uptake. In addition, decreased intracellular O-GlcNAcylation by SGLT2 inhibitor promoted autophagic flux 
through AMPK-TFEB activation. In the AMLN diet-induced NASH mice model, SGLT2 inhibitor alleviated lipid 
accumulation, inflammation, and fibrosis through autophagy activation related to decreased SGLT2 expression 
and O-GlcNAcylation in the liver. 

Abbreviations: SGLT2, sodium-glucose cotransporter 2; NASH, nonalcoholic steatohepatitis; O-GlcNAcylation, O-linked β-N-acetylglucosamine modification; 
AMLN, Amylin liver NASH; NAFLD, non-alcoholic fatty liver disease; T2D, type 2 diabetes; O-GlcNAc, O-linked β-N-acetylglucosamine; H&E, Hematoxylin and eosin; 
TG, triglyceride; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; PS, peni
cillin, and streptomycin; EMPA, empagliflozin; OA, oleic acid; PA, palmitic acid; PBS, phosphate-buffered saline; HG, high glucose; 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa- 
1,3-diazol-4-yl) Amino)-2-Deoxyglucose; DAPI, 4′,6-diamidino-2-phenylindole; LPS, lipopolysaccharide; TMG, thiamet G; CQ, chloroquine; OGT, O-GlcNAc trans
ferase; OGA, O-GlcNAcase; GLUT, glucose transporter; CCL2, C-C motif chemokine ligand 2; TNFA, tumor necrosis factor alpha; IL1B, interleukin 1 beta; IL6, 
interleukin 6; MMP3, matrix metallopeptidase 3; ACTA2, actin alpha 2; COL1A1, collagen Type I alpha 1 chain; TFGB, transforming growth factor beta; TFEB, 
transcription factor EB; LC3-ǀ/ǁ, microtubule-associated protein 1A/1B-light chain; Met, metformin; Leu, leupeptin; p-AMPK, phosphorylated AMP-activated protein 
kinase; t-AMPK, total AMP-activated protein kinase; AMPKA1, AMP-activated protein kinase alpha 1; AMPKB1, AMP-activated protein kinase beta 1; AMPKG1, AMP- 
activated protein kinase gamma 1; NS, not significant; O/E, overexpression.. 
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Conclusions: This study firstly demonstrates increased SGLT2 expression in NASH and secondly reveals the novel 
effect of SGLT2 inhibition on NASH through autophagy activation mediated by inhibition of hepatocellular 
glucose uptake and consequently decreased intracellular O-GlcNAcylation.   

1. Introduction 

Over the past three decades, the incidence of non-alcoholic fatty liver 
disease (NAFLD) has greatly increased, with NAFLD currently the most 
prevalent and burdensome chronic liver disease worldwide [1], ranging 
from simple steatosis to non-alcoholic steatohepatitis (NASH). NAFLD is 
diagnosed by excluding other secondary causes of hepatic steatosis such 
as alcohol consumption [2]. Recently a term called “metabolic 
dysfunction-associated fatty liver disease” (MAFLD) was proposed due 
to the strong link between NAFLD and insulin resistant-related meta
bolic dysfunction such as type 2 diabetes (T2D) [3,4]. NAFLD is regar
ded as the liver manifestation of insulin resistance, which is the 
characteristic pathophysiology of T2D. Hence, antidiabetic drugs were 
suggested as promising options for treatment of NASH and, in fact, they 
do confer benefits for NASH [5,6]. Sodium-glucose cotransporter 2 
(SGLT2) inhibitors, the newest class of antidiabetic drugs, have received 
attention for their unexpected and favorable pleiotropic effects on 
NAFLD [7–9]. 

However, no drug has been approved by the U.S. Food and Drug 
Administration for treatment of NASH [5], as its multifactorial etiology 
and complex pathogenic mechanism hinders development of fully 
effective drugs. Hepatic autophagy dysfunction is one important feature 
of NAFLD, causing hepatocellular lipid accumulation, injury, and 
fibrosis [10]. In the milieu of NAFLD with hepatic insulin resistance, 
elevated liver glucose concentration may exacerbate impairment of 
hepatic autophagy [11,12]. Of note, upregulated O-linked β-N-acetyl
glucosamine modification (O-GlcNAcylation) responsive to increased 
hepatocellular glucose might be one of potential mechanisms explaining 
impaired autophagy in NAFLD [13,14]. Based on growing evidence 
regarding the role of SGLT2 inhibitor as a regulator of autophagic ac
tivity in over-nutrition diseases, SGLT2 inhibitor might be an effective 
candidate for improving autophagy dysregulation caused by glucose- 
responsive aberrant O-GlcNAcylation [15]. In addition, previously 
observed SGLT2 expression in a hepatocyte cell line [16] raises the 
possibility of a direct action by SGLT2 inhibitor on hepatic SGLT2 in 
NASH. 

To the best of our knowledge, no previous clinical or experimental 
study has confirmed SGLT2 expression in NASH and/or studied the ef
fect of SGLT2 inhibitor on NASH in the context of hepatocellular O- 
GlcNAcylation and autophagy. To test our hypothesis, we analyzed 
human liver samples obtained from biopsy in the current study. We also 
conducted in vitro and in vivo studies using a hepatocyte cell line and 
high-fat, − fructose, and -cholesterol Amylin liver NASH (AMLN) diet- 
induced NASH mice model, respectively. Finally, we investigated he
patic SGLT2 expression according to NAFLD status and the effect of 
SGLT2 inhibition on NASH in association with autophagic regulation 
mediated by hepatocellular O-GlcNAcylation. 

2. Materials and methods 

2.1. Human liver tissue 

Human liver biopsy specimens were obtained from control in
dividuals (n = 15) without NAFLD and from individuals with simple 
steatosis (n = 21) and NASH (n = 8) who underwent hepatectomy or 
cholecystectomy at the university-affiliated Severance Hospital, Yonsei 
University College of Medicine (Seoul, South Korea). Pathologic diag
nosis of simple steatosis and NASH was determined using steatosis, ac
tivity, and fibrosis score [17]. Exclusion criteria included: type 1 
diabetes; medical history of organ transplantation; pregnancy; and 

excessive alcohol intake (> 140 g/week for men and > 70 g/week for 
women). Liver tissue was formalin-fixed for pathologic examination of 
NAFLD by a histological scoring system [18]. The remaining tissue was 
snap-frozen in liquid nitrogen and stored at − 80 ◦C for subsequent gene 
expression analysis. All participants provided written informed consent 
and the study was approved by the independent institutional review 
board of Severance Hospital, Seoul, Korea (4–2014–0674); the study 
was conducted in adherence to the tenets of the Declaration of Helsinki. 

2.2. Animals 

Six-week-old male C57BL/6J mice were obtained from Japan SLC, 
Inc. Mice were housed at 23 ± 1 ◦C with 12-hour light/12-hour dark 
cycles and were allowed free access to water and standard mouse chow 
(PicoLab Rodent Diet 20 #5053). After a 1-week acclimation period the 
mice were randomly assigned to one of three groups according to diet 
and drug treatment: Group 1, chow-fed mice with vehicle treatment 
(0.5 % carboxymethyl cellulose [CMC] solution, Sigma-Aldrich) for 20 
weeks (n = 10); Group 2, AMLN-fed mice with vehicle treatment for 20 
weeks (n = 13); or Group 3, AMLN-fed mice with vehicle treatment for 
10 weeks followed by SGLT2 inhibitor (empagliflozin [EMPA], 10 mg/ 
kg of body weight/day by oral gavage) treatment for 10 weeks (n = 10). 
Regular chow diet was composed of 23.6 % protein, 64.5 % carbohy
drate, and 11.9 % fat (% of total kcal) and the AMLN diet (Catalog 
number D09100301, Research Diets, New Brunswick, NJ, USA) was 
composed of 20 % protein, 40 % high fat (including 18 % trans-fat), 40 
% carbohydrates (% of total kcal), and high cholesterol (2 % by weight). 
Fructose constituted 22 % of total carbohydrate content by weight. 
Addition of fructose and trans-fat is a distinct point of this AMLN diet 
compared to conventional high-fat diet, which is more advantageous to 
develop NASH animal model [19,20]. Fructose metabolism causes more 
pronounced lipid accumulation and oxidative stress than glucose 
metabolism in liver [19], and trans-fat is a superior additive than lard fat 
to induce NASH animal model due to enhanced lipogenesis and pro- 
inflammatory process [20,21]. Body weight was monitored weekly. At 
the end of the study, animals were anesthetized and sacrificed 24 h after 
the final administration. Blood was collected via heart puncture and 
tissues were harvested. Specimens were snap-frozen in liquid nitrogen 
and maintained at − 80 ◦C until analysis. 

To study the autophagic effect of EMPA, at 21 weeks male C57BL/6J 
mice were divided into two groups and treated every day for one week 
with oral administration of EMPA (25 mg/kg) or phosphate-buffered 
saline (PBS). The mice were fed a normal chow diet. In each group, 
leupeptin (60 mg/kg) or PBS were intraperitoneally injected, and ani
mals were sacrificed 4 h later. 

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of Yonsei University Health System (YUHS- 
IACUC) regulations and guidelines in accordance with the Animal Pro
tection Act (2008), the Laboratory Animal Act (2008), and the Eighth 
Edition of the Guide for the Care and Use of Laboratory Animals of NRC 
(2011). 

2.3. Histological analysis 

2.3.1. Immunohistochemistry 
Human or mouse liver sections were incubated with antibodies 

against O-GlcNAcylation (RL2, 1:100, #MA1–072, Thermo Fisher Sci
entific) or SGLT2 (1:100, #ab37296, Abcam). Signals were visualized 
using Vector® DAB peroxidase substrate kit (SK-4100, Vector Lab). 
Nuclei were counterstained with hematoxylin. 
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2.3.2. Hematoxylin and eosin (H&E), trichrome, sirius red staining 
Liver slides were evaluated for hepatic fat accumulation using a 

microscope. Human liver sections were stained with H&E or trichrome 
staining performed using phosphomolybdic acid hydrate (51429-74-4, 
Junsei), phosphotungstic acid hydrate (12501-23-4, Junsei), acid 
fuchsin (F8129, Sigma), ponceau BS (B6008, Sigma) and hematoxylin 
(H3136, Sigma). 

In a separate study, sirius red staining of mouse liver was conducted 
using the Picrosirius Red Stain Kit (24901, Polysciences Inc.). 

2.4. Hepatic triglyceride 

Liver tissue (30 mg) was homogenized and measured using hepatic 
triglyceride (TG, ETGA-200, EnzyChrom) following the manufacturer's 
instructions. 

2.5. Blood chemistry assays in in vivo models 

Serum levels of insulin were estimated using Morinaga Ultra Sensi
tive Mouse/Rat Insulin enzyme-linked immunosorbent assay kit 
(M1104, Morinaga Institute of Biological Science, Yokohama, Japan) 
according to the manufacturer's instructions. The homeostasis model 
assessment of and insulin resistance (HOMA-IR) was calculated as 
(fasting insulin [μIU/mL] × fasting glucose [mg/dL])/405 [22]. For oral 
glucose tolerance test (OGTT), 4 h-fasted mice were administered 
glucose at 2 g/kg body weight via oral gavage. Insulin tolerance test 
(ITT) was performed after 4-h fasting using intraperitoneal injection of 
insulin (0.75 U/kg). 

2.6. Non-invasive assessment of hepatic steatosis and fibrosis in human 
subjects 

Hepatic fibrosis was assessed using NAFLD fibrosis score: − 1.675 +
0.037 × age (year) + 0.094 × body mass index (kg/m2) + 1.13 ×
(impaired fasting glucose or diabetes mellitus [yes = 1, no = 0]) + 0.99 
× AST/ALT ratio − 0.013 × platelet (109/L) − 0.66 × albumin (g/dL) 
and fibrosis–4 [FIB–4] index: age (year) × AST (IU/L)/platelet (109/L) 
× ALT1/2 (IU/L) [23]. 

2.7. In vitro cell culture system 

2.7.1. Cell culture 
Human hepatoma HepG2 and human normal hepatocyte MIHA cells 

were selected to establish in vitro NASH model, as HepG2 and MIHA 
Cells have been successfully applied to develop lipid accumulation and 
pro-inflammatory response induced by free fatty acids including oleic 
acid (OA) and palmitic acid (PA) [10,24–27]. HepG2 or MIHA cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM, 
#SH30243.01, Cytiva Hyclone, 25 mM glucose) supplemented with 10 
% fetal bovine serum (FBS, #SH30919.03, Cytiva Hyclone), 1 % peni
cillin, and streptomycin (PS, #SV30010, Cytiva Hyclone). The cells were 
maintained in an atmosphere of 5 % CO2 at 37 ◦C. Detailed information 
regarding experiments with primary human hepatocytes are described 
in supplementary materials. 

2.7.2. Oil red O staining 
HepG2 cells were seeded at a density of 2 × 105 cells/well in a 6-well 

plate. After 24 h, the cells were incubated with EMPA (10, 25, or 50 μM) 
for 6 h followed by treatment with oleic acid (1 mM; #O1383, Sigma) 
only or with EMPA (10, 25, or 50 μM) for 18 h. Oil red O staining was 
performed. In brief, cells were fixed with 3.7 % formalin for 3 min, 
followed by rinsing with 60 % isopropanol and staining with Oil red O 
working solution for 1 h at room temperature. After removing the 
working solution, the cells were rinsed with distilled water and images 
were taken using a microscope (Olympus IX73). 

2.7.3. In vitro study models 
PA (#P9767, Sigma) was dissolved in 1X PBS (#BPB-9121, 

Tech&Innovation) and 1N Sodium hydroxide (NaOH, #1310-73-2, 
Georgiachem, Norcross) at a stock concentration of 5 mM. To study 
hepatocytes under NASH conditions, normal human hepatocyte MIHA 
cells were seeded at a density of 2 × 105 cells/well in a 6-well plate. The 
following day, the media was replaced with PA (0.4 mM) or PA plus high 
glucose (HG, 50 mM) and incubated for 24 h. In this study, high-glucose 
condition was defined as 50 mM glucose to sufficiently increase intra
cellular O-GlcNAcylation level, considering a dose-dependent relation
ship between glucose concentration and intracellular O-GlcNAcylation 
level in hepatocyte [28,29]. Cells were harvested to conduct immuno
blot assays. To study the overexpression of SGLT2, MIHA cells were 
seeded at a density of 5 × 105 cells/well in a 6-well plate and cultured 
overnight. The following day, the media was replaced with fresh DMEM 
with glucose (25 mM) without penicillin or streptomycin. The recom
binant plasmid p3xFlag-SGLT2 (3 μg) was transfected into MIHA cells by 
mixing with Lipofectamine™3000 reagent (#L3000-015, Invitrogen) in 
Opti-MEM media (#31985070, Gibco) and was further cultured for 24 h. 
To assess the effects of EMPA in a PA + HG model, HepG2 cells were 
seeded at a density of 2 × 105 cells/well in a 6-well plate and incubated 
overnight with PA (0.4 mM) + HG (50 mM glucose) or PA + HG + EMPA 
(50 μM) for 24 h. To assess inflammation in the NASH in vitro model, 
MIHA cells were cultured in DMEM with a low amount of glucose (5.5 
mM). Following overnight culturing, cells were treated with PA (0.4 
mM) + lipopolysaccharide (LPS, 0.1 μg/mL), PA + LPS + EMPA (50 μM) 
in DMEM with glucose (11.5 mM), or DMEM with glucose (25 mM) for 
24 h. To study O-GlcNAcylation-autophagy regulation, HepG2 cells 
were incubated with an OGA inhibitor, thiamet G (TMG, 10 μM, 
#SML0244, Sigma), EMPA (25 μM), or chloroquine (CQ, 10 μM; #C- 
6628, Sigma) for 4 h either separately or together. In a separate study, 
HepG2 cells in DMEM (with 25 mM glucose) were treated with TMG (10 
μM), EMPA (50 μM), or torin (200 nM) for 6 h. To examine various 
possible outcomes, HepG2 cells were incubated with EMPA (25 μM) for 
various periods of time (1, 2, 4, or 16 h) and metformin (2 mM) for 16 h. 
The glucose concentration in the culture media was 25 mM unless 
specified otherwise. After each study, cells were harvested for mRNA or 
protein analysis. 

To study the inhibition of SGLT2, MIHA cells were seeded at a den
sity of 5 × 105 cells/well in a 6-well plate and cultured overnight. The 
following day, control siRNA-fluorescein conjugate (#sc-36869, Santa 
Cruz Biotechnology) or SGLT2 siRNA (#sc-106547, Santa Cruz 
Biotechnology) was transfected into MIHA cells by mixing with siRNA 
transfection reagent (#sc-29528, Santa Cruz Biotechnology) and was 
further cultured for 6 h. The media was replaced with fresh DMEM with 
glucose (25 mM) without penicillin or streptomycin and siRNA trans
fection was repeated. 

To study the uptake of 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) 
Amino)-2-Deoxyglucose (2-NBDG, #N13195, Thermo Fisher Scientific), 
HepG2 cells were cultured overnight. The culture media was removed, 
followed by a rinse with 1X PBS, repeated × 3. The cells were incubated 
for 2 h with DMEM (no glucose) before treatment with EMPA (30, 100 
μM) and 2-NBDG (200 μM). After incubation for 1 h, cells were fixed and 
stained using 4′,6-diamidino-2-phenylindole (DAPI). Fluorescence was 
observed and images were taken using a microscope (Olympus IX73). 
The intensity of the fluorescence was analyzed using ImageJ software 
(National Institutes of Health, USA). 

To assess O-GlcNAcylation in the NASH in vitro model, MIHA cells 
were cultured in DMEM. Following overnight culturing, cells were 
treated with PA (0.4 mM) + LPS (0.1 μg/mL) and TMG (10 μM) in 
DMEM with high glucose (50 mM) for 24 h. 

To study the increase of O-GlcNAcylation, MIHA cells were seeded at 
a density of 5 × 105 cells/well in a 6-well plate and cultured overnight. 
The following day, the media was replaced with fresh DMEM with 
glucose (25 mM) without penicillin or streptomycin. The recombinant 
plasmid p3xFlag-O-GlcNAc transferase (OGT, 3 μg) was transfected into 
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MIHA cells by mixing with Lipofectamine™3000 reagent (#L3000-015, 
Invitrogen) in Opti-MEM media (#31985070, Gibco) and was further 
cultured for 24 h. 

To study O-GlcNAcylation-autophagy regulation, HepG2 cells were 
incubated with TMG (10 μM, #SML0244, Sigma), EMPA (25 μM), or CQ 
(10 μM; #C-6628, Sigma) for 4 h either separately or together. In a 
separate study, HepG2 cells in DMEM (with 25 mM glucose) were 
treated with TMG (10 μM), EMPA (50 μM), or torin (200 nM) for 6 h. To 
examine various possible outcomes, HepG2 cells were incubated with 
EMPA (25 μM) for various periods of time (1, 2, 4, or 16 h) and met
formin (2 mM) for 16 h. 

To evaluate SGLT2-O-GlcNAcylation-autophagy regulation, control 
siRNA-fluorescein conjugate or SGLT2 siRNA was transfected into MIHA 
cells by mixing with siRNA transfection reagent and was further cultured 
for 6 h. The media was replaced with fresh DMEM with glucose (25 mM) 
without penicillin or streptomycin and siRNA transfection was repeated 
and further cultured for 6 h. Following the culturing, cells were treated 
with PA (0.4 mM), TMG (10 μM) in DMEM with high glucose (50 mM) 
for 24 h. 

2.8. Immunoblot analysis and antibodies 

Immunoblot assays were performed as previously described [10]. 
The following antibodies were used: O-GlcNAcylation (RL2, #MA1-072, 
Thermo Fisher Scientific); hSGLT2 (#ab37296, Abcam); mSGLT2 
(#85626, Abcam); GLUT1 (#MABS132, Sigma); GLUT2 (#20436-1-AP, 
Proteintech); OGT (#O6264, Sigma); O-GlcNAcase (OGA, #ab124807, 
Abcam); p-AMPK (#2535S, Cell signaling); t-AMPK (#2603, Cell 
signaling); β-actin (#A5441, Sigma); transcription factor EB (TFEB, 
#A303-673A, Bethyl Laboratories); Histone-H3 (#06-599, Sigma); and 
LC3-ǀ/ǁ (#L7543, Sigma). 

2.9. Quantitative RT-PCR analysis 

Total RNA was prepared from cultured cells or tissues using TRIzol® 
reagent (MRC, TR 118). RNA (1 μg) was then subjected to reverse 
transcription with random-hexamer primers and a High Capacity cDNA 
Reverse Transcription Kit (#4368813, Applied Biosystems). The quan
titative PCR was performed using SYBR® Green PCR Master Mix 
(#4367659, Applied Biosystems). The sequences of the primers are lis
ted as supplementary material. 

2.10. Statistics 

In vitro and in vivo data are presented as means ± standard errors of 
the mean (SEM). In analyses of in vitro and in vivo data, statistical sig
nificance among the groups was derived using a one-way analysis of 
variance (ANOVA) test followed by hoc test, student-t-test, Mann- 
Whitney U test, or Wilcoxon rank sum test. Human data are presented 
as mean and standard deviation values for normally distributed 
continuous variables or median and interquartile range values for non- 
normally distributed continuous variables. Data of categorical vari
ables are presented as numbers with percentages (%). The difference 
among normal, simple steatosis, and NASH groups was analyzed using 
ANOVA for continuous variables with normal distribution and the 
Jonckheere-Terpstra test for continuous variables with non-normal 
distribution. The difference in categorical variables among normal, 
simple steatosis, and NASH groups was assessed using the chi-squared 
test or Fisher's exact test according to expected frequency. Correla
tions between the relative hepatic SGLT2 expression level, clinical var
iables, and the expression level of genes related to inflammation, 
fibrosis, and autophagy, were evaluated using Pearson's correlation 
coefficient. Statistical analysis was conducted using GraphPad Prism. 
Statistical significance was defined as P < 0.05. 

3. Results 

3.1. Human NASH demonstrates increased SGLT2 expression and O- 
GlcNAcylation in liver 

We investigated liver histopathology and hepatic SGLT2 expression, 
O-GlcNAcylation, and other relevant genes expression levels in in
dividuals of three groups (normal, simple steatosis, and NASH) with 
clinical characteristics presented in Supplementary Table 1. Individuals 
in the NASH group showed a higher prevalence of T2D (p = 0.001) and 
had a higher level of body mass index and fasting glucose (all p < 0.05) 
than those in the normal and steatosis groups. Serum liver enzymes and 
γ-glutamyl transferase levels were significantly higher in the NASH 
group than in the others (all p < 0.05). 

H&E or trichrome staining was performed on liver sections to 
determine fat accumulation and collagen deposition, which are impor
tant characteristics of NASH. NASH samples had large fat droplets and 
fibrosis compared to controls (Fig. 1A). Then, the mRNA expression 
levels of SGLT2, genes known to be involved in O-GlcNAcylation (OGT 
and OGA), and glucose transporter (GLUT) genes (GLUT1 and GLUT2), 
were assessed. Although there were no differences in the gene expres
sion levels of GLUT1, GLUT2, OGT, and OGA among the different stages 
of NAFLD spectrum (Fig. 1B), the expression of SGLT2 and O-GlcNA
cylation was clearly increased in simple steatosis and NASH compared to 
normal livers (Fig. 1C). In addition, hepatic SGLT2 mRNA expression 
was significantly increased in the NASH group (Fig. 1D). These results 
indicate that NASH pathology is significantly associated with high levels 
of SGLT2 and O-GlcNAcylation. 

Moreover, among various clinic-laboratory parameters, relative he
patic SGLT2 mRNA expression levels showed a significant positive cor
relation with the degree of hepatic fibrosis determined using NAFLD 
fibrosis score (p = 0.039) and FIB–4 (p = 0.041, Table 1). Furthermore, 
hepatic expression of genes related to inflammation (IL6), fibrosis 
(ACTA2) significantly correlated with SGLT2 expression, suggesting a 
pathophysiologic role of increased hepatic SGLT2 expression in pro- 
inflammatory/pro-fibrogenic process in NASH (Fig. 1E). 

3.2. Upregulated SGLT2 expression in association with intracellular O- 
GlcNAcylation in hepatocytes under NASH conditions and impact of O- 
GlcNAcylation in other cell types 

To assess whether upregulated SGLT2 is related to O-GlcNAcylation 
levels in NASH, O-GlcNAc, SGLT2, GLUT1, and GLUT2 protein levels 
were studied using western blotting. MIHA cells incubated with PA +
HG were used to mimic NASH conditions. O-GlcNAcylation levels 
increased with exposure to PA + HG. Increased O-GlcNAcylation was 
accompanied by increased SGLT2 expression but with lower GLUT1 and 
GLUT2 expression. This observation was stronger in the PA + HG group 
compared to the PA-only group (Fig. 2A). Consistently, SGLT2 mRNA 
expression was increased in the PA-only group and this increase was 
even greater with PA + HG incubation. Notably, O-GlcNAcylation was 
also significantly increased by incubation with PA + HG (Fig. 2A), 
suggesting that NASH increases hepatic levels of SGLT2 and O-GlcNA
cylation. The expression level of GLUT2 was reduced, and there was no 
change in GLUT1 (Fig. 2A and B). Furthermore, the expressions of OGT 
and OGA genes, which regulate O-GlcNAcylation, were changed in a yin- 
yang pattern, with reduced OGT expression and increased OGA 
expression, possibly indicating a feedback loop. To assess whether high 
SGLT2 levels upregulate O-GlcNAcylation in NASH liver, SGLT2 was 
overexpressed in human hepatocytes and protein levels were evaluated. 
As expected, O-GlcNAcylation and gene expression associated with 
inflammation or fibrosis were increased with SGLT2 expression (Fig. 2C, 
Fig. S1A and B). Importantly, the expressions of other glucose trans
porters tended to be decreased. OGA was markedly increased, and OGT 
was slightly decreased. These data indicate that O-GlcNAcylation may 
be regulated by hepatic SGLT2 signals in NASH. 
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Furthermore, SGLT2 levels negatively correlated with the phos
phorylation of AMPK, suggesting that metabolic disorders in NASH may 
be related to high levels of SGLT2 in the liver. To evaluate the role of 
SGLT2 in NASH gene expression, inflammation and fibrosis markers 
were measured. The results show that CCL2, TNFA, IL1B, MMP3, ACTA2, 
and TGFB levels were substantially increased (Fig. 2D). Similarly, direct 
overexpression of OGT or TMG treatment resulted in increased cellular 
levels of O-GlcNAcylation, gene expression associated with 

inflammation, and fibrosis in hepatocytes (Fig. 2E and F). Consistent 
with these findings, TMG also increased intracellular O-GlcNAcylation 
and inflammation/fibrosis related gene expressions in both hepatocyte 
cell lines including MIHA (Fig. 2G-H) and primary human hepatocytes 
(Fig. S2A and B), as well as in hepatic stellate cells and macrophages 
(Fig. S3A-D). Furthermore, SGLT2-O-GlcNAcylation signaling disturbed 
hepatic insulin signaling pathways and induced the expression of lipo
genic genes, which were ameliorated by the SGLT2 inhibitor, EMPA 
treatment (Fig. S4A-D). Therefore, SGLT2 in hepatocytes may be 
involved in inflammation and fibrosis gene regulation, perhaps medi
ated by O-GlcNAcylation and O-GlcNAcylation can affect NASH phe
notypes in other cell types. 

3.3. Decreased expression of SGLT2 attenuates O-GlcNAcylation- 
mediated inflammation in hepatocytes under NASH conditions 

To assess whether decrease in SGLT2 levels downregulates O- 
GlcNAcylation in NASH liver, expression levels of SGLT2 were inhibited 
in human hepatocytes and protein levels were evaluated. Reduced 
SGLT2 expression levels in the NASH mimic cell system reduced O- 
GlcNAcylation levels, followed by a reduction in gene expression of 
inflammation and fibrosis to normal levels (Fig. 3A and B). In the in vitro 
system of the NASH condition (PA + HG), O-GlcNAcylation was highly 
increased, and these levels were suppressed by EMPA (Fig. 3C), indi
cating that SGLT2 may induce O-GlcNAcylation in NASH. The induction 
of SGLT2 protein levels in NASH was not changed by EMPA treatment. 
Similarly, expressions of glucose transporters GLUT1 and GLUT2, were 
not altered by EMPA. To mimic fatty liver, HepG2 cells were incubated 
with oleic acid (OA). Intracellular triglyceride (TG) levels were signifi
cantly increased and were ameliorated by EMPA treatment (Fig. 3D). In 
addition, gene expression levels of hepatic inflammation (CCL2, IL6, and 
TNFA) and fibrosis (ACTA2, COL1A1, and TGFB), which were induced 
by treatment with PA + LPS or PA + HG + LPS, were reduced by EMPA 
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Fig. 1. Non-alcoholic steatohepatitis (NASH) increases SGLT2 and O-GlcNAcylation expression levels in the human liver. (A) Representative staining for fat and 
collagen in healthy human liver and human liver with simple steatosis and NASH. (B) Real-time qPCR for mRNA expression levels of IL6, ACTA2, GLUT1, GLUT2, 
OGT, and OGA. (C) Immunohistochemistry of SGLT2 and O-GlcNAcylation in the liver. (D) Real-time qPCR for mRNA expression levels of SGLT2. (E) Correlations 
between the relative hepatic mRNA expression levels of SGLT2 and other genes. Data are expressed as mean ± SEM. *P < 0.05 by Student's t-test. 

Table 1 
Correlation analyses between the relative hepatic SGLT2 mRNA expression level 
and clinic-laboratory parameters in study participants.   

Hepatic SGLT2 expression 

N = 44 r p-value 

Age (years)  0.210  0.170 
BMI (kg/m2)  0.153  0.321 
Fasting glucose (mg/dL)  0.145  0.349 
Total cholesterol (mg/dL)  − 0.245  0.118 
Triglyceride (mg/dL)  − 0.218  0.417 
HDL-C (mg/dL)  − 0.488  0.065 
LDL-C (mg/dL)  − 0.369  0.214 
AST (IU/L)  0.037  0.814 
ALT (IU/L)  − 0.056  0.722 
AST/ALT ratio  0.038  0.810 
γ-glutamyl transferase (IU/L)  − 0.003  0.990 
Total bilirubin (mg/dL)  0.201  0.191 
NAFLD fibrosis score  0.320  0.039 
FIB–4  0.314  0.041 

Data are presented as Pearson's correlation coefficient (r). Statistically signifi
cant values are indicated in bold (p < 0.05). 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body 
mass index; FIB–4, fibrosis–4; HDL–C, high-density lipoprotein-cholesterol; 
LDL-C, low-density lipoprotein-cholesterol; NAFLD, non-alcoholic fatty liver 
disease; SGLT2, sodium-glucose cotransporter 2. 
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treatment (Fig. 3E). To demonstrate whether beneficial effects of SGLT2 
inhibition are mediated by O-GlcNAcylation reduction, TMG were 
treated, showing that the improvement in NASH phenotypes by either 
EMPA or SGLT2 knockdown were abrogated with TMG treatment 
(Fig. 3F-I). These results were consistently reproduced in primary 
human hepatocytes (Fig. S5A and B). In addition, effects of EMPA on 
lipid accumulation were diminished with TMG in primary human he
patocytes (Fig. S5C). Therefore, NASH development may occur through 
the SGLT2-O-GlcNAcylation pathway. 

3.4. SGLT2 inhibitor induces autophagic flux through AMPK-TFEB 
activation via reduction of intracellular O-GlcNAcylation 

To assess whether SGLT2 is responsible for glucose uptake in hepa
tocytes, 2-NBDG, a fluorescent glucose analog, was used. Under mild 
fasting conditions (no glucose), 2-NBDG uptake was increased and 
inhibited by EMPA, an SGLT2 inhibitor (Fig. 4A), indicating that hepatic 
SGLT2 transports glucose into cells. In line with that decrease in intra
cellular glucose levels can activate AMPK [30], we confirmed that EMPA 
stimulated the phosphorylation of AMPK at similar levels of metformin 
treatment (Fig. 4B). We assessed the role of SGLT2-O-GlcNAcylation- 
AMPK signaling in hepatocytes. In an in vitro NASH model, PA + HG 
significantly reduced mRNA expression levels of AMPK subunits 
(Fig. 4C). Interestingly, enhancement of O-GlcNAcylation by over
expression of OGT or TMG (10 μM) treatment under PA + HG conditions 
further reduced the gene expression levels of AMPKα, β, and γ subunits 
(Fig. 4C and D). Consistently, these expression patterns were reversed by 
SGLT2 inhibition using siRNAs or EMPA treatment (Fig. 4C and D). 

To further identify SGLT2 pathways in hepatocytes, we examined 
whether autophagy is a downstream mediator of hepatic SGLT2-O- 
GlcNAcylation signaling by monitoring autophagy flux. HepG2 cells 
with EMPA treatment significantly increased the LC3 net flux and this 
effect was blunted with TMG, which increased O-GlcNAcylation 
(Fig. 4E). Along with LC3 flux, we sought to verify whether the pro- 
autophagic TFEB is involved in this regulation [10]. Similar to torin, 
an mTOR inhibitor, EMPA activated TFEB with lowered O-GlcNAcyla
tion and this observation was reversed by TMG treatment (Fig. 4F). 

We also examined downstream mediators of SGLT2 and O-GlcNA
cylation. Inhibition of SGLT2 function or expression significantly 
increased p-AMPK and TFEB expression (Fig. 4G and Fig. S6A). On the 
other hand, inhibition of autophagy flux by CQ treatment significantly 
blocked beneficial effects of EMPA or siSGLT2 on inflammation and 
fibrosis (Fig. 4H and Fig. S6B). Consistently, these EMPA effects were 
reproduced in primary human hepatocytes (Fig. S5A and B). 

To further demonstrate whether AMPK activation is required for the 
therapeutic effects of EMPA in hepatocytes, an AMPK inhibitor, com
pound C, were treated. Compared to the treatment with EMPA alone, co- 
treatment of EMPA and compound C diminished p-AMPK and TFEB with 
increase in O-GlcNAcylation levels (Fig. S7A) and reversed improved 
inflammation and fibrosis by EMPA in hepatocytes (Fig. S7B). Therefore, 
it is plausible that SGLT2-O-GlcNAcylation signals may be further 
mediated through autophagy via AMPK and TFEB regulation. 

3.5. SGLT2 inhibitor ameliorates NASH phenotypes in amylin diet- 
induced NASH mice model 

To evaluate whether inhibition of SGLT2 function ameliorates NASH 
progression, a NASH diet mouse model was developed (Fig. 5A). In the 
EMPA group, body weight was significantly lower than the AMLN group 
after EMPA administration was initiated at 10th weeks (Fig. 5B). 
Characteristic features including parameters related to glucose homeo
stasis according to AMLN diet and EMPA administration at 20th weeks 
are summarized in Supplementary Table 2. The AMLN group exhibited a 
significant increase in body weight, liver weight, and liver to body 
weight ratio compared with the chow group. EMPA administration in 
the AMLN-fed mice significantly reduced body weight (p = 0.022) and 
numerically decreased liver weight and liver to body weight ratio 
without statistical significance compared to the vehicle-treated AMLN- 
fed mice. The levels of fasting serum insulin, HOMA-IR, and area under 
the curves (AUC) of OGTT and ITT were also significantly higher in the 
vehicle-treated AMLN-fed mice than in the chow-fed mice (all p < 0.05). 
EMPA treatment significantly attenuated increase in fasting serum in
sulin, HOMA-IR, and AUC of OGTT in the AMLN-fed mice (all p < 0.05). 
Histological analysis of liver showed severe fat accumulation and 
collagen deposition with the AMLN diet and these NASH characteristics 
were ameliorated with EMPA treatment (Fig. 5C). Consistently, the in
crease in hepatic TG levels with the AMLN diet was significantly reduced 
with EMPA (Fig. 5D). To further assess the effect of EMPA on NASH, 
expression levels of genes involved in inflammation and fibrosis were 
measured. Expression of Il1b, Il6, Mcp1, Tnfa, Acta2, Col1a1, and Tgfb 
genes were significantly suppressed by EMPA except for Col1a1 
(Fig. 5E). These data suggest that inhibition of SGLT2 function improves 
the pathological phenotype of NASH. 

3.6. SGLT2 inhibitor enhances autophagy function by decreasing O- 
GlcNAcylation in the liver of amylin diet-induced NASH mice model 

The protein expression levels of SGLT2, O-GlcNAc, nuclear TFEB, 
and LC3-ǀ/ǁ were measured to evaluate whether disturbance of SGLT2 
affects the O-GlcNAcylation and autophagy signals in a NASH animal 
model. As shown previously in the human NASH liver (Fig. 1C), SGLT2 
levels and O-GlcNAcylation were upregulated in the AMLN diet-fed 
NASH livers of mice (Fig. 6A). These were reversed in the EMPA 
group. Interestingly, reduced SGLT2 and O-GlcNAcylation by EMPA 
treatment enhanced autophagy by increasing p-AMPK and nuclear TFEB 
(Fig. S8A and Fig. 6A and B). Gene expression levels of Sglt2 that were 
increased by the AMLN diet were reduced in the EMPA group. Glut1 and 
Glut2 mRNA levels were reduced. Enzymes for regulation of O-GlcNA
cylation, Ogt and Oga, were upregulated in the AMLN group and their 
levels in the EMPA group were comparable to controls. Lastly, there 
were no changes in any group for Tfeb (Fig. 6C). This may be because 
TFEB protein levels affect or function through its translocation into the 
nucleus rather than through gene expression. Consistent with in vitro 
data, suppression of SGLT2 function with EMPA increased the expres
sion levels of AMPKα, β, and γ subunits (Fig. 6D). In an independent 
study, EMPA induced autophagic flux in the mouse liver (Fig. S8B), 

Fig. 2. Upregulated hepatic SGLT2 or OGT expression levels and O-GlcNAcylation in an in vitro NASH model. MIHA cells have been incubated with palmitic acid (PA) 
or PA plus high glucose (HG, 50 mM) for 24 h, along with controls, and analyzed for (A) immunoblots of O-GlcNAcylation, SGLT2, GLUT1, and GLUT2, and β-actin. 
(B) Real-time qPCR for mRNA expression levels of SGLT2, GLUT1, GLUT2, OGT, and OGA. (C) SGLT2 plasmid has been transfected into MIHA cells and cultured for 
24 h, and protein expression levels of SGLT2, O-GlcNAcylation, GLUT1, GLUT2, OGT, OGA, p-AMPK, total AMPK, and β-actin are measured. (D) Expression levels of 
genes associated with inflammation and fibrosis (CCL2, TNFA, IL1B, MMP3, ACTA2, and TGFB). (E) OGT plasmid has been transfected into MIHA cells and cultured 
24 h, and protein expression levels of OGT, OGA, O-GlcNAcylation, GLUT1, GLUT2, SGLT2, p-AMPK, total AMPK, and β-actin are measured. (F) Real-time qPCR for 
mRNA expression levels of genes associated with inflammation, fibrosis, SGLT2, OGA, and OGT. (G) TMG has been treated to MIHA cells with PA, LPS and HG 
followed by measured protein expression levels of OGT, OGA, O-GlcNAcylation, GLUT1, GLUT2, SGLT2, p-AMPK, total AMPK, and β-actin. (H) Real-time qPCR for 
mRNA expression levels of genes associated with inflammation and fibrosis. Data are expressed as mean ± SEM (n = 3–4 per group). *P < 0.05, **P < 0.01 by 
Student's t-test. CCL2, C–C motif chemokine ligand 2; IL6, interleukin 6; TNFA, tumor necrosis factor alpha; IL1B, interleukin 1 beta; MMP3, matrix metallopeptidase 
3; ACTA2, actin alpha 2; COL1A1, collagen type I alpha 1 chain; TGFB, transforming growth factor beta; TMG, thiamet G; LPS, lipopolysaccharide; p-AMPK, 
phosphorylated AMP-activated protein kinase; t-AMPK, total AMP-activated protein kinase; NS, not significant; O/E, overexpression. 
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thereby promoting autophagy. In summary, we confirmed our findings, 
namely that SGLT2 is induced in NASH and mediates NASH pathology 
through O-GlcNAcylation-mediated autophagy signaling transduction, 
using an animal model (Fig. 6E). 

4. Discussion 

This study demonstrates that hepatic SGLT2 expression is signifi
cantly upregulated under NASH conditions, implying an expanding role 
for the SGLT2 protein as a hepatic glucose transporter in NASH 
compared to normal liver, as well as a novel mechanism whereby SGLT2 

Fig. 3. Inhibition of hepatic SGLT2 function reduces expression of O-GlcNAcylation and genes associated with inflammation and fibrosis in an in vitro NASH model. 
(A) siSGLT2 plasmid has been transfected into MIHA cells, and expression levels of proteins and (B) genes are measured. (C) Immunoblot analysis of O-GlcNAcylation, 
SGLT2, GLUT1, GLUT2, and β-actin from the lysate of HepG2 cells that were incubated in a control medium (25 mM), PA (0.4 mM) + HG (50 mM), or PA (0.4 mM) +
HG (50 mM) + EMPA (50 μM) for 24 h. (D) Triglyceride contents and Oil red O staining of HepG2 cells with a normal incubation medium, oleic acid (OA, 1 mM), OA 
(1 mM) + EMPA (10, 25, or 50 μM). (E) Real-time qPCR for mRNA expression of CCL2, IL6, TNFA, ACTA2, COL1A1, and TGFB from lysates of MIHA cells incubated 
with a control medium (11.5 mM glucose), PA (0.4 mM) + LPS (0.1 μg/mL) in the absence or presence of EMPA (50 μM) in DMEM with glucose (11.5 or 25 mM) for 
24 h. (F) EMPA (50 μM) or TMG (10 μM) has been treated to MIHA cells with PA (0.4 mM), LPS (0.1 μg/mL), and HG (50 mM) and O-GlcNAcylation levels were 
measured. (G) Real-time qPCR for mRNA expression levels of genes associated with inflammation, fibrosis, SGLT2, OGA, and OGT. (H) siSGLT2 or siSGLT2 + TMG 
(10 μM) has been treated to MIHA cells with PA (0.4 mM) and HG (50 mM). (I) Real-time qPCR for mRNA expression levels of genes associated with inflammation 
and fibrosis. Data are expressed as mean ± SEM (n = 4–20 per group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student's t-test. p-AMPK, phos
phorylated AMP-activated protein kinase; t-AMPK, total AMP-activated protein kinase; EMPA, empagliflozin; PA, palmitic acid; HG, high glucose; OA, oleic acid; LPS, 
lipopolysaccharides; NS, not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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NBDG in normal glucose media in the absence or 
presence of EMPA (30 or 100 μM), and fluorescent 
images were acquired. (B) Phosphorylated AMPK 
induction with EMPA (25 μM) treatment timely (1, 
2, 4, or 16 h) or metformin (2 mM) for 16 h. (C) OGT 
O/E or siSGLT2 has been transfected to MIHA cells, 
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levels of genes (AMPKA1, AMPKB1, and AMPKG1). 
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lation in HepG2 cell lysate incubated with EMPA 
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Torin (200 nM) for 6 h. (G) Protein expression of 
SGLT2, p-AMPK, and TFEB and (H) mRNA expres
sion of CCL2, IL6, TNFA, ACTA2, COL1A1, TGFB, 
SGLT2, OGT, OGA, AMPKA1, AMPKB1, AMPKG1, 
and TFEB from lysates of MIHA cells incubated with 
a medium of PA + HG + LPS in the absence or 
presence of EMPA (50 μM) and with TMG (10 μM) 
for 24 h or CQ (10 μM) for the last 4 h. Data are 
expressed as mean ± SEM (n = 3 per group); *P <
0.05 by Student's t-test. Met, metformin; O/E, 
overexpression; TMG, thiamet-G; CQ, chloroquine; 
LC3-ǀ/ ǁ, microtubule-associated protein 1A/1B- 
light chain 3; p-AMPK, phosphorylated AMP- 
activated protein kinase; t-AMPK, total AMP- 
activated protein kinase; AMPKA1, AMP-activated 
protein kinase alpha 1; AMPKB1, AMP-activated 
protein kinase beta 1; AMPKG1, AMP-activated 
protein kinase gamma 1; NS, not significant.   
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inhibition on NASH induces autophagy activation by suppressing 
SGLT2-mediated glucose overflux and subsequently decreased O- 
GlcNAcylation. 

Hepatic expression and alteration of glucose transporters in NASH 
has not been fully investigated [31]. In hepatocytes, GLUT2 is the most 
abundant GLUT isoform, fulfilling the major glucose transport role 
[31,32]. GLUT1 also plays a role in the metabolism of hepatocytes and 
non-parenchymal cells in liver [32]. Changes in contributions of each 
GLUT family to hepatic glucose transport in several metabolic diseases 
including NASH are presumed [31–34]. However, the contribution of 
GLUT family on NAFLD remains uncertain, and even changing direction 
in their functional and expression status according to NAFLD has been 
controversial [31–36]. Thus, it is necessary to investigate whether there 
is another type of nutrient transporter that may additionally contribute 
to the onset and progression of NAFLD other than a family of GLUTs. The 
expression and implication of the SGLT family in the liver is not well- 
recognized. In this study, we decide to investigate pathophysiologic 
roles of SGLT2 protein in NASH liver based on the following reasons. 
First, SGLT2 expression is detected in primary human hepatocytes and is 
upregulated in liver cancer cells [37], suggesting that the expression 
pattern and function of hepatic SGLT2 might differ during pathogenesis 
of liver diseases. Increased hepatic expression of SGLT2 in NASH-related 
hepatocellular carcinoma mouse model further supports this hypothesis 
[38]. Second, we inferred a direct action of SGLT2 inhibitor on NASH 
liver from the previously observed benefit of SGLT2 inhibitor on NAFLD, 
independent of concomitant changes in weight or glycemic control, in 
EMPA-REG OUTCOME trial [39]. To explain independent effects of 
SGLT2 inhibitors on NAFLD, direct mechanism of SGLT2 inhibitor in 
liver was considered, but data regarding presence of SGLT2 protein in 
mammalian liver is controversial [40]. Thus, we tried to confirm 
increased expression and expanded role of hepatic SGLT2 in NASH liver 
using human samples and in vitro and in vivo NASH models. In humans, 
our study revealed higher SGLT2 expression in liver with versus without 

NASH. Further, SGLT2 expression was upregulated in hepatocytes under 
a NASH-mimicking in vitro condition. Thus, the SGLT2 contribution to 
glucose uptake in liver might differ according to metabolic disease status 
and SGLT2 inhibition might be a promising target to alleviate NASH. 
Increased SGLT2 expression in NASH might be attributed to activation of 
specific transcriptional modulators associated with nutrition- 
overloading in hepatocytes. For example, transcriptional modulator 
Specificity protein 1 (Sp-1) which is known to regulate renal SGLT2 
expression [41], can be activated by nutrient (glucose) uptake and is 
associated with NASH pathogenesis [42–46], although such regulation 
in hepatocytes is not definitive. 

O-GlcNAcylation, a protein posttranslational modification, is highly 
sensitive to nutrient availability and operates in several metabolic 
pathways including in the liver [13,14]. O-GlcNAcylation adds O- 
GlcNAc to Ser/Thr residues catalyzed by OGT and OGA removes O- 
GlcNAc from modified proteins [14]. O-GlcNAcylation is also controlled 
by the availability of its donor substrate UDP-GlcNAc synthesized by the 
hexosamine biosynthetic pathway (HBP) [47]. Under hyperglycemia, 
increased glucose flux activates HBP synthesis of UDP-GlcNAc which, in 
turn, causes increase in O-GlcNAcylated protein levels [14,48]. Not only 
hyperglycemia but also hyperlipidemia condition can increase O- 
GlcNAcylation levels [49]. Consistent with previous reports [48,49], we 
found that high-glucose and lipid conditions increased O-GlcNAcylation 
level. Based on upregulated SGLT2 expression under NASH condition in 
our data, we could assume that SGLT2 might serve as a transporter that 
mediates excessive glucose uptake and subsequently increased UDP- 
GlcNAc and O-GlcNAcylation in NASH. Similar to a recent study using 
2-deoxy glucose assay [37], we showed reduced glucose uptake in he
patocytes by SGLT2 inhibition using a fluorescent analog, which may 
explain decrease in O-GlcNAcylation levels by SGLT2 modulation in this 
study, as observed in the kidney [50]. 

Protein O-GlcNAcylation is critical to NAFLD etiology in association 
with hepatic insulin resistance, lipid accumulation, inflammation, and 

Fig. 5. SGLT2 inhibitor improves NASH in an amylin liver non-alcoholic steatohepatitis (AMLN) diet mice model. (A) Schematic diagram of experimental procedure 
in this study. (B) Body weight was monitored weekly. (C) Hematoxylin & eosin (H&E) and sirius red staining. (D) Hepatic triglycerides in liver tissue. (E) Quantitative 
polymerase chain reaction for mRNA expression levels of Il1b, Il6, Mcp1, Tnfa, Acta2, Col1a1, and Tgfb. Data are expressed as mean ± SEM (n = 6–13 per group); 
Chow vs. AMLN, *P < 0.05, **P < 0.01, ***P < 0.001; AMLN vs. EMPA, P < 0.05 by Student's t-test. Il1b, interleukin 1 beta; Il6, interleukin 6; Mcp1, monocyte 
chemoattractant protein-1; Tnfa, tumor necrosis factor alpha; Acta2, actin alpha 2; Col1a1, collagen type I alpha 1 chain; Tgfb, transforming growth factor beta; 
EMPA, empagliflozin; NS; not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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fibrosis [13,51]. The relationship between NASH and O-GlcNAcylation 
disturbance has been primarily attributed to the effect of O-GlcNAcy
lation on gluconeogenic and lipogenic transcription factors (CRTC2, 
FOXO1, carbohydrate response element binding protein [ChREBP], etc.) 
[13]. Autophagy is a lysosomal degradative pathway that promotes cell 
survival by removing damaged organelles and proteins after injury [52]. 
Autophagy dysfunction contributes to NAFLD variously via impaired 
degradation of intracellular lipids and exacerbated cellular injury from 
inflammatory cytokines [52]. However, despite the respective associa
tion of O-GlcNAcylation and autophagy with NASH, how aberrant O- 
GlcNAcylation affects NASH combined with autophagy dysfunction has 
not been sufficiently investigated. 

AMPK activation is important to promote autophagic flux by 
increasing transcriptional activity of TFEB [10,53,54]. Recently, regu
lation of AMPK by O-GlcNAcylation was suggested, as AMPK was 

detected in O-GlcNAc precipitates and O-GlcNAcylation of AMPK by 
OGT was confirmed [55]. Increased intracellular O-GlcNAc inhibited 
AMPK activity with subsequent phosphorylation/inactivation of acetyl- 
CoA carboxylase in hepatocytes [49]. In bladder cancer cells, direct O- 
GlcNAcylation of AMPKα subunit downregulated its phosphorylated 
form and activity, thereby suppressing AMPK-mediated autophagic flux 
[56]. Detailed mechanism about how O-GlcNAcylation regulate AMPK 
activity in the liver needs to be further studied. In this study, increased 
O-GlcNAcylation in hepatocytes was associated with enhanced inflam
mation and fibrosis and suppressed AMPK activity with pathological 
features of insulin resistance. Inhibition or suppression of SGLT2 
reduced cellular O-GlcNAc levels, followed by decrease in inflammation 
and fibrosis in association with recovery of AMPK activation, TFEB 
nuclear translocation, and autophagic flux in hepatocytes under NASH 
condition. However, the benefit of SGLT2 modulation was attenuated 
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when O-GlcNAcylation levels was reinforced by using TMG and auto
phagic flux was inhibited using CQ. It implies that protective effect of 
SGLT2 inhibition on NASH pathogenesis may be largely mediated by 
regulating cellular O-GlcNAc levels and autophagic activation. Collec
tively, we could infer that inhibition of upregulated hepatic SGLT2 
protein in NASH liver reduces glucose overflux, leading to decrease in O- 
GlcNAcylation. Decreased O-GlcNAcylation recovers AMPK/TFEB- 
mediated autophagic activation which contributes to the amelioration 
of inflammation and fibrosis in NASH. In the future, the relationship 
between AMPK and O-GlcNAcylation requires further validation 
particularly in the NASH setting, as this relationship is complex and 
varies by cell type, chronic/acute stimulation, and metabolic status 
[55]. 

Our study has several limitations. First, NASH progression involves 
hepatocyte, macrophage, and hepatic stellate cells [57]. However, the 
effect of SGLT2 inhibition was only examined in hepatocytes as we did 
not observe increased SGLT2 expression in other cell types. Further 
studies should evaluate SGLT2 inhibition in NASH in the context of cell- 
cell interaction among macrophages and hepatic stellate cells as well. 
Second, the relative contributions of GLUT family and SGLT2 in glucose 
uptake under NASH conditions has not been investigated. Any potential 
compensatory increase in GLUT activity by SGLT2 inhibition and utility 
of a dual antagonist against SGLT2 and GLUT family for NASH treatment 
needs further study. As data about glucose transporters in human NASH 
are insufficient, their expression patterns need further investigation. 

5. Conclusion 

To the best of our knowledge, this study is the first to provide evi
dence that SGLT2 protein is significantly increased in human NASH liver 
and its inhibition ameliorates NASH via reduced O-GlcNAcylation with 
subsequent autophagy activation. Further investigation is needed to 
elucidate whether SGLT2-mediated hepatic glucose uptake effectively 
modulates glucose overload-mediated aberrant O-GlcNAcylation and 
autophagy suppression in NASH. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.metabol.2023.155612. 
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