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A B S T R A C T   

Hepatocellular carcinoma (HCC) occurs in the setting of prolonged liver inflammation, hepatocyte necrosis and 
regeneration in patients with cirrhosis. Despite the progress made in the medical management of the disorder 
during the past decades, the available pharmacological options remain limited, leading to poor survival rates and 
quality of life for patients with HCC. Sodium-glucose cotransporter 2 inhibitors (SGLT2) originally emerged as 
drugs for the treatment of hyperglycemia; however, they soon demonstrated important extra-glycemic proper
ties, which led to their evaluation as potential treatments for a wide range of non-metabolic disorders. Evidence 
from animal studies suggests that SGLT2i have the potential to modulate molecular pathways that affect hall
marks of HCC, including inflammatory responses, cell proliferation, and oxidative stress. The impressive benefits 
of neurohormonal modulation observed with SGLT2i in congestive heart failure set the stage for human trials in 
cirrhotic ascites. However, future studies need to evaluate several aspects of the benefit to risk ratio of such a 
therapeutic strategy, including the co-administration with antineoplastic agents and diuretics, infections, use in 
hospitalized individuals, renal safety and hypovolemia. In this narrative review, we discuss the putative role of 
SGLT2i in the treatment of patients with HCC, starting with the mechanisms that could justify a possible benefit 
and ending with potential clinical implications and areas for future research.   

1. Introduction 

Liver cancer was the sixth most commonly diagnosed cancer and the 
fourth leading cause of cancer-related death worldwide, while hepato
cellular carcinoma (HCC) represents approximately 75–85% of primary 
liver cancers [1,2]. In the majority of cases, HCC occurs in the setting of 
prolonged liver inflammation, hepatocyte necrosis and regeneration in 
patients with cirrhosis [3]. Non-alcoholic steatohepatitis (NASH), which 
is characterized by hepatic steatosis, lobular inflammation, hepatocel
lular ballooning and eventually fibrosis, has emerged as a major risk 
factor for HCC [4]. Despite progress made in the medical management of 
the disorder during the past decades, available pharmacological options 
remain limited, leading to poor survival rates and quality of life for 
patients with HCC [5]. Thus, the development of safe and effective 
treatments for this type of cancer remains an ongoing challenge. 

The kidneys have been recently recognized as important players in 
the regulation of glucose homeostasis in humans and are known to 
reabsorb approximately 180 g of filtered glucose daily [6]. More than 
90% of the renal glucose uptake is mediated by sodium-glucose 
cotransporters 2 (SGLT2), which represent high-capacity and 
low-affinity transporters, located in the early portion of the proximal 
renal tube. In the context of diabetes, an overexpression of SGLT2 is 
observed, translated into an amplified renal glucose absorption, which 
has been demonstrated as one of the numerous contributing mechanisms 
in the development of hyperglycemia in T2D [7]. 

SGLT2 inhibitors (SGLT2i) represent a new class of oral, antidiabetic 
drugs that have radically changed the management of type 2 diabetes 
(T2D). By inhibiting SGLT2, gliflozins cause glycosuria which subse
quently results in lower plasma glucose concentrations and caloric 
deficit, thus, promoting weight loss. Due to the glucose-dependent 
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mechanism of action, therapy with these agents involves a minimal risk 
of hypoglycemia. However, the revolutionary impact of the class on the 
management of diabetes is mainly related to its cardiorenal protective 
properties. Specifically, in large-scale cardiovascular (CV) outcome tri
als SGLT2i have demonstrated the potential to reduce the probability of 
major adverse CV events, CV death, hospitalization for heart failure 
(HF), and evidence has been provided that they improve outcomes 
related to chronic kidney disease (CKD), including renal death, decline 
in glomerular filtration rate, albuminuria, and risk of end-stage renal 
disease [8]. As a result, recent guidelines advocate the use of SGLT2i in 
people with diabetes at high CV and renal risk independently of quality 
of glycemic control or background therapy [9]. The exact mechanisms 
that facilitate these effects are still under investigation. However, it is 
postulated that they are related to attenuation in adipose tissue and 
systemic inflammation, alleviation of oxidative stress and endothelial 
dysfunction, downregulation of sympathetic activity, favorable changes 
in heart energetics, natriuresis, and improved erythropoiesis, among 
others [10]. It should be also noted that as a result of the wide spectrum 
of the off-target effects of SGLT2i and their ability to mitigate car
diorenal risk regardless of diabetes status, specific agents have recently 
been approved for the treatment of HF and CKD even in non-diabetic 
populations. 

Nonalcoholic fatty liver disease (NAFLD) has been associated with an 
increased risk for the development of T2D and, conversely, steatohe
patitis, liver fibrosis, and end-stage liver disease are frequent diabetes 
comorbidities [11]. The above bidirectional relationship is probably 
suggestive of the implication of common risk factors and pathophysio
logical pathways in the development of the two entities, including 
obesity, dyslipidemia, insulin resistance, inflammation and defective 
immune responses [12,13]. Emerging evidence suggests beneficial ef
fects of SGLT2i on the development and progression of fatty liver dis
ease, as indicated by studies focusing on biological and imaging markers 
of NAFLD, showing reduced levels of liver enzymes and fatty liver 
content after the administration of these agents [14]. Potential mecha
nisms probably extend beyond the glucose and weight-lowering effects 
of SGLT2i and reflect the impact of gliflozins on low-grade inflammation 
and oxidative stress [15]. 

On the other hand, available data on the effects of SGLT2i on HCC 
remain scarce and are mainly limited to animal studies that attempt to 
unravel the relevant mechanisms. In this mini-review article, we discuss 
the putative role of SGLT2i in the treatment of patients with HCC, 
starting from the molecular pathways that could justify a possible 
benefit and ending with potential clinical implications and areas for 
future research. 

2. Risk factors and proposed mechanisms of NASH-associated 
hepatocellular carcinoma 

The interplay between hepatic inflammatory changes, one of the 
histological hallmarks of NASH, and hepatocarcinogenesis has been at 
the forefront of clinical investigation for the past few decades, while the 
exact role of tumor-associated neutrophils (TANs) and tumor-associated 
macrophages (TAMs) in the HCC microenvironment and development is 
yet to be fully elucidated [16,17]. NAFLD/NASH dramatically increases 
the prevalence of HCC development; however, the increased risk of HCC 
development in patients with NAFLD is often misdiagnosed. The degree 
of fibrosis is considered the strongest predictive factor for correlating the 
progression of NAFLD with life- threating complications [18]. The pro
gression of NASH-related HCC is a gradual and multifactorial process, 
encompassing several risk factors such as genomic alterations, obesity, 
or diabetes, that are associated with alterations in some common 
signaling pathways, leading to transition of dysplastic hepatocytes into 
HCC [19,20]. The potential mechanisms of the aforementioned transi
tion, include genetic, metabolic, immunologic, and endocrine pathways, 
which subsequently activate oncogenic mechanisms. The pathogenesis 
of NAFLD-associated HCC is a complex landscape composed of 

mechanisms involved in immune and inflammatory responses, DNA 
damage, oxidative stress and autophagy [21]. Genetic polymorphism, 
most commonly of patatin-like phospholipase domain-containing pro
tein (PNPLA3) [22], ectoenzyme nucleotide pyrophosphate 
phosphodiesterase-1 (ENPP) and insulin receptor substrate [23], may 
account for the development of HCC in NASH. It has been also demon
strated that dysregulation of gut microbiota, is associated with hepatic 
inflammation that can progress to NASH and ultimately, 
NASH-associated HCC [24]. In more detail, NASH patients have 
increased small intestinal bacterial overgrowth which is associated with 
enhanced expression of TLR-4 and the release of pro-inflammatory 
cytokine IL-8 [25]. The activation of TLRs via MAMPs and DAMPs 
from the gut microbiota and damaged hepatocytes (HMGB1, saturated 
fatty acids, cholesterol esters and reactive oxygen species (ROS)) has 
been also demonstrated [26]. 

However, an important difference in the ‘sterile inflammation’ of 
NASH is that the activation of inflammasomes occurs not only in mac
rophages but also in hepatocytes and other immune cells. Moreover, 
adaptive immune cells also seem to have a pivotal role in NASH. This is 
highlighted by experimental data obtained with a mouse model, in 
which mice are fed a choline-deficient high-fat diet, that recapitulates 
NASH-induced HCC. Antibody-mediated depletion of CD8 + T cells in 
established NASH abolishes liver damage, which indicates that meta
bolically activated intrahepatic CD8 + T cells are the main drivers of 
liver damage [27]. At the same time, inflammation-induced suppression 
of the activation of cytotoxic CD8 + T lymphocytes by IgA+ cells has 
been identified as a tumor-promoting mechanism [28]. NAFLD and 
especially NASH, reshapes the liver and tumor immune microenviron
ment and may hamper the efficacy of immune checkpoint blockers. Very 
recent data, both experimental and human, show that non-viral HCC, 
and particularly NASH–HCC, might be less responsive to immuno
therapy, probably owing to a NASH-related aberrant T cell activation 
profile in hepatic CD8 + PD1 + T cells causing active tissue damage that 
leads to an impaired function of anti-tumor immune surveillance [29]. 

Furthermore, obesity has been linked to a 1.95-fold higher risk of 
HCC-related mortality, as it has been associated with a chronic inflam
matory state attributed to increased levels of leptin, a profibrotic and 
proangiogenic cytokine that activates the Janus kinase pathway, 
thereby triggering an intracellular signaling cascade of pro- 
inflammatory cytokines [30]. Increased lipid accumulation in the liver 
due to lipolysis within peripheral adipose tissue induces hepatic lip
otoxicity, resulting in enhanced production of free fatty acids (FFAs) 
that undergo β-oxidation leading to the formation of ROS, that have 
been linked to endoplasmic reticulum (ER) stress, mitochondrial dam
age and gene transcription, promoting inflammatory cell signaling 
pathways [31]. Moreover, excessive fat accumulation potentiates he
patic and peripheral insulin resistance leading to compensatory hyper
insulinemia, promoting the development of HCC by the activation of 
various oncogenic pathways [32]. Both insulin-like growth factor 1 
(IGF-1) and insulin receptor substrate stimulate HCC growth by the 
activation of the mitogen-activate protein kinase (MAPK) pathway and 
increase the transcription of proto-oncogenes [33]. Activation of the 
MAPK pathway subsequently activates the Wnt/β-catenin signaling 
cascade, leading to fibrosis and hepatocarcinogenesis [34]. Finally, it is 
postulated that androgen and androgen receptors (ARs) might instigate 
HCC progression, since ARs are activated by androgen hormone and 
potentiate the transcription of cell cycle-related kinase (CCRK) that 
enchances β-catenin/T-cell factor signaling, leading to hepatocarcino
genesis [35–37]. 

There is evidence that the postprandial increase in plasma glucose 
triggers the production of IL-1β by the macrophages [38]. Following 
myocardial infarction (MI), a significant upregulation of IL-1β both in 
the systemic circulation and in the heart tissue has been observed [39]. 
Moreover, anti-inflammatory therapy targeting the interleukin-1β 
(IL-1β) innate immunity pathway has been shown to mitigate the risk of 
recurrent cardiovascular events, independent of an improvement in lipid 
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levels among high-risk patients with history of MI [40]. In a recent work, 
Lee et al. demonstrated that empagliflozin attenuated the secretion and 
mRNA expression of proinflammatory cytokines, such as tumor necrosis 
factor-a (TNF-α), IL-1β, IL-6, and interferon-γ (IFN-γ), and proin
flammatory chemokines, such as C-C Motif chemokine ligand (CCL) 
CCL3, CCL4, CCL5, and CXCL10 and inhibited prostaglandin E2 (PGE2) 
release and cyclooxygenase-2 (COX2), inducible nitric oxide synthase 
(iNOS) gene expression in lipopolysaccharide-stimulated macrophages 
[41]. Thus, the important anti-inflammatory properties of SGLT2i might 
explain to some extent their impressive cardioprotective effects. Syn
chronous dysregulation in the metabolism and immune system could 
represent a missing link between antidiabetic agents and malignancies. 
There is data that metabolic remodeling of immune cells contributes to 
the pathophysiology of several chronic diseases, including infections, 
obesity and cancers [42]. In this context, it has previously been sug
gested that metformin exerts anticancer effects through the inhibition of 
mitochondrial complex I [43]. It could be then postulated that the effects 
of SGLT2i on HCC might relate to modulating effects on metabolic ac
tivity and function of immune cells, a hypothesis deserving further 
evaluation in future studies. 

The ultimate goal of NASH therapy is to inhibit and revert steato
hepatitis in order to arrest the progression of hepatocellular injury and 
fibrosis. Major international societies including the American Associa
tion for the Study of Liver Disease, the European Association for the 
Study of the Liver and the Asian Pacific Association for the Study of the 
Liver, have recommended enrollment in HCC surveillance programs for 
adults with cirrhosis and high-risk patients without cirrhosis using ul
trasound with or without alpha-fetoprotein (AFP) at six-month intervals 
[44–46]. The potential favorable effects of SGLT2i in NASH, a disease 
that when left untreated often progresses to HCC development, have 
been thoroughly reviewed [47,48]. A meta-analysis of ten randomized 
controlled trials with 573 study participants provided evidence that 
SGLT-2i can significantly reduce hepatic enzymes, hepatic fat and 
improve body composition [49]. An Asian, open-label clinical trial 
including nine patients with biopsy-proven NASH treated with empa
gliflozin for six months, reported significant improve of histological 
outcomes with decrease of steatosis, hepatocyte ballooning and fibrosis, 
and eventual resolution of NASH in four out of nine patients [50]. 
Moreover, the administration of SGLT2i ipragliflozin in a patient with 
NASH and T2D decreased the serum alanine aminotransferase (ALT) and 
ferritin levels, while it ameliorated type IV collagen and hyaluronic acid, 
both of which are serum fibrotic markers. Ultrasonography and 
computed tomography showed decrease of hepatic fat deposition, while 
liver biopsy showed marked improvement of hepatic steatosis, inflam
mation, and ballooning [51]. In addition, evidence demonstrated that 
ipragliflozin improves liver dysfunction irrespective of body weight 
reduction in patients with T2D, while it improves hepatic steatosis and 
inhibits lipogenic and macrophage marker gene induction in the liver of 
obese mice with insulin resistance [52]. Along the same line, evidence 
from a randomized, open-label trial of 57 patients with T2D and NAFLD, 
demonstrated that the SGLT2i dapagliflozin, improved liver steatosis 
and attenuated liver fibrosis, while it decreased ALT and γ-glutamyl
transpeptidase levels [53]. Similarly, evidence has been provided that 
empagliflozin improves liver steatosis, decreases the levels of visceral fat 
and attenuates liver fibrosis in patients with NAFLD without T2D [54]. 

2.1. Sodium glucose co-transporter 2 inhibitors’ effect on hepatocellular 
carcinoma 

There are several animal studies showing potential favorable effects 
of SGLT2i on HCC. Luo et al. demonstrated that canagliflozin (CANA) 
could significantly inhibit hypoxia-induced metastasis, angiogenesis, 
and metabolic reprogramming in HCC [55]. At the molecular level, this 
was achieved by inhibiting vascular endothelial growth factor (VEGF) 
expression, as well as via the reduction of the epithelial-to-mesenchymal 
transition (EMT)-related proteins and glycolysis-related proteins, while 

CANA also decreased hypoxia-inducible factor 1-alpha (HIF-1α) protein 
synthesis without an impact on its proteasomal degradation. Further
more, they provided evidence that CANA inhibited the AKT/mTOR 
pathway, which plays a pivotal role in HIF-1 transcription and trans
lation, suggesting that CANA could instigate HIF-1a reduction through 
the AKT/mTOR pathway via the inhibition of HIF-1a protein synthesis. 
Evidence regarding the inhibitory effect of CANA on HCC growth was 
further provided by a study from Hung et al., demonstrating that CANA 
treatment inhibited the maintenance and growth of HCC cells and HCC 
stem cells in a dose-dependent manner, decreased the proportions of 
CD133- and EpCAM-positive HuH7 cells and significantly reduced the 
glucose uptake of Huh7 cells [56]. Their study also demonstrated in vivo 
that CANA suppressed HCC growth and prolonged the survival of 
tumor-bearing mice via the inhibition of PP2A/p-β-catenin, since CANA 
promoted glucose influx-induced β-catenin signaling activation via its 
proteasome degradation and enhanced the degradation of β-catenin via 
the inhibition of its PP2A-mediated dephosphorylation. Similarly, the 
preventive effects of CANA in a mouse model of human NASH were 
evaluated by Shiba et al., demonstrating that after one year of CANA 
treatment, apart from the reduction of liver fibrosis the number of liver 
tumors was significantly reduced in western diet WD-fed melano
cortin-4-receptor-deficient (MC4R-KO) mice with a trend towards a 
reduction in maximum tumor size [57]. Finally, the effects of CANA on 
proliferation and metabolic reprograming of HCC cell lines using 
multi-omics analysis of metabolomics and absolute quantification pro
teomics (iMPAQT) were investigated by Nakano et al., reaching to a 
conclusion that CANA hindered the proliferation of HCC cells through 
alterations in mitochondrial oxidative phosphorylation metabolism, 
fatty acid metabolism, purine and pyrimidine metabolism [58]. In more 
detail, they demonstrated that SGLT2 occurred in Hep3B and Huh7 cells 
and localized on their mitochondria, while CANA upregulated the 
phosphorylation of 5-adenosine monophosphate-activated protein ki
nase (AMPK) and acetyl-CoA carboxylase (ACC), which are sensors of 
intracellular adenosine triphosphate (ATP) levels and regulators for beta 
oxidation known to inhibit hepatic de novo lipogenesis and HCC pro
liferation, while at the same time it downregulated proteins associated 
with the electron transport system in Hep3B and Huh7 cells. 

In addition, an in vivo study by Jojima et al., provided evidence that 
CANA inhibits hepatic tumorigenesis, since there were significantly 
fewer hepatic tumors and fewer glutamine synthetase-positive nodules 
in the continuous CANA group than in the control group, while the 
expression of AFP mRNA, a marker of HCC, was also downregulated 
[59]. Flow cytometry further demonstrated that CANA reduced the 
percentage of HepG2 cells in the G2/M phase due to arrest in the G1 
phase alongside downregulated expression of cyclin D and Cdk4 pro
teins, while it upregulated the percentage of cells in the G0/1 phase. 
CANA also potentiated the apoptosis of HepG2 cells via the activation of 
caspase 3, while it exhibited anti-steatotic and anti-inflammatory effects 
that attenuated the development of NASH and prevented the progres
sion of NASH to HCC, in part due to the induction of cell cycle arrest and 
apoptosis as well as the inhibition of tumor growth through direct in
hibition of SGLT2 in tumor cells. Furthermore, a study by Kaji et al., 
demonstrated that CANA exhibits anti-proliferative effects on 
SGLT2-expressing Huh7 and HepG2 cells in a dose-dependent manner, 
by downregulating glycolytic metabolism including glucose uptake, 
lactate and intracellular ATP production [60]. CANA also suppressed 
human HCC cell growth by inducing cell cycle arrest and apoptosis with 
inhibited phosphorylation of extracellular signal-regulated kinase 
(ERK), p38, protein kinase B (AKT) and cleavage of caspase3, while its 
oral administration substantially reduced subcutaneous tumor burden 
independently of glycemic status, and decreased intratumor vasculari
zation in Huh7- and HepG2-derived xenograft HCC tumors in BALB/c 
nude mice. CANA also attenuates the proangiogenic activities of human 
HCC cells, as it inhibited in vitro the increased human umbilical vein 
endothelial cell (HUVEC) proliferation and tubular formation, which 
were observed in Huh7 or HepG2 co-cultures. Finally, a recent study by 
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Khairy et al., shedded some light on the effective combination of CANA 
and γ‑irradiation (γ‑IR) in HCC treatment, as evidence demonstrated 
that CANA enhanced the antitumor potential of γ‑IR by inhibiting the 
clonogenic survival in HepG2 cells via the downregulation of glucose 
uptake, lactate release, and modulation of ER stress‑mediated auto
phagy, as well as it disabled signaling pathways which partake in 
metabolic reprogramming and tumor progression induced by γ‑IR that 
confer radioresistance and treatment failure [61]. In more detail, CANA 
disrupted the crosstalk between PI3K/AKT/GSK‑3β/mTOR and 
Wnt/β‑catenin signaling pathways, increased intracellular Ca2 +

‑mediated apoptosis via caspase‑12/caspase‑3 activation and down
regulated p53 and BCL‑2 expression, alleviating ER stress‑mediated 
cytoprotective autophagy, promoting the crosstalk between autophagy 
and apoptosis in irradiated HepG2 cells. (Table 1). 

Recent evidence has also surfaced, indicating that selective PPARα 
modulator pemafibrate and SGLT2i tofogliflozin combination treatment 
has therapeutic potential to prevent NASH-related HCC progression, 
since results demonstrated that it improves HCC-related survival rates in 
STAM mice and decreased the number of liver tumors compared to the 
NASH control group, preventing liver injury by inhibiting the IRE1- 
XBP1-PHLD3A pathway [62]. Another in vivo study by Yoshioka et al, 
reached a conclusion that tofogliflozin ameliorates NASH-like liver 
phenotypes in WD-fed Mc4r-KO mice and that it also prevents the pro
gression of NASH-associated liver tumors utilizing diethylnitrosamine 
(DEN)-injected WD-fed Mc4r KO mice, since the number of large tumors 
(≥2 mm in diameter) was significantly less in the tofogliflozin-treated 
group [63]. Moreover, the role of tofogliflozin on the development of 
NASH-associated liver tumorigenesis in C57BL/KsJ-+Leprdb/+Leprdb 
obese and diabetic mice was evaluated by Obara et al., reaching to the 
conclusion that tofogliflozin significantly suppresses the development of 
hepatic preneoplastic lesions, reducing hepatic steatosis, ballooning 
degeneration of hepatocytes and inflammation, as evaluated using the 
non-alcoholic fatty liver disease activity score (NAS), compared to the 
control mice [64]. High-dose tofogliflozin-treated mice also showed a 
significant decrease in mRNA expression levels of macrophage marker 
F4/80, a marker of liver inflammation, alongside a substantial decrease 
of serum glucose and FFA levels. In addition, evidence was provided that 
dapagliflozin alleviated hepatic steatosis both in vivo and in vitro in 
HepG2 cells, by restoring autophagy via the AMPK-mTOR pathway, 
while it also promoted the phosphorylation of ACC1 and upregulated 
lipid β-oxidation enzyme acyl-CoA oxidase-1 (ACOX1) [65]. The effects 
of combined treatment with CANA and teneligliptin, a dipeptidyl 
peptidase-4 inhibitor, were analyzed in a study by Ozutsumi et al., 
demonstrating that their combination inhibited HCC cells and HUVEC 
proliferation, suppressed VEGF expression and enhanced E-cadherin 
expression in HUVECs, potentially exhibiting synergistic effects against 
hepatocarcinogenesis by hindering HCC cell growth and angiogenesis 
and simultaneously by reducing oxidative stress [66]. (Fig. 1). 

2.2. Clinical implications 

SGLT2i originally emerged as drugs for the treatment of hypergly
cemia; however, they soon demonstrated important extra-glycemic 
properties, which led to their evaluation as potential treatments for a 
wide range of non-metabolic disorders, including infections and malig
nancies. A recent meta-analysis showed that the use of SGLT2i is asso
ciated with a lower overall risk of cancer compared to placebo among 
people with diabetes (Relative Risk 0.35, Confidence Interval 0.33–0.37, 
P < 0.001) [67]. The direct anti-diabetic effects of gliflozins can explain 
a part of their antineoplastic potential, considering that glucose plays a 
key role in the metabolism and growth of malignant cells, and serum 
glucose levels have an inverse relationship with cancer risk [68]. Recent 
works have highlighted that SGLT2 are expressed in animal and human 
cancer tissues [69]. Thus, inhibition of these cotransporters in people 
with malignancies could theoretically block the process of feeding 
glucose into tumors to support glycolysis, which plays a key role in 

Table 1 
Summary of studies evaluating the role of SGLT2i in HCC.  

Study (year) Primary Outcome Secondary outcome 

Luo et al.  
[55] 

Canagliflozin hinders 
metastasis, hypoxia-induced 
angiogenesis and metabolic 
reprogramming in HCC by 
inhibiting HIF-1 protein 
accumulation, probably by 
targeting the AKT/mTOR 
pathway 

Canagliflozin inhibits hypoxia- 
induced glycolysis and the 
expression of epithelial-to- 
mesenchymal transition-related 
proteins 

Hung et al. 
[56] 

Canagliflozin inhibits growth 
of HCC via blocking glucose- 
influx induced β-catenin 
activation through promoting 
its proteasome degradation 

Canagliflozin suppresses in vivo 
HCC growth and prolongs the 
survival of tumor-bearing mice 
via inhibiting PP2A/p-β-catenin 

Shiba et al. 
[57] 

Canagliflozin attenuates the 
development of NASH- 
associated HCC and reduces 
the number and size of liver 
tumors in a mouse model of 
human NASH 

Canagliflozin inhibits hepatic 
steatosis and fibrosis, reduces 
adipose tissue inflammation and 
decreases oxidative stress 

Nakano et al. 
[58] 

Canagliflozin significantly 
suppresses the proliferation of 
Hep3B and Huh7 cells and 
alters the phosphorylation of 
AMPK and ACC, which are 
regulators for beta oxidation 
and sensors of intracellular 
ATP levels 

Canagliflozin mainly alters the 
metabolisms of oxidative 
phosphorylation metabolism, 
fatty acid metabolism, and 
purine and pyrimidine 
metabolism 

Jojima et al. 
[59] 

Canagliflozin suppresses the 
proliferation of HepG2 cells 
and the expression of 
α-fetoprotein mRNA, while 
inducing apoptosis of HepG2 
cells via activation of caspase 3 

Canagliflozin inhibits hepatic 
tumorigenesis and the 
progression of NASH to HCC 

Kaji et al.  
[60] 

Canagliflozin attenuates Huh7 
and HepG2 cell growth and 
angiogenic activity by 
inhibiting glucose uptake and 
glycolytic metabolism in HCC 
cells 

Canagliflozin inhibits 
proangiogenic activity in SGLT2- 
expressing liver cancers 

Abdel-Rafei 
et al. [61] 

Canagliflozin enhances the 
antitumor potential of γ‑IR by 
significantly inhibiting the 
clonogenic survival in HepG2 
cells, disrupting the crosstalk 
between PI3K/AKT/GSK‑3β/ 
mTOR and Wnt/β‑catenin 
signaling pathways 

Canagliflozin suppresses SGLT‑2 
mRNA expression and protein 
level in irradiated HepG2 cells 
impairing cancer cell glycolytic 
metabolism 

Murakami et 
al. [62] 

Pemafibrate and tofogliflozin 
combination improves HCC- 
related survival and induces 
lipolysis and fatty acid re- 
esterification genes expression 
in STAM mice liver 

Pemafibrate and tofogliflozin 
combination prevents liver injury 
by inhibiting the IRE1a-XBP1- 
PHLDA3 Pathway 

Yoshioka 
et al. [63] 

Tofogliflozin prevents the 
progression of NASH- 
associated HCC in a mouse 
model of human NASH 

Tofogliflozin attenuates the 
expression of p21 from 
hepatocytes and inhibits cellular 
senescence 

Obara et al. 
[64] 

Tofogliflozin suppresses the 
development of hepatic 
preneoplastic lesions and 
significantly reduces hepatic 
steatosis and inflammation 

Tofogliflozin reduces the serum 
levels of glucose and the free 
fatty acid and mRNA expression 
levels of pro-inflammatory 
markers in the liver 

Li et al. [65] Dapagliflozin induces 
autophagy and regulates fatty 
acid metabolism in ZDF Rats 
and PA-stimulated LO2 and 
HepG2 Cells via the AMPK- 
mTOR pathway in vitro and in 
vivo 

Dapagliflozin alleviates hepatic 
lipid accumulation in ZDF Rats 
and PA-stimulated LO2 and 
HepG2 Cells 

Ozutsumi et 
al. [66] 

Canagliflozin alone or in 
combination with teneligliptin 
inhibits human HCC cell lines 
HepG2 and Huh7 and human 
umbilical vein endothelial cell 

Canagliflozin and teneligliptin 
combination inhibits HCC cell 
proliferation, VEGF mediated 
neovascularization, ROS, and 
inflammation 

(continued on next page) 

K. Arvanitakis et al.                                                                                                                                                                                                                            



Pharmacological Research 181 (2022) 106261

5

tumor metabolism and growth [70]. Moreover, insulin resistance, 
obesity, and hyperinsulinemia have been epidemiologically and patho
physiologically linked to the development and progression of neo
plasms, leading to alterations in tumor glucose metabolism and 
eventually in tumorigenesis [71]. However, evidence from animal 
studies summarized in this review suggests that the effects of SGLT2i on 
HCC are not restricted to changes in glucose metabolism and are related 
to modulation of molecular pathways that affect hallmarks of cancer, 
including inflammatory responses, cell proliferation, and oxidative 
stress. 

In addition to SGLT2i, alternative agents used for the treatment of 
cardiometabolic disorders have shown benefit in HCC. Among people 
with T2D and HCC, metformin therapy has been associated with 
improved survival rates, an effect that was particularly evident in those 
in the potentially curative stage of the disease [72]. Although possible 
mechanisms are still obscure, they could be related to inhibition of liver 
stellate cell activation, amelioration of hepatic fibrosis, and reduced 
lipid accumulation in liver cells that result in halting progression to 
cirrhosis and eventually preventing tumorgenesis [73]. Glucagon-like 
peptide-1 receptor agonists are a new class of antidiabetic drugs that 
exert strong glucose-lowering actions and provide cardiorenal protec
tion. Apart from their weight-lowering effect, the improvement seen in 
liver enzymes and hepatic steatosis after treatment with these agents 
could be derived from systemic anti-inflammatory actions [74]. In a 

mouse model of diabetes and NASH, liraglutide was shown to suppress 
hepatocarcinogenesis by attenuating steatosis, inflammation, and he
patocyte ballooning [75]. Robust data indicate a protective role for 
statins against several types of malignancies. A recent meta-analysis of 
observational studies showed that statin use was associated with a 46% 
lower risk of HCC development [76]. Postulated mechanisms relate to 
the proapoptotic, antiproliferative, anti-inflammatory, and antifibrotic 
actions of these drugs, as well as to amelioration of endothelial 
dysfunction promoted by statins [77]. Recent findings demonstrate that 
repression of the mevalonate pathway is a crucial component of 
p53-mediated liver tumor suppression. Pharmacological or RNA inhi
bition of the mevalonate pathway restricts the development of murine 
HCC driven by p53 loss. The rate-limiting step of the mevalonate 
pathway is controlled by 3-hydroxy-3-methyl-glutaryl (HMG)-coenzyme 
A (CoA) reductase (HMGCR), an enzyme that converts HMG-CoA to 
mevalonate and is the target of cholesterol-reducing statins. Interest
ingly, statins have been associated with reduced mortality in multiple 
cancer types, including prostate, kidney, colorectal, breast, and lung 
cancer [78]. Given that all of these agents are very commonly 
co-administered with SGLT2i in people with T2D, a possible synergistic 
effect on HCC deserves further evaluation by future studies. 

Ascites is a common clinical problem in HCC patients, associated 
with poor prognosis and both tumoral and cirrhosis factors [79]. Loop 
diuretics and mineralocorticoid receptor agonists (MRAs) are consid
ered the cornerstone of the treatment of cirrhotic ascites; however, both 
categories have demonstrated little survival benefit and modification of 
the disease’s natural history, primarily providing symptomatic relief 
[80]. Overactivation of renin-angiotensin-aldosterone-system (RAAS) is 
a core feature of decompensated liver cirrhosis. Loop diuretics inhibit 
sodium-potassium-chloride cotransporter 2 in macula densa, resulting in 
a vicious cycle of exacerbation of renin production and RAAS activation. 
Spironolactone is co-administered with furosemide to counteract the 
activation of RAAS. However, in the context of ascites, an increased 
sodium reabsorption at the proximal convoluted tubule is observed, 
finally resulting in decreased sodium concentrations in distal nephron 
segments. Therefore, diuretics that act on this part of the nephron often 
fail in the management of advanced ascites. In contrast, SGLT2i block 

Table 1 (continued ) 

Study (year) Primary Outcome Secondary outcome 

proliferation, increases the 
expression of E-cadherin and 
suppresses the expression of 
VEGF 

HCC: hepatocellular carcinoma; NASH: nonalcoholic steatohepatitis; HIF: 
hypoxia-inducible factor; AKT: protein kinase B; mTOR: mammalian target of 
rapamycin; AMPK: AMP-activated protein kinase; ACC: Acetyl-CoA carboxylase; 
ATP: adenosine triphosphate; mRNA: messenger; γ-IR: γ-irradiation; ZDF: zucker 
diabetic fatty; PA: palmitic acid; ROS: reactive oxygen species; SGLT: sodium- 
glucose cotransporter 

Fig. 1. The inhibitory effect of sodium-glucose 
cotransporter 2 inhibitors (SGLT2i) in hepato
cellular carcinoma. SGLT2i inhibit the release 
of inflammatory cytokines, attenuate hepatic de 
novo lipogenesis and insulin resistance, 
decrease free fatty acids (FFAs) and reactive 
oxygen species formation (ROS), while at the 
same time increase urinary glucose excretion, 
ketogenesis, glucagon secretion and potentiate 
lipolysis. Their overall effect leads to decreased 
hepatic steatosis and inflammation, attenuating 
oxidative stress and liver fibrosis.   
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the reabsorption of glucose and sodium in the proximal tubule without 
affecting sodium sensing at the macula densa. Therefore, they induce 
diuresis and natriuresis in absence of RAAS activation [81]. Although 
still limited, preliminary evidence from isolated case reports indicates 
an improvement in clinical status, translated into amelioration of ascites 
and peripheral edema, in patients with cirrhosis and diabetes receiving 
SGLT2i [82]. 

Data from studies conducted in HF, a disease model characterized 
also by overactivation of RAAS, suggest that the co-administration of 
loop diuretics and SGLT2i has an additive natriuretic effect [83]. 
Importantly, combined therapy did not increase neurohormonal acti
vation and was safe in terms of electrolyte balance and renal function. 
On the contrary, Mordi et al. found that empagliflozin used in combi
nation with loop diuretics significantly amplified 24-hour urine volume 
without a parallel increase in urinary sodium excretion, suggesting that 
the diuretic effects of SGLT2i are primarily driven by fluid clearance 
from the interstitial space, rather than the circulating volume [84]. A 
study by Shirakabe et al. that recruited patients with diabetes and 
compensated HF showed that co-administration with empagliflozin 
resulted in a decrease in the dose of loop diuretics, while increasing 
erythropoietin production, which could protect against the development 
of renal tubular injury [85]. It should be noted that the use of MRAs in 
cirrhotic patients with renal impairment is often prohibitive due to the 
risk of hyperkaliemia. A recent meta-analysis that included data from 
24246 individuals with T2D demonstrated a 28% lower risk of hyper
kaliemia in those treated with SGLT2i compared to patients receiving 
placebo [86]. In addition, recent findings suggest that the combined 
therapy with finerenone, a novel MRA, and SGLT2i promotes greater 
reductions in albuminuria among patients with diabetic nephropathy 
compared to finerenone alone [87]. Taken together, these data 
encourage the evaluation of the synergistic effects of SGLT2i and clas
sical diuretics in patients with cirrhotic ascites in appropriately designed 
clinical studies. 

On the other hand, a number of safety issues should be taken into 
account when discussing a putative role of gliflozins in the management 
of HCC. SGLT2i exhibit an extensive hepatic metabolism mainly via 
glucuronidation to inactive metabolites [88]. However, to date, no 
safety concerns have emerged regarding the risk of liver dysfunction in 
large cardiovascular outcome trials conducted with these agents [89]. In 
contrast, these studies have been suggestive of a protective effect on 
liver function as indicated by significant reductions in transaminase 
levels [90]. Of great importance, empagliflozin has been shown to be 
well tolerated in patients with liver impairment, and no significant al
terations in the pharmacokinetics of the drug have been documented in 
this population [91]. The drop of estimated glomerular filtration rate 
seen in patients during the first weeks of treatment with SGLT2i, in 
conjunction with the blood pressure lowering effect of the class, raises 
concerns over a potential triggering of hepatorenal syndrome. However, 
this seems to be unlikely without a parallel activation of RAAS [81]. An 
increased risk of hypovolemia compared to placebo has been shown in 
patients with T2D and CKD treated with SGLT2i [92]. However, in the 
long run, gliflozins have been shown to exert renoprotective effects and 
significantly reduce the odds of renal endpoints. Thus, future studies to 
evaluate the renal safety of SGLT2i in patients with cirrhosis are needed 
before reaching definite conclusions. 

Patients with liver disease are generally considered immunosup
pressed due to the key role that the liver plays in the host immune 
response [93]. In addition, they experience poor nutritional status, 
recurrent hospitalizations, and undergo medical procedures that in
crease the risk of severe infections. Relevant to their mechanism of ac
tion that exacerbates glycosuria, the use of SGLT2i has been linked to 
increased odds of mycotic genital infections, which are usually mild and 
easy to manage in the daily clinical setting [94]. The magnitude of 
glucose excretion in the urine after the administration of SGLT2i is 
dependent on plasma glucose levels;[95] thus, urinary tract infections 
are not expected to be a major issue when these agents are used in 

non-diabetic individuals. On the other hand, recent trials have tested the 
hypothesis that SGLT2i might act as anti-viral drugs, attempting to take 
advantage from their anti-inflammatory properties [96]. In DARE-19, 
dapagliflozin was administered to patients with acute COVID-19 and 
cardiometabolic risk factors [97]. Although the results did not reach 
statistical significance, numerically fewer individuals in dapagliflozin 
compared to the placebo group experienced death or organ damage, 
suggesting a place for SGLT2i in future trials investigating their potential 
as anti-infective agents. 

Patients with HCC and / or cirrhosis are considered to be at high risk 
for hospital admission [98]. Until recently, physicians were skeptical 
about using SGLT2i in the inpatient setting, given that there was no 
enough evidence to support that clinical benefits can outweigh potential 
risks [99]. Euglycemic diabetic ketoacidosis DKA is a life threatening, 
still rare, adverse event of therapy with SGLT2i. It is related to a shift in 
energy metabolism due to an imbalance in insulin / glucagon ratio and 
changes in renal clearance of ketone bodies caused by these agents 
[100]. DKA can occur in the context of severe illness in insulinopenic 
patients; however, it is extremely rare in non-diabetic individuals with 
adequate endogenous insulin production [101]. In DARE-19, there were 
only two episodes of DKA among 625 dapagliflozin-treated participants. 
Both cases were observed in subjects with diabetes, diagnosed timely 
and rapidly resolved with appropriate treatment, suggesting that the use 
of these drugs in the inpatient setting is safe, provided that patients are 
closely monitored [102]. This perspective is further supported by the 
recently published EMPULSE findings, in which empagliflozin was 
administered to hospitalized patients with acute HF [103]. The results 
were encouraging, with significant clinical benefit experienced by more 
participants in the active treatment compared to the placebo group. At 
the same time, empagliflozin was well tolerated suggesting “an earlier, 
better” approach in the use of SGLT2i in people with HF, even before 
hospital discharge. 

Although there aren’t any ongoing clinical trials regarding the use of 
SGLT2i in patients with HCC, there are some ongoing clinical trials of 
SGLT2i in NASH, which are expected to shed further light on their po
tential clinical benefits in patients with NASH and ultimately, in NASH- 
associated HCC (Table 2). A multicentre phase 3 randomized, placebo- 
controlled trial, the DEAN study (“Dapagliflozin Efficacy and Action in 
NASH”; NCT03723252), aims to recruit 100 patients with NASH and 
T2D in order to study the impact of dapagliflozin on hepatic histology, as 
determined by liver biopsy after 12 months of treatment, compared to 
placebo. Secondary outcomes to be investigated are NASH resolution 
and changes in various metabolic factors and biomarkers. DEAN is ex
pected to be completed on June 2022. Another single-centre randomized 
open label study (“Efficacy and Safety of Dapagliflozin in Patients With 
Non-alcoholic Steatohepatitis”; NCT05254626), plans to recruit 160 
patients with NASH and T2D to evaluate the efficacy and safety of 
SGLT2 inhibitors in NASH patients in comparison to pioglitazone. Sec
ondary outcomes to be assessed are NASH resolution and changes in 
various biomarkers. The study is expected to be completed on August 
2025. Moreover, the COMBAT_T2_NASH trial (“Combined Active 
Treatment in Type 2 Diabetes With NASH”; NCT04639414) is recruiting 
192 T2D patients with biopsy-proven NASH and fibrosis stage F1–F3 to 
receive either empagliflozin and placebo, or empagliflozin in combina
tion with semaglutide, a glucagon-like peptide-1 receptor agonist. The 
primary aim of the trial is to evaluate the efficacy of combined treatment 
with semaglutide and empagliflozin and of empagliflozin monotherapy, 
by means of histological resolution of NASH in T2D patients without 
progression of fibrosis after 48 weeks’ treatment. Secondary aims 
include changes in NAFLD activity score, in steatosis-activity-fibrosis 
score and in fibrosis stage. Finally, another open-label randomized 
clinical trial, entitled “Comparison of The Effects of Thiazolidinediones, 
SGLT-2i Alone and Thiazolidinediones/SGLT-2i Combination Therapy 
on Non-alcoholic Fatty Liver Disease in Type 2 Diabetic Patients With 
Fatty Liver” (NCT03646292), aims to investigate the comparative effect 
of empagliflozin monotherapy vs. pioglitazone monotherapy vs. their 
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combination on hepatic fat, assessed by MRI-PDFF, in patients with T2D 
and NAFLD. Secondary outcome of this trial is the assessment of liver 
fibrosis, evaluated by magnetic resonance elastography. 

3. Conclusions 

A wealth of data has accumulated in the past years that has revealed 
novel cellular and molecular mechanisms driving NASH and NAFLD- 
associated HCC. These findings have also opened up novel links and 
treatment options. At the same time, several questions have emerged. 
Several factors contribute to the development of NAFLD or NASH and 
subsequent HCC development; these factors include genetic and envi
ronmental modifiers such as diet, medications or lifestyle. The data 
presented in this review shape a theoretical framework that encourages 
further evaluation of the safety and efficacy of SGLT2i to improve out
comes related to HCC. Future mechanistic studies are expected to pro
vide deeper insights into the molecular pathways that connect gliflozin 
actions with the mechanisms involved in the development of NASH, 
cirrhotic ascites, and eventually HCC. The impressive benefits of 
neurohormonal modulation observed with SGLT2i in congestive HF set 
the stage for human trials in cirrhotic ascites. Future research needs to 
evaluate several aspects of the benefit to risk ratio of such a therapeutic 
strategy, including the co-administration with antineoplastic agents and 
diuretics, infections, use in hospitalized individuals, renal safety and 
hypovolemia. 
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