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Simple Summary: Despite significant advances in the treatment of cancer, it remains a major cause
of death worldwide and new treatment options are constantly being sought. An interesting new
group of antidiabetic drugs, called sodium-glucose cotransporter 2 inhibitors have beneficial effects in
patients with heart failure and slow the progression of renal failure. They have recently been shown
to additionally exhibit anticancer effects in certain types of cancer. The mechanism of their anticancer
action, however, is not yet fully understood. Research into understanding these mechanisms is
ongoing and it is hoped that, in the future, this knowledge may be used to develop new cancer
treatments using these drugs. The possibility of using this group of drugs in anticancer treatment
seems very attractive, especially as they are already used in the treatment of diabetes and heart failure.
This article presents the mechanisms of their anti-cancer action which are so far known.

Abstract: A new group of antidiabetic drugs, sodium-glucose cotransporter 2 inhibitors (SGLT-2
inhibitors), have recently been shown to have anticancer effects and their expression has been
confirmed in many cancer cell lines. Given the metabolic reprogramming of these cells in a glucose-
based model, the ability of SGLT-2 inhibitors to block the glucose uptake by cancer cells appears
to be an attractive therapeutic approach. In addition to tumour cells, SGLT-2s are only found in
the proximal tubules in the kidneys. Furthermore, as numerous clinical trials have shown, the
use of SGLT-2 inhibitors is well-tolerated and safe in patients with diabetes and/or heart failure.
In vitro cell culture studies and preclinical in vivo studies have confirmed that SGLT-2 inhibitors
exhibit antiproliferative effects on certain types of cancer. However, the mechanisms of this action
remain unclear. Even in those tumour cell types in which SGLT-2 is present, there is sometimes an
SGLT-2-independent mechanism of anticancer action of this group of drugs. This article presents the
current state of knowledge of the potential mechanisms of the anticancer action of SGLT-2 inhibitors
and their possible future application in clinical oncology.

Keywords: SGLT-2 inhibitors; empagliflozin; canagliflozin; dapagliflozin; anti-cancer therapy

1. Introduction

Sodium-glucose co-transporter-2 inhibitors (SGLT-2 inhibitors) are a new group of
antidiabetic drugs which are also beneficial in the treatment of cardiovascular diseases
in both diabetic and non-diabetic patients. Recently they have additionally been shown
to have an anticancer effect. In vitro studies in cell culture have confirmed that SGLT-2
inhibitors exhibit an antiproliferative activity against some types of tumours. This has also
been confirmed by preclinical studies in vivo. The anticancer activity of SGLT-2 inhibitors
has been demonstrated in such cancers as liver, pancreatic, prostate, bowel, lung and breast
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cancer [1–11]. However, the mechanisms of such action remain unclear. Some types of
cancer cells express sodium-glucose co-transporter-2 (SGLT-2). However, even in these
types of cancer cells, it is claimed that the mechanism for the anticancer activity of this
group of drugs is independent of SGLT-2 [12]. Various mechanisms of action of SGLT-2
inhibitors are, therefore, being considered.

Previous trials have confirmed beneficial clinical effects of using SGLT-2 inhibitors
in cardiovascular diseases [13–20]. Their nephroprotective effect has also been confirmed
both in patients with and without diabetes [21,22]. There have been many randomised
clinical trials to assess the cardiovascular outcomes of SGLT-2 inhibitors (empagliflozin,
canagliflozin and dapagliflozin), including the Canagliflozin Cardiovascular Assessment
Study (CANVAS), the Dapagliflozin Effect on Cardiovascular Events Thrombosis in Myocar-
dial Infarction 58 (DECLARE—TIMI 58) and the Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUTCOME) [13–20,23,24].
These clinical trials have revealed that when SGLT-2 inhibitors were administered to pa-
tients there was a significant reduction in CV mortality. In addition, there was a decrease in
the number of hospitalisations due to heart failure as well as in all-cause mortality [25,26].
These effects cannot be fully explained solely by the antidiabetic, metabolic and haemo-
dynamic effects of this group of drugs [27]. Currently, the various mechanisms of these
antidiabetic drugs are being investigated in order to explain these beneficial mechanisms.

As antidiabetic drugs the action of SGLT-2 inhibitors is to decrease the active reverse
transport of glucose by SGLT-2 in the proximal renal tubule. This is associated with Na+

transport maintained by active Na+ extrusion. Normally, about 180 g/day of glucose is fil-
tered into the primary urine. This glucose is then reabsorbed in the proximal tubule mainly
with the involvement of SGLT-2. SGLT2 inhibitors significantly decrease this glucose reab-
sorption and thus induce glycosuria, lowering plasma glucose in an insulin-independent
mechanism [28]. Glucosuria is linked with calorie loss and causes a reduction in body
weight [28]. Clinical trials with SGLT2 inhibitors have also revealed a reduction in body
weight. For example, in the EMPA-REG OUTCOME study, treatment with empagliflozin
led to an average weight reduction of approximately 2 kg [13]. This same effect was also
confirmed for canagliflozin [28].

The anticancer activity of SGLT-2 inhibitors is an area, after diabetology, cardiology
and nephrology, where this interesting group of drugs could be applied and could bring
significant clinical benefits. The interest in this group of drugs in the context of their
anticancer activity is largely due to the well-known fact that cancer cells typically switch
their metabolism from fatty acid oxidation to glucose utilisation [29]. This is because
the cancer cells often contain dysfunctional mitochondria which do not provide enough
energy from the metabolism of the fatty acids. The expression of many types of glucose
transporters has been confirmed in cancer cells. They help maintain the high concentrations
of glucose which are needed to provide energy to these cells with high metabolic activity
and to provide substrates for RNA and DNA synthesis which is not ensured by fatty
acid oxidation. There are two main types of glucose transporters in mammalian cells.
The first group are stereospecific glucose transporter proteins (GLUTs) in which glucose
transport is driven by a glucose concentration gradient across the cell membrane. To date,
14 GLUTs have been identified [29–35]. The second group includes SGLTs, which use a
transmembrane sodium ion concentration gradient for glucose transport. This family of
GLUTs provides a more efficient transportation of glucose into the cell, even against a
glucose concentration gradient. There are two types of SGLTs: SGLT-1 and SGLT-2. SGLT-2
is normally expressed only in the proximal tubules in the kidneys and is responsible for
approximately 90% of glucose reabsorption from primary urine [28,36–39]. SGLT-1 is also
expressed in the proximal tubule in the kidneys and is responsible for approximately
10% of glucose reabsorption into the blood from primary urine. Apart from the kidney,
SGLT-1 is also found in the intestines, lungs, prostate, uterus, heart, eyes, tongue, liver and
pancreas [29,30,40–46]. Selective SGLT-2 inhibitors, such as empagliflozin, dapagliflozin
or canagliflozin, used in the treatment of diabetes, have a unique mechanism of action
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independent of both the effect on insulin production and the effect on insulin sensitivity.
SGLT-2 inhibitors cause glucosuria, natriuresis, and uricosuria. The presence of SGLTs
(SGLT-1 and/or SGLT-2) have been confirmed in various types of cancer cells, such as, inter
alia, hepatocellular carcinoma (HCC), pancreatic, prostate, bowel, lung and breast cancers,
as well as brain, head and neck tumours [1,6,34,40,47–52]. It should be emphasised that in
addition to the expression of SGLT-2 in cancer cells, there is also an increased expression
of various types of stereospecific glucose transporter proteins (GLUTs), reflecting the
metabolic reprogramming of these cells. However, there are no data from studies regarding
the relative proportion between the expression levels of SGLT-2 and the expression levels
of the other GLUTs in the above-mentioned tumour types. The possibility of blocking
the glucose uptake by cancer cells through selectively inhibiting SGLT-2 seems to be
an attractive therapeutic approach, especially since the previously considered attempts
to inhibit GLUTs were not feasible because healthy cells need this group of GLUTs to
maintain their biological activity. SGLT-2, however, aside from cancer cells, is expressed
only in the proximal tubules of the kidneys. Furthermore, numerous clinical trials with
patients suffering from diabetes or heart failure have shown that the use of selective SGLT-2
inhibitors is well tolerated and safe [13–19] and these drugs can also be used in patients
without diabetes [53,54].

2. SGLT-2 Inhibitors and Cancer in Clinical Studies

The incidence of cancer was assessed in clinical studies with the use of SGLT-2 in-
hibitors. Diabetic patients, with some exceptions, have a higher risk of developing various
types of cancer compared to those without diabetes [55–63]. Moreover, previous experience
with the use of antidiabetic drugs has shown that some drugs, such as pioglitazone, may
increase the risk of bladder cancer [64–69]. The first data from studies with dapagliflozin
also suggested a significant increase in the risk of breast cancer in patients treated with
this drug. However, later studies showed that this increase in the number of breast cancer
diagnoses was due to the presence of a pre-existing breast cancer rather than the real effect
of dapagliflozin on the risk of breast cancer [70]. This was also confirmed by other, later
analyses comparing the use of all SGLT-2 inhibitors, including dapagliflozin, in women
with type 2 diabetes, with the use of dipeptidyl peptidase-4 inhibitors (DPP-4is) [71].
The study included 9938 patients commencing SGLT-2 inhibitors therapy and 36,631 pa-
tients commencing DPP-4is therapy, and the mean follow-up was 2.6 years. In this large
population-based cohort study it was shown that the use of SGLT-2 inhibitors did not cause
any increase in the risk of breast cancer compared to DPP-4is [71]. Some concerns about the
potential of SGLT-2 inhibitors increasing the incidence of cancers was reported in rats and
mice treated with SGLT-2 inhibitors [72–75]. This mainly concerned bladder cancer. How-
ever, research on rats, which addressed the issue of whether dapagliflozin acted as a bladder
cancer promoter/progressor, did not confirm this action. The basic mechanism which was
supposed to promote this cancer was increased glycosuria. Nevertheless, it was not con-
firmed that this mechanism was responsible for bladder cancer in rats and humans [50].
There is no evidence linking dapagliflozin with the development of bladder cancer [50,70].
Meta-analyses of clinical trials using SGLT-2 inhibitors have also been performed to assess
the possible impact on both the overall incidence of cancer as well as individual cancer
types. One meta-analysis included 27 clinical trials with a total of 27,744 patients using
SGLT-2 inhibitors and a comparator group of 20,441 patients [76]. Only clinical trials of
more than one year duration were included in this meta-analysis. It was shown that SGLT-2
inhibitors do not increase the overall risk of malignancies. Particular attention was paid
to the risk of bladder cancer, because previous meta-analyses suggested there was an
increased risk of this cancer during treatment with SGLT-2 inhibitors, in particular with
empagliflozin [5]. However, these earlier analyses did not include two large clinical trials
with canagliflozin and dapagliflozin, which had not yet been published [77,78]. These also
included short-term studies which are not a reliable source of long-term effects. The later
meta-analysis of 27 clinical trials, cited above, showed no significant increase in the risk
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of bladder cancer in patients treated with SGLT-2 inhibitors [76,78]. In addition, when
assessing the risk of breast and kidney cancer during treatment with canagliflozin, no
significant increase in the risk of these cancers was found compared to a group treated with
other antidiabetic drugs (insulin, metformin, sulfonylurea, pioglitazone) [70,79]. This was
also confirmed by a review of quantitive systematic reviews, which attempted to assess
the relationship between SGLT-2 inhibitors and the risk of cancer [80]. This review showed
that SGLT-2 inhibitor use is not associated with an increased risk of any cancer which was
confirmed when SGLT-2 inhibitors were compared with both a placebo and with active
comparators (glimepiride, metformin, sitagliptin, saxagliptin, linagliptin, insulin). More-
over, when the individual, most commonly used antidiabetic drugs, such as dapagliflozin,
empagliflozin or canagliflozin, were analysed, no relationship between individual SGLT-2i
use and the overall risk of any cancer was demonstrated [80].

Additionally, another meta-analysis of the incidence of bladder cancer in patients
treated with dapagliflozin, which comprised a group of more than 9000 patients participat-
ing in 21 clinical trials, showed no significant difference in the incidence of bladder cancer
between the group treated with dapagliflozin and the control group [81]. This meta-analysis
did not indicate a causal relationship between bladder cancer and dapagliflozin, nor did it
confirm that dapagliflozin significantly increased the incidence of other types of cancer [81].
This was corroborated by another meta-analysis of 46 independent randomised control
trials comprising a total of 34,569 patients over an average duration of 61 weeks [5]. The
patients in these studies used different SGLT-2 inhibitors and it was shown that the use of
SGLT-2 inhibitors was not associated with a significant increase in the risk of any cancer
over the course of the study [5]. A significantly increased risk of bladder cancer, however,
was found in a subgroup of obese patients. In this meta-analysis, most cases of bladder
cancer came from the EMPA-REG OUTCOME study, which used empagliflozin [25]. The
authors suggested that this may be related to the specific population of this study includ-
ing a high proportion of obese patients. Obesity is a risk factor for the development of
bladder cancer [82–84]. This meta-analysis also showed that the use of canagliflozin is
associated with a significant reduction in the risk of gastrointestinal cancer [5]. Furthermore,
a later analysis of 20 empagliflozin and placebo-controlled studies found no significant
association between empagliflozin and the incidence of bladder cancer [85]. Moreover, a
pooled analysis of 15 phase I-III clinical trials with empagliflozin, used at a dose of both
10 and 25 mg daily, showed no association with an increase in the incidence of any type of
cancer [86]. This pooled analysis was based on the treatment of more than 15,000 patient
years’ exposure to empagliflozin in placebo-controlled trials, including the EMPA-REG
OUTCOME trial [86]. A summary of clinical trials assessing the cancer incidence associated
with SGLT-2 inhibitor therapy can be found in Table 1.

Table 1. Summary of clinical trials assessing the cancer risk associated with SGLT-2 inhibitor therapy.

First Author,
Publication Year,

Country
Study Design Cancer

Type
No. of

Participants

Type of
SGLT-2

Inhibitors
Comparator

Reported OR or
IRR or HR or
RR (95% CI)

Notes

Ptaszyńska, 2015,
Poland [81] Case study All cancer

types 9339 Dapagliflozin
Placebo or

other active
treatment

IRR 1.035 (0.724,
1.481), p = 0.849

21 phase 2b/3 clinical trials,
duration 12–208 weeks

Tang, 2017,
China [5]

Pairwaise
meta-analysis

All cancer
types 34,569

Canagliflozin
Dapagliflozin
Empagliflozin

Placebo or
other active
treatment

OR 1.14 (0.96,
1.36), p = 0.60

46 indenedent randomized
controlled trials, mean duration

61 weeks

Dicembrini, 2019,
Italy [76] Meta-analysis All cancer

types 48,185

Canagliflozin
Dapagliflozin
Empagliflozin
Ertugliflozin

Placebo or
other active
treatment

OR 0.98 (0.77,
1.24), p = 0.82

27 randomized controlled trials
with duration at least 52 weeks,

mean duration 84 weeks

Suissa, 2021,
Canada [71]

Primary
analysis

Breast
cancer 46,569

Canagliflozin
Dapagliflozin
Empagliflozin

DPP-4
inhibitors

HR (95% CI) 1.0
(0.76, 1.30) Median follow-up 2.6 years
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Table 1. Cont.

First Author,
Publication Year,

Country
Study Design Cancer

Type
No. of

Participants

Type of
SGLT-2

Inhibitors
Comparator

Reported OR or
IRR or HR or
RR (95% CI)

Notes

Shi, 2021,
China [60] Meta-analysis All cancer

types 88,973

Canagliflozin
Dapagliflozin
Empagliflozin
Ertugliflozin
Tofogliflozin
Bexagliflozin

Placebo or
other active
treatment

RR (95% CI) 1.05
(0.97, 1.14),

p = 0.20

77 randomized controlled trials
with duration from 10 to 416 weeks

Dąbrowski, 2021,
Poland [59] Meta-analysis All cancer

types 66,568

Canagliflozin
Dapagliflozin
Empagliflozin
Ertugliflozin
Sotagliflozin

Placebo
RR (95% CI) 1.11

(0.98, 1.26),
p = 0.10

8 cardiovascular and renal
randomized controlled trials

Benedetti, 2021,
Italy [87] Meta-analysis All cancer

types 48,985

Canagliflozin
Dapagliflozin
Empagliflozin
Ertugliflozin

Placebo
RR (95% CI) 0.35

(0.33, 0.37),
p = 0.00

20 randomized clinical trials, with a
particularly reduced risk of cancer
for dapagliflozin and ertugliflozin
(RR 0.06, CI 0.06–0.07 and RR 0.22,

CI 0.18–0.26, respectively)

3. SGLT-2 Inhibitors—Anticancer Mechanisms of Action

The metabolic reprogramming of cancer cells involves changes in the influx of various
substrates into the cell and changes in their metabolic reactions. This facilitates the high
level of growth and proliferation rate required by cancer cells [88,89]. The best known is
the reprogramming of cancer cells in terms of glucose transport and metabolism. Generally,
this is dependent on metabolic programming which promotes the use of both aerobic and
anaerobic glycolysis. Warburg was the first to describe this phenomenon which is now
called the “Warburg effect” [90,91]. The switch of cancer cells to a high level of glycolysis
is also associated with increased cellular glucose influx [90–94]. There are changes in
the expression of GLUTs and key enzymes such as hexokinase 2 or pyruvate kinase M2
(PKM2) [88,89,95–99]. This reprogramming of the glucose metabolism in cancer cells does
not only provide these cells with more energy but also promotes the action of numerous
oncoproteins thus ensuring the survival and progression of the tumour [88,89].

3.1. Inhibition of β-Catenin Action

Canagliflozin Inhibits the Glucose-Influx-Induced Translocation of β-Catenin from the
Cytoplasm to the Cell Nucleus and Enhances the Proteasomal Degradation of β-Catenin in HCC.

Changes in HCC are a prominent example of the reprogramming mentioned above.
Since the liver is involved in the maintenance of physiological blood glucose levels, a
high level of bi-directional glucose transporters, such as GLUT2, is present in normal liver
cells [100,101]. Thanks to this, hepatocytes not only take up glucose but also release it
outside the cell, thus helping to maintain an appropriate level of glucose homeostasis in the
blood. In HCC cells, however, there is a high expression of GLUT1 and GLUT3, which only
transport glucose into the cell. Additionally, SGLT-2 expression has been confirmed in HCC
cells [102]. Furthermore, it has been confirmed that the cellular influx of glucose into HCC
cells enhances the translocation of β-catenin, a transcription factor, from the cytoplasm
to the cell nucleus. In vitro studies, assessing the potential anticancer action of SGLT-2
inhibitors in relation to HCC, have shown that canagliflozin blocks the translocation of
β-catenin from the cytoplasm to the cell nucleus. This occurs, however, in a mechanism that
is at least partially independent of SGLT-2 [89]. Canagliflozin does not only inhibit SGLT-2
but also SGLT-1 and other GLUTs, among these mainly GLUT1, which is overexpressed
in HCC cells. Other SGLT-2 inhibitors, such as empagliflozin and dapagliflozin, which
are more specific for SGLT-2, have been shown not to interfere with the cellular influx of
glucose into HCC. They also have no inhibitory effect on the growth of HCC cells, although
such an effect has been shown by specific GLUT1 inhibitors such as phloretin and WZB117.
This effect, however, was significantly smaller than with canagliflozin, which indicates that
canagliflozin does not only exert its inhibitory effect on HCC growth by inhibiting cellular
glucose influx. This was also confirmed in studies using short hairpin ribonucleic acid
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(shRNA) mediated knockdown of the two most important glucose transporters, GLUT1
and GLUT3 [89] which did not weaken the anticancer effect of canagliflozin. These studies
confirmed that the inhibition by canagliflozin of the cellular glucose influx into HCC does
not only occur through the inhibition of SGLT-2, but, to an even greater extent, by the
inhibition of other GLUTs. [89]. Indeed, studies have confirmed that canagliflozin exerts
its anticancer activity on HCC in two ways. Firstly, it inhibits the glucose-influx-induced
translocation of β-catenin from the cytoplasm to the cell nucleus. Secondly, it enhances
the proteasomal degradation of β-catenin by direct inhibition of protein phosphatase 2A
(PP2A) activity [89]. When this degradation occurs the β-catenin can no longer act as a
transcriptional factor as described below. The Wnt/β-catenin signalling pathway enhances
aerobic glycolysis in cancer cells, increasing the activity of pyruvate carboxylase and the ex-
pression of pyruvate dehydrogenase kinase 1 [103,104]. This signalling pathway promotes
the metabolic reprogramming of cancer cells, thus increasing their glucose utilisation. The
activation of this pathway occurs as a result of increased cellular glucose influx. Genetic
studies have confirmed that the excessive activation of the Wnt/β-catenin signalling path-
way is a predisposing factor for the development of HCC [89,105]. For this reason, this
pathway is seen as an attractive therapeutic target in HCC. Wnt proteins belong to the
family of cysteine-rich glycoproteins, which play an important role in the development,
formation and growth of cancers. Activation of this signalling pathway begins when Wnt
ligands combine with Frizzled receptors and lipoprotein receptor related proteins (LRP)
co-receptors, resulting in the separation of β-catenin from E-cadherin. After this separation,
this free β-catenin moves from the cytoplasm to the cell nucleus and there forms a complex
with transcriptional co-activators. This, ultimately, leads to the transcription of genes
such as cyclin D1 and TRPC6, which are involved in the development and progression
of cancer [106,107] (Figure 1). In addition, c-Myc, which is the downstream factor of β-
catenin, transcriptionally controls numerous key elements responsible for the metabolic
reprogramming of cancer cells, such as forkhead transcription factors, pyruvate kinase M2
(PKM2) or GLUT1, among others [89]. When Wnt is missing or unable to bind to Frizzled
receptors, β-catenin phosphorylation occurs. This process occurs within a multi-protein
complex (destruction complex) and ultimately leads to proteasome-mediated degradation
of β-catenin [106,107]. As shown in studies, canagliflozin directly inhibits the activity of
PP2A, which regulates the phosphorylation of β-catenin. This leads to an increase in the
proteasomal degradation of β-catenin [89].

Figure 1. Canagliflozin inhibits β-catenin action and enhances its proteasomal degradation in HCC
cells. Canagliflozin blocks glucose influx-induced β-catenin action in HCC cells. Canagliflozin cells.
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Canagliflozin blocks glucose influx-induced β-catenin action in HCC cells. Canagliflozin inhibits
not only SGLT-2 but also SGLT-1 and other GLUTs, mainly GLUT1, which is overexpressed in HCC
cells. It has been confirmed that canagliflozin inhibits the cellular glucose influx in HCC by not
only inhibiting SGLT-2, but, to an even greater extent, by inhibiting other GLUTs. When it comes
to β-catenin, canagliflozin exerts its anticancer effect on HCC in two ways. Firstly, it inhibits the
cellular glucose-influx-induced translocation of β-catenin from the cytoplasm to the cell nucleus.
Secondly, canagliflozin enhances the proteasomal degradation of β-catenin by directly inhibiting
PP2A activity. The activation of the β-catenin signalling pathway begins with the binding of WNT
ligands to Frizzled receptors and LRP-coreceptors, resulting in the dissociation of β-catenin from
E-cadherin. After dissociation from E-cadherin, the free β-catenin moves from the cytoplasm to the
cell nucleus and there forms a complex with transcriptional co-activators (TCF/LEF). This ultimately
leads to the transcription of genes such as CYCLIN D1 and TRPC6, which are involved in cancer
development and progression. When WNT is absent or cannot bind to Frizzled receptors, β-catenin
phosphorylation occurs. This process ultimately leads to proteasome-mediated degradation of β-
catenin. Canagliflozin directly inhibits PP2A activity, which regulates β-catenin phosphorylation.
This leads to increased proteasomal degradation of β-catenin. Explanation of abbreviations: SGLT-
1: sodium-glucose co-transporter-1; SGLT-2: sodium-glucose co-transporter-2; GLUT1: stereospecific
glucose transporter 1; GLUT3: stereospecific glucose transporter 3; PP2A: protein phosphatase 2A;
TCF/LEF: T-cell factor/lymphoid enhancer factor; TRPC6: transient receptor potential cation channel.

3.2. The Role of AMPK Activation
3.2.1. The Inhibition of Complex I and α Subunit of ATP Synthase F1 in the Mitochondrial
Electron Transport Chain

Canagliflozin Inhibits Oxidative Phosphorylation in HCC Cells and Prostate, Lung,
Liver and Breast Cancer Cells.

Canagliflozin also inhibits HCC cell proliferation through other mechanisms. Studies
were conducted to assess the effect of canagliflozin on the growth and metabolic repro-
gramming of HCC using multi-omics analysis of metabolomics and absolute quantification
proteomics (iMPAQT) [29]. Eight HCC cell lines were assessed, such as: Huh7, HLF, HepG2,
Hep3B, KYN2, KMCH1, HAK1A and HAK1B. SGLT-2 expression was confirmed in all
tested HCC cell lines. The expression of SGLT1 and GLUT1,2,3,5 and 6 was also confirmed
in these cell lines. Canagliflozin, a specific SGLT-2 inhibitor, was shown to significantly
inhibit the proliferation of Hep3B and Huh7 cells, although this was not because of a a
reduction in intracellular glucose levels. Since glucose levels were not affected, it was
assumed that this may be due to compensatory effects of other glucose transporters such
as SGLT-1 and various GLUT types present in Hep3B and Huh7 cells. Thus, the inhibi-
tion of these cells by canagliflozin occurs in a mechanism independent of the inhibition
of the SGLT-2 cellular glucose influx [29]. Multi-omics analysis show that canagliflozin
causes, among other things, significant changes in oxidative phosphorylation and fatty acid
metabolism. Canagliflozin indirectly activates adenosine monophosphate-activated protein
kinase (AMPK) [108] (Figure 2). AMPK is a sensor of the ATP level [109–113]. Activation
of AMPK occurs as a result of its phosphorylation at the Thr172 position within the activa-
tion loop in the α subunit. This phosphorylation reaction is catalysed by liver kinase B1
(LKB1) or calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2). CAMKK2
is activated by an increase in the concentration of calcium ions, while the activation of
LKB1, and thus an increase in AMPK phosphorylation at the Thr172 position occurs as a
result of an increase in AMP concentration. Canagliflozin, by inhibiting complex I in the
mitochondrial electron transport chain and inhibiting oxidative phosphorylation reduces
the production of ATP and thus increases the AMP/ATP ratio. This leads to an increase in
Thr172 phosphorylation in the α subunit of AMPK and to its activation. Moreover, AMP
can bind to the
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were conducted to assess the effect of canagliflozin on the growth and metabolic repro-

gramming of HCC using multi-omics analysis of metabolomics and absolute quantifica-

tion proteomics (iMPAQT) [29]. Eight HCC cell lines were assessed, such as: Huh7, HLF, 

HepG2, Hep3B, KYN2, KMCH1, HAK1A and HAK1B. SGLT-2 expression was confirmed 

in all tested HCC cell lines. The expression of SGLT1 and GLUT1,2,3,5 and 6 was also 

confirmed in these cell lines. Canagliflozin, a specific SGLT-2 inhibitor, was shown to sig-

nificantly inhibit the proliferation of Hep3B and Huh7 cells, although this was not because 

of a a reduction in intracellular glucose levels. Since glucose levels were not affected, it 

was assumed that this may be due to compensatory effects of other glucose transporters 

such as SGLT-1 and various GLUT types present in Hep3B and Huh7 cells. Thus, the in-

hibition of these cells by canagliflozin occurs in a mechanism independent of the inhibi-

tion of the SGLT-2 cellular glucose influx [29]. Multi-omics analysis show that canagli-

flozin causes, among other things, significant changes in oxidative phosphorylation and 

fatty acid metabolism. Canagliflozin indirectly activates adenosine monophosphate-acti-

vated protein kinase (AMPK) [108] (Figure 2). AMPK is a sensor of the ATP level [109–

113]. Activation of AMPK occurs as a result of its phosphorylation at the Thr172 position 

within the activation loop in the α subunit. This phosphorylation reaction is catalysed by 

liver kinase B1 (LKB1) or calcium/calmodulin-dependent protein kinase kinase 2 

(CAMKK2). CAMKK2 is activated by an increase in the concentration of calcium ions, 

while the activation of LKB1, and thus an increase in AMPK phosphorylation at the 

Thr172 position occurs as a result of an increase in AMP concentration. Canagliflozin, by 

inhibiting complex I in the mitochondrial electron transport chain and inhibiting oxidative 

phosphorylation reduces the production of ATP and thus increases the AMP/ATP ratio. 

This leads to an increase in Thr172 phosphorylation in the α subunit of AMPK and to its 

activation. Moreover, AMP can bind to the ɣ subunit of AMPK, thus directly activating 

AMPK through the allosteric mechanism [111,114–116]. 
subunit of AMPK, thus directly activating AMPK through the allosteric

mechanism [111,114–116].
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Figure 2. The main mechanisms of anti-cancer action of SGLT-2 inhibitors including the central role
of AMPK activation. SGLT-2 inhibitors indirectly activate AMPK in cancer cells. SGLT-2 inhibitors, by
inhibiting the oxidative phosphorylation, decrease ATP production and thus increase the AMP/ATP
ratio. This leads to AMPK activation. SGLT-2 inhibitors affect oxidative phosphorylation. SGLT-2
inhibitors downregulate the alpha subunit of ATP synthase F1 and inhibit mitochondrial complex-I
which leads to a significant decrease in ATP production in cancer cells. This results in an increase in
the AMP/ATP ratio, which in turn causes a rapid and significant increase in AMPK activity. Another
mechanism of action of SGLT-2 inhibitors, related to their effect on glutamine metabolism, also
contributes to the increase in the AMP/ATP ratio. Glutamine is converted to glutamate, which is the
carbon source for the TCA cycle. SGLT-2 inhibitors inhibit GDH activity, resulting in a significant
decrease in intracellular alpha-ketoglutarate concentration. A fall in alpha-ketoglutarate concentration
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results in a reduction in its incorporation into the TCA cycle and consequently a decrease in the
production of NADH and NADPH. Reduced NADH concentration results in reduced ATP pro-
duction leading to AMPK activation, while reduced NADPH concentration results in impaired
mitochondrial antioxidant defence. The SGLT-2 inhibitor-induced increase in AMPK activity results
in multidirectional consequences in cancer cells. One of them is a significant increase in ACC phos-
phorylation and another one is inhibition of mTOR. ACC phosphorylation leads to its inhibition and
thus SGLT-2 inhibitors rapidly inhibit fatty acid synthesis in cancer cells, resulting in the suppression
of proliferation of these cells. Inhibition of mTOR is thought to be at least partly responsible for
the suppression of proliferation and for induction of apoptosis in cancer cells. In addition, SGLT-2
inhibitor-induced AMPK activation results in the inhibition of SREBP1. The activation of AMPK
inhibits SREBP1, which leads to the inhibition of SCD1. This results in the suppression of MUFA
production and the dominance of PUFAs, which enhance lipid peroxidation and induce ferroptosis.
SGLT-2 inhibitor-induced AMPK activation also leads to inhibition of the cancer cell cycle in the
G2/M phase. Additionally, SGLT-2 inhibitors downregulate NME1 and upregulate NDP in cancer
cells. This downregulation of NME1 inhibits the synthesis of RNA and DNA. Moreover, SGLT-2
inhibitors downregulate expression of PRIM2, thus interfering with DNA replication and mRNA
transcription. Explanation of abbreviations: SGLT-2 inhibitors: Sodium-glucose co-transporter-2 in-
hibitors; SGLT-1: sodium-glucose co-transporter-1; SGLT-2: SGLT-2: sodium-glucose co-transporter-2;
GLUTs: stereospecific glucose transporters; AMPK: adenosine monophosphate-activated proteine
kinase; AMP: adenosine monophosphate; ADP: adenosine diphosphate; ATP: adenosine triphosphate;
TCA: tricarboxylic acid; GDH: glutamate dehydrogenase; NAD+: nicotinamide adenine dinucleotide
(oxidised); NADH: nicotinamide adenine dinucleotide (reduced); NADP+: nicotinamide adenine
dinucleotide phosphate (oxidised); NADPH: nicotinamide adenine dinucleotide phosphate (reduced);
FAD: flavin adenine dinucleotide (oxidised); FADH2: flavin adenine dinucleotide (reduced); ACC:
acetyl-CoA carboxylase; mTOR: mammalian target of rapamycin; SREBP1: sterol regulatory element-
binding protein 1; SCD1: stearoyl-coenzyme A (CoA) desaturase-1; MUFAs: monounsaturated fatty
acids; PUFAs: polyunsaturated fatty acids; FAs: fatty acids; NME1: nucleoside diphosphate kinase 1;
NDP: nucleotide diphosphate; NTP: nucleotide triphosphate; PRIM2: DNA primase subunit 2; ETC:
electron transport chain; e−: electron.

Canagliflozin has been shown to affect oxidative phosphorylation by regulating vari-
ous proteins associated with the electron transport system (Figure 2). Canagliflozin down-
regulates subunit α of ATP synthase F1 [29]. Additionally, in another study that assessed
the anticancer activity of SGLT-2 inhibitors, it was shown that in concentrations of 5–30 µM
canagliflozin, but not dapagliflozin, inhibits the proliferation and clonogenic survival of
prostate (PC3, 22RV-1), lung (A549, H1299), liver (HepG2) and breast (MCF7) cancer cells [7].
In this study, it was shown that canagliflozin strongly and dose-dependently inhibits the
mitochondrial complex-I without affecting complex-II. These same findings are confirmed
by other researchers [7]. Inhibition of the mitochondrial complex-I has been shown to
be essential for the anti-lipogenic and anti-proliferative effects of canagliflozin in treated
cancer cells. It results in a disturbance of cellular respiration and a decrease in cellular ATP
concentration and an increase in the AMP/ATP ratio, which, in turn, causes a rapid and
significant increase in AMPK activity [7,111]. A fourfold increase in AMPK activity was
observed within 30 min. The increase in AMPK activity, induced by canagliflozin, resulted
in an eightfold increase in the phosphorylation of acetyl-CoA carboxylase (ACC) at Ser79
and, additionally, in the inhibition of mammalian target of rapamycin (mTOR). ACC is
a regulator of fatty acid synthesis [29,111,117,118]. Phosphorylation of ACC leads to its
inhibition and so, canagliflozin strongly suppresses fatty acid synthesis. ACC phosphoryla-
tion in HCC cells causes inhibition of both de novo lipogenesis and proliferation of these
cells [119] (Figure 2). This inhibition of the synthesis of fatty acid derived from acetate,
indicated that the inhibition of lipogenesis in the cancer cells studied was not dependent
on the reduction of cellular glucose influx by canagliflozin. In the cell lines studied, the
canagliflozin-induced increase in AMPK activity and in ACC phosphorylation was shown
to be dose-dependent and associated with the inhibition of the proliferation and clonogenic
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survival of these cells. None of these effects were shown for dapagliflozin [7]. However,
although the observed increase in AMPK activity under the influence of canagliflozin
was significant and dose-dependent, blocking the ability of AMPK to phosphorylate and
inhibiting ACC did not impair the inhibitory effect of canagliflozin on cancer cell prolifera-
tion. This suggests that AMPK activation-induced ACC phosphorylation is not critically
important for the antiproliferative effect of canagliflozin. It was confirmed, however, that
the inhibition of mitochondrial complex-I by canagliflozin is critical to this antiprolifera-
tive action. When the blockade of complex-I was bypassed by overexpression of reduced
nicotinamide adenine dinucleotide (NADH) dehydrogenase, subunit 1, complex I (NDI1),
canagliflozin did not inhibit the cancer cell proliferation. Nevertheless, since canagliflozin
inhibits mitochondrial complex-I and reduces cellular glucose influx by inhibiting SGLT-2,
SGLT-1 and GLUT-1, such a dual mechanism on cancer cell proliferation should be taken
into consideration [7].

3.2.2. Suppression of SREBP1 and Further Consequences

Canagliflozin Inhibits SREBP1 and SCD1 in Breast Cancer and HCC Cells through the
Activation of AMPK.

SGLT-2 inhibitor-induced AMPK activation further results in sterol regulatory element
binding protein 1 (SREBP1) being suppressed (Figure 2). SREBPs are a family of transcrip-
tion factors which, through control of the expression of enzymes required for the synthesis
of cholesterol, fatty acids, triacylglycerols and phospholipids, regulate lipid biosynthesis.
The activation of AMPK inhibiting SREBP1 leads to the suppression of stearoyl-coenzyme
A (CoA) desaturase 1 (SCD1) [120]. This results in the suppression of the production of
monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) become
predominant which enhances lipid peroxidation and induces ferroptosis, which is regulated
cell death. As a result of ferroptosis, the redox potential of the cell is disturbed which
leads to oxidation of cellular lipids [121]. This damages the cell organelles and the cell
membranes, increases cell entropy and, ultimately, leads to cell death. In recent years,
oncologists have become particularly interested in ferroptosis as support for anticancer
hormonal or drug therapy. Attempts are being undertaken to use mechanisms regulating
ferroptosis to enhance the effectiveness of anticancer therapies. SCD1 expression has been
shown to be present in human breast cancer samples and corresponds to poorer prognoses
in patients with different types of cancer [122]. MUFAs inhibit ferroptosis by competi-
tively interfering with the activity of PUFAs [123–125]. In contrast to MUFAs, PUFAs are
preferential substrates for lipid peroxidation. Thus, the inhibition of SCD1, induced by
SGLT-2 inhibitors, connects AMPK activation and SREBP1 inhibition to ferroptosis. SCD1
inhibition causes diminished production of MUFAs, resulting in a surplus of PUFAs and
increased lipid peroxidation, which subsequently, causes ferroptosis [123] (Figure 2).

Canagliflozin also downregulates SCD1 in HCC cells, resulting in the inhibition of
fatty acid synthesis and proliferation [29]. Downregulation of SCD1 is also known to
inhibit prostate cancer cell proliferation by suppressing the production of MUFAs [126].
Another mechanism by which canagliflozin may exert its anticancer effects has also been
confirmed in HCC cells. Canagliflozin significantly downregulates acetyl-coenzyme A
acyl-transferase 1 (ACAT1), which is a key enzyme regulating fatty acid beta-oxidation and
the formation of ketone bodies such as 3-hydroxybutyrate, among others [29]. ACAT1 is
thought to promote the formation and progression of HCC [127,128]. Therefore, inhibition
of ACAT1 by canagliflozin is one of its anticancer effect on HCC.

3.2.3. Cell Cycle Arrest

Canagliflozin Leads to Cell Cycle Arrest in HCC Cells through the Activation of AMPK.
Canagliflozin-induced AMPK activation also leads to cell cycle arrest of Hep3B and

HepG2 cells in the G2/M phase [29] (Figure 2). AMPK has been confirmed to induce
G2/M arrest in liver cancer cells in a mechanism involving regulation at the levels of the
transcription factor p53 and protein p21 [129,130].
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3.2.4. Other Effects of AMPK Activation

Canagliflozin and Dapagliflozin Inhibit mTOR in Breast and Pancreatic Cancer Cells
through the Activation of AMPK.

As with the other cancer cell types described above, canagliflozin and dapagliflozin
were also shown to strongly inhibit oxidative phosphorylation in breast cancer cells (MCF-
7 and ZR-75–1), reduce ATP production, decrease intracellular ATP concentration and
enhance AMPK phosphorylation at the Thr172 position. All these effects were dose-
dependent and result in the inhibition of mTOR [47] (Figure 2). This suppression of mTOR
is being investigated in various models as a potential treatment for breast cancer [131]. This
signalling pathway leading through AMPK activation to mTOR inhibition is thought to be,
at least partly, responsible for both suppression of the proliferation and inhibition of the
cell cycle in G1 phase as well as induction of apoptosis in breast cancer cells [47]. It was
confirmed that canagliflozin exerted its antiproliferative and apoptosis-inducing effects via
the mTOR signalling pathway on pancreatic cancer cells as well [132]. Furthermore, the
mechanism of the anticancer action of SGLT-2 inhibitors associated with AMPK activation
was confirmed in cervical cancer cells [133]. In vitro studies using cervical cancer cell
cultures showed that empagliflozin inhibits their migration and enhances apoptosis. At
the same time, empagliflozin was confirmed to increase AMPK activity and to inhibit
Sonic Hedgehog Signalling Molecule (SHH) expression in these cells representing the main
mechanisms of empagliflozin’s anticancer action against cervical cancer [133].

3.3. Inhibition of DNA and RNA Synthesis

Canagliflozin Downregulates NME1 and Inhibits RNA and DNA Synthesis in HCC.
Studies using iMPAQT and multi-omics analysis of metabolomics have shown that

canagliflozin downregulates nucleoside diphosphate kinase 1 (NME1) and upregulates
nucleotide diphosphate (NDP) in Hep3B cells [29] (Figure 2). NME1 is the enzyme that
catalyses the synthesis of nucleotide triphosphate (NTP) from NDP [134]. Thus, the sup-
pression of NME1 by canagliflozin results in the upregulation of NDP in Hep3B. In a mouse
model of HCC, NME1 and NME2 were shown to be upregulated [135]. It was confirmed
that canagliflozin downregulates NME1 thereby inhibiting RNA and DNA synthesis [29].
Additionally, canagliflozin was shown to downregulate the expression of the DNA pri-
mase subunit 2 (PRIM2), interfering with DNA replication and mRNA transcription [29]
(Figure 2). PRIM2 is a regulatory primase subunit, which is an enzyme involved in nu-
cleotide formation and in DNA replication and transcription [136]. The question of whether
the observed actions on HCC cells are specific to canagliflozin or whether other SGLT-2
inhibitors will also exhibit them remains unresolved. Dapagliflozin, tested in the same way,
did not show an inhibitory effect on Hep3B cell proliferation [29]. There is also a lack of
studies confirming this effect with canagliflozin on other HCC cell lines, with the exception
of Hep3B.

3.4. Cell Cycle and Proangiogenic Activities

Canagliflozin Induces G2/M Arrest in HCC Cells and Inhibits Proangiogenic Factors
in HCC.

Canagliflozin has an antiproliferative effect on HCC cells. Kosuke Kaji and his col-
leagues confirmed, in cultures of Huh7 and HepG2 cells, that canagliflozin inhibits pro-
liferation of these cells and that effect is dose-dependent [6]. This was not seen in HLE
cells. In the same study, canagliflozin was shown to inhibit cellular glucose transport
in Huh7 and HepG2 cells, but not in SGLT-2-non-expressing HLE cells nor in primary
human hepatocytes (PHH). Moreover, canagliflozin was confirmed to significantly reduce
intracellular ATP levels in Huh7 and HepG2 cells. The authors of this study emphasise
that the antiproliferative effect of canagliflozin on HCC cells is mediated by mechanisms
dependent on cellular glucose influx by SGLT-2 [6]. This is in line with previous studies
on human melanoma cells, which showed pharmacological inhibition of cellular glucose
influx results in the cell cycle arrest in the G2/M phase [137]. Canagliflozin induces G2/M
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arrest in Huh7 and HepG2 cells (Figure 3). In these cells, the effects of canagliflozin on
cycle-related genes were studied and downregulation of CDK1, CDK2, Cyclin B1 and
CDC25C as well as the upregulation of checkpoint kinase 1 (CHK1) and p21 were con-
firmed [6]. The ability of canagliflozin to induce cell cycle arrest is further indicated by
its inhibitory effects on extracellular signal-regulated kinase (ERK) 1/2, p38 and protein
kinase B (AKT) phosphorylation. The ability of canagliflozin to induce apoptosis in Huh7
and HepG2 cells via caspase3 activation was also demonstrated [6]. AKT is a regula-
tor of glycolysis and plays an important role in cancer cell survival. It has been shown
that activated AKT can stimulate cellular glucose influx and aerobic glycolysis in human
glioblastoma cells [138]. The importance of AKT has been further underlined by a study
showing that the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR signalling pathway
regulates apoptosis in a caspase3-dependent mechanism and further stabilises hypoxia
inducible factor 1 subunit alpha (HIF-1α), which is a known regulator of genes involved in
the transport and metabolism of glucose [139]. This indicates that canagliflozin’s inhibition
of AKT phosphorylation may be an important mechanism for its apoptosis-inducing effects
in Huh7 and HepG2 cells (Figure 3).

Figure 3. The mechanisms of anti-cancer action of SGLT-2 inhibitors. Canagliflozin induces G2/M
arrest in Huh7 and HepG2 cells. In these cell types, the effects of canagliflozin on cycle-related genes
were studied and the downregulation of genes such as CDK1, CDK2, Cyclin B1 and CDC25C was con-
firmed. Canagliflozin also inhibits AKT phosphorylation and by inhibiting the (PI3K)/AKT/mTOR
signalling pathway induces apoptosis in Huh7 and HepG2 cells. Canagliflozin inhibits such activators
of angiogenesis as IL-8, ANG and TIMP-1 in HCC cells which produce increased amounts of these
activators. These activators of angiogenesis are involved in the growth and progression of HCC. It
has been confirmed that ipragliflozin has an antiproliferative effect in breast cancer cells. Through
the inhibition of cellular sodium influx, ipragliflozin induces both a hyperpolarisation of the cell
membrane and mitochondrial membrane instability in breast cancer cells. It has been confirmed
that canagliflozin inhibits L858R/T790M EGFR kinase and this is the mechanism of its anticancer
activity in lung cancer cells. Dapagliflozin has been confirmed to reduce the amount of full-length
DDR1 protein. It has also been shown to directly increase the activity of ADAM10, which induces the
cleavage of DDR1 in HCT116 cells. In this way dapagliflozin disrupts the adhesive abilities of HCT116
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cells to collagen I and IV. Explanation of abbreviations: SGLT-2: sodium-glucose cotransporter 2; AKT:
protein kinase B; PI3K: phosphatidylinositol 3-kinase; mTOR: mammalian target of rapamycin; IL-8:
interleukin-8; ANG: angiogenin; TIMP-1: tissue inhibitors of metalloproteinase-1; EGFR: epidermal
growth factor tyrosine; ADAM10: a disintegrin and metalloproteinase domain-containing protein 10;
DDR1: discoidin domain receptor family, member 1.

In a mouse model of a human liver cancer xenograft, canagliflozin was shown to inhibit
neovascularisation in both Huh7- and HepG2-derived tumours. This seems particularly
relevant, in view of the strong link between glucose metabolism and tumour angiogenesis
which has been confirmed [140–142]. Tumour cells produce and secrete angiogenesis acti-
vators to stimulate angiogenesis to ensure their oxygen and nutrient supply [143]. These
proangiogenic factors include basic fibroblast growth factor (bFGF) and vascular endothe-
lial growth factor (VEGF) and are upregulated by glycolysis end products such as lactate
and pyruvate [144–146] which are similar to the production profile of angiogenesis-related
cytokines and chemokines produced in cultures of Huh7 and HepG2 cells. Increased
production of such activators of angiogenesis as interleukin-8 (IL-8), angiogenin (ANG)
and tissue inhibitors of metalloproteinase-1 (TIMP-1) was found and, at the same time,
inhibition by canagliflozin was confirmed [6] (Figure 3). The involvement of proangiogenic
factors in the growth and progression of HCC was shown by others [147–152]. Ten weeks
after administration of canagliflozin in a patient with cirrhosis and diabetes, a spontaneous
regression of HCC was reported, which was linked, in this patient, to a significant downreg-
ulation of some angiogenesis-related cytokines [153]. Under the influence of canagliflozin,
downregulation of matrix metalloproteinase-8 (MMP-8), angioprotein-1, angioprotein-2,
prolactin and placenta growth factor-AA (PGF-AA) occurred. Spontaneous tumour regres-
sion is a rare and poorly understood phenomenon and the described case may indicate that
SGLT-2 inhibitors can cause HCC regression by inhibiting angiogenesis [153].

3.5. Inhibition of Cellular Sodium Influx

Ipragliflozin Inhibits Cellular Sodium Influx in Breast Cancer Cells.
The antiproliferative effects of both canagliflozin and dapagliflozin have been confirmed

in breast cancer [12,47]. In studies using MCF-7 and ZR-75-1 cell cultures, canagliflozin and
dapagliflozin were shown to dose-dependently inhibit proliferation and growth of these
cells. In addition, tests with SGLT-2 inhibitors inhibited clonogenic survival of MCF-7
cells [47]. This study confirmed a reduction in cellular glucose influx in MCF-7 and ZR-75-1
breast cancer cells, indicating involvement of SGLT-2 inhibition in the anticancer effects of
canagliflozin and dapagliflozin on breast cancer. This seems to be significant because, as
shown in this study, the expression of SGLT-2 in breast cancer cells is considerable. This
was confirmed in a study with ipragliflozin, the SGLT-2 inhibitor used in Japan, which
confirmed the antiproliferative effect in the breast cancer cell line MCF-7 [1]. This effect was
dose-dependent and eliminated by knocking down SGLT-2 expression using siRNA. They
further pointed out that this suppression was not only due to cellular glucose influx but
also to the accompanying cellular sodium influx. The importance of cellular sodium influx
for breast cancer growth has been recently highlighted [154]. For this reason, exploiting
the mechanism of action of SGLT-2 inhibitors is of particular interest. They showed that
ipragliflozin, by inhibiting cellular sodium influx, induces both a hyperpolarisation of the
cell membrane and mitochondrial membrane instability in MCF-7 cells (Figure 3). These
effects underline the importance of this antiproliferative mechanism of canagliflozin on
breast cancer cells [1].

3.6. Disruption of Glutamine Metabolism

Canagliflozin Significantly Inhibits GDH activity in Breast Cancer Cells.
The antiproliferative effects of canagliflozin and dapagliflozin were also tested on

breast cancer cell lines that have high levels of cellular glucose uptake and a high degree
of aerobic glycolysis [12]. These were two human breast cancer lines, SKBR3 and BT-474,
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which were chosen because of their expected high degree of sensitivity to drugs that
inhibit cellular glucose influx. Canagliflozin and, to a lesser extent, also dapagliflozin have
been shown to inhibit the proliferation of these cells, and also did that in a glucose-free
environment. The potency of the antiproliferative effect of canagliflozin and dapagliflozin
was similar in both presence and absence of glucose. This suggests that the antiproliferative
effect of these drugs is independent of the level of cellular influx of glucose and points
to other mechanisms of antiproliferative SGLT-2 inhibitor action independent of SGLT-2
inhibition [12]. In studies using breast cancer cells, canagliflozin was shown to interfere
with cellular respiration and ATP production by disrupting glutamine utilisation [12].
Glutamine is converted to glutamate, which is the carbon source for the tricarboxylic acid
(TCA) cycle. The enzyme that shuttles glutamate into TCA is glutamate dehydrogenase
(GDH), which converts glutamate into α-ketoglutarate. High GDH activity enhances breast
cancer proliferation and is considered a marker of poor prognosis in this type of cancer [155].
GDH activity is associated with the ability of breast cancer cells to adapt to metabolic
stress [156,157]. It regulates redox homeostasis and thus promotes the proliferation of
these cells [12]. In contrast, decreasing GDH activity significantly inhibits breast cancer
cell proliferation. It has been shown that canagliflozin, which increases the cellular influx
of glutamine, significantly inhibits GDH activity, resulting in an increase in intracellular
glutamate and a decrease in intracellular α-ketoglutarate concentration [12]. Hence, the
decrease in α-ketoglutarate concentration results in a reduction in its incorporation into
TCA and ATP production with further consequences (Figure 2). Canagliflozin’s inhibition
of GDH is an important antiproliferative mechanism and this is further emphasised by the
fact that this is partially inhibited by supplementation with dimethyl-oxoglutarate, which
bypasses the blockade at the level of GDH and restores the correct level of α-glutarate
in cells. Thus, disruption of glutamine metabolism is an important mechanism for the
antiproliferative action of canagliflozin in breast cancer cells [12].

3.7. Inhibition of EGFR

Canagliflozin Inhibits L858R/T790M EGFR Kinase in Lung Cancer Cells.
In non-small cell lung cancer (NSCLC), the ability of canagliflozin to induce apoptosis

by a mechanism independent of SGLT-2 inhibition and cellular glucose influx was demon-
strated [158]. Some studies were performed on H1975 cells which harbour an epidermal
growth factor tyrosine (EGFR) L858R/T790M mutation. This mutation causes resistance to
epidermal growth factor tyrosine kinase inhibitors (EGFR TKIs) which are commonly used
in the treatment of advanced lung cancer. In this study it was shown by significantly im-
pairing the effectiveness of treatment with EGFR TKIs, canagliflozin inhibits L858R/T790M
EGFR kinase anticancer activity in lung cancer cells that are resistant to EGFR TKIs [158]
(Figure 3).

3.8. Reduction of Cancer Cell Adherence

Dapagliflozin Disrupts Adhesion of Human Colon Carcinoma Cells.
SGLT-2 inhibitors also interfere with the adhesion capacity of different cancer cell

types [88]. The effects of dapagliflozin, empagliflozin and tofogliflozin were evaluated
in human colon carcinoma (HCT116), human hepatocyte carcinoma (HepG2), pancre-
atic cancer (PANC-1) and lung cancer (H1792) cells. Of the SGLT-2 inhibitors tested,
only dapagliflozin caused loss of cancer cell adhesion which was attributed to altered
metabolism and inactivation of dapagliflozin. Its unique property compared to other
SGLT-2 inhibitors is that it binds to glucuronic acid via UDP-glucuronyltransferase Fam-
ily 1 Member A9 (UGT1A9), which causes both dapagliflozin inactivation and excretion.
In contrast, empagliflozin is inactivated and excreted not only by UGT1A9 but also by
UDP-glucuronylotransferase Family 2 Member B7 (UGT2B7), UDP-glucuronylotransferase
Family 1 Member A3 (UGT1A3) and UDP-glucuronylotransferase Family 1 Member A8
(UGT1A8). Tofogliflozin, in turn, is inactivated and excreted by various cytochrome P-450-
related enzymes, such as cytochrome P-450 family 2 subfamily C member 18 (CYP2C18)
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and cytochrome P-450 family 3 subfamily A member 4 (CYP3A4), among others. As the
adhesion-blocking effect of dapagliflozin on cancer cells was only demonstrated in HCT116
cells while other cancer cell types tested were resistant to such effects, the expression of
SGLT-2 and UGT1A9 was examined in all these cell types. HCT116 cells expressed SGLT-2
approximately 5 times higher than H1792 cells and approximately 10 times higher than
HepG2 and PANC-1 cells. On the other hand, UGT1A9 expression was found to be approx-
imately 20 times lower in HCT116 cells than in HepG2 cells. A low expression of UGT1A9
was also confirmed in PANC-1 and H1792 cells [88]. The results of this study indicated
that the anti-adhesion effect of dapagliflozin in relation to cancer cells depends on the
expression levels of SGLT-2 and UGT1A9. Panc-1 and H1792 cells, which have low SGLT-2
and UGT1A9 expression, were resistant to the anti-adhesive effect of dapagliflozin. In
contrast, HCT116 cells, having the highest level of SGLT-2 and the lowest level of UGT1A9
expression, were most sensitive to the anti-adhesive effect of dapagliflozin. It is thought
that this high ratio of SGLT-2 to UGT1A9 expression in these cells allows dapagliflozin to
have an anti-adhesive effect because it is not inactivated by UGT1A9 and can act through
SGLT-2. This effect was dose-dependent. Conversely, increased expression of UGT1A9 in
these cells resulted in decreased, dapagliflozin-induced cell detachment [88]. When the
mechanisms of this anti-adhesive effect of dapagliflozin in comparison with HCT116 cells
were investigated in more detail, it was shown that dapagliflozin selectively interferes
with the adhesion to collagen I and IV, but not to fibronectin, vitronectin and laminin.
Collagen I and IV bind to discoidin domain receptor family, member 1 (DDR1), which
activates their intrinsic tyrosine kinase activity. Dapagliflozin was confirmed to reduce
the amount of full-length DDR1 protein by increasing the activity of a disintegrin and
metalloproteinase domain-containing protein 10 (ADAM10), which induces the cleavage
of DDR1 [88] (Figure 3). The mechanisms of the anticancer action of SGLT-2 inhibitors are
summarised in Table 2.

Table 2. Mechanisms of anticancer action of SGLT-2 inhibitors.

Cancer Type Type of SGLT-2 Inhibitor Drug Mechanism of Action

Hepatocellular carcinoma (HCC) Canagliflozin Inhibition of the action of β-catenin
HCC, prostate cancer, lung cancer, liver

cancer and breast cancer Canagliflozin Inhibition of complex I and subunit α of ATP synthase F1 in
the mitochondrial electron transport chain

Breast cancer, HCC Canagliflozin Suppression of SREBP1 and SCD1
HCC Canagliflozin Cell cycle arrest

Breast cancer, pancreatic cancer Canagliflozin Inhibition of mTOR
HCC Canagliflozin Inhibition of DNA and RNA synthesis

HCC Canagliflozin Induction of G2/M arrest and inhibition of proangiogenic
factors

Breast cancer Ipragliflozin Inhibition of cellular sodium influx
Breast cancer Canagliflozin Disruption of glutamine metabolism
Lung cancer Canagliflozin Inhibition of L858R/T790M EGFR kinase

Human colon carcinoma Dapagliflozin Reduction in the adhesion of cancer cells

4. SGLT-2 Inhibitors and Other Anticancer Drugs

The aforementioned AMPK-mTOR signalling pathway is also a central mechanism
regulating intracellular autophagy or intracellular bulk degradation system, which is re-
garded as the mechanism that determines cell survival while its disruption is associated
with non-apoptotic cell death [159–161]. Sunitinib, a multi-targeted tyrosine inhibitor, is
an anticancer drug commonly used to treat tumours such as renal cell carcinomas and
gastrointestinal stromal tumours [162,163]. Its major side effect is cardiotoxicity and heart
failure [164,165]. Sunitinib has been shown to significantly interfere with autophagy in
cardiomyocytes by inhibiting AMPK phosphorylation [166–168]. Both in vitro studies in
H9c2 cardiomyocyte cultures and in vivo studies in a mouse model of sunitinib-induced
left ventricular systolic dysfunction confirmed that sunitinib significantly inhibits AMPK
phosphorylation and activates mTOR. This results in the inhibition of late-stage autophagy
in cardiomyocytes and is the primary mechanism of sunitinib’s cardiotoxic effects [166].
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These actions of sunitinib were eradicated by empagliflozin, which restored AMPK activa-
tion and inhibited mTOR. Thus, empagliflozin restored sunitinib-disrupted autophagy flux
in cardiomyocytes and reversed the cardiotoxic effects [166]. The strong protective effect
of empagliflozin on cardiomyocytes demonstrated in these studies may have important
clinical implications. However, this requires further in vivo studies. Whether the use of
empagliflozin together with sunitinib in cancer treatment will affect the anticancer efficacy
of sunitinib also remains to be clarified [166].

The cardiomyocyte-protective effect of empagliflozin has also been shown regarding
the cardiotoxic effects of doxorubicin [169]. In a study using non-diabetic mice in which
myocardial dysfunction was induced with doxorubicin, it was shown that the concomitant
use of empagliflozin significantly reduced the extent of the myocardial damage [169]. In
various ways empagliflozin was shown to attenuate the cardiotoxic effects of doxorubicin.
The hearts of the studied mice showed an empagliflozin-induced decrease in mitochondrial
lipid peroxidation markers, cytosolic malondialdehyde (MDA) concentration and in the ex-
pression of pro-inflammatory cytokines such as inteleukin-1 β (IL-1 β), interleukin-6 (IL-6)
and interleukin-8 (IL-8). Moreover, markers of myocardial fibrosis such as collagen and
MMP-9 expression and markers of cardiomyocyte apoptosis, such as the number of apop-
totic nuclei and caspase-3 expression induced by doxorubicin, were considerably reduced
when empagliflozin was administered [169]. Mouse HL-1 cardiomyocytes, oestrogen-
responsive breast cancer cell line MCF-7 and the triple-negative breast cancer (TNBC) cell
line MDA-MB-231 were evaluated in cell culture [169]. Under doxorubicin treatment a sig-
nificant reduction of HL-1 celll viability was observed and this effect was dose-dependent.
Simultaneous exposure of cardiomyocytes to doxorubicin and empagliflozin was associated
with a significantly higher viability of cardiomyocytes than when exposed to doxorubicin
alone and this protective effect of empagliflozin was also dose-dependent [169]. It was
shown that empagliflozin reduces calcium ion overload in cardiomyocytes, which is one of
the cardiotoxic effects of doxorubicin [170,171]. Doxorubicin-induced calcium ion overload
of cardiomyocytes, as in heart failure, is closely related t sodium ion overload, which
is due to an overexpression of SGLT-1, increased Na+ influx by the sodium chanel late
carrent (Late INa) and increased activity of the sarcolemmal Na+/H+ exchanger (NHE) and
sodium-myoinositol cotransporter-1 (SMIT-1) [28] (Figure 4). SGLT-2 inhibitors such as
empagliflozin, canagliflozin and dapagliflozin, in addition to their partial affinity for SGLT-
1, have the ability to directly inhibit NHE and SMIT1 in cardiomyocytes [27,28,172–174].
SGLT-2 inhibitors are, therefore, able to rebalance intracellular sodium ion and calcium
ion concentrations in cardiomyocytes (Figure 4). This is also supported by results from
a study using a rat model of myocardial infarction, where empagliflozin was shown
to restore calcium ion homeostasis in cardiomyocytes through this mechanism and im-
prove left ventricular systolic function after myocardial infarction [173]. This confirms
that empagliflozin can restore the correct level of calcium ions in cardiomyocytes in both
myocardial infarction—induced heart failure and doxorubicin-induced cardiomyocyte
calcium overload.

However, it was shown in breast cancer cells, that empagliflozin does not reduce the
anticancer effect of doxorubicin but, at higher concentrations, it even increases the cytotoxic
effect of doxorubicin [169]. Similar results were obtained in studies using the triple-negative
breast cancer cell line MDA-MB-231. which are characterised by an aggressive phenotype,
high metastatic capacity and a poor prognosis [175]. An additional problem is the frequent
occurrence of secondary multi-drug resistance (MDR) in TNBC, which includes resistance
to doxorubicin. The mechanism of MDR is thought to be an increased expression of the
ATP-dependent efflux pump ABCB1 (MDR1). In vitro, empagliflozin did not interfere with
the cytotoxic effects of doxorubicin on MDA-MB-231 cells, and, furthermore, a combination
of empagliflozin and doxorubicin resulted in decreased MDR1 expression and a subsequent
increased sensitivity to doxorubicin [175]. The molecular mechanisms of this empagliflozin
action have been shown to include mainly a decrease in mTOR and BCL gene expression
and an upregulation of pro-apoptotic gene expression (p21). The mechanism of action of
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empagliflozin, blocking the receptor for calmodulin, is also noteworthy [175]. Together,
these three mechanisms mentioned above contribute to an increased sensitivity of breast
cancer cells to doxorubicin, suggesting that the combined use of empagliflozin with dox-
orubicin will permit a lower dosage of doxorubicin thus reducing its toxic side effects and
especially its cardiotoxicity [175].

Figure 4. SGLT-2 inhibitors inhibit the cardiotoxic action of doxorubicin. SGLT-2 inhibitors reduce
the overload of cardiomyocytes with calcium ions which occurs as a result of doxorubicin and which
is one of the known mechanisms of the cardiotoxic effects of doxorubicin. This doxorubicin-induced
calcium ion overload of cardiomyocytes, as in heart failure, is closely related to their sodium ion
overload, and this in turn results from an overexpression of SGLT-1, increased Na+ influx by late INa
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and increased NHE and SMIT1 activity. This overloading of the cytoplasm of the cardiomyocytes
with sodium causes, with the involvement of NCLX, an excessive efflux of calcium ions from the
mitochondria. At the same time, there is an impaired influx of calcium ions into the sarcoplasmic
reticulum involving SERCA, whose activity is reduced, and an excessive efflux of calcium ions from
the sarcoplasmic reticulum involving RYR. This leads to an excessive overload of cardiomyocyte
cytoplasm by calcium ions and to a fall in the calcium ion concentration inside the mitochondria.
This decrease in calcium ion concentration inside the mitochondria results in dysregulation of the
activity of the calcium ion-dependent dehydrogenases associated with the TCA cycle. This results in
impaired production of NADH and NADPH. Decreased NADH concentration causes a decrease in
ATP production in the mitochondrial electron transfer chain, while decreased NADPH concentration
causes a less efficient mitochondrial antioxidant defence. In addition to their partial affinity for SGLT-
1, SGLT-2 inhibitors also can also directly inhibit NHE and SMIT1 in cardiomyocytes and therefore can
rebalance the intracellular concentration of sodium ions and calcium ions in cardiomyocytes by this
very mechanism. Explanation of abbreviations: SGLT-2is: sodium-glucose cotransporter-2 inhibitors;
SR: sarcoplasmic reticulum; SERCA: sarco/endoplasmic reticulum Ca2+—ATPase; RYR: ryanodine
receptors; SGLT1: sodium-glucose cotransporter-1; NHE: sarcolemmal Na+/H+ exchanger; SMIT1:
sodium—myoinositol cotransporter-1; Late INa: late Na+ current; NCX: sarcolemmal Na+/Ca2+

exchanger; NCLX: mitochondrial Na+/Ca2+ exchanger; MCU: mitochondrial Ca2+ uniporter; ATP:
adenosine triphosphate; ADP: adenosine diphosphate; TCA cycle: tricarboxylic acid cycle; NAD+:
nicotinamide adenine dinucleotide (oxidised); NADH: nicotinamide adenine dinucleotide (reduced);
NADP+: nicotinamide adenine dinucleotide phosphate (oxidised); NADPH: nicotinamide adenine
dinucleotide phosphate (reduced); FAD: flavin adenine dinucleotide (oxidised); FADH2: flavin
adenine dinucleotide (reduced); ETC: electron transport chain; e−: electron.

Canagliflozin also increases the sensitivity of cancer cells to the cytotoxic effects of
doxorubicin [176]. This was shown in vitro on HepG2 and HepG2-ADR (adriamycin
or doxorubicin—resistant) HCC and, also in MCF7 breast cancer cells. Canagliflozin
significantly reduced levels and inhibited the P-glycoprotein (P-gp) function in HepG2 cells,
which contributed to an increased uptake as well as an increased doxorubicin concentration
in these cells. P-gp function is critically dependent on ATP levels. Canagliflozin significantly
reduces intracellular ATP levels and thus interferes with P-gp function, contributing to
cytotoxic effects of doxorubicin on cancer cells [176].

There are also reports describing the use of SGLT-2 inhibitors for the treatment of
severe hyperglycaemia, the most common adverse effect of using alpelisib, [177,178]. The
use of SGLT-2 inhibitor, dapagliflozin was described for single cases, where there was
very good glycaemic control which permitted the continuation of effective anti-tumour
therapy with alpelisib [177]. Thus, SGLT-2 inhibitors may prove to be helpful in advanced
breast cancer. Clearly, further studies are needed to confirm the efficacy and safety of such
treatments. There is also a need to identify risk factors for euglycemic ketoacidosis, a rare
complication reported in isolated cases of canagliflozin-treated diabetes which was induced
by another PI3K inhibitor, taselisib [179].

5. Clinical Importance and Perspectives

In view of the importance of metabolic reprogramming of cancer cells for tumour
progression and their resistance to treatment, researchers are focusing on different elements
of this reprogramming, viewing them as potential therapeutic targets. Therefore, the
possibility of blocking glucose uptake by cancer cells using SGLT-2 inhibitors appears to be
an attractive therapeutic approach, especially in view of the expression of SGLT-2 confirmed
in numerous types of cancer cells. Furthermore, SGLT-2 inhibitors are now registered and
widely used in the treatment of diabetes and heart failure. Knowing the enhanced glucose
dependency of tunours (Warburg effect), the interest of researchers in SGLT-2 inhibitors as
a group of drugs with anticancer activity has risen in recent years. Besides blocking SGLT-2
various mechanisms of anticancer action of this group of drugs are being investigated. As
outlined above, these mechanisms are diverse and often independent of the inhibition of
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cellular glucose influx by SGLT-2. Some of them appear to be particularly important as they
target important cancer-driving mechanisms and may enable new ways of treating certain
cancers in the future. One such mechanism of action of SGLT-2 inhibitors is, for example,
their inhibitory effect on intracellular ATP production, which results in a considerable
activation of AMPK in cancer cells. This, in turn, has multidirectional effects (Figure 2).
Recently, research has been carried out attempting to utilise the mechanisms regulating
ferroptosis in order to improve the efficacy of anticancer therapies [122]. SGLT-2 inhibitor-
induced AMPK activation leads to inhibition of mTOR and induction of apoptosis [7,47].
The suppression of mTOR is being explored in various models as a possible treatment
for breast cancer [131]. It is believed that this signalling pathway, is, at least, partially
responsible for the effects of canagliflozin and dapagliflozin on both suppressing the
proliferation and arresting the cell cycle in the G1 phase, as well as for inducing apoptosis
in breast cancer cells [47]. Canagliflozin showed these antiproliferative and apoptosis-
inducing effects via the mTOR signalling pathway in pancreatic cancer cells [132].

Another important mechanism of SGLT-2 inhibitor action is the aforementioned effect
of canagliflozin, on the β-catenin signalling pathway in HCC cells, which represents a
potential therapeutic target (Figure 1). Over-activation of the Wnt/β-catenin signalling
pathway is a predisposing factor for HCC development [89,105].

It also seems worth exploiting the cardioprotective effects of SGLT-2 inhibitors, which
may reduce the cardiotoxic effects of some anticancer drugs. This has been confirmed,
for example, for empagliflozin used in combination with sunitinib whose mechanisms of
cardiotoxic action are described above [162,163,166]. This does, however, require further
research. Importantly, clarification is required as to whether prescribing empagliflozin
together with sunitinib will weaken the potency of the anticancer effect of sunitinib.

This protective effect of empagliflozin on cardiomyocytes has also been demonstrated
for the cardiotoxic effects of doxorubicin [169]. The mechanisms of empagliflozin’s pro-
tective effect in relation to cardiomyocytes are described above and shown in Figure 4.
Most importantly, the potency of the anticancer effect of doxorubicin in breast cancer
cells was not reduced by empagliflozin. In fact, the use of empagliflozin together with
doxorubicin increases the sensitivity of breast cancer cells to doxorubicin [175]. This shows
that empagliflozin together with doxorubicin may enable an improvement in the efficacy
of doxorubicin treatment in the future and that lower doses of doxorubicin can be used,
thus minimising its cardiotoxic effects.

New technologies are also currently being developed to enable more precise delivery
of SGLT-2 inhibitors to the tumour and thus increase the effectiveness of anticancer therapy.
Previously, special magnetically guided dapagliflozin nanoparticles were developed that,
in combination with chemotherapy and radiotherapy, were used to treat therapy-resistant
tumours [180]. Recently, a new generation of magnetic iron oxide nanoparticles coated with
poly(methacrylic acid)-graft-poly(ethyleneglycol methacrylate) copolymer (IO/PMAA-
g-PEGMA) have been developed in which canagliflozin was covalently coupled to the
PMAA-g-PEGMA polymer. This yields CANA-loaded IO/PMAA-g-PEGMA nanoparticles
with an average diameter of 68 nm, with very good physicochemical properties, colloidal
stability and good drug release parameters [181]. The anticancer efficacy of CANA-loaded
IO/PMAA-g-PEGMA nanoparticles was evaluated both in vitro in human lung cancer cell
lines A549 (ATCC) and mus musculus (mouse) epidermal cancer cell lines PDVC57 and
in vivo in a mouse xenograft cancer model. It was shown that CANA-loaded IO/PMAA-
g-PEGMA nanoparticles exhibited a higher cytotoxicity towards A549 and PDVC57 cells
than free canagliflozin and this was associated with a higher degree of apoptosis induced
by the CANA-loaded IO/PMAA-g-PEGMA nanoparticles. The highest efficacy, in terms of
tumour growth inhibition, was obtained when CANA-loaded IO/PMAA-g-PEGMA was
combined with radiotherapy with the simultaneous application of an external magnetic
field to the tumour area [181]. This requires further research to determine the optimal doses
of both canagliflozin and radiation, but there is the prospect of using SGLT-2 inhibitors in
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combination with radiotherapy and, with this type of technology, to treat solid hypoxic
tumours, which often develop resistance to chemo- and radiotherapy.

The abovementioned mechanisms may be of the greatest significance for future clinical
application of these drugs. Although these mechanisms appear to be attractive therapeutic
targets and raise hopes for their use in the treatment of various types of cancer, many
important issues remain unexplained and further research is needed to clarify them. Such
an issue is, for example, the dosage of individual SGLT-2 inhibitors if used in patients with
oncological indications. Essentially, the effects of SGLT-2 inhibitors, which include the
inhibition of cancer cell proliferation, have been demonstrated in in vitro studies, which
have often used higher concentrations of these drugs than the maximum blood serum
concentrations in patients using SGLT-2 inhibitors for diabetes or heart failure. Much higher
doses of SGLT-2 inhibitors would be needed to achieve the same serum concentrations
in patients that were used in some in vitro studies. Such doses have not been used in
clinical trials in patients with diabetes or heart failure, and thus the short- and long-term
safety of such doses of SGLT-2 inhibitors is unknown. Therefore, future preclinical and
clinical studies to determine the safety and efficacy of anticancer therapy based on the use
of SGLT-2 inhibitors are necessary.

6. Conclusions

Despite considerable progress in the treatment of cancer, it is the second leading cause
of death globally, accounting for an estimated 9.6 million deaths, or one in six deaths, in
2018 [182]. Therefore, new and more effective ways of treatment are constantly being sought,
especially since some types of cancer are characterised by extremely aggressive growth,
metastasis and resistance to treatment. Researchers are interested in the possibility of using
selective SGLT-2 inhibitors to block glucose uptake by cancer cells. The mechanisms of
the anticancer action of this group of drugs are complex and still not fully understood.
However, the possibility of employing drugs, which are already currently used in the
treatment of diabetes and heart failure, for cancer treatment appears to be very attractive.

The use of SGLT-2 inhibitors may prove to be very beneficial in terms of improving
the safety of previously used anticancer therapies. This applies to the cardioprotective
effect of SGLT-2 inhibitors, particularly empagliflozin, during treatment with sunitinib and
doxorubicin. Further studies are needed to confirm this effect in humans and determine the
optimal way to use SGLT-2 inhibitors together with doxorubicin to maximally eliminate its
cardiotoxic effect. Studies have shown that SGLT-2 inhibitors increase sensitivity of breast
cancer cells to doxorubicin [175]. This gives rise to the assumption that the combined use
of empagliflozin with doxorubicin will permit the use of lower doses of doxorubicin and
will reduce its cardiotoxic effects. Furthermore, the synergistic effect of SGLT-2 inhibitors
and doxorubicin, as demonstrated in breast cancer cells, makes it conceivable that this
synergism with SGLT-2 inhibitors will also be confirmed in other tumour types and with
other classic anticancer drugs. However, preclinical and clinical studies are needed to
assess the possibility of using the synergistic effects of these drugs in clinical oncology in
the future.

In addition, the new technologies described above, which allow selective accumulation
of canagliflozin within the tumour and thus increase the effectiveness of the anticancer
action of canagliflozin, especially in combination with radiotherapy, is a significant step
forward on the way towards the effective and safe use of SGLT-2 inhibitors in oncology. The
cited studies showing the synergistic effect of canagliflozin and radiotherapy open the way
for further research to develop this technology and optimise the dosage of both canagliflozin
and radiation [181]. Further research is also required to identify the tumour types that
respond best to such treatments and to assess the feasibility of using this method to deliver
other SGLT-2 inhibitors and perhaps other anticancer drugs. This offers the prospect of
improving treatment efficacy especially for those cancers that develop resistance to chemo-
and/or radiotherapy.
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As diabetic patients have a higher risk of cancer, the question also arises whether dia-
betic patients who are diagnosed with cancer should have their diabetes therapy modified
to include SGLT-2 inhibitors. Given the potential anticancer effect of SGLT-2 inhibitors,
such treatment could be of clinical benefit to these patients. However, clinical trials are
needed to assess the clinical benefits of doing this.

As can be seen, there are many areas and potential targets for the anticancer action
of SGLT-2 inhibitors. However, many questions remain unresolved, mainly regarding the
safety and clinical feasibility of using SGLT-2 inhibitors in cancer treatment. Nonetheless,
numerous ongoing preclinical studies and probable new clinical trials to come give hope
for the future optimal use of this interesting group of drugs in clinical oncology.
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