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Sodium-glucose cotransporter 2 inhibitor (SGLT2i) was origi-
nally developed as an antidiabetic medication.1 Recent studies
have shown that SGLT2 occurs in tumor cells,2 and SGLT2i has
antitumor effects.3 SGLT2i-induced suppression of hepatocellular
carcinoma (HCC) was reported in vitro and in vivo studies as
well as a case report.1–3 However, its mechanisms remain
unclear. HCC releases various chemokines/cytokines to modulate
the tumor microenvironment and regulates the proliferation and
invasion of HCC cells.4,5 The aim of this study was to investi-
gate the direct effects of SGLT2i on tumor-releasing
chemokines/cytokines in human HCC cell lines.

Hep3B and Huh7 cells were cultured with Dulbecco’s
Modified Eagle Medium (DMEM; glucose 4500 mg/L)
(FUJIFILM Wako Chemicals, Osaka, Japan) with 10% bovine
serum at 37�C for 48 h after passage. Then, the culture medium
was replaced with DMEM (glucose 4500 mg/L) with no bovine
serum, and cells were treated with SGLT2i (10 μM of can-
agliflozin dissolved in dimethyl sulfoxide; n = 4 for each cell
line) or control vehicle (dimethyl sulfoxide; n = 4 for each cell
line) for 24 h. Then, the culture media were collected and sub-
jected to 48 chemokine/cytokine assays using the human cyto-
kine screening 48-plex panel (Bio-Plex Pro, Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Each data point was
based on the mean value of duplicate assays. All data are
expressed as the mean � SD. The SGLT2i-induced significant
changes in chemokines/cytokines are also expressed as the per-
centage of control, in which the mean value of the control was
set as 100%. Comparisons between two groups were performed
using the Wilcoxon rank-sum test. Statistical analyses were per-
formed using JMP Pro16 (SAS Institute Inc., Cary, NC, USA).
A P-value <0.05 was considered statistically significant.

Of the measured 48 chemokines/cytokines, there was no
significant alteration in the medium level of 40 and
39 chemokines/cytokines between the SGLT2i and control
groups in Hep3B and Huh7 cells (Tables S1 and S2, Supporting
information). However, SGLT2i significantly downregulated six
chemokines (C-X-C motif chemokine ligand [CXCL] 1, CXCL8,
CXCL10, macrophage colony-stimulating factor [M-CSF], leuke-
mia inhibitory factor, and stromal cell-derived factor-1α) and
upregulated two chemokines (interleukin [IL]-12 and tumor
necrosis factor-α) compared to the control in Hep3B cells
(Table SS1). In Huh7 cells, SGLT2i significantly downregulated
five chemokines (CXCL1, CXCL8, CXCL10, M-CSF, and IL-6)
and upregulated four chemokines (granulocyte colony-
stimulating factor, macrophage inflammatory protein-1α, stromal
cell-derived factor-1α, and vascular endothelial growth factor)
compared to the control (Table S2). Thus, the significant down-
regulation of CXCL1, CXCL8, CXCL10, and M-CSF was a
common alteration in both SGLT2i-treated Hep3B and Huh7
cells (Fig. 1a). The medium CXCL1 level decreased by approxi-
mately 90% and 55% in SGLT2i-treated Hep3B and Huh7 cells
compared to the control, respectively (Fig. 1b). In addition,
approximately 70% and 30% of reduction in the medium level of
CXCL8 was observed in SGLT2i-treated Hep3B and Huh7 cells
compared to the control, respectively (Fig. 1c). The medium
CXCL10 level decreased by approximately 80% and 45% in
SGLT2i-treated Hep3B and Huh7 cells compared to the control,
respectively (Fig. 1d). Moreover, approximately 30% and 15%
of reduction in the medium level of M-CSF was observed in

SGLT2i-treated Hep3B and Huh7 cells compared to the control,
respectively (Fig. 1e).

We first demonstrated that SGLT2i directly downregulated
the three tumor-releasing chemokines CXCL1, CXCL8, and
CXCL10 in Hep3B and Huh7 cells. Dahlquist et al. had shown
that CXCL1 promoted the proliferation and invasion of rat HCC
cells in an autocrine manner.4 In addition, Kahraman et al.
reported that autocrine CXCL8 signaling is critical to activate the
phosphatidyl-inositol-3 kinase/Akt/mammalian target of the
rapamycin pathway, which is involved in the development and
the progression of liver cancer stem cells.6 An inhibition of auto-
crine CXCL8 signaling also represses features of cancer stem
cells and increases the sensitivity of the cells to sorafenib treat-
ment.6 Moreover, Wei et al. found that CXCL10 binds CXC che-
mokine receptor 3 on B cells and causes plasma cell polarization,
suppression of the anti-tumor T-cell response, and HCC cell
growth.7 Thus, SGLT2i-induced downregulation of these
chemokines may exert antitumor effects through alterations in
tumor characters and tumor immunity.

We also found that SGLT2i downregulated tumor-
releasing M-CSF in Hep3B and Huh7 cells. Zhu et al. investi-
gated the prognostic value of the tumoral expression of M-CSF
in patients with HCC after curative resection.5 They found that
high tumoral expression of M-CSF correlates with large tumor
size, presence of intrahepatic metastasis, and advanced tumor
stage. In addition, the tumoral expression of M-CSF is an inde-
pendent risk factor for disease-free survival and overall survival.5

Moreover, Chai et al. demonstrated that lower tumoral expres-
sion of M-CSF is associated with decreased tumor volume in a
xenograft model of human HCC in nude mice.8 M-CSF induces
polarization of M1 macrophages and subsequent reduction of
macrophage recruitment and better overall survival of patients
with HCC.8 Thus, SGLT2i-induced downregulation of M-CSF
may exert antitumor effects through the polarization of M1
macrophages.

In this study, we did not investigate the mechanisms for
SGLT2i-induced downregulation of these four chemokines/cyto-
kines. However, we had previously reported that SGLT2 was
localized in mitochondria in various human HCC cell lines
including Hep3B and Huh7 cells.2 We had also shown that
SGLT2i downregulated ATP synthase F1 subunit alpha, a mito-
chondrial electron transport system protein, leading to mitochon-
drial dysfunction and activation of adenosine 5-monophosphate
activated protein kinase (AMPK) in Hep3B and Huh7 cells.
AMPK is known to inhibit the various chemokine expressions.9

Furthermore, mitochondrial dysfunction is reported to regulate
the M-CSF level.10 Accordingly, SGLT2i may affect mitochon-
dria in HCC cells and modulate the expression of several
chemokines/cytokines.

There are several limitations to this study. First, we used a
single concentration of SGLT2i in this study. Although the con-
centration was at the physiologic level, the dose-dependent alter-
ations in chemokines/cytokines remain unclear. Second, we used
an SGLT2i, canagliflozin, but not other SGLT2i variants. Previ-
ous studies have shown that dapagliflozin, an SGLT2i, also
exerts antitumor effects on breast cancer cells, colon cancer cells,
and renal cell carcinoma.11–13 However, no study has investi-
gated the effect of SGLT2i on chemokine expression, and it
remains unclear whether similar results are obtained by treatment
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with other SGLT2i including dapagliflozin. Third, we used well-
differentiated HCC cell lines. It is still unclear whether SGLT2i
alters the expression of chemokine/cytokines in poorly

differentiated HCC cell lines. Fourth, we did not evaluate time-
course changes in the expression of chemokine/cytokines. Thus,
further studies should be conducted using a wide range of

Figure 1 (a) Summary for SGLT2i-induced alterations in 48 chemokines/cytokines in Hep3B and Huh7 cells. (b) SGLT2i-induced changes in the
medium CXCL1 level (each n = 4). (c) SGLT2i-induced changes in the medium CXCL8 level (each n = 4). (d) SGLT2i-induced changes in the medium
CXCL10 level (each n = 4), (e) SGLT2i-induced changes in the medium M-CSF level (each n = 4). The SGLT2i-induced significant changes in
chemokines/cytokines are expressed as the percentage of control (the mean value of the control was set as 100%). CXCL, C-X-C motif chemokine
ligand; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; LIF, leukemia inhibitory factor; M-CSF, macrophage colony-stimulating factor;
MIP-1α, macrophage inflammatory protein-1α; SDF-1α, stromal-cell-derived factor-1α; TNFα, tumor necrosis factor-α; VEGF, vascular endothelial
growth factor.
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SGLT2i concentrations, several types of SGLT2i, various types
of HCC cell lines, and time-course changes.

In conclusion, SGLT2i directly suppresses tumor-releasing
CXCL1, CXCL8, CXCL10, and M-CSF in Hep3B and Huh7 cells.
The suppression of these chemokines/cytokines may be a possible
mechanism for the SGLT2i-induced antitumor effect of HCC.
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