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Recent clinical trials revealed that sodium-glucose co-transporter 2 (SGLT2) inhibitors
significantly reduce cardiovascular events in type 2 diabetic patients, however, canagliflozin
increased limb amputations, an effect not seen with other SGLT2 inhibitors. Since
endothelial cell (EC) dysfunction promotes diabetes-associated vascular disease and limb
ischemia, we hypothesized that canagliflozin, but not other SGLT2 inhibitors, impairs EC
proliferation, migration, and angiogenesis. Treatment of human umbilical vein ECs
(HUVEGCs) with clinically relevant concentrations of canagliflozin, but not empagliflozin or
dapagliflozin, inhibited cell proliferation. In particular, 10 pM canagliflozin reduced EC
proliferation by approximately 45%. The inhibition of EC growth by canagliflozin occurred
in the absence of cell death and was associated with diminished DNA synthesis, cell cycle
arrest, and a striking decrease in cyclin A expression. Restoration of cyclin A expression
via adenoviral-mediated gene transfer partially rescued the proliferative response of
HUVECs treated with canagliflozin. A high concentration of canagliflozin (50 uM) modestly
inhibited HUVEC migration by 20%, but markedly attenuated their tube formation by 65%
and EC sprouting from mouse aortas by 80%. A moderate 20% reduction in HUVEC
migration was also observed with a high concentration of empagliflozin (50 uM), while
neither empagliflozin nor dapagliflozin affected tube formation by HUVECs. The present
study identified canagliflozin as a robust inhibitor of human EC proliferation and tube
formation. The anti-proliferative action of canagliflozin occurs in the absence of cell death
and is due, in part, to the blockade of cyclin A expression. Notably, these actions are not
seen with empagliflozin or dapagliflozin. The ability of canagliflozin to exert these pleiotropic
effects on ECs may contribute to the clinical actions of this drug.

Keywords: canagliflozin, endothelial cells, proliferation, migration, tube formation

INTRODUCTION

Cardiovascular disease is the primary cause of morbidity and mortality in diabetes. Individuals
with diabetes have a two- to four-fold increased rate of death due to cardiovascular disease
relative to those without the disease, leading to a markedly diminished life span (Gu et al,
1998; Resnick and Howard, 2002; Taylor et al., 2013). Macrovascular complications of diabetes,
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including coronary artery disease, stroke, peripheral artery
disease, and microvascular disturbances, such as retinopathy,
nephropathy, and neuropathy, along with limb amputations,
are responsible for much of the burden associated with this
metabolic disease (Beckman et al., 2002; Fowler, 2008). Aside
from its profound effect on the duration and quality of life,
the increasing worldwide prevalence of diabetes will impose
a severe and costly demand on health services, further
emphasizing the need to develop novel therapies to manage
the cardiovascular complications arising from the disease.

The pathogenesis of vascular disease in diabetes is complex
and multifactorial; however, abnormalities in endothelial function
play a predominant role (Creager et al, 2003; Xu and Zou,
2009). The endothelium forms the inner layer of blood vessels
and is a key regulator of vascular structure and function. Besides
their barrier function, endothelial cells (ECs) serve as an active
signal transducer that modulates vessel wall phenotype. ECs
dynamically control vascular permeability, tone, thrombosis,
inflammation, and vascular smooth muscle cell proliferation and
migration by synthesizing a plethora of mediators (Vane et al.,
1990). Endothelial dysfunction, as represented by attenuated
endothelium-dependent vasorelaxation, is a salient feature of
diabetes. It has been extensively documented in animal models
of diabetes and in human blood vessels from diabetic patients
(Meraji et al., 1987; Durante et al., 1988; Williams et al., 1996;
De Vriese et al., 2000; Rask-Madsen and King, 2007). In addition,
impaired EC proliferation and migration are often detected in
diabetes, and this underlies the blunted angiogenic response
observed in most tissues (Santilli et al., 1992; Yan et al., 2009;
Warren et al.,, 2014). Many of the metabolic derangements known
to occur in diabetes adversely affect EC function, but hyperglycemia
is believed to play a predominant role (Brownlee, 2005).

Sodium-glucose co-transporter 2 (SGLT2) inhibitors are the
latest approved class of glucose-lowering drugs (Kalra, 2014).
By blocking glucose uptake in the proximal tubule of the
nephron, they induce glycosuria leading to decreases in both
fasting and postprandial glycemia. Intriguingly, large, multicenter,
clinical trials such as the EMPA-REG-OUTCOME, the CANVAS
Program, and the CV-REAL Nordic have demonstrated that
SGLT?2 inhibitors (empagliflozin, canagliflozin, and dapagliflozin)
reduce cardiovascular disease and mortality compared to other
anti-hyperglycemic agents in patients with type 2 diabetes
mellitus (T2DM) (Zinman et al., 2015; Birkeland et al., 2017;
Neal et al., 2017). In fact, canagliflozin was recently approved
by the United States Food and Drug administration for the
prevention of myocardial infarction, stroke, and death among
patients with type 2 diabetes, who have established cardiovascular
disease. However, canagliflozin treatment was associated with
a significant risk of lower limb amputations in T2DM
patients, which is not seen with other SGLT?2 inhibitors (Zinman
et al., 2015; Birkeland et al., 2017; Fadini and Avigari, 2017;
Neal et al., 2017).

The mechanisms underlying the cardiovascular benefits or
amputation risk of the SGLT2 inhibitors remains unknown but
they do not appear to be mediated by differential improvements
in glycemic control (Zinman et al., 2015; Birkeland et al., 2017;
Neal et al.,, 2017). While reductions in blood pressure, arterial

stiffness, body weight, visceral adiposity, and/or intrarenal
hemodynamics have been suggested to contribute to the
cardiovascular benefits of the SGLT2 inhibitors, direct effects
of these drugs on vascular cell function have not been fully
considered. Given the important role that EC dysfunction plays
in promoting diabetes-associated vascular disease and limb
ischemia and the discrepant impact of canagliflozin on limb
amputation, the present study tested the hypothesis that
canagliflozin, but not other SGLT?2 inhibitors, impairs EC function
and angiogenesis.

MATERIALS AND METHODS

Materials

M199 medium, streptomycin, penicillin, gelatin, heparin, trypsin,
ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate
(SDS), NaOH, elastase, cesium chloride, collagenase, phosphate-
buffered saline (PBS), RNase, propidium iodide, glycerol,
bromophenol blue, isolectin B4, and mercaptoethanol were from
Sigma-Aldrich (St. Louis, MO). Matrigel and endothelial cell
growth factor were from BD Biosciences (San Jose, CA). Antibodies
against cyclin D1, cyclin E, cyclin A, p21, p27, platelet endothelial
cell adhesion molecule-1 (PECAM-1), SGLT2, and B-actin were
from Santa Cruz Biotechnology (Santa Cruz, CA), the antibody
against SGLT1 was from GeneTex (Irvine, CA), and the antibody
against phospho-retinoblastoma protein was from Cell Signaling
Technologies (Beverley, MA). [’H] Thymidine (20 Ci/mmol) was
from Perkin Elmer (Boston, MA). Canagliflozin, empagliflozin,
and dapagliflozin were purchased from Selleck Chemicals
(Houston, TX).

Animals

Male C57BL/6 mice (9-10 weeks of age) were obtained from
the Jackson Laboratory (Bar Harbor, ME) and housed in animal
care facilities of the University of Missouri. They were maintained
at ~24°C on a 12-12 h light-dark cycle with food and water
available ad libitum for at least a week before use. For the
EC isolation experiments, mice were anesthetized by an
intraperitoneal injection of ketamine (87.5 mg/kg)/xylazine
(12.5 mg/kg) cocktail (Butler Schein Animal Health Corporation,
Dublin, OH), and aortas harvested for EC isolation and culture,
as described below. For the capillary sprouting experiments,
mice were anesthetized with isoflurane (2-4% in 100% O,)
and aortas collected for the ex vivo experiments. This study
was approved by the institutional Animal Care-Use Committees
of the University of Missouri and the Truman VA Hospital
(Columbia, MO, USA) and performed in accordance with the
National Research Council's Guide for the Care and Use of
Laboratory Animals.

Cell Culture

Primary human umbilical vein ECs (HUVECs) and human
aortic ECs (HAECs) were purchased from Lonza Incorporated
(Allendale, NJ), while primary mouse aortic ECs (MAECs) were
isolated by plating mouse thoracic aortas on matrigel-coated
plates and purifying MAEC outgrowth with a PECAM-1 antibody;,
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as we have previously described (Liu et al., 2013). Primary cells
were characterized as ECs by both positive staining for PECAM-1
and uptake of acetylated low-density lipoprotein by 95% of
cells. Cells were serially cultured on gelatin-coated plates in
M199 medium supplemented with 20% bovine calf serum,
2 mM L-glutamine, 50 pug/ml EC growth factor, 90 ug/ml heparin,
and 100 U/ml of penicillin and streptomycin. All cells were
incubated at 37°C in an atmosphere of 95% air and 5% CO.,.

Cell Proliferation and DNA Synthesis

ECs were seeded (2 x 10* cells/well) onto six-well plates in
serum-containing media. After 24 h, cells were washed and
treated with vehicle or SGLT2 inhibitors. Media with appropriate
additions were replenished every second day. Cell number
determinations were performed at various times by dissociating
cells with trypsin (0.05%):EDTA (0.53 mM) and counting cells
using an automated cell counter (Moxi Z ORFLO Technologies,
Ketchum, ID). EC proliferation was also monitored by measuring
DNA synthesis (Peyton et al., 2012). Briefly, cells were pulsed
with [*H]thymidine (1 uCi/ml [0.037 MBq]) for 4 h, washed
with ice-cold PBS, fixed with 10% trichloroacetic acid for 30 min
at 4°C, and DNA extracted with 0.2% SDS/0.2 N NaOH.
Radioactivity was determined by scintillation counting (Tricarb
liquid scintillation analyzer, model 2100, Packard, Meriden, CT).

Cell Cycle Analysis

Cell cycle distribution was assessed in ECs grown to 70-80%
confluence by flow-activated cell sorting (Peyton et al., 2012).
Cells were treated in the presence and absence of SGLT2
inhibitors for 24 h. Cells were then collected, suspended in
PBS, and pelleted by centrifugation at 1,000 g for 5 min. Pellets
were washed with PBS, suspended in 70% ethanol, and fixed
overnight at 4°C. Fixed cells were then incubated with propidium
iodide (50 pg/ml) and RNase A (100 pg/ml) for 60 min at
room temperature, and DNA fluorescence measured in a
Beckman Coulter CyAN ADP Cytometer (Brea, CA). Flow
cytometry results were analyzed using FlowJo™ software
(FlowJo LLC, Ashland, OR, USA).

Cell Migration

EC migration was determined using the scratch-wound assay
(Chang et al.,, 2014). Confluent cell monolayers were scraped
with a pipette tip to generate a wound. Cell debris was removed
by several washes with PBS, and injured monolayers incubated
in the presence or absence of SGLT2 inhibitors. Cell monolayers
were photographed immediately and 20 h after scratch injury
with a digital camera (Q-Imaging, QICAM; Hitschfel Instruments,
Incorporated, St. Louis, MO), and the degree of wound closure
determined by planimetry.

Endothelial Cell Tube Formation

ECs (2 x 10° cells/well) were seeded in 48-well plates that
had been pre-coated with matrigel (50 ul/well). After incubation
for 6 h in serum-containing media, images of tube morphology
were captured by an inverted Olympus CKX41 microscope
(Olympus America, Inc., Center Valley, PA), and the extent

of tube formation quantified by counting the number of
meshes (Khoo et al., 2011).

Aortic Ring Capillary Sprouting Assay

Aortas were cut into 1 mm segments and then embedded and
cultured in fibrinogen gels (3 mg/ml fibrinogen in Opti-MEM
including 1 pl/ml thrombin) in 48 well plates, as previously
described (Kiefer et al., 2004; West and Burbridge, 2009). Aortic
segments were cultured in Opti-MEM (Thermofisher, Grand
Island, NY) supplemented with either vascular endothelial
growth factor (VEGF)-A, (10 ng/ml, Invitrogen Corporation,
Carlsbad, CA) alone or plus canagliflozin (10, 20, or 50 uM)
for 5 days, changing the media every 2-3 days. Canagliflozin
was prepared in DMSO, and accordingly, VEGF-A, alone
treated aortas also received 0.1% DMSO as a vehicle control.
Three aortic segments from each animal received each treatment.
At 5 days, segments were fixed with 3% paraformaldehyde
and stained with FITC-conjugated isolectin B, (Sigma-Aldrich,
St. Louis, MO). Two Z-stack images of sprouting were collected
from each segment via fluorescence confocal microscopy (Leica
TCS SPE, Buffalo Grove, IL) and EC sprouting networks were
reconstructed in 3D (Imaris; Bitplane AG, Zurich) to quantify
total volume of sprouting networks.

Lactate Dehydrogenase Activity Assay

Lactate dehydrogenase activity was measured using the CytoTox
96 Non-Radioactive Cytotoxicity Assay (Promega Life Sciences).
Briefly, cells were seeded in 24-well plates and treated with
SGLT2 inhibitors for 24 h at 37°C. After centrifugation, an
aliquot of the supernatant was transferred to a 96-well plate,
followed by addition of an equal amount of CytoTox 96 reagent.
After 30 min of incubation at room temperature, acetic acid
(1 M) was added to stop the reaction and absorbance at
490 nm measured by spectroscopy (uQuant spectrophotometer,
Bio-Tek Instruments, Winooski, VT). Lactate dehydrogenase
activity was reported as a percentage of control cells.

Western Blotting

ECs were harvested in electrophoresis buffer (125 mM Tris,
pH 6.8, 12.5% glycerol, 2% SDS, and trace bromophenol blue),
and proteins separated by SDS-polyacrylamide gel electrophoresis.
After electrophoretic transfer to nitrocellulose membranes,
membranes were blocked with PBS and nonfat milk (5%),
and then incubated overnight at 4°C with primary antibodies
against cyclin D1 (1:200), cyclin E (1:100), cyclin A (1:500),
p27 (1:250), p21 (1:250), SGLT1 (1:1,500), SGLT2 (1:100),
phospho-retinoblastoma protein (1:100), or P-actin (1:200).
Membranes were then washed extensively in PBS and incubated
with appropriate horseradish peroxidase-labeled secondary
antibodies for 60 min at room temperature. Afterward,
membranes were incubated with enhanced chemoluminescence
substrate for horse radish peroxidase (GE Healthcare,
Chicago, IL) and the signal intensity detected by X-ray film
exposure. Blots were then stripped of antibodies by incubating
membranes at 50°C for 30 min with a stripping buffer (10%
SDS and 100 mM mercaptoethanol, in 62.5 mM Tris buffer,
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pH 6.8) before probing with other primary antibodies. Protein
expression was determined by densitometry and normalized
with respect to B-actin (Peyton et al., 2012).

Cyclin A Adenovirus Infection

An adenovirus expressing cyclin A (AdCyclin A) was created
by cloning the human cyclin A ¢cDNA in the pAACMVpLpA
vector and co-transfecting HEK-293 cells (American Type
Culture Collection, Manassas, VA) with the pJM17 plasmid
(Wang et al., 2002). Virus from cytopathic HEK-293 cells was
collected 48 h post infection, purified by gradient cesium
chloride centrifugation, and viral titers measured by plaque
assay. Subconfluent HUVECs were infected with AdCyclin A
or a control adenovirus expressing the green fluorescent protein
(AdGFP) at a multiplicity of infection of 50 for 24 h prior
to treatment with the SGLT2 inhibitors.

Statistical Analysis

Results are expressed as mean + SEM of at least three independent
experiments. Statistical analyses were performed with the use
of a Student’s two tailed ¢-test and one way analysis of variance
with the Holm-Sidak post-hoc test when more than two
treatment regimens were compared. p less than 0.05 were
considered statistically significant.

RESULTS

Treatment of HUVECs with canagliflozin resulted in a

(Figure 1A). The ability of canagliflozin to block DNA synthesis
was observed at concentrations (5-10 uM) (Figure 1A) that
are achieved in the plasma of patients taking canagliflozin
(Devineni et al., 2015). Moreover, DNA synthesis was nearly
abolished with a higher concentration of canagliflozin (50 uM).
In contrast, clinically relevant concentrations of empagliflozin
and dapagliflozin (1-2 pM) (Kasichayanula et al., 2011; Brand
et al, 2012) failed to inhibit DNA synthesis (Figures 1B,C).
However, at very high concentrations (30-50 uM), empagliflozin
and dapagliflozin modestly attenuated DNA synthesis. Notably,
the inhibition of DNA synthesis by these three SGLT?2 inhibitors
was not related to any change in cell viability, as assessed by
lactate dehydrogenase activity measurements (Figures 1D-F).
In addition, incubation of HUVECs with canagliflozin induced
a concentration-dependent decrease in cell proliferation, as
assessed by direct cell counting (Figure 2A). A significant
inhibition of cell growth by canagliflozin was noted beginning
at the pharmacologically relevant concentration of 5 pM. The
anti-proliferative effect of canagliflozin was detected 1 day after
treatment, and this was further magnified after 3 days of
canagliflozin exposure (Figure 2B). In contrast, only high
concentrations (30-50 pM) of empagliflozin and dapagliflozin
inhibited the proliferation of HUVEC (Figures 2C,D).
Furthermore, pharmacologically relevant concentrations of
canagliflozin also inhibited the proliferation of HAECs and
MAECs (Figures 3A,B).

Subsequently, we determined the effect of canagliflozin on
cell cycle progression. Administration of canagliflozin-arrested
HUVECSs in the G¢/G, phase of the cell cycle, as demonstrated

concentration-dependent  inhibition of DNA synthesis by an increase in the percentage of cells in Gy/G; with a
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FIGURE 1 | Effect of SGLT2 inhibitors on DNA synthesis and viability of HUVECs. (A-C) Effect of canaglifiozin, empagilifiozin, and dapaglifiozin on DNA synthesis in
HUVECSs. Cells were treated with SGLT2 inhibitors (0-50 uM) for 24 h. Results are mean + SEM (n = 6-8). (D-F) Canagliflozin, empaglifiozin, and dapagliflozin do
not stimulate lactate dehydrogenase activity in the culture media of HUVECs. Cells were treated with SGLT2 inhibitors (0-50 pM) for 24 h. Results are mean + SEM
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corresponding decline in the fraction of cells in S and G,/M
phases (Figures 4A,B). To determine the mechanism by which
canagliflozin disrupts cell cycle progression, we examined the
effect of canagliflozin on the expression of cell cycle regulatory
proteins. Canagliflozin dramatically reduced the expression of
cyclin A and the phosphorylation of retinoblastoma protein
(Figures 4C,D). In contrast, canagliflozin had no significant
effect on the expression of cyclin D1 and E and the cyclin-
dependent kinase inhibitors p27 and p21. Western blotting
also revealed the presence of both SGLT1 and SGLT2 in
HUVECs (Figure 4E). Given the strong inhibition of cyclin
A by canagliflozin, we tested whether restoration of cyclin A
levels would negate the anti-proliferative effect of the SGLT2
inhibitor. Infection of HUVECs with AdCyclin A restored
cyclin A protein expression in the presence of canagliflozin
and partially rescued EC proliferation in the canagliflozin-
treated cells (Figures 5A,B).

Lastly, we investigated the effect of canagliflozin on EC
migration and differentiation. While high concentrations of
canagliflozin and empagliflozin (50 pM) had a modest inhibitory
effect on the migration of HUVECs, dapagliflozin had no effect
on EC motility (Figures 6A-C). However, canagliflozin strongly
inhibited tube formation by HUVECs starting at a concentration
of 20 uM (Figure 7A), whereas empagliflozin and dapagliflozin
did not affect endothelial tube formation (Figures 7B,C). Finally,
canagliflozin also blocked the sprouting of EC capillaries from
mouse aortic rings cultured in a fibrinogen gel. Five days after

culture, extensive EC capillary sprouting was observed in
untreated aortas, and this was markedly attenuated by
canagliflozin in a concentration-dependent fashion (Figure 7D).
A downward trend in EC sprouting was noted at a concentration
of 20 uM (p = 0.098) and a significant decrease in sprouting
was observed at 50 pM (Figure 7E).

DISCUSSION

The present study demonstrates that canagliflozin is a robust
inhibitor of EC proliferation. The anti-proliferative action of
canagliflozin is observed in human ECs derived from both
the venous and arterial circulation as well as ECs isolated
from the murine circulation and is dependent, in part, on the
suppression of cyclin A expression. This study also found that
canagliflozin blocks endothelial tube formation from cultured
ECs and isolated mouse aortic rings. In contrast, empagliflozin
and dapagliflozin minimally affects EC proliferation and tube
formation. The ability of canagliflozin to elicit these pleiotropic
actions on EC function may contribute to the increased risk
of limb amputation noted in diabetic patients taking this drug
by impairing angiogenesis (Neal et al., 2017).

This study is the first to show that canagliflozin is an
inhibitor of EC proliferation and DNA synthesis. The anti-
proliferative action of canagliflozin is concentration-dependent,
and significantly, is observed at concentrations (10 pM) that
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(A,B) HAECs or MAECs were treated with canagliflozin (0-50 pM) for 24 h.
Results are mean + SEM (n = 6). *Statistically significant effect of canagliflozin.

are achieved in the plasma of patients treated with this particular
SGLT2 inhibitor (Devineni et al., 2015). The blockade of EC
proliferation by canagliflozin occurs in the absence of cell death
as revealed by lactate dehydrogenase activity measurements
and the lack of a sub Gy/G, fraction in the cell cycle histograms,
indicating that canagliflozin functions in a cytostatic rather
than cytotoxic manner. The anti-proliferative action of
canagliflozin appears uniform as it was observed in ECs derived
from the human arterial and venous circulation as well as the
mouse arterial circulation. Interestingly, the degree of inhibition
is greater in human relative to mouse ECs, suggesting that
human cells may be more sensitive to the growth-inhibitory
action of canagliflozin. Moreover, the inhibition of EC growth
by canagliflozin likely represents a compound-specific effect

rather than a class effect since pharmacologically relevant
concentrations of other SGLT?2 inhibitors including empagliflozin
and dapagliflozin (1-2 pM) (Kasichayanula et al., 2011; Brand
et al., 2012) failed to block EC proliferation. Thus, this study
adds to a growing list of off-targets actions elicited by
canagliflozin, and further underscores the need to consider
these pleiotropic effects when assessing the clinical properties
of the drug (Pattanawongsa et al., 2015; Hawley et al., 2016;
Villani et al., 2016; Mancini et al., 2018; Secker et al., 2018;
Uthman et al., 2018).

Our finding that canagliflozin blocks EC proliferation is in
agreement with earlier studies documenting robust inhibitor
effects of canagliflozin on the replication of renal proximal
tubule epithelial cells, lung, liver, and prostate cancer cells,
and on the in vivo growth of xenograft tumors in athymic
nude mice (Villani et al., 2016; Kaji et al., 2018; Secker et al.,
2018). Notably, our results are in contrast to recent reports
showing that canagliflozin has no effect on the proliferation
of HUVECGs (Kaji et al., 2018; Mancini et al., 2018). However,
these studies examined only a single concentration of the drug
over a short time period (24 and 36 h), which may be a
suboptimal time interval to detect differences in the rate of
cell growth. Consistent with this notion, we found that the
anti-proliferative effect of canagliflozin was much greater at
72 h than after 24 h of drug exposure. Thus, longer duration
experiments more closely resembling long-term use in human
patients are better able to identify the anti-proliferative potential
of canagliflozin in ECs.

EC proliferation involves the progression of cells through
discrete stages of the cell cycle, where DNA synthesis and
mitosis occur. Examination of the cell cycle distribution
revealed that canagliflozin arrests ECs in the Gy/G, phase
of the cell cycle and is associated with a prominent decrease
in the phosphorylation of retinoblastoma protein and
reduced expression of cyclin A, without altered expression
of other cyclins or cyclin-dependent kinase inhibitors. The
hypophosphorylation of retinoblastoma protein detected after
canagliflozin treatment keeps the protein in its growth-
repressive state, which curbs the transcription of genes,
including cyclin A, that are required for DNA synthesis
(Weinberg, 1995). Moreover, cyclin A promotes the
phosphorylation and deactivation of retinoblastoma protein
via its interaction with cyclin-dependent kinase 2, highlighting
crucial interactions between these two proteins that direct
cell cycle progression. Of significance, we demonstrate that
adenoviral-mediated rescue of cyclin A expression in
canagliflozin-treated ECs increases DNA synthesis in these
cells, establishing that cyclin A is a critical target of
canagliflozin. The mechanism by which canagliflozin inhibits
cyclin A expression is not known. However, recent work
from our laboratory and others have shown that the metabolism
and entry of glutamine into the tricarboxylic acid cycle plays
a fundamental role in stimulating cyclin A expression and
EC proliferation (Huang et al., 2017; Kim et al., 2017; Peyton
et al., 2018). Intriguingly, a recent report found that clinically
relevant concentrations of canagliflozin, but not empagliflozin
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FIGURE 4 | Cell cycle progression and protein expression and phosphorylation in HUVECs. (A) Representative histograms of HUVECs treated for 24 h in the
absence or presence of canagliflozin (50 uM). (B) Effect of canaglifiozin (50 pM) on the distribution of HUVECs in the cell cycle. (C) Effect of canagliflozin on the
expression and phosphorylation of cell cycle regulatory proteins in HUVECs. Cells were incubated in the absence and presence of canagliflozin (50 uM) for 24 h, and
protein expression and phosphorylation determined by western blotting. (D) Quantification of protein expression or phosphorylation relative to control cells.
(E) HUVECGCs express SGLT1 and SGLT2 protein. Cell lysates from HUVEC (three independent lanes) were resolved by SDS-polyacrylamide gel electrophoresis and
immunoblotted with anti-SGLT antibodies. Results are means + SEM (n = 6). *Statistically significant effect of canagliflozin.

or dapagliflozin, prevent the replenishment of tricarboxylic
acid cycle intermediates by glutamine via the dual inhibition
of mitochondrial glutamate dehydrogenase and complex I
(Secker et al.,, 2018), raising the possibility that canagliflozin
may also retard cyclin A expression and the propagation of
ECs by suppressing mitochondrial metabolism.

Notably, restoration of cyclin A does not fully restore DNA
synthesis, suggesting that other factors may also contribute
to the anti-proliferative action of canagliflozin. Consistent
with an earlier study (Mancini et al., 2018), we found that
HUVEC express SGLT2 protein. Aside from ECs, SGLT2 is
found in multiple cancer cells, where it stimulates tumor
growth (Kaji et al., 2018; Scafoglio et al., 2018). However, it
is unlikely that inhibition of this transporter by canagliflozin
mediates its anti-proliferative action in ECs as similar effects
would have been observed with pharmacologically relevant
concentrations of empagliflozin and dapagliflozin. Interestingly,
we show for the first time that HUVECs also express SGLT1,
extending previous work reporting the presence of SGLT1 in
microvascular endothelial cells of the brain and heart (Elfeber
et al., 2004; Sajja et al., 2014; Vrhovac et al.,, 2015). While
canagliflozin has a relatively weak selectivity for SGLT2 over
SGLT1 compared to empagliflozin and dapagliflozin (Liang
et al, 2012; Kurosaki and Ogasawara, 2013), it is doubtful

that canagliflozin evokes its anti-proliferative effect through
SGLT1 since this glucose transporter is associated with cell
survival rather than proliferation (Weihua et al, 2008).
Alternatively, our laboratory has previously identified
AMP-activated protein kinase (AMPK) as a potent inhibitor
of EC growth (Peyton et al, 2012). Interestingly, a recent
report found that clinically relevant concentrations of
canagliflozin, but not empagliflozin or dapagliflozin, activate
this kinase (Hawley et al., 2016), raising the possibility that
AMPK may also participate in the selective growth inhibitory
action of canagliflozin.

We also found that canagliflozin blocks the migration of
ECs. However, a moderate decrease in EC motility was only
observed at a high concentration of canagliflozin (50 uM),
and this was also seen with elevated concentrations of
empagliflozin but not dapagliflozin. Importantly, however,
canagliflozin markedly attenuated the differentiation of ECs
into tubes. This effect by canagliflozin was observed with a
concentration of 20 uM and is unique to this drug as it was
not detected with either empagliflozin or dapagliflozin.
Furthermore, the ability of canagliflozin to block endothelial
tube formation was confirmed using an in situ sprouting assay
in mouse aortic rings. Canagliflozin tended to reduce sprouting
at a concentration of 20 uM and significantly inhibited sprouting
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FIGURE 5 | Role of cyclin A in the anti-proliferative action of canagliflozin.
(A) AdCyclin A increases cyclin A protein levels in canagliflozin (Cana)-treated
HUVECSs. Results are mean + SEM (n = 3). (B) AdCyclin A increased DNA
synthesis in Cana-treated HUVECs. Cells were infected with AdCyclin A or
AdJGFP (50 MOI) for 24 h and then incubated in the absence or presence of
Cana (50 pM) for another 24 h prior to measuring DNA synthesis. Results are
mean = SEM (n = 6). *Statistically significant effect of canagliflozin.
*Statistically significant effect of AdCyclin A.

at a concentration of 50 uM, consistent with the effect of
canagliflozin on EC migration. These anti-angiogenic actions
occur at concentrations exceeding the typical plasma
concentration in the average T2DM patient but may
be particularly relevant for individuals with preexisting chronic
kidney disease, a history of kidney injury, or elderly patients
subjected to polypharmacy that may be exposed to much higher
concentrations of canagliflozin if appropriate dose adjustments
are not made (Davies et al., 2016; Fusco et al., 2016). Further,
as discussed above, our data suggest that human ECs may
be more sensitive than murine ECs to canagliflozin, thus,
we would speculate that sprouting by human ECs may be more

robustly attenuated than our results indicate using the mouse
aortic ring sprouting assay.

Our finding that canagliflozin robustly inhibits EC
proliferation and tube formation is of potential pharmacological
significance given that these processes contribute to vascular
repair and angiogenesis. Indeed, a recent report demonstrates
that canagliflozin reduces intra-tumor vascularization in a
xenograft model of liver cancer (Kaji et al., 2018). Thus, aside
from directly inhibiting tumor cell proliferation, canagliflozin
may curb tumor growth by blocking the formation of new
blood vessels that are needed to nourish the growing tumor.
In a similar fashion, canagliflozin may be of benefit in patients
with proliferative diabetic retinopathy, where unrestrained EC
proliferation and angiogenesis contributes to the disease process
(Simo et al., 2006). Moreover, since angiogenesis contributes
to atherosclerotic plaque progression and vulnerability (Virmani
et al, 2005; Camere et al, 2017), canagliflozin may also
mitigate the increased burden of atherosclerosis and its clinical
complications in diabetes. In support of this concept,
canagliflozin has recently been demonstrated to attenuate the
progression of atherosclerosis in atherogenic mice (Nasiri-
Ansari et al., 2018). On a cautionary note, by impairing the
proliferation and differentiation of ECs, canagliflozin may
further minimize limb blood flow in T2DM patients suffering
from peripheral arterial disease. Surprisingly, a recent report
found that canagliflozin accelerates the recovery of hind limb
blood flow following femoral artery ligation and excision in
diabetic mice, suggesting that the increased risk of amputation
reported with canagliflozin may not be related to an increase
in limb ischemia (Sherman et al., 2018). However, this preclinical
animal model does not fully mimic the clinical setting where
chronic limb ischemia in T2DM patients arises from progressive
and pervasive atherosclerosis. Finally, canagliflozin may
negatively impact clinical outcomes following coronary
angioplasty by impairing the re-endothelialization of injured
arteries, which is dependent, in part, on the proliferation of
ECs from the injured border zone or from branching vessels
adjacent to the site of injury (Hagensen et al., 2012). Given
these latter concerns, restricting canagliflozin use, or switching
to other anti-hyperglycemic medications seems advisable in
patients with peripheral artery disease or in patients undergoing
coronary artery stenting.

Finally, our studies were done in cultured human ECs and
isolated mouse arteries, which do not fully mimic the complex
biochemical and biophysical interactions that occur in vivo.
Although extension of our in vitro and ex vivo experiments
to an intact animal is important, our finding that human ECs
are more sensitive to the anti-proliferative action of canagliflozin
than murine ECs, suggest that studies in rodents may not
accurately reflect what occurs in humans. Another limitation
in our study is that the mechanism by which canagliflozin
blocks EC growth has not been fully disclosed. While inhibition
of cyclin A expression contributes to the anti-proliferative effect
of canagliflozin, other unidentified mediators are also involved.
Moreover, our study detected the presence of both SGLT1 and
SGLT2 in ECs. Given that a majority of active glucose uptake
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FIGURE 7 | Effect of SGLT2 inhibitors on EC tube formation. (A-C) Effect of canagliflozin, empagliflozin, and dapaglifiozin on tube formation by HUVECs.

(D) Representative two-dimensional images of EC capillary sprouting from control or canaglifiozin-treated mouse aortic rings. Aortic rings were cultured for 5 days in
fibrinogen gels in the absence or presence of canaglifiozin (50 uM) and EC capillary sprouting detected by fluorescence confocal microscopy following isolectin B,
staining. (E) Summary data showing the effect of canaglifiozin on capillary sprouting from mouse aortic rings. Results are mean + SEM (n = 4-8). *Statistically

significant effect of canagliflozin.

by ECs is mediated by the GLUT/SLC2A family of transporters
(Tumova et al., 2016), the functional significance of SGLT1/2 in
these cells is uncertain and will require additional studies.
In conclusion, the present study identified canagliflozin as
a potent inhibitor of human EC proliferation. The anti-
proliferative action of canagliflozin is observed in ECs isolated
from both the venous and arterial circulation, and is partly

due to the blockade of cyclin A expression. In addition, this
study found that canagliflozin inhibits tube formation in cultured
ECs and mouse aortic rings. Notably, these actions are specific
for canagliflozin and not seen with other SGLT2 inhibitors.
The ability of canagliflozin to exert these pleiotropic effects
on EC function may contribute to both the adverse and salutary
actions of this drug on cardiovascular function in T2DM patients.
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