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ARTICLE INFO ABSTRACT

Keywords: Sodium glucose cotransporter 2 (SGLT2) inhibitor canagliflozin has been found to increase the risk for lower-
SGLT2 inhibitors limb amputations in type 2 diabetics about two-fold. Conversely, empagliflozin and dapagliflozin do not
Dia]?etes . display a similar effect. A question arises whether the increased risk for minor amputations is associated only
;:s;zg::em with canagliflozin or whether it is a class effect of SGLT2 inhibitors. Defective angiogenesis has a role in am-
Transcriptome putations. We compared the effects of empagliflozin, dapagliflozin and canagliflozin on angiogenesis in vivo using

zebrafish model, and in vitro using human umbilical vein endothelial cells (HUVECs). The effects of SGLT2 in-
hibitors on the formation of intersegmental blood vessels (ISVs) of the zebrafish embryos were clarified. Addi-
tionally, transcriptome analysis was performed to explore whether putative angiogenesis-associated genes are
differentially regulated by SGLT2 inhibitors. The effects of SGLT2 inhibitors on the viability of HUVECs were
examined. We noticed that especially empagliflozin and also dapagliflozin significantly accelerated the formation
of ISVs of zebrafish embryos. In contrast, canagliflozin was not able to stimulate ISV formation, and at high
concentration, it was lethal to the embryos. Transcriptome analysis demonstrated that in empagliflozin-treated
embryos compared to canagliflozin-treated embryos seven genes previously shown to contribute to angiogenesis
were upregulated, and four downregulated. Canagliflozin at high concentrations, but not empagliflozin or
dapagliflozin, decreased the viability of HUVECs and disrupted their capability to sprout. SGLT2 inhibitors
differed in their effects on angiogenic processes in zebrafish embryos and on the viability of HUVECs suggesting
that the risk of SGLT2 inhibitors for peripheral amputations likely differs.

Amputation risk

1. Introduction

Long-term randomized controlled trials (RCTs) demonstrate that
sodium glucose cotransporter 2 (SGLT2) inhibitors reduce the risk for
cardiovascular and renal outcomes and all-cause mortality of type 2
diabetes patients [ 1-3]. SGLT2 inhibitors show cardiorenal benefits also
in non-diabetic patients [4,5]. However, there is some heterogeneity
between individual SGLT2 inhibitors in their effects on cardiovascular
events [1, 6-9]. The mechanisms whereby SGLT2 inhibitors reduce the
risk for cardiovascular and renal outcomes are currently not definitively
known, but mechanisms beyond their effect on glycemic control are
likely to play a major role [4,5,10]. The CANagliflozin cardioVascular
Assessment Study (CANVAS) program demonstrated that the use of
canagliflozin increases the risk for lower-limb amputation [8]. As such,
both Food and Drug Administration (FDA) and European Medicines
Agency (EMA) have warned about this rare but serious side effect and

the possibility that this effect may be associated with all SGLT2 in-
hibitors, even if the association has not been observed in the large RCTs
with empagliflozin and dapagliflozin [7, 11-13]. However, it has been
discussed whether the increased risk for lower-limb amputation is a class
effect produced by all SGLT2 inhibitors [14]. Interestingly, there are
individual studies collectively suggesting that SGLT2 inhibitors differ in
their effects on angiogenesis [15-17], and thereby their risk for ampu-
tations also likely differs. In this study, we compared the effects of
empagliflozin, dapagliflozin and canagliflozin on angiogenesis in vivo
using transgenic kdrl:EGFP zebrafish line [18] and in vitro using human
umbilical vein endothelial cells (HUVECS).
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2. Material and methods
2.1. Zebrafish care and breeding

Adult kdrl:EGFP zebrafish [18] and flila:EGFP [32] were placed into
mating tanks and after natural spawning, the fertilized eggs were
collected and cultured in E3-medium (5 mM NacCl, 0.17 mM KCl, 0.33
mM CaCl2, 0.33 mM MgS04) supplemented with 0.2 mM phenylthio-
urea (Sigma-Aldrich) at 28.5 °C. Thereafter, healthy green fluorescent
protein (GFP) positive, 23 h post-fertilization (hpf) embryos were
dechorionated and selected for the experiments. We performed the ex-
periments under the license of MMM/465,/712-93 issued by the Finnish
Ministry of Agriculture and Forestry and carried out in the Zebrafish
core facilities, Turku Bioscience. The zebrafish were a kind gift from Dr.
Markus Affolter and Dr. Heinz-Georg Belting (University of Basel, Basel,
Switzerland).

2.2. Angiogenesis quantification in vivo

The experiment overview is presented in Fig. la. Selected 23 hpf

s
a &
&
N &
O &
> ) \ &
$° & & S
& & & &0 58
¥ & X o o
& & & Y
& N o <8
L 1 ] ]
T $ @ &
& > v )

b

Relative length of ISVs

Empagliflozin

Dapagliflozin Canagliflozin

mControl ®m1pyM =10pyM =50 yM =100 uM =200 uM

Fig. 1. a Overview on the zebrafish experiments with a diagram of the forming
intersegmental blood vessels (ISVs) at two time points (23 hpf and 27 hpf), and
microscope images of live embryos. The quantified ISVs are marked with white
arrows. DA stands for dorsal aorta, hpf for hours post fertilization. Scale bar
200 um (1b) Quantification of SGLT2 inhibitor-regulated ISV growth. The
length of the vessels is given as relative lengths to control embryos. The number
of embryos analyzed in 0, 1, 10, 50, 100, and 200 pM of SGLT2 inhibitors:
empagliflozin n =18, n =18, n =15, n =12, n =16, n = 14, respectively;
dapagliflozinn =7, n=4,n=8,n =8, n =9, and n = 6, respectively; cana-
gliflozinn=6,n=4,n=9,n =8, n=>5, and n = 0, respectively. Data were
analyzed with Dunnetts test and shown as mean +SD. ***P < 0.001,
**P < 0.01, *P < 0.05.
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embryos were treated with the SGLT2 inhibitors empagliflozin, dapa-
gliflozin and canagliflozin (Selleckchem, Houston TX, USA using drug
concentrations of 1 pM, 10 uM, 50 uM, 100 pM, and 200 uM. The DMSO
concentration was adjusted to 1 % in all treatments and concentrations.
We maintained the embryos in an incubator at 28.5 C. At 27 hpf, the
embryos were anesthetized with Tricaine (ethyl 3-aminobenzoate
methane sulfonate salt, 200 mg/1) (Sigma-Aldrich, Saint Louis, Mis-
souri, USA) and photographed with a stereomicroscope (Zeiss Axio-
ZOOM.V16). We quantified the lengths of the last nine intersegmental
blood vessels (ISVs) using ImageJ [19].

Furthermore, time-lapse imaging of ISV formation in response to
empagliflozin, dapagliflozin and canagliflozin was performed. First, the
22 hpf roy, mitfa, flila:EGFP’! embryos were dechorionized and subse-
quently anaesthesized with Tricaine as above. Anesthesized embryos
were mounted in optical 6-well plates on lateral orientation and in 0.7 %
low-melting point agarose supplemented with test compounds and Tri-
caine (200 mg/1). After agarose had solidified, it was overlayed with
2 ml of E3-medium supplemented with test compounds and Tricaine.
Samples were imaged at 28.5°C using Nikon Eclipse Ti2 wide-field
fluorescence microscope using 20x LD NA 0.45 objective, 475/28 nm
LED illumination and GFP sPx 515/30 nm emission filter. Z-stack from
each sample was taken with 10 min 15 s intervals and imaging was
carried out for total of 26 cycles from ~23 hpf to ~27 hpf. After imaging,
the images were processed using ImageJ [19] by background subtrac-
tion (rolling ball radius 25) and maximum projection along Z-axis. The
length of ISVs in different time points were measured manually using
ImageJ and segmented line tool, and elongation speed was calculated for
each ISV.

To examine the effects of empagliflozin, dapagliflozin and canagli-
flozin on angiogenesis beyond 27 hpf, we analyzed ISV hypersprouting
and quantified endothelial nuclei of 54 hpf kdrl:EGFP embryos as fol-
lows. Fixed 54 hpf kdrl:EGFP embryos were stained with 4 pg/ml of
methyl green for 3 h in PBS + 0.2 % Tween-20 (PBSTw) at room tem-
perature. After several washes with PBSTw, the embryos were mounted
with low-melting point agarose in samples holder. Endothelial cell
nuclei were identified through image processing of 3D datasets of
vascular EGFP channel and general nuclear methyl green (MG) staining
channel in ImageJ. In short, the background was removed (rolling ball
radius 50) and EGFP and MG channels were multiplied with each other
to highlight endothelial nuclei in a 32-bit floating image. The colocali-
zation channel was subjected to background subtraction and pixel in-
tensities converted back to 16-bit format and merge with EGFP and MG
channels into a multi-channel 3D image stack. Finally, the number of
endothelial nuclei in ISVs were counted manually and maximum Z-
projections generated for presentation.

2.3. Image processing software

Images were processed using ImageJ [19], Arivis Vision 4D 3.5
(Arivis AG, Rostock, Germany) and Omero with Omero.figure (https
://WWW.Openmicroscopy.org/).

2.4. Transcriptome analysis and RNA-sequencing

The 27 hpf embryos (n = 5 per sample) were lysed and their total
RNA was extracted with RNAeasy Mini Kit (QIAGEN, Hilden Germany)
according to the manufacturer’s instructions. The stranded mRNA
sequencing analysis for control (DMSO), empagliflozin (50 pM), and
canagliflozin (50 uM) (4 samples in each group) and the subsequent
transcriptome analysis were performed at the Finnish Functional Ge-
nomics Center, Turku Bioscience (https://bioscience.fi/services/functio
nal-genomics/services/). The data analysis was performed at the Med-
ical Bioinformatics Center, Turku Bioscience (https://bioscience.fi/
services/bioinformatics/).
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2.5. Quantitative PCR

The angiogenesis-associated genes were validated using reverse
transcriptase-quantitative polymerase chain reaction (RT-qPCR). Gene-
specific primers for zebrafish (Table S1) were designed using NBCI
Primer BLAST. RT-qPCR was performed using Sensifast™ cDNA Syn-
thesis Kit (Meridian Bioscience, Cincinnati, Ohio, USA) and DyNAmo
Flash SYBR Green qPCR Kit (Thermo Fisher Scientific) as triplicate re-
actions in CFX96 Touch Real-Time PCR Detection System (BioRad,
Hercules, California, USA). Gene expression was normalized to ribo-
somal protein L13a (rpl13a) mRNA expression and quantified as relative
to control using the relative AACq method [20].

2.6. Bioinformatic analysis of proteins encoded by the differentially
regulated genes

We conducted a gene enrichment analysis with Panther (Protein
ANalysis THrough Evolutionary Relationships) v14.0 Over-
representation Test (http://geneontology.org/) [21] for the differen-
tially regulated genes (Figure S1 A). The statistical testing of the
significance of enrichment with Fishers Exact Test was conducted with a
false discovery rate (FDR) < 0.05. Thereafter, we performed the
ontology analysis of the SGLT2 inhibitor regulated genes (Figure S1 B)
using String database v11.0 (https://string-db.org/) with default set-
tings [22].

2.7. Cell culture

The HUVECs were purchased from Lonza (cat no. C2519A, Basel,
Switzerland) and cultured according to the manufacturer’s instructions.
The cells were tested negative for mycoplasma using MycoAlert™ My-
coplasma Detection Kit (Lonza) before the experiments.

2.8. Cell viability testing and imaging of tube-formation in vitro

The 3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium bromide
(MTT) assay for HUVECs was performed according to the manufac-
turer’s (Promega, Madison, WI, USA) protocol using 1, 10, and 50 uM of
each SGLT2 inhibitor.

Also, the imaging of tubule sprouting was carried out using the same
SGLT2 inhibitor concentrations as in the MTT assays. The formation of
tube-like structures in HUVECs grown on Matrigel-coated 6-well dishes
was photographed at 16 h with microscope using 4x objective
(Olympus Leica, Tokyo, Japan).

2.9. Data analyses

The statistical significance between the different SGLT2 inhibitors on
ISV formation was analyzed with Dunnetts multiple comparison test.
The differential effect of SGLT2 inhibitors on ISV hypersprouting (yes/
no scale) and the number of endothelial cell nuclei in the sprouts were
analyzed using Fishers exact test. The 90 % confidence interval for
fraction of embryos displaying hypersprouting phenotype was generated
using Wilson/Brown algorithm in GraphPad Prism 9. The RT-qPCR re-
sults were analyzed using multiple Students t-test adjusting false dis-
covery rate (Q) to 5 % using GraphPad Prism 6.05 software (GraphPad
Software, La Jolla, California, USA). The significance of differences be-
tween the SGLT2 inhibitor treated HUVECs in the MTT assay in vitro was
performed with one-tailed Students t-test.

3. Results

3.1. Empagliflozin, dapagliflozin and canagliflozin differ in their effects
on ISV formation in zebrafish

The SGLT2 inhibitors differed in their effects on stimulating the
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growth of ISVs in zebrafish embryos, i.e. angiogenesis (Fig. 1b). Empa-
gliflozin treatment showed the greatest potency in stimulating ISV
growth of zebrafish embryos trunk. It increased the length of the ISVs
statistically significantly already at the concentration of 10 uM. Dapa-
gliflozin also increased the speed of sprouting of the ISVs of zebrafish
embryostrunk, although at higher concentrations (100 and 200 uM). In
contrast, canagliflozin failed to stimulate the formation of ISVs, and at
the concentration of 200 uM, it was lethal to the embryos.

Time-lapse analysis to examine the speed of ISV growth during
23-27 hpf further confirmed the finding above. Consistently with single
time point analyses (Fig. 1b), the growth speed of ISVs was significantly
faster upon treatment with empagliflozin and dapagliflozin than with
DMSO control (Fig. 2). Canagliflozin failed this effect (Fig. 2). Inter-
estingly, with empagliflozin the stimulation of angiogenesis as estimated
with sprouting phenomenon was still evident beyond 27 hpf. As shown
in Fig. 3, empagliflozin treated embryos displayed increased sprouting
and formation of ectopic vascular branches at the time point 54 hpf. The
same effect was not observed with dapagliflozin or canagliflozin (Fig. 3).
To further examine the effect of empagliflozin, dapagliflozin and cana-
gliflozin on angiogenesis beyond 27 hpf, we stained kdrl:EGFP trans-
genic embryos with nuclear dye and created a vascular specific nuclear
signal channel by using co-localization analysis. The results showed that
the cell number in ISVs was significantly increased in response to
empagliflozin, but not with dapagliflozin or canagliflozin (Fig. 4). This
implies that empagliflozin increased cell divisions of endothelial cells.

3.2. Early developmental processes in vivo are affected by SGLT2
inhibitors

To analyze potential differences in transcriptomic response induced
by SGLT2 inhibitors, a comparison (FC > 2 and FDR < 0.05) in the gene
expression profile between empagliflozin- and canagliflozin-treated
embryos was conducted. The results showed that empagliflozin and
canagliflozin differentially regulate the expression of 45 genes. Of these
45 genes, 33 were upregulated and 12 downregulated in response to
empagliflozin compared to canagliflozin (Table 1).

We also performed gene enrichment analysis using Panther (Figure S
1A). The gene ontology molecular annotations detected various devel-
opmental steps including eye development and visual perception. Gene
ontology analysis using String showed one known interaction from
curated databases, namely interaction between fibronectin 1b (Fnlb)
and matrilin 3a (Matn3a), and a few interactions based on, e.g. text
mining (Figure S1 B). Similar to Panther, the results from String showed
no direct indication in the regulation of angiogenesis.

3.3. Several angiogenesis-associated genes exhibit differential expression
in response to empaglifiozin and canagliflozin

As the bioinformatics pathway and the interaction analyses failed to
provide clear answers, we carried out a detailed literature search on
significantly altered genes. Of the upregulated genes, we found seven
genes (Table 2A) that have earlier been shown to contribute to angio-
genesis regulation, namely ankyrin repeat domain 1b (ankrd1b), annexin
A3a (anxa3a), atonal bHLH transcription factor 7 (atoh), ceruloplasmin
(cp), early growth response 1 (egrl), fibronectin 1b (fnlb), and ferritin,
heavy polypeptide-like 30 (Zgc:173593). Likewise, of the downregulated
genes (Table2 B), four genes have previously been demonstrated to be
involved in angiogenesis. These are ankyrin repeat domain 37 (ankrd37),
cd36, cathepsin S (ctssb.1), and matrix metallopeptidase 13a (mmp13a).

Of the seven significantly upregulated genes four genes could be
validated by RT-qPCR, namely ankrdlb, atoh7, cp, and 2zgc:173593
(Fig. 5). Regarding the four downregulated genes, three of them,
aknrd37, cd36, and ctssb1 had validated downregulation (Fig. 6).
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3.4. Empagliflozin and canagliflozin differentially influence the viability
and angiogenesis behavior of HUVECs in vitro

We treated HUVECs with SGLT2 inhibitors using concentrations of 1,
10, and 50 uM and assessed their viability with MTT assay (Fig. 7). In

154 min
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) Fig. 2. a Transgenic flila:EGFP, roy, mitfa fish
205 min were anesthesized, immobilized in agarose and

imaged from 23 hpf to 27 hpf. Maximum pro-

jections of the representative images from 0 to

205 min are shown. Scale bar 50 um (2b) The

elongation speed of ISVs was quantified and

analyzed using one-way ANOVA and Dunnetts

post hoc test. Average speed per embryo was

used and are presented in the graph. DMSO

[solvent control, n =6 embryos (23 ISVs),

f EMPA (50 uM empagliflozin, n =4 embryos
. (13 ISVs), DAPA (50 uM dapagliflozin, n =5

embryos (18 ISVs), CANA (50 uM canagliflozin,
n=>5 embryos (14 ISVs)]. ***P < 0.001,
**P < 0.01, ns=non-significant.

MTT assay, canagliflozin at concentrations of 10 and 50 uM significantly
decreased the viability of HUVECs. We also examined the tube-forming
capability of HUVECs in vitro. Here, treatment of HUVECs with 50 uM of
canagliflozin completely disrupted their capability to form tube-like
structures (Fig. 8).
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Fig. 3. a Transgenic kdrl:EGFP zebrafish embryos were treated with inhibitors from 23 hpf to 54 hpf and fixed. The samples were imaged with light-sheet fluo-
rescence microscope. Representative images of the sprouting are shown. Scale bar 100 pum.(3b) Quantification of excess sprouting in the embryos. Statistical analysis
using Fisher’s exact test, error bars produced with Wilson/Brown algorithm. DMSO, n = 10 embryos; EMPA (50 uM empagliflozin), n = 9 embryos; DAPA (50 uM
dapagliflozin), n = 10 embryos; CANA (50 uM canagliflozin), n = 9 embryos. **P < 0.01, ns=non-significant.

4. Discussion

Using a transgenic kdrl:EGFP zebrafish line, we show here that in-
dividual SGLT2 inhibitors have distinctive effects on angiogenesis in
vivo. Specifically, we show here that especially empagliflozin and also
dapagliflozin significantly accelerate the formation of ISVs of zebrafish
embryos, while canagliflozin is not able to do the same, and at high
concentration it is lethal to the embryos. Our results are in agreement
with previous studies demonstrating that empagliflozin effectively en-
hances angiogenesis in the heart of diabetic mice [17] whereas cana-
gliflozin decreases the ischemic hind-limb microvessel density in these
animals [16]. Furthermore, various cardiovascular effects of SGLT2 in-
hibitors have been reviewed [23] and notably, canagliflozin often has

different effects compared with others. Our results with HUVECs in vitro
further show that canagliflozin decreases the viability of the cells and
with high concentrations disrupts their capability to form tube-like
structures. This has also been shown earlier [15]. Defective angiogen-
esis can lead to and maintain a circulatory failure, e.g. in lower ex-
tremities predisposing to amputations [24]. Thus, our results strongly
support the statement that the increased risk for minor amputations
associated with current SGLT2 inhibitor therapies is most likely not a
class effect. The large and long-term RCTs with different SGLT2 in-
hibitors also strongly support this conclusion [25]. In the CANVAS trial,
canagliflozin had about a two-fold increased risk for amputations, pri-
marily at the level of the toe or metatarsal [8], while in the large RCTs
with empagliflozin and dapagliflozin this association was not detected
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o

Fig. 4. 585858a Transgenic kdrl:EGFP zebra-
EC nuclei fish embryos were treated with SGLT2 in-
hibitors from 23 hpf to 54 hpf and fixed. Fixed
embryos were stained for nuclei with methyl
green. The samples were imaged with light-
sheet fluorescence microscope. The endothe-
lial nuclei were computationally identified
through colocalization between general nuclear
signal and vascular EGFP signal. Representative
images are shown. Scale bar 100 uM.(4b)
Quantification of the number of endothelial
nuclei in ISVs. DMSO, n = 4 embryos (34 ISVs);
EMPA (50 uM empagliflozin), n = 4 embryos
(39 ISVs); DAPA (50 uM dapagliflozin), n = 3
embryos (23 ISVs); CANA (50 uM canagli-
flozin), n = 3 embryos (30 ISVs). Embryos from
the same set as in experiments in Fig. 3 were
used in the analysis. Statistical analysis was
performed with one-way ANOVA and Dunnetts
post hoc test. **P < 0.01, ns=non-significant.
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Table 1

Number of differentially expressed genes (FC > 2 and FDR < 0.05) of zebrafish
embryos after treatment with different SGLT2 inhibitors. The number of samples
in each treatment group (Empagliflozin, Canagliflozin and Control) was 4.

Comparisons Total Upregulated Downregulated
Empagliflozin vs. Control 8 4 4
Canagliflozin vs. Control 0 0 0
Empagliflozin vs. Canagliflozin 45 33 12

[11-13, 17].

It can be argued that the concentrations of the SGLT2 inhibitors used
in this study were too high, because it has been shown that the maximal
concentration for empagliflozin and dapagliflozin is around 0.5 uM and
for canagliflozin about 3 uM [26-28]. However, in zebrafish embryo
experiments of the present study, the SGLT2 inhibitors were adminis-
tered into the culture medium and not directly into the embryos. The
drug concentrations in the medium outside the zebrafish embryo typi-
cally exceed the within embryo concentrations as the embryo surface
forms a barrier for drug uptake and bioavailability for intracellular drug
targets. Often the lack of appropriate analytical methods prevents the
measurement of drug concentration inside embryos, but some success-
fully measured examples include 5 % uptake of morphine [29] and 0.1-2
% uptake of estradiol [30]. Here, we did not have access to appropriate
and validated analytical (e.g., HPLC-MS) assay to measure the actual
intra-embryo concentrations of the SGLT2 inhibitors. Thus, we had to
rely on the estimates mentioned above. Based on this and using esti-
mated 0.1-5 % uptake, the effective concentration of 10 uM of empa-
gliflozin would translate into 0.01-0.5 uM intra-embryo concentrations,
and on the other hand, the 50 uM canagliflozin concentration would
translate into 0.05-2.5 uM. These estimations imply that the effective
concentrations of empagliflozin, dapagliflozin and canagliflozin within
the embryos were at the clinically relevant range in this study.

Zebrafish is a widely recognized model for studying angiogenesis,
and functional studies have shown that the molecular agents regulating
vascular development are markedly conserved between fish and mam-
mals [31-33]. The ISVs are formed through angiogenic endothelial

Table 2
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Fig. 6. Downregulated gene expression in response to SGLT2 inhibitor treat-
ments. For each gene n = 3. The results shown are representatives of three
separate experiments. Data were analyzed with Students t-test (false discovery
rate Q adjusted to 5 and shown as mean + SD. **P < 0.01, *P < 0.05.

(A.) Angiogenesis-associated genes upregulated in zebrafish embryos in response to empagliflozin compared to canagliflozin.

Symbol Gene zebrafish Orthologous to human Entrez log2fc  Function of the gene product in angiogenesis
gene D
ankrd1b ankyrin repeat domain ANKRD1 564159 1.052  Induces angiogenesis during wound healing
1b
anxa3 annexin A3a ANXA3 447893 1.095  Required during early vascular development
atoh7 atonal bHLH ATOH7 58216 1.387  Involved in retinal angiogenesis and vessel pattering
transcription factor 7
cp ceruloplasmin cp 84702 1.256  Induces corneal angio-genesis when bound to copper
egrl early growth response 1 EGRI 30498 1.096  Induces vascular inflammation in gestational diabetes mellitus; Inhibits angio-
genesis in normoxia, and induces angiogenesis in hypoxia
fnlb fibronectin 1b FN1 334613 1.040  Required for proper capillary morphogenesis and maintenance of vascular
homeostasis
2gc:173593  ferritin, heavy None identified. NA 1.162  Proangiogenic molecule by antagonizing two-chain high mol. weight kininogen
polypeptide-like 30 Predicted to
have ferric iron binding
activity
Table 2
(B). Angiogenesis-associated genes downregulated in zebrafish embryos in response to empagliflozin compared to canagliflozin.
Symbol Gene zebrafish Orthologous to human Entrez log2fc  Function of the gene product in angiogenesis
gene ID
ankrd37  ankyrin repeat domain ANKRD37 793783 -1.414  Angiogenesis-related gene
37
cd36 cd36 molecule CD36 436636 -1.108  Promotion of tumor angiogenesis
ctssb1 cathepsin S CTSS (Cathepsin S) 554157 -1.258  Promotes angiogenesis; Mediator of endothelial dysfunction-related microvascular
diabetes complications
mmpl3a  matrix metallo- MMP13 387293 -1.060  Induces angiogenesis related to wound healing; Involved in vascular remodeling

peptidase 13a
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Fig. 7. Cell viability in response to SGLT2 inhibitor treatments using the MTT
assay. The effect of canagliflozin and empagliflozin were compared with
treatments with respective concentrations of empagliflozin (n =3 for each
treatment). The results shown are representatives of three separate experi-
ments. Data were presented as mean + SD. *** P < 0.001.

sprouting, approximately starting at 22 hpf [34]. In our study, we
initiated drug treatments at 23 hpf, right after the onset of ISV growth.
By using this model not mimicking diabetic conditions, our results
indicate remarkable regulation of angiogenic processes in non-diabetic
conditions in vivo.

We found no clear indication of genes regulating angiogenesis using
Panther analysis (Figure S1 A). Similarly, String analysis did not reveal
significant molecular interactions regarding angiogenesis and vascular
formation (Figure S1 B). However, we revealed several potential
angiogenesis regulating candidate genes. Of the upregulated and vali-
dated genes, ankrd1b, atoh7, cp and zgc:173593 have earlier been linked
to various angiogenic processes. First, the expression of ankrd1b (alias
carp), is associated with the regulation and initiation of arterial devel-
opment in mice and rabbits [35]. It is also involved in therapeutic
wound healing in ischemic wounds in rats and excisional wounds in
rabbits [36]. Regarding Atoh7, its expression together with the astro-
cytic network is required for proper retinal vascularization and vessel

Empa

Canagliflozin 1 uM
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patterning [37]. This is in concordance with our Panther results indi-
cating several sequential processes in the development of the eye.
Interestingly, SGLT2 inhibitors have already shown potential beneficial
effects in the treatment of diabetic retinopathy and retinal microcircu-
lation [38].

The third angiogenic candidate, Cp, has also been indicated to be an
inducer of angiogenesis in the eye, namely in the capillary formation in
the cornea [39]. According to our knowledge, no studies have explored
the association between SGLT2 inhibitors and corneal angiogenesis. The
fourth gene, zebrafish zgc:173593, has no orthologous human gene but is
predicted to have both ferric acid iron and ferrous iron binding activities
similar to ferritin. Ferritin binds to the cleaved high molecular weight
kininogen, a protein with antiangiogenic properties on ECs in vitro and in
vivo, and blocks its function [40].

Of the significantly downregulated and validated genes, ankrd37 is
recognized as a hypoxia-inducible factor-1 (HIF-1) target gene [41]. Like
for Cd36, Ankrd37 is present in microvascular ECs and mediates the
antiangiogenic effects of thrombospondin-1 [42]. Finally, ctssbl,
orthologous to the human cathepsin S (CTSS), is involved in the devel-
opment and progression of e.g., abdominal aortic aneurysm (AAA) [43].
Interestingly, cathepsin S also identifies as an activator of the
protease-activated receptor-2 (PAR2), a receptor inducing EC injury and
microvascular permeability [44].

It is well known that Vegfaa/Vegfr2 pathway plays an important role
for ISV formation in zebrafish [45]. However, in the present study
transcriptome analysis did not reveal any difference between SGLT2
inhibitors empagliflozin, dapagliflozin and canagliflozin in their effects
on the vegfaa/vegfr2 expression.

In addition to the in vivo zebrafish model, we examined the effects of
SGLT2 inhibitors on the viability and sprouting of HUVECs. Conse-
quently, we detected significant effects after treatment with canagli-
flozin; especially higher concentrations of canagliflozin decreased the
viability of the HUVECs and disrupted their capability to form tube-like
structures in vitro. These results confirm our in vivo observations on the
distinctive effects of SGLT2 inhibitors on the process of angiogenesis.

Fig. 8. Representative images of tube-formation of cultured HUVECs in response to SGLT2 inhibitor treatments. Note, that canagliflozin at the concentration of

50 uM disrupted the tube-forming capability of the cells.
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5. Conclusion

In conclusion, since decreased perfusion is linked to lower-limb
amputation, the differential angiogenic properties may explain varia-
tion in lower-limb amputation rates in SGLT2 inhibitor-treated patients
observed in the large RCTs [7, 8, 11-13]. Although more studies are still
required, clinicians should pay attention to the selection of the SGLT2
inhibitor, particularly in patients at high risk for amputation [46].
Alternatively, a more intensive follow-up of these patients would be
recommendable. Based on the results of our present study and the large
RCTs, namely CANVAS [47], EMPA-REG-OUTCOME [48] and
DECLARE-TIMI 58 [49] the above recommendations have to be taken
into consideration particularly when initiating canagliflozin therapy.
Finally, the results of our present study open potential avenues for
discovering new putative factors responsible for the pleiotrophic effects
of SGLT2 inhibitors.
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