Cardiovascular Drugs and Therapy (2021) 35:1083-1094
https://doi.org/10.1007/510557-020-07083-w

ORIGINAL ARTICLE ;‘)

Check for
updates

Novel Anti-inflammatory Effects of Canagliflozin Involving
Hexokinase Il in Lipopolysaccharide-Stimulated Human Coronary
Artery Endothelial Cells

Laween Uthman' - Marius Kuschma ' - Gregor Rémer' - Marleen Boomsma - Jens Kessler? - Jeroen Hermanides " «
Markus W. Holimann' - Benedikt Preckel - Coert J. Zuurbier' - Nina C. Weber

Accepted: 16 September 2020 / Published online: 13 October 2020
© The Author(s) 2020

Abstract

Purpose Vascular inflammation and disturbed metabolism are observed in heart failure and type 2 diabetes mellitus. Glycolytic
enzyme hexokinase II (HKII) is upregulated by inflammation. We hypothesized that SGLT2 inhibitors Canagliflozin (Cana),
Empagliflozin (Empa) or Dapagliflozin (Dapa) reduces inflammation via HKII in endothelial cells, and that HKII-dependent
inflammation is determined by ERK1/2, NF-kB. and/or AMPK activity in lipopolysaccharide (LPS)-stimulated human coronary
artery endothelial cells (HCAECs:).

Methods HCAECs were pre-incubated with 3 uM or 10 uM Cana, 1 uM, 3 uM or 10 uM Empa or 0.5 uM, 3 uM or 10 uM
Dapa (16 h) and subjected to 3 h LPS (1 pg/mL). HKII was silenced via siRNA transfection. Interleukin-6 (IL-6) release was
measured by ELISA. Protein levels of HK I and II, ERK1/2, AMPK and NF-kB were detected using infra-red western blot.
Results LPS increased IL-6 release and ERK1/2 phosphorylation; Cana prevented these pro-inflammatory responses (IL-6: pg/
ml, control 46 + 2, LPS 280 £ 154 p < 0.01 vs. control, LPS + Cana 96 + 40, p < 0.05 vs. LPS). Cana reduced HKII expression
(HKII/GAPDH, control 0.91 £ 0.16, Cana 0.71 £0.13 p < 0.05 vs. control, LPS 1.02 £0.25, LPS + Cana 0.82 £0.24 p < 0.05 vs.
LPS). Empa and Dapa were without effect on IL-6 release and HKII expression in the model used. Knockdown of HKII by 37%
resulted caused partial loss of Cana-mediated IL-6 reduction (pg/ml, control 35 £ 5, LPS 188 £ 115 p < 0.05 vs. control, LPS +
Cana 124 £ 75) and ERK1/2 activation by LPS. In LPS-stimulated HCAECs, Cana, but not Empa or Dapa, activated AMPK.
AMPK activator A769662 reduced IL-6 release.

Conclusion Cana conveys anti-inflammatory actions in LPS-treated HCAECs through 1) reductions in HKII and ERK1/2
phosphorylation and 2) AMPK activation. These data suggest a novel anti-inflammatory mechanism of Cana through HKII.
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Introduction

Chronic vascular inflammation is a common early signature in
patients with type 2 diabetes mellitus (T2DM) and is strongly
associated with an increased risk of cardiovascular disease

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10557-020-07083-w) contains supplementary

material, which is available to authorized users. [1-3]. The metabolic profile of T2DM consists of hypergly-
cemia, which instigates a shift toward disturbed glucose utili-
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human cells and in small animal models of inflammation [5, 6,
8—11]. Targeting enhanced glycolysis via HKII inhibition may
hence alleviate the inflammation that is involved in the vas-
cular pathology of T2DM.

The kidney-targeted sodium-glucose cotransporter 2
(SGLT?2) inhibitors Canagliflozin (Cana), Empagliflozin
(Empa), and Dapagliflozin (Dapa) exhibited pronounced ben-
eficial effects on cardiovascular outcome in patients with and
without T2DM, including reductions in heart failure events,
hospital admissions, and chronic kidney disease [12—15].
Recent data suggest that direct, SGLT2 unrelated, cardiovas-
cular actions of SGLT2 inhibitors account, at least in part, for
the reported cardiovascular benefits [16-21]. Interestingly,
several of these studies suggest an anti-inflammatory mecha-
nism underlying the positive clinical outcomes of SGLT2 in-
hibitors [18, 22, 23]. Others report that glucose uptake is hin-
dered by SGLT?2 inhibitors in a variety of cell types, including
endothelial cells [24-26].

At the site of the endothelium, inflammation is best char-
acterized by the release of pro-inflammatory cytokines and
enhanced expression of adhesion molecules. Both facilitate
leukocyte recruitment and translocation through the vascular
wall leading to endothelial dysfunction [27]. The presence of
leukocytes also promotes fibrosis and enables atherosclerotic
plaque formation in the coronary circulation. In cell and ani-
mal models of diabetes as well as in patients with T2DM,
elevated levels of circulating and endothelial inflammatory
markers, such as interleukin 6 (IL-6) and vascular cell adhe-
sion molecule 1, as well as markers of endothelial dysfunction
are generally observed [28-32].

Diabetes mellitus associates with changes in the gut
microbiome, increasing the leakiness of LPS through the gut
wall, thereby further inducing tissue inflammation [33]. LPS
can bind to the toll-like receptor 4 (TLR4) that is expressed on
endothelial cells. TLR4 binding simultaneously activates nuclear
factor-kB (NF-kB) and the mitogen-activated protein kinases
(MAPK), including extracellular regulated kinases 1 and 2
(ERK1/2) [34]. In macrophages, activation of TLR4 by LPS
shifts the cell metabolism to a glycolytic phenotype, with elevat-
ed glucose consumption, lactate production, and increased HKII
expression and activity [7]. Furthermore, a central regulator of
cellular metabolic pathways and an anti-inflammatory signaling
protein is the adenosine monophosphate (AMP)-activated kinase
(AMPK) [35, 36]. Previous studies have reported that SGLT2
inhibitors can activate AMPK, and that AMPK activation may
contribute to the anti-inflammatory mechanism of these drugs
[18, 19, 37]. Collectively, these findings suggest a strong asso-
ciation between cell metabolism and inflammation. Targeting
metabolic intermediates of glycolysis to attenuate inflammation
may be a key strategy to reduce early vascular abnormalities
occurring in diabetes-associated cardiovascular disorders.

An anti-inflammatory action of SGLT2 inhibitors has not
been previously linked to changes in endothelial glycolytic
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enzymes, such as HKII. Therefore, in this present study, we
hypothesized that (1) SGLT2 inhibitors Cana, Empa, and
Dapa reduce LPS-stimulated inflammation in human cardiac
endothelial cells; (2) HKII is involved in the possible anti-
inflammatory effects of the SGLT2 inhibitors; and (3)
ERK1/2, NF-kB, and AMPK activity have a role in the HKII-
dependent anti-inflammatory actions of SGLT?2 inhibitors.

Methods
Cell Culture and Experimental Procedure

HCAECs were purchased from Promocell (Heidelberg,
Germany) and grown in vascular basal cell medium with sup-
plements (ATCC, Manassas, VA, USA), containing 5-ng/ml
vascular endothelial growth factor, 5-ng/ml epidermal growth
factor, 5-ng/ml fibroblastic growth factor, 15-ng/ml insulin-
like growth factor 1, 10-mM L-glutamine, 0.75-U/ml heparin
sulfate, 1-pg/ml hydrocortisone, 50-pg/ml ascorbic acid, 1%
amphotericin B, 1% penicillin-streptomycin, and 10% FBS.
Cells were grown at 37 °C in a Heracell™ 150i CO, incubator
(Thermo Fisher Scientific, Waltham, MA, USA). All experi-
ments were performed with cells from passage 5 to 8 when
they reached 80-90% confluency. At the start of each exper-
iment, cells were pre-incubated overnight (16 h) with vehicle
or different compounds, including SGLT2 inhibitors at con-
centrations 3- and 10-uM Cana, 1-, 3- and 10-uM Empa,
0.5-, 3- and 10-uM Dapa (all three from MedChem,
Sollentuna, Sweden), 1-uM TAK-242 to inhibit LPS-
induced TLR4 signaling, 50-uM PD-98059 to inhibit ERK
phosphorylation (Cambridge Bioscience, Cambridge, UK),
100-uM A7869662 to activate AMPK, or a combination of
two compounds, in serum-reduced (2% FBS) media. The next
day, HCAECs were subjected to 1-pg/mL LPS (Sigma
Aldrich, Saint Louis, MO, USA) with vehicle or intervention
for 3 h.

Transfection with Small Interfering RNA (siRNA) for
HKIl

Knockdown of HKII in HCAECs was performed as previous-
ly described [38, 39]. In short, cells in 6-wells plates with
confluency between 50 and 80% were transfected with 20-
nM siRNA for HKII (Art# 4390824, ID# S6560, lot#
ASO2DUJU, Thermo Fisher Scientifics) or negative control
(AM4611, Ambion by Thermo Fischer Scientifics) for 24 h
using Lipofectamine RNAiMax (Invitrogen by Thermo
Fischer Scientifics, Waltham, MA, USA) and in antibiotic-
and antimycotic-free medium. Cells were passaged 24 h after
the start of transfection at a ratio of 1:2. Thereafter, the cells
were cultured in antibiotic- and antimycotic-free medium for
48 h before the media was collected for IL-6 levels



Cardiovasc Drugs Ther (2021) 35:1083-1094

1085

determination and cells were lysed for western blotting. At
end experiment, a confluency of 80-90% was reached by
the cells.

Western Blot

Whole cell lysates were collected directly at the end of the
experiment. Briefly, cells were rinsed with ice-cold PBS and
collected in lysis buffer, made from RIPA buffer (150-mM
NaCl, 50-mM TrisHCI, 1% Nonidet P40, 0.25% sodium
deoxycholate, and 0.1% SDS), supplemented with 1-mM
phenylmethylsulfonyl fluoride, 2-mM Na3;VOy,, 1-mM dithio-
threitol, 1-mM sodium pyrophosphate, 50-uM sodium fluo-
ride, and a protease inhibitor mixture (17-uM leupeptin, 1-uM
aprotinin, and 12-uM pepstatin (all three from Sigma
Aldrich)). After centrifugation at 14000 g, 4 °C for 10 min,
the supernatant was collected and stored at — 80 °C until use.
Samples were sonicated on ice in repeated short cycles (5 s,
energy mode, 20 Joules, 70% amplitude, repeated for 4 times)
using the Low Power Ultrasonic Systems 2000 Lpt/LPe with
microtip (Branson, Danbury, CT, USA).

Western blotting was performed as described previous-
ly [40]. Sample protein contents, determined with the
Lowry method, were adjusted to the same concentration
for each blot. After overnight incubation with primary
antibodies against phospho-AMPK, AMPK, HKI, HKII,
phospho-ERK, ERK, and GLUT!1 (1:1000, all from
CST, Danvers, MA, USA) and household protein
GAPDH (CST, 1:5000), membranes were washed with
phosphate-buffered saline (PBS) containing 0.1% tween
(Sigma) and incubated with the complementary secondary
antibody (IRdye, 1:5000, Li-Cor, Lincoln, NE, USA) for
1 h at room temperature before they were washed again.
The membranes were scanned with the Odyssey CLx op-
erator (Li-Cor) at auto-scan setting for dynamic range,
169-um resolution and medium quality, and quantifica-
tion of the bands was performed with Image Studio™
Software (Version 5.2, Li-Cor). For quantification of the
band signals, the signal from each band was normalized to
the signal from the largest band on the membrane accord-
ing to the manufacturer’s instructions, to reduce the
chances of technical variation. Whole membrane scans
used for the results sections are provided in the ESM
(Electronic Supplementary Materials).

Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatant from each well was collected and spun at 250
g, 4 °C for 10 min. Levels of IL-6 were determined using
ELISA (R&D Systems, Minneapolis, MN, USA) according
to manufacturer’s instructions.

Hexokinase Activity

HK activity was measured photospectrometrically in cell ex-
tracts at 25 °C with glucose-6-phosphate dehydrogenase, glu-
cose, adenosine triphosphate, and nicotinamide adenine dinu-
cleotide (NAD"), in the presence of rotenone to inhibit mito-
chondrial respiration [41]. The rate of NADH formation from
NAD™ was determined over 180 s and used for the measure of
total HK activity. HK activity was corrected for total protein
concentration in each sample.

Sample Size Calculation and Statistical Analyses

Four experiments were needed to detect a physiologically rel-
evant difference of 25% between control and intervention,
given a standard deviation of 10%, a power of 80%, and an
a of 0.05. Data are presented as mean =+ standard deviation
(SD). The distribution of the data was tested using the
Shapiro-Wilk test. Normal distributed data were tested by
one-way ANOVA with Bonferroni post hoc testing or by a
Student’s ¢ test. Non-normally distributed data were tested
with Kruskal-Wallis and Mann-Whitney U test with
Bonferroni correction. In each experiment, we attempted to
avoid experimental bias by single-well use by pooling two
wells with cells. The number of experiments mentioned in
the figures refers to the number of technical replicates with
cells from two donors (PCS-100-020 from ATCC, LOT#
59885589 and C-12221 from PromoCell, LOT#
42570191.1). Graphs were created in Graphpad Prism 8 and
statistical analysis was performed using IBM SPSS Statistics
25. The cut-off values for statistical significance were indicat-
ed in the figures by *, **, and *** for p < 0.05, p <0.01, and p
< 0.001, respectively.

Results

Cana, but not Empa or Dapa, Attenuates IL-6 Release
in LPS-Induced HCAECs

Exposing HCAECs to 1-pug/mL LPS for 3 h significantly in-
creased IL-6 release. Cana (10 pM) almost completely
blocked LPS-induced IL-6 release (Fig. la), whereas Empa
(1 uM, Fig. 1b) or Dapa (0.5 uM, Fig. 1c) did not significantly
alter IL-6 levels in the cell media. In addition, HCAECS treat-
ed with 10-uM Empa or Dapa exhibited no change in LPS-
induced IL-6 release (ESM Fig. 1a-b). At a concentration of 3
uM, however, none of the SGLT2 inhibitors were able to
lower LPS-induced IL-6 release (ESM Fig. 1c—¢). No changes
in IL-6 release were observed in healthy HCAECs exposed to
an SGLT?2 inhibitor (Fig. 1a—c). TAK-242 was able to nullify
LPS-induced IL-6 release, confirming the involvement of
TLR4 in IL-6 production by LPS (Fig. 1d).
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Fig. 1 Cana, but not Empa or a b .
Dapa, attenuates IL-6 release in 500+ * 500
LPS-induced HCAECs. Cells —* — -LPS — — -LPS
were pre-incubated for 16 h with 400 400~
vehicle or an SGLT2 inhibitor . = +LPS . mm +LPS
and subsequently stimulated by 1- E 300 E 300~
pg/mL LPS for 3 h with vehicle 2 4
or an SGLT?2 inhibitor. IL-6 re- © 2004 © 200
lease into the cell media was de- 4 4
termined for Cana- (a, n =4, 10 100 1004
uM), Empa- (b, n =6, 1 uM), and
Dapa- (¢, n = 6, 0.5 uM) treated 0- 0-
HCAECs. TAK-242 (d, n = 3, Cana - + - + Empa + +
100 uM) served as a positive
control to validate the inhibition C p=0.054 d . i
of LPS-induced IL-6 release in 400— _ 300+ _
our model. Data are presented as —p=009 O -LPS —— 01 -LPS
mean + SD. *p < 0.05, **p < m +LPS mm +LPS
0.01, tested by one-way ANOVA . 3007 = 2004
with Bonferroni correction £ £
2 200- g
Q@ @
| — 100
100+
0- 0-
Dapa - + - + TAK-242 - + - +

Cana Reduces IL-6 Release by Lowering HKII
Expression

Increased glycolysis, and in particular elevated HKII expres-
sion, is a signature of an activated inflammatory condition
[5-11]. Incubating HCAECs for 19 h with 10-uM Cana re-
sulted in a reduced expression of HKII in non-stimulated and
LPS-stimulated HCAECs (Fig. 2a). In contrast, administration
of 1-uM Empa or 0.5-uM Dapa did not affect HKII expres-
sion in non-stimulated HCAECs (ESM Fig. 2). Furthermore,
the expression of HKI and the total HK activity were unaffect-
ed by Cana in non-stimulated HCAECs (Fig. 2b+c).

Using siRNA transfection, knockdown of HKII by 37 +
9% was achieved (Fig. 3a), without affecting HKI expression
(Fig. 3b). Incubation with LPS caused augmented IL-6 release
in siRNA HKlII-treated HCAECSs; however, this time Cana
was unable to significantly reduce LPS-induced IL-6 release
(Fig. 3c), indicating the involvement of HKII in the attenuat-
ing effect of Cana on cytokine release.

Inhibition of LPS-Induced ERK Phosphorylation by
Cana Is Mediated by HKII

To further explore downstream effects of Cana on LPS-
induced IL-6 generation, we investigated whether Cana affect-
ed changes in the phosphorylation of ERK1/2 and NF-kB.
First, LPS caused augmented ERK1/2 phosphorylation and
Cana reduced LPS-induced ERK1/2 phosphorylation (Fig.
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4a). While NF-kB phosphorylation was also increased with
LPS, Cana did not affect NF-kB phosphorylation (Fig. 4b).

To examine the possible involvement of HKII in LPS-
induced ERK1/2 phosphorylation, we investigated LPS ef-
fects on ERK1/2 in cells treated with siRNA for HKII.
Reducing HKII completely mitigated LPS activation of
ERK1/2 (Fig. 4c). As a consequence, Cana was without effect
on LPS-induced ERK1/2 phosphorylation. These data indi-
cate that decreasing HKII is upstream of ERK1/2 phosphory-
lation by Cana. Conversely, using PD-98059 to inhibit ERK 1/
2 phosphorylation in HCAECs, we also observed reduced
HKII expression in HCAECs (Fig. 4d), indicating HKII re-
ductions also occur downstream of ERK1/2 phosphorylation.
These data suggest that reducing HKII expression blocks
LPS-induced ERK1/2 phosphorylation, and that reduced
ERK1/2 activity leads to lower HKII levels, irrespective of
LPS treatment. ERK 1/2 phosphorylation and HKII reduc-
tions are intrinsically intertwined.

Cana Induces AMPK Phosphorylation in Healthy and
LPS-Stimulated HCAECs

Previous studies have suggested the activation of AMPK as a
contributing factor to SGLT2 inhibitor’s anti-inflammatory
actions in various cell types [18, 19, 25], offering the possi-
bility that Cana’s reducing effect on IL-6 production can also
be mediated through AMPK activation. However, it is still
unknown whether HKII is involved in AMPK effects on in-
flammation. Therefore, we investigated whether Cana
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Fig. 2 Cana reduces HKII, but a b
not HKI, expression. Cells were 1.5
exposed to vehicle or Cana (10 1.5 p=0.059
uM) for 16 h and subsequently — — 3 -LPS
subjected to 3 h LPS (a, n = 12).
HKII and HKI levels (b, in non- T = +LPS E 1.0 —|_
stimulated, n = 7) were o 1.0+ o —l_
. . o <
determined using infrared western < 0]
blot. Representative bands are 2 §
shown below each figure. Whole ¥ .54 T 0.5
membrane scans are shown in the T
ESM. Total HK activity was
detected photospectrometrically 0.0
in whole cell lysate (¢, n = 7-8). : : T T
Data are presented as mean + SD. Cana Cana B *
*p < 0.05, tested by independent
sample ¢ test HKII 102kDa HKI
GAPDH 37kDa GAPDH
Control Cana LPS  LPS Control Cana
+Cana
C
—~ 0.015+
£
)
(S
a
© 0.010+
=
2
é T
>
:“é‘ 0.005+
©
©
X
T 0.000 :
Cana -

activated AMPK, if AMPK activation resulted in reduction of
IL-6 release, and if AMPK activation was dependent on HKIIL
First, we show that Cana phosphorylated AMPK at Thr172 in
LPS-induced HCAECs (Fig. 5a). Second, activation of
AMPK by A769662 (ESM Fig. 3a) leads to inhibition of
LPS-induced IL-6 release (Fig. 5b). Furthermore, Cana ad-
ministration resulted in increased AMPK phosphorylation in
HKII knockdown HCAECs exposed to LPS (Fig. 5c¢), indi-
cating that HKII is not involved in activation of AMPK by
Cana. Empa and Dapa did not enhance AMPK phosphoryla-
tion in either non-stimulated or LPS-stimulated HCAECs
(ESM Fig. 3b and c).

Discussion

The main findings of the present study are that the SGLT2
inhibitor Canagliflozin alleviates the release of the pro-
inflammatory cytokine IL-6, lowers HKII expression, inhibits
ERK1/2 phosphorylation, and activates AMPK in LPS-

stimulated and/or non-stimulated HCAECs. The other two
SGLT?2 inhibitors Empa and Dapa did not show a significant
reduction in IL-6 release, HKII expression, and AMPK activ-
ity in the model used. Reduced HKII expression seems to be
associated with Cana’s anti-inflammatory effect by mediating
LPS-induced IL-6 release and ERK1/2 phosphorylation, but
not AMPK activation. These data suggest that under
normoglycemic and inflammatory conditions, Cana exerts
an anti-inflammatory activity by lowering HKII. A graphic
summary of our findings is provided in Fig. 6.

Anti-inflammatory Actions of Cana

We observed that the SGLT2 inhibitor Cana, but not Empa or
Dapa, directly reduces the release of the pro-inflammatory
cytokine IL-6 by LPS-activated endothelial cells. Our data
correspond well with previous studies, showing that Cana
reduces IL-6 release in IL-13-stimulated human endothelial
cells and in LPS-stimulated macrophages [18, 42]. However,
the effect of Cana on IL-6 release reduction was absent at a
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Fig. 3 Knockdown of HKII
caused partial loss of Cana-
mediated IL-6 reduction
HCAECs were transfected by
siRNA for HKII or Scramble and
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brane scans are shown in the
ESM. IL-6 release by Scramble
vs. HKII knockdown cells in the HKII 102kDa HKI 102kba
presence of Cana/vehicle, with or
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ANOVA with Bonferroni correc-
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4004 « CJ -LPS
mm + PS
—
__ 300+
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2 2004
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=
1004
0 ﬁ [
T T T
Cana _ - ¥ - +
HKIIsiRNA + + + +

lower concentration of 3 uM, suggesting that Cana may only
be effective in attenuating 1L-6 release at the higher concen-
trations. While we observed no direct cell effect of Empa or
Dapa on LPS-induced IL-6 release, attenuated markers of en-
dothelial dysfunction, i.e., ROS and nitric oxide, have been
reported in activated endothelial cells exposed to Empa or
Dapa, but without change in the expression of adhesion mol-
ecules [22, 23]. In the present study, we cannot rule out that
Empa and Dapa do affect LPS-induced IL-6 release due to the
higher variations observed in the experiments using Empa or
Dapa. An explanation for the divergence between the effects
of Cana vs. Empa or Dapa on LPS-induced cytokine release
could be the different concentrations used. Cana was used at
10 uM, whereas Empa and Dapa were used at 1 uM and 0.5
uM, respectively, which are considered clinically relevant
concentrations. However, using Empa or Dapa at 10 uM did
also not cause reduced LPS-induced IL-6 release. Notably, the
half maximal inhibitory concentration (IC50) of Cana for
SGLT1 is estimated to be 710 nM, while Empa and Dapa have
an IC50 for SGLT1 of 8300 nM and 1400 nM, respectively
[43]. Thus in this context, SGLT1 and perhaps also other
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SGLT isoforms might be inhibited by Cana with the concen-
trations used in the present study.

One hypothesis for the direct cellular effects of SGLT2
inhibitors is the off-target inhibition of the Na™/H" ex-
changer 1 (NHE1). NHE1 activity is enhanced in endothe-
lial cells exposed to LPS [44]. Inhibition of NHEI by a
variety of different NHE inhibitors reduced LPS-induced
apoptosis, cytokine production, and NF-kB activation [44,
45]. Cardiac NHE1 inhibition by SGLT2 inhibitors was
reported as a class effect, showing similar inhibitory po-
tentials for NHE1 by Cana, Empa, and Dapa [16].
Accordingly, NHE1 might have been activated by LPS
stimulation, and Cana might have inhibited NHEI. Yet,
since we observed different outcomes of Cana, Empa,
and Dapa on LPS-induced cytokine release, NHE1 inhibi-
tion could not account for the anti-inflammatory effects of
Cana in our model.

LPS induces inflammation after binding to TLR4 and acti-
vating downstream signaling events. These events lead to
NF-kB activation and its translocation to the cell nucleus to
stimulate production of pro-inflammatory molecules [27, 34,
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Fig. 4 Cana inhibits LPS-induced ERK phosphorylation but does not
affect NF-kB. ERK1/2 phosphorylation (a, n = 8) and NF-«kB phosphor-
ylation (b, n = 7) were measured in LPS stimulated and non-stimulated
HCAECs. ERK1/2 phosphorylation was also determined in HKII knock-
down HCAECS exposed to Cana and/or LPS (¢, n = 4). HKII expression

45]. Concomitantly, MAPK that are involved in inflammatory
processes, including ERK1 and ERK2, become activated [34].
In the present study, Cana inhibited LPS-induced ERK1/2
phosphorylation in HCAECs. Yet, since Cana does not affect
NF-kB activation, which is observed in the present study as
well as by other investigators [18], Cana may not act on the

1.5
PR . — 3 -LPS
g Hm +LPS
Z 10_
3
©
&
Q 0.5+
L
z

Control Cana LPS LPS+
Cana

1.5
3 -LPS

H +LPS
1.0+
0.5
0.0-

PD-98059

HKII/GAPDH

HKII 102kDa
GAPDH 37kDa
Control PD- LPS LPS
98059 +PD-98059

was measured in cells subjected to PD-98059 (d, n = 5). Representative
bands are shown below each figure. Whole membrane scans are shown in
the ESM. Data are presented as mean + SD. *p < 0.05, **p <0.01, ***p <
0.001, tested by one-way ANOVA with Bonferroni correction

classical LPS-pathway upstream of both ERK1/2 and NF-«B.
It is reported that Cana inhibits cell proliferation at clinically
relevant concentrations, including the concentration used in
the present study (10 uM) [18, 24, 46]. Cana’s anti-
proliferative effect could be explained by a reduction in
ERK1/2 activity, since ERK1/2 not only exerts pro-
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Fig. 5 Cana induces AMPK phosphorylation, independent of HKII, in
LPS-stimulated HCAECs. Cells were pre-incubated for 16 h with vehicle
or Cana (10 M) and subsequently stimulated by 1-pg/mL LPS for 3 h
with vehicle or Cana. Phosphorylation of AMPK at site threonine 172 by
Cana was determined in normal HCAECs (a, n = 7). Activation of AMPK

apoptotic and pro-inflammatory actions but also plays a role in
proliferation and survival pathways [47]. In summary, reduc-
tion of ERK1/2 activity by Cana is observed during LPS stim-
ulation, which may to some degree be related to the anti-
inflammatory actions of Cana, although more research is
needed to understand the role of ERK1/2 in the functional
effects of Cana.
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down HCAECs, Cana still phosphorylated AMPK (¢, n = 4).
Representative bands are shown below each figure. Whole membrane
scans are shown in the ESM. Data are presented as mean + SD. *p <
0.05, tested by one-way ANOVA with Bonferroni correction

Hexokinase as Target to Reduce Inflammation

Enhanced glycolysis is a central phenomenon in inflammation
induced by LPS. A recent study showed that inflammation
was associated with enhanced endothelial glycolysis and ac-
cumulation of glycolytic intermediates in human aortic endo-
thelial cells [48]. HKII is one of several rate-limiting enzymes
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Fig. 6 Summary of Cana effects
in LPS-stimulated HCAECs.
Cana reduces IL-6 release, at least
in part, by lowering HKII and _
blocking ERK1/2 activation. o

Cana also activates AMPK, and
AMPK activation is associated
with reduced LPS-induced IL-6
release in HCAECs. Effects of
Cana are indicated by red marks
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of glycolysis. HKII has been previously reported to be upreg-
ulated during inflammatory processes. In primary astrocytes
exposed to hypoxia, HKII expression and activity were in-
creased [49]. LPS strongly induced HKII gene expression
after 24 h in human monocyte-dendritic cells [7]. In the pres-
ent study, knockdown of HKII caused partial loss of Cana-
mediated IL-6 reduction in HCAECs. Targeting hexokinase
and therefore inhibiting glycolytic overload was previously
proposed as a treatment strategy against inflammatory re-
sponses [8, 9]. We observed that Cana was able to reduce
HKII expression in healthy HCAECs and LPS-stimulated
HCAECs. We did not see an upregulation of HKII expression
by LPS in our model, but this is likely due to the short time
period that the HCAECs were exposed to LPS (3 h) as com-
pared with previous studies showing enhanced HKII after 12 h
or 24 h of LPS stimulation [6, 7]. To investigate whether
reduction of HKII expression was associated with the anti-
inflammatory effects of Cana, Cana effects were studied in
partial HKII knockdown cells. While IL-6 release was still
induced by LPS, Cana was unable to attenuate IL-6 release
under reduced HKII conditions. This may imply that reduced
LPS-induced IL-6 release by Cana is, at least partly, mediated
by HKII. Furthermore, silencing HKII abrogated LPS-
induced ERK 1/2 phosphorylation, suggesting that HKII plays
an important role in the induction of ERK1/2 activation during
inflammation (or vice versa). Our data propose that Cana’s
effect on reduced ERK1/2 phosphorylation and IL-6 release
during inflammation is, at least partly, related to Cana’s effect
on reduced HKII expression.

AMPK Activation by Cana

Activation of AMPK by SGLT?2 inhibitors have been previ-
ously reported [19, 25, 42]. We observed that Cana activated
AMPK phosphorylation in LPS-stimulated HCAECs.
Furthermore, AMPK activation by A769669 resulted in re-
duced LPS-induced IL-6 release. Cana was shown to reduce

?AMPK —
v

VL6

inflammation in IL-1 stimulated human endothelial cells
[18], an effect that was at least partially associated with
AMPK activation. The same authors reported that activation
of AMPK by Cana was associated with inhibition of mito-
chondrial complex 1 inhibition in human kidney cells, mouse
hepatocytes, and fibroblasts [25]. In LPS-stimulated immune
cells, Cana at concentrations between 10 and 40 uM exhibited
anti-inflammatory effects, reduced glucose metabolism, and
promotes AMPK activation [42]. Cana’s inhibition of glucose
metabolism is in line with our observation that HKII is re-
duced by Cana. Cana was still able to induce AMPK phos-
phorylation in HKII knockdown HCAECs stimulated with
LPS, suggesting that Cana’s effect on AMPK is not mediated
by HKII. HK expression and AMPK activity have been report-
ed to be negatively related with each other in inflammatory
conditions and may both be effective targets to alleviate
inflammation-induced endothelial dysfunction [8, 9, 35]. Our
data show that Cana activates AMPK and that AMPK activa-
tion reduces LPS-induced cytokine release. Furthermore, re-
duced HKII expression by Cana is not responsible for the in-
creased AMPK phosphorylation; thus, it is likely that Cana
increased AMPK activity through a different pathway or that
Cana activates AMPK prior to Cana’s HKII lowering effect.

Empa and Dapa have primarily been related to direct
AMPK activation in cardiac cells [19, 37, 50]. In our experi-
ments, only Cana, not Empa and Dapa, induced AMPK phos-
phorylation in human cardiac endothelial cells (supplementary
data), which is also reported in another endothelial cell study
[18]. Activation of AMPK by SGLT?2 inhibitors may possibly
depend on the cell type and species origin (human cardiac
endothelial cells vs. mouse cardiac fibroblasts and
cardiomyocytes).

Finally, Cana has been found to activate autophagy in non-
endothelial cell types [42]. The effects of Cana on autophagy
in endothelial cells have not been studied. Our observations
that Cana inhibits ERK1/2 and activates AMPK suggest that
Cana increases autophagy in endothelial cells.
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Limitations and Conclusion

This study was only performed in non-diabetic HCAECs to
understand the anti-inflammatory actions of SGLT?2 inhibitors.
We performed experiments in HCAECs that originate from two
donors; therefore, the generalization of the results might be
problematic and more experiments from different cell batches,
types, and donors are needed to further validate our results.
Nonetheless, the use of a single donor in human cell studies
seems to be commonplace (e.g., in Hela cells [51], A549 cells
[52], and HCAECs [53-56]). The effects of LPS on cellular
stress were only investigated at a single time point in the present
study. In our experiments, we assessed HKII expression in the
cell lysate. The cellular location of HKII is crucial for its detri-
mental or protective function and its effects on cell metabolism
[57]. Future studies should investigate the effect of Cana on the
cellular localization of HKII, i.e., whether Cana affects mito-
chondrial bound HKII as well as cytosolic HKII.

In conclusion, Canagliflozin’s direct anti-inflammatory ac-
tions in human cardiac endothelial cells are associated with
reduced hexokinase 2 expression.

Acknowledgments We appreciate Ruud Geelen for his support in the
data acquisition during this project.

Funding This study was supported by a grant from the European
Foundation for the Study of Diabetes/Novo Nordisk Program (2018)
and the IARS/SCA midcareer grant.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interests

Ethical Approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Van Greevenbroek MMJ, Schalkwijk CG, Stehouwer CDA.
Obesity-associated low-grade inflammation in type 2 diabetes
mellitus: causes and consequences. Neth J Med. 2013;71:174-87.

2. Paulus WJ, Tschope C. A novel paradigm for heart failure with
preserved ejection fraction: comorbidities drive myocardial

@ Springer

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

dysfunction and remodeling through coronary microvascular endo-
thelial inflammation. J Am Coll Cardiol. 2013;62:263-71.
Hameed I, Masoodi SR, Mir SA, Nabi M, Ghazanfar K, Ganai BA.
Type 2 diabetes mellitus: from a metabolic disorder to an inflam-
matory condition. World J Diabetes. 2015;6:598—612.

Treps L, Conradi LC, Harjes U, Carmeliet P. Manipulating angio-
genesis by targeting endothelial metabolism: hitting the engine rath-
er than the drivers—a new perspective? Pharmacol Rev. 2016;68:
872-87.

Everts B, Amiel E, Huang SCC, Smith AM, Chang CH, Lam WY,
et al. TLR-driven early glycolytic reprogramming via the kinases
TBK1-IKKe supports the anabolic demands of dendritic cell acti-
vation. Nat Immunol. 2014;15:323-32.

Bustamante MF, Oliveira PG, Garcia-Carbonell R, Croft AP, Smith
JM, Serrano RL, et al. Hexokinase 2 as a novel selective metabolic
target for rheumatoid arthritis. Ann Rheum Dis. 2018;77:1636—43.
Perrin-Cocon L, Aublin-Gex A, Diaz O, Ramiére C, Peri F, André
P, et al. Toll-like receptor 4—induced glycolytic burst in human
monocyte-derived dendritic cells results from p38-dependent stabi-
lization of HIF-1« and increased hexokinase II expression. J
Immunol. 2018;201:1510-21.

Seki SM, Gaultier A. Exploring non-metabolic functions of glyco-
lytic enzymes in immunity. Front Immunol. 2017;8:1549.
Palsson-Mcdermott EM, O’Neill LAJ. The Warburg effect then and
now: from cancer to inflammatory diseases. BioEssays. 2013;35:
965-73.

Zheng Z, Ma H, Zhang X, Tu F, Wang X, Ha T, et al. Enhanced
glycolytic metabolism contributes to cardiac dysfunction in
polymicrobial sepsis. J Infect Dis. 2017;215:1396-406.
Tannahill G, Curtis A, Adamik J, Palsson-McDermott E,
McGettrick A, Goel G, et al. Succinate is a danger signal that
induces IL-13 via HIF-1c. Nature. 2013;496:238-42.

Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S,
et al. Empagliflozin, cardiovascular outcomes, and mortality in type
2 diabetes. N Engl J Med. 2015;373:2117-28.

Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G,
Erondu N, et al. Canagliflozin and cardiovascular and renal events
in Type 2 Diabetes. N Engl J Med. 2017;377:644-57.

Wiviott SD, Raz I, Bonaca MP, Mosenzon O, Kato ET, Cahn A,
et al. Dapagliflozin and cardiovascular outcomes in type 2 diabetes.
N Engl J Med. 2019;380:347-57.

McMurray JJV, Solomon SD, Inzucchi SE, Kober L, Kosiborod
MN, Martinez FA, et al. Dapagliflozin in patients with heart failure
and reduced ejection fraction. N Engl J Med. 2019;381:1995-2008.
Uthman L, Baartscheer A, Bleijlevens B, Schumacher CA, Fiolet JWT,
Koeman A, et al. Class effects of SGLT2 inhibitors in mouse
cardiomyocytes and hearts: inhibition of Na+/H+ exchanger, lowering
of cytosolic Na+ and vasodilation. Diabetologia. 2018;61:722—6.
Uthman L, Nederlof R, Eerbeek O, Baartscheer A, Schumacher C,
Buchholtz N, et al. Delayed ischaemic contracture onset by
empagliflozin associates with NHE1 inhibition and is dependent on
insulin in isolated mouse hearts. Cardiovasc Res. 2019;115:1533-45.
Mancini SJ, Boyd D, Katwan OJ, Strembitska A, Almabrouk TA,
Kennedy S, et al. Canagliflozin inhibits interleukin-1{3-stimulated
cytokine and chemokine secretion in vascular endothelial cells by
AMP-activated protein kinase-dependent and -independent mecha-
nisms. Sci Rep. 2018;8:5276.

Ye Y, Bajaj M, Yang HC, Perez-Polo JR, Birnbaum Y. SGLT-2
Inhibition with dapagliflozin reduces the activation of the Nlrp3/
ASC inflammasome and attenuates the development of diabetic
cardiomyopathy in mice with Type 2 diabetes. Further
Augmentation of the Effects with Saxagliptin, a DPP4 Inhibitor.
Cardiovasc Drugs Ther. 2017;31:119-32.

Andreadou I, Efentakis P, Balafas E, Togliatto G, Davos CH,
Varela A, et al. Empagliflozin limits myocardial infarction in vivo


https://doi.org/

Cardiovasc Drugs Ther (2021) 35:1083-1094

1093

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

and cell death in vitro: Role of STAT3, mitochondria, and redox
aspects. Front Physiol. 2017;8:1077.

Uthman L, Baartscheer A, Schumacher CA, Fiolet JWT, Kuschma
MC, Hollmann MW, et al. Direct cardiac actions of sodium glucose
cotransporter 2 inhibitors target pathogenic mechanisms underlying
heart failure in diabetic patients. Front Physiol. 2018;9:1575.
Uthman L, Homayr A, Juni RP, Spin EL, Kerindongo R, Boomsma
M, et al. Empagliflozin and dapagliflozin reduce ROS generation
and restore no bioavailability in tumor necrosis factor x-stimulated
human coronary arterial endothelial cells. Cell Physiol Biochem.
2019;53:865-86.

Gaspari T, Spizzo I, Liu H, Hu Y, Simpson RW, Widdop RE, et al.
Dapagliflozin attenuates human vascular endothelial cell activation
and induces vasorelaxation: a potential mechanism for inhibition of
atherogenesis. Diab Vasc Dis Res. 2017;15:64-73.

Kaji K, Nishimura N, Seki K, Sato S, Saikawa S, Nakanishi K, et al.
Sodium glucose cotransporter 2 inhibitor canagliflozin attenuates
liver cancer cell growth and angiogenic activity by inhibiting glu-
cose uptake. Int J Cancer. 2018;142:1712-22.

Hawley SA, Ford RJ, Smith BK, Gowans GJ, Mancini SJ, Pitt RD,
et al. The Na+/glucose cotransporter inhibitor canagliflozin acti-
vates AMPK by inhibiting mitochondrial function and increasing
cellular AMP levels. Diabetes. 2016;65:2784-94.

El-daly M, Krishna V, Venu P, Mihara K, Kang S, Fedak PWM,
et al. Hyperglycaemic impairment of PAR2-mediated vasodilation:
prevention by inhibition of aortic endothelial sodium-glucose-co-
Transporter-2 and minimizing oxidative stress. Vasc Pharmacol.
2018;109:56-71.

Zeuke S, Ulmer AJ, Kusumoto S, Katus HA, Heine H. TLR4-
mediated inflammatory activation of human coronary artery endo-
thelial cells by LPS. Cardiovasc Res. 2002;56:126-34.

Lee DM, Battson ML, Jarrell DK, Hou S, Ecton KE, Weir TL, et al.
SGLT?2 inhibition via dapagliflozin improves generalized vascular
dysfunction and alters the gut microbiota in type 2 diabetic mice.
Cardiovasc Diabetol BioMed Central. 2018;17:62.

Haubner F, Lehle K, Miinzel D, Schmid C, Bimmbaum DE, Preuner
JG. Hyperglycemia increases the levels of vascular cellular adhe-
sion molecule-1 and monocyte-chemoattractant-protein-1 in the di-
abetic endothelial cell. Biochem Biophys Res Commun. 2007;360:
560-5.

Oelze M, Kroller-Schon S, Welschof P, Jansen T, Hausding M,
Mikhed Y, et al. The sodium-glucose co-transporter 2 inhibitor
empagliflozin improves diabetes-induced vascular dysfunction in
the streptozotocin diabetes rat model by interfering with oxidative
stress and glucotoxicity. PLoS One. 2014;9:¢112394.

Odegaard AO, Jacobs DR, Sanchez OA, Goff DC, Reiner AP, Gross
MD. Oxidative stress, inflammation, endothelial dysfunction and inci-
dence of type 2 diabetes. Cardiovasc Diabetol. 2016;15:1-12.

Zhang X, Ma L, Peng F, Wu Y, Chen Y, Yu L, et al. The endothe-
lial dysfunction in patients with type 2 diabetes mellitus is associ-
ated with IL-6 gene promoter polymorphism in Chinese population.
Endocrine. 2011;40:124-9.

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne
NM, et al. Changes in gut microbiota control metabolic
endotoxemia-induced inflammation in high-fat diet-induced obesi-
ty and diabetes in mice. Diabetes. 2008;57:1470-81.

Dauphinee SM, Karsan A. Lipopolysaccharide signaling in endo-
thelial cells. Lab Investig. 2006;86:9-22.

Cordero MD, Williams MR, Ryffel B. AMP-activated protein ki-
nase regulation of the NLRP3 inflammasome during aging. Trends
Endocrinol Metab. 2018;29:8—17.

He C, Li H, Viollet B, Zou MH, Xie Z. AMPK suppresses vascular
inflammation in vivo by inhibiting signal transducer and activator
of transcription- 1. Diabetes. 2015;64:4285-97.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S

52.

53.

Lu Q, Liu J, Li X, Sun X, Zhang J, Ren D, et al. Empagliflozin
attenuates ischemia and reperfusion injury through LKB1/AMPK
signaling pathway: empagliflozin and cardiac ischemic insult. Mol
Cell Endocrinol. 2020;501:110642.

Smit KF, Konkel M, Kerindongo R, Landau MA, Zuurbier CJ,
Hollmann MW, et al. Helium alters the cytoskeleton and decreases
permeability in endothelial cells cultured in vitro through a pathway
involving Caveolin-1. Sci Rep. 2018;8:4768.

Chen Z, Oliveira SDS, Zimnicka AM, Jiang Y, Sharma T, Chen S,
et al. Reciprocal regulation of eNOS and caveolin-1 functions in
endothelial cells. Mol Biol Cell. 2018;29:1190-202.

Smit KF, Brevoord D, De Hert S, de Mol BA, Kerindongo RP, van
Dieren S, et al. Effect of helium pre- or postconditioning on signal
transduction kinases in patients undergoing coronary artery bypass
graft surgery. J Transl Med. 2016;14:294.

Nederlof R, Van Den Elshout MAM, Koeman A, Uthman L,
Koning I, Eerbeek O, et al. Cyclophilin D ablation is associated
with increased end-ischemic mitochondrial hexokinase activity. Sci
Rep. 2017;7:12749.

Xu C, Wang W, Zhong J, Lei F, Xu N, Zhang Y, et al.
Canagliflozin exerts anti-inflammatory effects by inhibiting intra-
cellular glucose metabolism and promoting autophagy in immune
cells. Biochem Pharmacol. 2018;152:45-59.

Grempler R, Thomas L, Eckhardt M, Himmelsbach F, Saver A, Sharp
DE, et al. Empagliflozin, a novel selective sodium glucose
cotransporter-2 (SGLT-2) inhibitor: characterisation and comparison
with other SGLT-2 inhibitors. Diabetes Obes Metab. 2012;14:83-90.
Cui GM, Zhao YX, Zhang NN, Liu ZS, Sun WC, Peng QS.
Amiloride attenuates lipopolysaccharide-accelerated atherosclero-
sis via inhibition of NHEI-dependent endothelial cell apoptosis.
Acta Pharmacol Sin. 2013;34:231-8.

Németh ZH, Deitch EA, Lu Q, Szab6 C, Haské G. NHE blockade
inhibits chemokine production and NF-«B activation in
immunostimulated endothelial cells. Am J Phys Cell Phys.
2002;283:396-403.

Behnammanesh G, Durante GL, Khanna YP, Peyton KJ, Durante
W. Canagliflozin inhibits vascular smooth muscle cell proliferation
and migration: role of heme oxygenase-1. Redox Biol. 2020.
https://doi.org/10.1016/j.redox.2020.101527.

Xu Z, Sun J, Tong Q, Lin Q, Qian L, Park Y, et al. The role of
ERK1/2 in the development of diabetic cardiomyopathy. Int ] Mol
Sci. 2016;17:12001.

Schnitzler JG, Hoogeveen RM, Ali L, Prange KH, Waissi F, van
Weeghel M, et al. Atherogenic lipoprotein(a) increases vascular
glycolysis, thereby facilitating inflammation and leukocyte extrav-
asation. Circ Res. 2020. https://doi.org/10.1161/CIRCRESAHA.
119.316206.

Mergenthaler P, Kahl A, Kamitz A, van Laak V, Stohlmann K,
Thomsen S, et al. Mitochondrial hexokinase II (HKII) and phos-
phoprotein enriched in astrocytes (PEA15) form a molecular switch
governing cellular fate depending on the metabolic state. Proc Natl
Acad Sci. 2012;109:1518-23.

Ye Y, Jia X, Bajaj M, Birnbaum Y. Dapagliflozin attenuates Na+/
H+ exchanger-1 in cardiofibroblasts via AMPK activation.
Cardiovasc Drugs Ther. 2018;32:553-8.

Schrerer WF, Syverton JT, Gey GO. Studies on the propagation in
vitro of poliomyelitis viruses. J Exp. Med. 1953;97:695-710.
Rees P, Wills JW, Brown MR, Barnes CM, Summers HD. The
origin of heterogeneous nanoparticle uptake by cells. Nat
Commun. 2019;10:1-8.

Chen L, Qin L, Liu X, Meng X. CTRP3 Alleviates Ox-LDL—
induced inflammatory response and endothelial dysfunction in
mouse aortic endothelial cells by activating the PI3K/Akt/eNOS
pathway. Inflammation. 2019;42:1350-9.

@ Springer


https://doi.org/10.1016/j.redox.2020.101527
https://doi.org/10.1161/CIRCRESAHA.119.316206
https://doi.org/10.1161/CIRCRESAHA.119.316206

1094

Cardiovasc Drugs Ther (2021) 35:1083-1094

54.

55.

56.

Shyu KG, Wang BW, Pan CM, Fang WJ, Lin CM. Hyperbaric
oxygen boosts long noncoding RNA MALATI exosome secretion
to suppress microRNA-92a expression in therapeutic angiogenesis.
Int J Cardiol. 2019;274:271-8.

Morton J et al. Strikingly different atheroprotective effects of apo-
lipoprotein A-I in early- versus late-stage atherosclerosis. JACC
Basic to Transl Sci. 2018;3:187-99.

Garczorz W et al. Exenatide exhibits anti-inflammatory proper-
ties and modulates endothelial response to tumor necrosis factor
o-mediated activation. Cardiovasc Ther. 2018;36:1-8.

@ Springer

57.

Nederlof R, Denis S, Lauzier B. Rosiers C Des, Laakso M, Hagen J,
et al. Acute detachment of hexokinase II from mitochondria mod-
estly increases oxygen consumption of the intact mouse heart.
Metabolism. 2017;72:66-74.

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	Novel...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Cell Culture and Experimental Procedure
	Transfection with Small Interfering RNA (siRNA) for HKII
	Western Blot
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Hexokinase Activity
	Sample Size Calculation and Statistical Analyses

	Results
	Cana, but not Empa or Dapa, Attenuates IL-6 Release in LPS-Induced HCAECs
	Cana Reduces IL-6 Release by Lowering HKII Expression
	Inhibition of LPS-Induced ERK Phosphorylation by Cana Is Mediated by HKII
	Cana Induces AMPK Phosphorylation in Healthy and LPS-Stimulated HCAECs

	Discussion
	Anti-inflammatory Actions of Cana
	Hexokinase as Target to Reduce Inflammation
	AMPK Activation by Cana

	Limitations and Conclusion
	References


