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Aims We previously reported that sodium-dependent glucose cotransporter 1 (SGLT1) is highly expressed in cardiomyo-
cytes and is further up-regulated in ischaemia. This study aimed to determine the mechanisms by which SGLT1 con-
tributes to ischaemia/reperfusion (I/R) injury.

....................................................................................................................................................................................................
Methods
and results

Mice with cardiomyocyte-specific knockdown of SGLT1 (TGSGLT1-DOWN) and wild-type controls were studied. In
vivo, the left anterior descending coronary artery was ligated for 30 min and reperfused for 48 h. Ex vivo, isolated
perfused hearts were exposed to 20 min no-flow and up to 2 h reperfusion. In vitro, HL-1 cells and isolated adult
murine ventricular cardiomyocytes were exposed to 1 h hypoxia and 24 h reoxygenation (H/R). We found that
TGSGLT1-DOWN hearts were protected from I/R injury in vivo and ex vivo, with decreased infarct size, necrosis, dys-
function, and oxidative stress. 5’-AMP-activated protein kinase (AMPK) activation increased SGLT1 expression,
which was abolished by extracellular signal-related kinase (ERK) inhibition. Co-immunoprecipitation studies showed
that ERK, but not AMPK, interacts directly with SGLT1. AMPK activation increased binding of the hepatocyte nu-
clear factor 1 and specificity protein 1 transcription factors to the SGLT1 gene, and HuR to SGLT1 mRNA. In cells,
up-regulation of SGLT1 during H/R was abrogated by AMPK inhibition. Co-immunoprecipitation studies showed
that SGLT1 interacts with epidermal growth factor receptor (EGFR), and EGFR interacts with protein kinase C
(PKC). SGLT1 overexpression activated PKC and NADPH oxidase 2 (Nox2), which was attenuated by PKC inhibi-
tion, EGFR inhibition, and/or disruption of the interaction between EGFR and SGLT1.

....................................................................................................................................................................................................
Conclusion During ischaemia, AMPK up-regulates SGLT1 through ERK, and SGLT1 interacts with EGFR, which in turn increases

PKC and Nox2 activity and oxidative stress. SGLT1 may represent a novel therapeutic target for mitigating I/R injury.
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1. Introduction

There are two families of cellular glucose transporters, the facilitative
glucose transporters (GLUTs) and the sodium-dependent glucose

cotransporters (SGLTs).1 The SGLT1 isoform, encoded by the SLC5A1
gene, transports glucose by a secondary active transport mechanism
that uses the Naþ gradient established by the Naþ/Kþ ATPase pump.
SGLT1 mediates glucose uptake in small intestinal enterocytes and renal
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proximal tubule S3 cells.2 Although SGLT1 mRNA was previously
found to be highly expressed in the heart,3 its cardiac function was
never investigated. We recently established that SGLT1 protein is
expressed in cardiomyocytes, largely localized to the sarcolemma, and
its expression is perturbed in diseases such as ischaemic heart failure, di-
abetic cardiomyopathy, and glycogen storage cardiomyopathy second-
ary to mutations in PRKAG2.4,5

5’-AMP-activated protein kinase (AMPK) is a heterotrimeric enzyme
that maintains cellular fuel supply by regulating energy-generating and
energy-consuming pathways in response to metabolic needs.6 AMPK is
activated during cardiac ischaemia to restore cardiomyocyte ATP levels
by increasing glucose uptake, glycolysis, and free fatty acid oxidation.
AMPK activation is associated with protein kinase C (PKC)-dependent
up-regulation of GLUT4 expression7 and translocation of GLUT4 to the
sarcolemma, promoting glucose uptake.8,9 We discovered the first hu-
man mutation in the PRKAG2 gene, encoding the cardiomyocyte-specific
c2 regulatory subunit of AMPK,10 and other mutations were subse-
quently identified. We showed that these mutations caused a glycogen
storage cardiomyopathy.11–14 Transgenic mice with these mutations
exhibited inappropriate activation of AMPK and elevated cardiac uptake
of glucose that was directed to increased glycogen synthesis, leading to
the human cardiomyopathy phenotype.12–15 We discovered that SGLT1
is up-regulated and at least partially mediates the increased cardiac glu-
cose uptake, and that pharmacological5 and genetic16 inhibition of
SGLT1 attenuates the cardiomyopathy phenotype.

Because of the role of AMPK in the cardiac response to ischaemia and
our observation that SGLT1 expression is increased in ischaemia and in
PRKAG2 cardiomyopathy,4,5 both of which are states characterized by
AMPK activation, we sought to determine the mechanism by which
SGLT1 is up-regulated in cardiac ischaemia and its potential role in the
pathophysiology of ischaemic injury. In this study, we first established
that cardiomyocyte-specific knockdown of SGLT1 attenuates injury fol-
lowing regional ischaemia/reperfusion (I/R) with transient ligation of the
left anterior descending (LAD) coronary artery in mice in vivo, global I/R
in isolated perfused murine hearts ex vivo, and hypoxia/reoxygenation
(H/R) in cell cultures in vitro. Next, we determined the regulation of
SGLT1 during cardiac ischaemia. AMPK up-regulates SGLT1 through ex-
tracellular signal-related kinase (ERK) and RNA-binding protein HuR.
Finally, we determined that SGLT1 contributes to ischaemic injury by
interacting with epidermal growth factor receptor (EGFR), which in turn
increases PKC and NADPH oxidase 2 (Nox2) activities and production
of reactive oxygen species (ROS).

2. Methods

For detailed experimental procedures, see Supplementary material
online.

2.1 Mouse models
All studies involving mice conformed to the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised 1996) and were
approved by the University of Pittsburgh and the University of Iowa
Institutional Animal Care and Use Committees. Friend leukemia virus B
(FVB/N) strain transgenic mice with cardiomyocyte-specific RNA interfer-
ence knockdown of SGLT1 (TGSGLT1-DOWN) were constructed as we
have previously reported.16 Equal proportions of male and female
TGSGLT1-DOWN 6- to 8-week-old mice (20–25 g body mass) and wild-type
littermates were used for all ex vivo and in vivo experiments. Mice

underwent in vivo ischaemia for 30 min by ligation of the LAD coronary ar-
tery. Isolated perfused hearts underwent ex vivo ischaemia with either
20 min of zero-flow (ischaemia) followed by up to 120 min of re-flow (re-
perfusion), or continuous flow. Eighty out of a total of 113 mice were
used in the final data analysis. Mice that did not survive in vivo surgery and
those with a low intrinsic heart rate (<300/min) in ex vivo Langendorff iso-
lated perfused heart preparations were excluded from the study. There
were no significant differences among experimental groups in the propor-
tion of excluded mice. Mice were anaesthetized with ketamine (87.5 mg/
kg) and xylazine (12.5 mg/kg) administered intraperitoneally once. Mice
were euthanized using CO2 inhalation and cervical dislocation.

2.2 In vitro HL-1 cell and isolated murine
ventricular cardiomyocyte culture studies
The HL-1 cardiac cell line derived from murine atrial cardiomyocytes (a
generous gift from William C. Claycomb, PhD, Louisiana State
University)17 and isolated adult murine ventricular cardiomyocytes were
used for in vitro studies as described in the Supplementary material online.

2.3 Statistical analysis
Individual data and mean ± standard error are presented in the graphs.
Comparisons between two groups were made using the Student’s t-test.
For comparisons among three or more groups, one-way analysis of vari-
ance (ANOVA) was used, followed by post hoc Bonferroni correction. A
P-value <0.05 was considered significant.

3. Results

3.1 SGLT1 is up-regulated in ischaemia–
reperfusion and knockdown of SGLT1 is
protective against injury
Wild-type and TGSGLT1-DOWN hearts ex vivo exhibited similar AMPK ac-
tivity at baseline, as reflected by Thr172 phosphorylation (p-AMPK), and
a similar increase in AMPK activity following ischaemia that persisted af-
ter reperfusion (I/R) (Supplementary material online, Figure S1A and B).
Wild-type hearts exhibited an increase in SGLT1 mRNA and protein ex-
pression after ischaemia that was markedly attenuated in TGSGLT1-

DOWN hearts (Supplementary material online, Figure S1C and D).
Increased expression of SGLT1 protein was observed in in vivo and in ex
vivo wild-type mouse hearts subjected to ischaemia followed by reperfu-
sion (I/R) (Figure 1A and B). Compared to wild-type mice, decreased
SGLT1 expression was observed in TGSGLT1-DOWN mice both at base-
line and following I/R (Figure 1A and B). In both in vivo and ex vivo I/R mod-
els, relative to wild-type hearts, TGSGLT1-DOWN hearts exhibited
significantly smaller infarct sizes (Figure 1C). Of note, the area at risk was
similar between wild-type and TGSGLT1-DOWN mice at baseline prior to
in vivo I/R (Supplementary material online, Figure S1E). TGSGLT1-DOWN

hearts exhibited significantly less release of creatine kinase following ex
vivo I/R, reflecting less myocardial injury (Figure 1D). In addition, produc-
tion of malondialdehyde (MDA), a marker of lipid peroxidation and oxi-
dative stress, was significantly decreased in TGSGLT1-DOWN hearts
following in vivo and ex vivo I/R (Figure 1E). There was also evidence that
SGLT1 knockdown led to preserved systolic and diastolic function with
reperfusion. At baseline, there were no differences between wild-type
and TGSGLT1-DOWN hearts in ex vivo coronary flow, spontaneous heart
rate, rate pressure product, left end-diastolic pressure, and þdP/dtmax

(Supplementary material online, Table S1). In ex vivo, isolated
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Figure 1 Decreased injury following I/R after knockdown of SGLT1 in in vivo and ex vivo models. (A and B) Protein level of SGLT1 in TGSGLT1-DOWN hearts
relative to wild-type (WT) hearts. Representative immunoblots are shown on the top and densitometry data on the bottom. Lamin B was used as a loading
control. n¼ 5/group. (C) Triphenyl tetrazolium chloride-stained tissue sections from WT and TGSGLT1-DOWN hearts. Representative images are shown on
the top and infarct size quantified as ratio of infarct area to area at risk (AAR) are shown on the bottom. The surface of the heart slices that were considered
to be infracted are demarcated by white lines. Scale bars equal 500 lm. n¼ 5/group. (D) Coronary effluent was collected after reperfusion of 10 min during
ex vivo I/R, and creatine kinase activity measured. (E) Oxidative stress following I/R, quantified by MDA content in cardiac tissue. n¼ 5/group. (F–H) Left ven-
tricular peak systolic pressure, þdP/dtmax, and -dP/dtmin in TGSGLT1-DOWN and WT hearts during ex vivo I/R. n¼ 8–10/group. *P< 0.05 vs. WT control;
†P< 0.05 vs. WT I/R; ‡P< 0.05 vs. TGSGLT1-DOWN control. Data shown in panels A, B, and D were analysed for statistical significance using one-way
ANOVA followed by post hoc Bonferroni correction. Data shown in panels C, E, F, G, and H were analysed for statistical significance using the Student’s t-
test.

1648 Z. Li et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
TGSGLT1-DOWN but not wild-type hearts, peak left ventricular systolic
pressure recovered to baseline after reperfusion, and þdP/dtmax and
-dP/dtmin were partially preserved (Figure 1F–H).

These differences were unrelated to differences in glucose trans-
portation by either the GLUTs or SGLT1. As we have previously
reported,16 cardiac GLUT1 and GLUT4 protein expression was
unchanged in TGSGLT1-DOWN mice relative to wild-type littermates
(Supplementary material online, Figure S2A). We measured glucose
uptake ex vivo in intact wild-type and TGSGLT1-DOWN hearts at baseline
and after I/R (Supplementary material online, Figure S2B), and also in
cardiomyocytes isolated from these hearts (Supplementary material
online, Figure S2C). Both in intact ex vivo isolated perfused hearts and
in isolated cardiomyocytes, there was no difference in glucose uptake
between wild-type and TGSGLT1-DOWN. Although there was an in-
crease in glucose uptake after I/R, the increase was again similar be-
tween wild-type and TGSGLT1-DOWN intact hearts and isolated
cardiomyocytes. The ex vivo experiments shown in Figure 1 were per-
formed using pyruvate in the perfusate. Similar differences between
TGSGLT1-DOWN and wild-type hearts in infarct size, oxidative stress,
and haemodynamics were observed when glucose was used in the
perfusate (Supplementary material online, Figure S3). Finally, we re-
peated the ex vivo experiments using glucose in the perfusate, and
extending reperfusion for 2 h. As in our prior experiments, TGSGLT1-

DOWN hearts exhibited decreased infarct size and preserved cardiac
function (Supplementary material online, Figure S4A and B).

Similarly, in HL-1 cells, H/R in vitro led to increased AMPK activity, as
reflected by Thr172 phosphorylation (p-AMPK), and increased expres-
sion of SGLT1 (Figure 2A). Transfection of SGLT1 siRNA led to de-
creased expression of SGLT1 both at baseline and following H/R relative
to control cells transfected with scrambled siRNA. However, AMPK ac-
tivity was similar in SGLT1 siRNA and scrambled siRNA transfected cells
at baseline, and increased similarly in both groups of cells following H/R.
Furthermore, the increase in SGLT1 expression following H/R was abol-
ished by the AMPK inhibitor compound C (Figure 2B). Knockdown of
SGLT1 improved cell viability following H/R (Figure 2C), decreased injury
as reflected by lactate dehydrogenase (LDH) release (Figure 2D), and de-
creased oxidative stress as reflected by MDA production (Figure 2E).
Thus, in vivo, ex vivo, and in vitro studies all showed that SGLT1 knock-
down was protective against ischaemic injury.

3.2 Regulation of SGLT1 in cardiac
ischaemia
During cardiac ischaemia, AMPK is activated by Thr172 phosphorylation
(p-AMPK)18 (see also Supplementary material online, Figure S1).
Exposure of HL-1 cells to the AMPK activator metformin increased ex-
pression of p-AMPK and SGLT1 protein (Figure 3A). These effects were
abrogated by the AMPK inhibitor compound C. SiRNA-mediated knock-
down of either the a1 or the a2 catalytic subunit of AMPK attenuated
the up-regulation of SGLT1 protein in the presence of metformin
(Supplementary material online, Figure S5A and B). However, only AMPK
a2 subunit knockdown abolished up-regulation of SGLT1 following H/R
(Supplementary material online, Figure S5C and D). These findings suggest
that the a2 subunit of AMPK is the specific isoform responsible for up-
regulation of SGLT1 following H/R. Oxidative stress (Supplementary
material online, Figure S5E) and cell viability (Supplementary material on-
line, Figure S5F) following H/R were unaltered by either AMPK a1 or
AMPK a2 knockdown. The lack of an effect on cell viability and oxidative
stress may be related to the fact that AMPK has multiple targets in

addition to SGLT1, many of which, unlike SGLT1, may be cardioprotec-
tive during ischaemia.

Co-immunoprecipitation studies using protein from isolated per-
fused hearts with or without I/R showed that, although AMPK does
not interact with SGLT1, ERK interacts with both AMPK and SGLT1
(Figure 3B), suggesting that ERK may act as an intermediary in the up-
regulation of SGLT1 by AMPK. Consistent with this hypothesis, met-
formin led to an increase in activated, phosphorylated ERK (p-ERK)
and SGLT1 mRNA, and protein expression in isolated adult murine
ventricular cardiomyocytes (Figure 3C and D). Exposure of HL-1 cells
to both metformin and the ERK inhibitor U0126 abrogated the in-
creased expression of activated, phosphorylated ERK (p-ERK) and
SGLT1, but had no effect on the expression of activated, phosphory-
lated AMPK (p-AMPK) (Figure 3E).

The promoter of the gene encoding SGLT1 (SLC5A1) contains two
binding sites for specificity protein 1 (Sp1) and one for hepatocyte nu-
clear factor 1 (HNF-1) that increase transcription.19 The protein HuR
increases SGLT1 mRNA stability by binding to a critical uridine-rich ele-
ment in its 3’ untranslated region (3’-UTR).20 AMPK stimulates binding
of HuR to its targets21 and ERK2 targets HuR.22 Metformin increased
binding of Sp1, HNF-1, and HuR to their respective targets in HL-1 cells,
effects that were abrogated by the AMPK inhibitor compound C (Figure
4A–C). Sp1 can be phosphorylated by several kinases, including ERK,
that enhances its binding activity.23 Mirk, a dimerization cofactor of
HNF-1, is activated by phosphorylation and subsequently stabilizes
HNF-1 and enhances its transcriptional activity.24 The AMPK activator
metformin increased phosphorylation of HuR, Sp1, and Mirk, and nu-
clear localization of HNF-1 in HL-1 cells (Figure 4D). These effects were
attenuated or abrogated by the ERK inhibitor U0126. Exposure of HL-1
cells to siRNA targeting HNF-1, Sp1, and HuR successfully decreased
expression of the targets (Figure 4E–G), but only HuR knockdown
resulted in decreased expression of SGLT1 mRNA (Figure 4H). HuR
knockdown also impaired SGLT1 mRNA stability, consistent with the
function of HuR, whereas HNF-1 and Sp1 knockdown had no effect on
SGLT1 mRNA stability (Figure 4I).

In non-cardiac tissues, phosphorylation of SGLT1 has been shown to
cause its translocation from intracellular vesicles to the cell membrane and
an increase in glucose uptake.25 Our studies suggested that a similar mecha-
nism exists in cardiomyocytes. In HL-1 cells, the AMPK activator metformin
increased phosphorylation of SGLT1, an effect that was reversed in the
presence of the ERK inhibitor U0126 (Figure 5A). Immunoblots of mem-
brane and cytosolic protein fractions from HL-1 cells showed that metfor-
min increased expression of SGLT1 in the membrane fraction, an effect
that was abolished by U0126 (Figure 5B). Consistent with this finding, immu-
nofluorescence studies showed that the phosphorylation of SGLT1 was
correlated with translocation to the sarcolemma (Figure 5C). Co-
immunoprecipitation studies of cardiac protein from wild-type isolated per-
fused hearts with or without I/R showed no interaction between SGLT1
and caveolin-3 (Figure 5D), suggesting that caveolin-3 is not directly involved
in trafficking of SGLT1 to the sarcolemma.

Thus, collectively, our data suggest that AMPK activates ERK, which
in turn increases expression of SGLT1 protein through Sp1 and HNF-1,
and increases transcript stability through HuR. Furthermore, ERK phos-
phorylates SGLT1 and causes its translocation to the sarcolemma.

3.3 Activation of PKC and p47phox by
SGLT1
Following ex vivo I/R of isolated perfused hearts, TGSGLT1-DOWN hearts, rela-
tive to wild-type hearts, exhibited decreased expression of total
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..phosphorylated, activated PKC (p-PKC) and of the PKCb and the PKCd iso-
forms (Figure 6A). PKC leads to phosphorylation of p47phox, which in turn
leads to activation of Nox2. TGSGLT1-DOWN hearts, relative to wild-type
hearts, exhibited decreased relative phosphorylation of p47phox (Figure 6A).

HL-1 cells were subjected to H/R or were transfected with SGLT1
cDNA expression vectors. Either condition resulted in increased cellular
expression of SGLT1 or total phosphorylated PKC, and membrane ex-
pression of p47phox and Nox2 (Figure 6B). Administration of the PKC

Figure 2 Decreased injury following exposure of HL-1 cells to in vitro H/R was observed following knockdown of SGLT1. (A) Protein expression of
Thr172 phosphorylated AMPK a subunit (p-AMPK a), total AMPK, and SGLT1 in HL-1 cells transfected with SGLT1 siRNA relative to HL-1 cells transfected
with scrambled siRNA. Lamin B was used as a loading control. Four independent experiments were performed. n¼ 5/group. *P< 0.05 vs. scrambled siRNA;
†P< 0.05 vs. scrambled siRNA þ H/R; ‡P< 0.01 vs. SGLT1 siRNA. (B) Protein expression of Thr172 phosphorylated AMPK a subunit (p-AMPK a), total
AMPK and SGLT1 in HL-1 cells treated with or without the AMPK inhibitor compound C (10 lM) and exposed to normoxia or H/R. Lamin B was used as a
loading control. n¼ 5/group. *P< 0.05 vs. control; †P< 0.05 vs. H/R; ‡P< 0.01 vs. compound C. Data were analysed for statistical significance using one-way
ANOVA followed by post hoc Bonferroni correction. (C) Cell viability in HL-1 cells transfected with SGLT1 siRNA or scrambled siRNA and exposed to
H/R, assessed by trypan blue exclusion. n¼ 5/group. Representative scans are shown, in which surviving cells are unstained (indicated by white arrows) and
non-viable cells are stained blue. *P< 0.05 vs. scrambled siRNA þ H/R. (D) Cell death following H/R, assessed by lactate dehydrogenase (LDH) release.
n¼ 5/group. *P< 0.05 vs. scrambled siRNAþ H/R. (E) Oxidative stress following H/R, quantified by MDA content in cardiac tissue. n¼ 5/group. *P< 0.05
vs. scrambled siRNAþ H/R. Data shown in panels A and B were analysed for statistical significance using one-way ANOVA followed by post hoc Bonferroni
correction. Data shown in panels C, D, and E were analysed for statistical significance using the Student’s t-test.
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inhibitor chelerythrine concurrent with H/R or forced expression of
SGLT1 attenuated or abrogated the increases in expression of total
phosphorylated PKC, p47phox, and Nox2. Increased oxidative stress,
assessed by MDA production (Figure 6C) and cell death, assessed by
LDH production (Figure 6D), induced by forced expression of SGLT1
was attenuated by the Nox2 inhibitor gp91 dstat.

3.4 EGFR serves as a mediator between
SGLT1 and PKC
Co-immunoprecipitation studies of cardiac protein from wild-type iso-
lated perfused hearts with or without I/R showed that EGFR interacts
with both SGLT1 and PKC, but that SGLT1 does not directly interact
with PKC (Figure 7A). In HL-1 cells exposed to the AMPK activator

Figure 3 During ischaemia, AMPK up-regulates SGLT1 via ERK. (A) HL-1 cells were treated with vehicle alone (0.1% DMSO, control), the AMPK acti-
vator metformin (2 mM), and/or the AMPK inhibitor compound C (Comp C, 10lM) for 25 h. Representative immunoblots and denstiometry analyses
are shown of protein expression of Thr172 phosphorylated AMPK a subunit (p-AMPK a), total AMPK a, and SGLT1 relative to control. Cyclophilin was
used as a loading control. n¼ 5/group. *P< 0.05 vs. control; †P< 0.05 vs. metformin. (B) Co-immunoprecipitation analyses of SGLT1, AMPK, and ERK in
total cardiac protein from wild-type hearts exposed to ex vivo continuous perfusion (control) or I/R. n¼ 5/group. (C and D) Isolated adult murine ventricu-
lar cardiomyocytes were treated with vehicle alone (0.1% DMSO, control), or the AMPK activator metformin (2 mM) for 25 h. Protein expression of
Thr172 phosphorylated AMPK a subunit (p-AMPK a), total AMPK a, and SGLT1 were assessed by immunoblot (C) and SGLT1 mRNA relative to control
by QPCR (D). Lamin B was used as a loading control for the immunoblots. n¼ 5/group. *P< 0.05 vs. control. Data were analysed for statistical signifi-
cance using the Student’s t-test. (E) HL-1 cells were treated with vehicle alone (0.1% DMSO, control), metformin (2 mM), and/or the ERK inhibitor
U0126 (1lM) for 25 h. Representative immunoblots and denstiometry analyses are shown of protein expression of p-AMPK a subunit, total AMPK a
subunit, phosphorylated ERK1/2 (Thr202/Tyr204), and SGLT1. a-tubulin was used as a loading control. n¼ 5/group. *P< 0.01 vs. control; †P< 0.05 vs.
metformin. Data were analysed for statistical significance using one-way ANOVA followed by post hoc Bonferroni correction.

Cardiac SGLT1 and ischaemia 1651



Figure 4 Transcriptional and post-translational up-regulation of SGLT1. (A–C) HL-1 cells were exposed to 0.1% DMSO vehicle alone (control), metfor-
min (2 mM), or metformin and compound C (Comp C, 10lM) for 25 h. HNF-1 and Sp1 binding to the promoter of the SGLT1 gene (Slc5a1) and HuR bind-
ing to the 3’-UTR of SGLT1 mRNA were quantified by ChIP and RIP, respectively. n¼ 5/group. *P< 0.01 vs. control; †P< 0.05 vs. metformin. (D) HL-1 cells
were exposed to 0.01% DMSO vehicle alone (control), U0126 (1lM), metformin (2 mM), or metformin and U0126 for 25 h. n¼ 3/group. Left, representa-
tive immunoblots of Tyr273/Tyr321-phosphorylated Mirk, Thr453-phosphorylated Sp1 (p-Sp1), total Sp1, Ser/Thr phosphorylated HuR (p-HuR), total HuR,
and nuclear HNF-1. Lamin B was used as a loading control. Right, densitometry analyses. n¼ 5/group. *P< 0.05 vs. control; †P< 0.05 vs. metformin. (E–H)
HL-1 cells were transfected with siRNA knocking down HNF-1, Sp1, or HuR, followed by exposure to metformin (2 mM) or vehicle for 24 h. Control cells
were transfected with scrambled siRNA. Representative immunoblots of protein expression of HNF-1 (E), Sp1 (F), and HuR (G) are shown in the top panels
and densitometry analyses in the bottom panels. Lamin B was used as a loading control. n¼ 4/group. *P< 0.01 vs. control; †P< 0.05 vs. metformin.
Expression of SGLT1 mRNA was assessed by QPCR (H). n¼ 7/group. (I) HL-1 cells were transfected with siRNA knocking down HNF-1, Sp1, or HuR,
treated with vehicle alone (0.1% DMSO, control) or metformin (2 mM), and finally exposed to actinomycin D (1lM) or 0.1% DMSO for 2, 4, or 6 h.
Control cells were transfected with scrambled siRNA. SGLT mRNA was measured by QPCR. n¼ 3/group. *P< 0.01 vs. control; †P< 0.05 vs. metformin.
Data were analysed for statistical significance using one-way ANOVA followed by post hoc Bonferroni correction.
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metformin, there was increased interaction of SGLT1 with the active,
Tyr1173-phosphorylated form of EGFR (p-EGFR, Figure 7B). This interac-
tion was abolished by the ERK inhibitor U0126 (Figure 7B). Transfection
of HL-1 cells with an SGLT1 cDNA expression vector resulted in in-
creased expression of SGLT1 and phosphorylated PKC (p-PKC)
(Figure 7C). The EGFR inhibitor gefitinib treatment had no effect on
SGLT1 expression, but abolished increased PKC phosphorylation associ-
ated with SGLT1 overexpression. These findings suggested that EGFR
mediates PKC activation by SGLT1.

SGLT1 interacts with the autophosphorylation domain of EGFR.26 To
determine whether PKC activation requires direct interaction between
SGLT1 and EGFR, we co-transfected HL-1 cells with combinations of
expression vectors as listed below, followed by exposure to normoxia
or H/R. Control cells were transfected with an equal amount of Myc-
tagged and HA-tagged empty vectors. SGLT1 cDNA cells were trans-
fected with SGLT1 cDNA containing a Myc tag and an empty vector
containing an HA tag. H/R þWT EGFR cells were transfected with an
empty vector containing a Myc tag and a wild type sequence EGFR

Figure 5 SGLT1 phosphorylation leads to translocation to the cell surface. HL-1 cells were treated with vehicle alone (0.1% DMSO, control), metformin
(2 mM), compound C (Comp C, 10lM), and/or U0126 (1lM) for 25 h. (A) SGLT1 was immunoprecipitated and subjected to a pan-phosphoserine/threo-
nine antibody to quantify relative SGLT1 phosphorylation. The top panels show representative immunoblots and the bottom panels show densitometry
analyses. n¼ 5/group. *P< 0.01 vs. control; †P< 0.05 vs. metformin. (B) Protein expression of SGLT1, lamin B, and cyclophilin were determined by immuno-
blot. The top panels show representative immunoblots and the bottom panels show densitometry analyses. n¼ 5/group. *P< 0.01 vs. control; †P< 0.05 vs.
metformin. (C) Top, representative immunofluorescence images showing localization of SGLT1. Green, SGLT1; red, wheat germ agglutinin, sarcolemma;
blue, DAPI, nuclei. Scale bar equals 20lm. Bottom, SGLT1 translocation was quantified as ratio of sarcolemma to sarcoplasm. n¼ 5/group. *P< 0.05 vs.
control; †P< 0.05 vs. metformin. Data shown in panels A, B, and C were analysed for statistical significance using one-way ANOVA followed by post hoc
Bonferroni correction. (D) Cardiac protein from isolated perfused wild-type mouse hearts exposed to normal flow (control) or ex vivo I/R were immunopre-
cipitated with anti-caveolin-3 or anti-SGLT1 antibodies, and the immunoprecipitates probed on immunoblots for caveolin-3 or SGLT1. A representative im-
munoblot is shown. n = 5/group.
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Figure 6 SGLT1 up-regulation leads to activation of PKC and Nox2. (A) Isolated perfused WT and TGSGLT1-DOWN hearts were exposed to continuous
flow (control) or no-flow I/R. Representative immunoblots are shown of phosphorylated PKC (p-PKC), PKC b, PKC d, phosphorylated (p-p47phox), and
total p47phox. Lamin B was used as a loading control. Representative immunoblots and densitometry analyses are shown. n¼ 5/group. *P< 0.05 vs. WT
control; †P< 0.05 vs. WT I/R; ‡P< 0.05 vs. TGSGLT1-DOWN control. (B) HL-1 cells were transfected with an empty expression vector (control), exposed to
H/R, or transfected with a SGLT1 cDNA expression vector (SGLT1 cDNA). Cells were also treated with or without the PKC inhibitor chelerythrine
(1lM). Representative immunoblots and densitometry analyses are shown of SGLT1, p-PKC, Nox2, and p47phox. n¼ 5/group. *P< 0.01 vs. control;
†P< 0.05 vs. H/R; ‡P< 0.05 vs. SGLT1 cDNA. (C and D) HL-1 cells were transfected with an empty expression vector (control), exposed to H/R, or trans-
fected with a SGLT1 cDNA expression vector (SGLT1 cDNA). Cells were also treated with or without the Nox2 inhibitor gp91 dstat (5lM) for 25 h. (C)
Oxidative stress following H/R, quantified by MDA in the cell lysate. n¼ 5/group. (D) Cell death following H/R, assessed by LDH release. n¼ 5/group.
*P< 0.01 vs. control; †P< 0.05 vs. H/R; ‡P< 0.05 vs. SGLT1 cDNA. Data were analysed for statistical significance using one-way ANOVA followed by post
hoc Bonferroni correction.
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Figure 7 EGFR mediates activation of PKC by SGLT1. (A) Cardiac protein from isolated perfused wild-type mouse hearts exposed to normal flow (con-
trol) or no-flow I/R were immunoprecipitated with anti-PKC (upper panel), anti-SGLT1 (middle panel), and anti-EGFR (lower panel) primary antibodies, and
the immunoprecipitate samples probed on immunoblots for SGLT, EGFR, and PKC. n¼ 5/group. (B) HL-1 cells were treated with vehicle alone (0.01%
DMSO, control), U0126 (1lM), metformin (2 mM), or metformin and U0126. Top, protein was immunoprecipitated with anti-SGLT1 primary antibody and
the immunoprecipitate samples probed on immunoblots for SGLT1 and Tyr1173-phosphorylated EGFR (p-EGFR); bottom, densitometry analyses. n¼ 5/
group. *P< 0.05 vs. control; †P< 0.05 vs. metformin. (C) HL-1 cells were transfected with an expression vector containing SGLT1 cDNA or an empty ex-
pression vector, and with or without the EGFR inhibitor gefitinib (1lM). Left, protein was immunoblotted for SGLT1, Tyr1173-phosphorylated EGFR (p-
EGFR), phosphorylated PKC (p-PKC), and lamin B; right, densitometry analyses. n¼ 5/group. *P< 0.05 vs. control; †P< 0.05 vs. SGLT1 cDNA. (D–F) HL-1
cells were transfected with SGLT1 siRNA in normoxic conditions, or transfected with combinations of expression vectors as listed below, followed by ex-
posure to normoxia or H/R, in the presence or absence of gefitinib. Control cells were treated with an equal amount of Myc tagged and HA tagged empty
vectors. SGLT1 cDNA cells were transfected with SGLT1 cDNA containing a Myc tag and an empty vector containing an HA tag. H/R þWT EGFR cells
were transfected with an empty vector containing a Myc tag and a wild-type EGFR vector containing an HA tag. H/R þ mutant EGFR (DAuto EGFR) cells
were transfected with an empty vector containing a Myc tag and a mutant EGFR (DAuto EGFR) vector containing an HA tag. (D) Protein was immunopreci-
pitated with anti-HA primary antibody and the immunoprecipitate samples probed on immunoblots for HA, Myc, and PKC. n¼ 5/group. (E) Immunoblots
were performed for SGLT1, phosphorylated PKC (p-PKC), and a-tubulin. Representative immunoblots and densitometry analyses are shown. n¼ 5/group.
*P< 0.05 vs. control; †P< 0.05 vs. H/R; ‡P< 0.05 vs. SGLT1 cDNA; §P< 0.05 vs. SGLT1 cDNAþWT EGFR. (F) PKC activity was assayed in cells following
the indicated treatments. n¼ 5/group. *P< 0.05 vs. control; †P< 0.05 vs. H/R; ‡P< 0.05 vs. SGLT1 cDNA; §P< 0.05 vs. SGLT1 cDNA þWT EGFR. Data
were analysed for statistical significance using one-way ANOVA followed by post hoc Bonferroni correction.
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..vector containing an HA tag. H/R þ mutant EGFR (DAuto EGFR) cells
were transfected with an empty vector containing a Myc tag and a mu-
tant EGFR (DAuto EGFR, lacking the autophosphorylation domain) vec-
tor containing an HA tag. Co-expression of SGLT1 and WT EGFR
resulted in their direct interaction as documented by co-
immunoprecipitation assays, and direct interaction between EGFR and
PKC (Figure 7D). In contrast, SGLT1 did not interact with mutant EGFR
(DAuto EGFR), and consequently there was decreased interaction be-
tween PKC and mutant EGFR (Figure 7D). Expression of active, phos-
phorylated PKC was increased in cells exposed to H/R or forced
expression of SGLT1, an effect that was abrogated with concurrent ex-
pression of mutant EGFR (DAuto EGFR) (Figure 7E). PKC activity was in-
creased in cells exposed to H/R or forced expression of SGLT1, an
effect that was abrogated by the EGFR inhibitor gefitinib or by expres-
sion of mutant EGFR (DAuto EGFR) (Figure 7F). PKC activity was de-
creased by siRNA-mediated knockdown of SGLT1. Therefore,
activation of PKC is dependent on activation of EGFR by interaction of
its autophosphorylation domain with SGLT1.

4. Discussion

Our studies show that RNAi-mediated knockdown of SGLT1 in cardio-
myocytes is protective against I/R injury in mice in vivo, in isolated per-
fused murine hearts ex vivo, and in isolated cells in vitro. SGLT1
knockdown is associated with decreased oxidative stress, decreased
myocardial necrosis, smaller infarct sizes, and improved hemodynamic
function after I/R or H/R injury. Collectively, these studies suggest that
SGLT1 contributes to I/R injury. Activation of AMPK during cardiac I/R
increases expression of SGLT1 and cause its translocation to the sarco-
lemma potentially by several mechanisms. First, the promoter of the
gene encoding SGLT1 (Slc5a1) contains three cis elements that increase
transcription—one binding site for HNF-1 and two binding sites for
Sp1.19 AMPK leads to increased binding HNF-1 and Sp1 to the Slc5a1
promoter, thereby increasing expression of the gene. Second, AMPK
stimulates binding of the protein HuR to a critical uridine-rich element in
its 3’-UTR in the SGLT1 mRNA, which is known to increase its stabil-
ity.31 Activation of ERK by AMPK leads to increased phosphorylation of
Sp1, HuR, and the HNF-1 co-factor Mirk which may be responsible for
increased SGLT1 expression at both the transcript and the protein level.
Third, ERK increases phosphorylation of SGLT1, which causes its trans-
location to the sarcolemma. Up-regulation of SGLT1 leads to increased
binding to the autophosphorylation domain of EGFR, which in turn acti-
vates PKC. Subsequently, p47phox, a subunit of Nox2, is phosphory-
lated, leading to oxidative stress. Supplementary material online, Figure
S6 illustrates the mechanisms by which SGLT1 contributes to cardiac I/R
injury.

Studies by other investigators in both cardiac and non-cardiac tissues
corroborate some of the mechanisms that we have uncovered. AMPK is
activated during cardiac ischaemia.27 ERK has recently emerged as an im-
portant downstream signalling pathway of AMPK.28,29 Sp1 can be phos-
phorylated by several kinases, including ERK, which enhances its binding
activity.30 Activation of Mirk by phosphorylation by ERK2 stabilizes
HNF-1 and enhances its transcriptional activity.24 In renal cells, HuR
binds to the SGLT1 mRNA 3’-UTR and can increase its half-life of
SGLT1 mRNA by protecting it from degradation.20 It is reported that
ERK regulates binding of HuR to its target mRNA.22 In non-cardiac tis-
sues, phosphorylation of SGLT1 has been shown to cause its

translocation from intracellular vesicles to the cell membrane and an in-
crease in glucose uptake,25 and SGLT1 can be phosphorylated by ERK.30

In normal, ischaemic, and hypertrophic human cardiac tissue, increased
SGLT1 expression at the sarcolemma of cardiomyoctyes was associated
with increases in expression of active, phosphorylated AMPK and ERK.31

Our studies demonstrate that ERK but not AMPK directly interacts with
SGLT1. AMPK activation leads to increased phosphorylation of ERK,
Mirk, Sp1, HuR, and SGLT1, which can be abolished or attenuated by the
ERK inhibitor U0126. Hence, during ischaemia, AMPK activates SGLT1
through ERK. However, there is also conflicting evidence suggesting that
AMPK negatively regulates ERK in cardiac fibroblasts32 and B16F10 mu-
rine melanoma cells.33 Thus, there may be differences among cell types
and possibly species. Furthermore, different activators of AMPK vary in
their ability to activate ERK in isolated cardiomyocytes in culture.
Whereas AICAR and A769662 did not activate ERK in a prior study,34

metformin activated ERK in a manner similar to our findings.35

Two recent studies have reported that phlorizin, a non-specific SGLT
inhibitor, exacerbates cardiac I/R injury.36,37 These reports are similar to
our own unpublished data using phlorizin and seem to be inconsistent
with our findings reported here using RNAi knockdown of SGLT1. It is
possible that there are divergent effects of acute pharmacological inhibi-
tion of SGLT1 as contrasted with subacute (our in vitro studies) or
chronic (our ex vivo and in vivo studies) RNAi knockdown of SGLT1.
Furthermore, phlorizin can also inhibit the facilitative GLUT transport-
ers. Indeed, decreased uptake of the glucose analogue 2-deoxy-D-glu-
cose (2-DG) was found in the presence of phlorizin.36,37 2-DG is
thought to be a poor substrate for SGLT1, suggesting that the increased
I/R injury in the presence of phlorizin may in fact be secondary to inhibi-
tion of the GLUTs rather than SGLT1.

Oxidative stress is thought to be a key player in myocardial I/R injury.
In the cardiovascular system, Nox accounts for a major proportion of
ROS generation. Among five Nox isoforms, Nox2 is the only one
expressed in cardiomyocytes. In our study, cardiomyocyte knockdown
of SGLT1 led to decreased PKC and p47phox activation and ultimately
decreased ROS production. Consistent with other investigators’ find-
ings,30 we found no direct interaction between SGLT1 and PKC in the
mouse heart. In cancer cells, SGLT1 is known to interact with and stabi-
lize EGFR,26 which in turn activates PKC.38 Also, EGFR leads to increased
mitochondrial ROS production,39 which can directly activate PKC. We
were able to confirm direct interaction between SGLT1 and EGFR as
well as between EGFR and PKC in mouse hearts, which suggests that
SGLT1 activates PKC through EGFR. Elevated glucose levels can in-
crease PKC phosphorylation and activity.40 However, we found no dif-
ference in GLUT1 and GLUT4 expression between wild-type and
TGSGLT1-DOWN hearts. Glucose uptake was no different between wild-
type and TGSGLT1-DOWN hearts both at baseline and after I/R. During ex
vivo I/R, TGSGLT1-DOWN hearts showed decreased infarct size, reduced
oxidative stress, and improved cardiac function regardless of whether
pyruvate or glucose was present in the perfusate. These observations
suggest that SGLT1 activates PKC independently of its glucose transport
activity, by interacting with EGFR. The EGFR/PKC signalling pathway is
documented to play an important role in many different disease states.
However, a relationship between SGLT1 and PKC, through EGFR, has
never been established previously.

Some prior studies have found that activation of AMPK inhibits Nox2
in cardiomyocytes, inconsistent with our model. Some of these studies
have used AMPK activators that do not lead to ERK activation in cardio-
myocytes. Thus, their effect on Nox2 may be mediated by AMPK targets
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..other than ERK and SGLT1. It is possible that AMPK, acting through
other pathways, may attenuate Nox2 activation mediated by our postu-
lated AMPK-ERK-SGLT1-EGFR-PKC-Nox2 pathway.

Different PKC isoforms have different effects on cardiac I/R injury and
are active at distinct time points.41 Inhibition of PKC b protects the heart
against I/R injury by decreasing ROS production,42,43 and inhibition of
PKC d prevents reperfusion injury.41 In this study, TGSGLT1-DOWN hearts
showed decreased membrane PKC b expression both with and without
I/R injury. Although TGSGLT1-DOWN hearts exhibited no difference from
wild-type hearts in PKC d expression before ischaemia, there was de-
creased expression after reperfusion. Hence, the cardioprotective effect
of SGLT1 knockdown may be related to initial decreased PKC b and
phosphorylated p47phox expression leading to decreased ROS produc-
tion, and later by inhibition of PKC d during reperfusion.

Although activation of AMPK is generally beneficial in the cellular re-
sponse to stresses such as ischaemia, our data suggest that one conse-
quence, namely up-regulation of SGLT1, may in fact be deleterious. We
and others37 have established that, of seven SGLT isoforms (SGLT1 to 6
and sodium-myoinositol cotransporter-1 [SMIT1]), only SGLT1 and
SMIT1 are expressed in human, mouse, and rat hearts. Therefore, devel-
opment of specific antagonists for SGLT1 may attenuate the deleterious
effects of SGLT1 in cardiac I/R, but leave other beneficial effects of
AMPK intact. Of note, the TGSGLT1-DOWN mice used in this study exhibit
approximately 80% knockdown of cardiomyocyte SGLT1 protein rather
than complete knockout, reflecting a degree of inhibition likely similar to
that which could be achieved pharmacologically. Several inhibitors of
SGLT2, which is not expressed in the heart, have recently been ap-
proved for the treatment of diabetes. One inhibitor, empagliflozin,
reduces cardiovascular death and heart failure in Type 2 diabetic
patients,44 by mechanisms that are distinct from its glucose-lowering ef-
fect.45 Although these agents are much more selective for SGLT2 than
SGLT1, it is intriguing to speculate whether the beneficial cardiovascular
effects of empagliflozin are partly attributable to SGLT1 inhibition.
Sotagliflozin, a new dual inhibitor of SGLT1 and SGLT2, is in clinical trials
for diabetes (NCT02384941).

In summary, this is the first study to document that cardiac ischaemia-
reperfusion activates a cascade of AMPK, ERK, SGLT1, EGFR, PKC, and
Nox2 that leads to oxidative injury. Our preclinical data suggest that spe-
cific inhibition of SGLT1 may be salutary in attenuating ischaemic injury.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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