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Abstract

To explore mechanisms by which SGLT2 inhibitors protect diabetic hearts

from heart failure, we examined the effect of empagliflozin (Empa) on the

ultrastructure of cardiomyocytes in the noninfarcted region of the diabetic

heart after myocardial infarction (MI). OLETF, a rat model of type 2 diabetes,

and its nondiabetic control, LETO, received a sham operation or left coronary

artery ligation 12 h before tissue sampling. Tissues were sampled from the

posterior ventricle (i.e., the remote noninfarcted region in rats with MI). The

number of mitochondria was larger and small mitochondria were more preva-

lent in OLETF than in LETO. Fis1 expression level was higher in OLETF than

in LETO, while phospho-Ser637-Drp1, total Drp1, Mfn1/2, and OPA1 levels

were comparable. MI further reduced the size of mitochondria with increased

Drp1-Ser616 phosphorylation in OLETF. The number of autophagic vacuoles

was unchanged after MI in LETO but was decreased in OLETF. Lipid droplets

in cardiomyocytes and tissue triglycerides were increased in OLETF. Empa

administration (10 mg/kg per day) reduced blood glucose and triglycerides

and paradoxically increased lipid droplets in cardiomyocytes in OLETF. Empa

suppressed Fis1 upregulation, increased Bnip3 expression, and prevented

reduction in both mitochondrial size and autophagic vacuole number after

MI in OLETF. Together with the results of our parallel study showing upregu-

lation of SOD2 and catalase by Empa, the results indicate that Empa

normalizes the size and number of mitochondria in diabetic hearts and that

diabetes-induced excessive reduction in mitochondrial size after MI was pre-

vented by Empa via suppression of ROS and restoration of autophagy.

Introduction

Recent clinical studies have shown that sodium glucose

cotransporter 2 (SGLT2) inhibitors prevent cardiovascular

events, particularly heart failure, in patients with type 2 dia-

betes mellitus (DM) (Zinman et al. 2015; Neal et al. 2017).

The mechanism underlying the beneficial effects of SGLT2

inhibitors is currently under intensive investigation. In our

previous studies (Takada et al. 2012; Murase et al. 2015),

Otsuka Long-Evans Tokushima Fatty rats (OLETF), a

model of obese type 2 DM, mimicked patients with type 2

DM in terms of a significant increase in the mortality after

acute myocardial infarction (MI) (Marso et al. 2007; De

Luca et al. 2013). The mortality rate during a period of
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48 h after acute MI was markedly higher in OLETF than in

Long-Evans-Tokushima Otsuka rats (LETO), nondiabetic

controls (Takada et al. 2012; Murase et al. 2015), despite

preserved contractility and only mildly impaired relaxation

of the left ventricle in OLETF (Takada et al. 2012; Kouzu

et al. 2015). In our study conducted in parallel with the

present study, treatment with empagliflozin for 2 weeks

significantly reduced mortality after acute MI (Oshima

et al. 2017), further supporting the cardioprotective effect

of an SGLT2 inhibitor.

Various possible mechanisms by which an SGLT2 inhibi-

tor reduces the incidence of heart failure and other cardiac

events in diabetic patients have been proposed. The pro-

posed mechanisms include improved cardiac energy meta-

bolism by increased utilization of circulating ketone bodies

(Mudaliar et al. 2016), attenuation of oxidative stress in

the myocardium (de Leeuw and de Boer 2016) and vessels

(Oelze et al. 2014), reduction in ventricular afterload by

blood pressure lowering (Cherney et al. 2014), and inhibi-

tion of Na+–H+ exchange in cardiomyocytes (Bertero et al.

2017). In mouse models of diabetes, SGLT2 inhibitors

improved ventricular diastolic function and attenuated

ventricular hypertrophy (Habibi et al. 2017; Hammoudi

et al. 2017; Joubert et al. 2017). Recently, we have focused

on alterations caused by diabetes in a remote noninfarcted

region of the heart after MI because the noninfarcted myo-

cardium plays a critical role in acute adaptation to main-

tain cardiac output. We found that activation of

autophagy, a stress-responsive intracellular digestion sys-

tem, in the noninfarcted region is blunted by diabetes, pos-

sibly contributing to insufficient mechanical compensation

(Murase et al. 2015). In addition, we found that empagli-

flozin significantly improved ATP generation together with

increased ketone utilization and upregulated superoxide

dismutase 2 (SOD2) and catalase expression in the nonin-

farcted region of the heart after MI in OLETF (Oshima

et al. 2017). On the other hand, effects of treatment with

an SGLT2 inhibitor on ultrastructural changes in car-

diomyocytes have not been examined in detail. Thus, the

present study was designed to determine how diabetes and

empagliflozin modify the ultrastructure of cardiomyocytes,

mainly focusing on mitochondria, in the noninfarcted

region of the heart with MI.

Methods

Animals

This study was conducted in strict accordance with the

Guide for the Care and Use of Laboratory Animals pub-

lished by National Research Council of the National Aca-

demies, USA (2011) and was approved by the Animal

Use Committee of Sapporo Medical University. Male

LETO and OLETF were purchased from Sankyo Labo

Service Corporation (Tokyo, Japan). LETO and OLETF at

ages of 25–30 weeks were used in all experiments as in

our previous studies (Takada et al. 2012; Kouzu et al.

2015; Murase et al. 2015). Vehicle-treated LETO and

OLETF and empagliflozin-treated OLETF were divided

into two subgroups depending on whether a sham opera-

tion (Sham) or coronary ligation to induce MI was per-

formed. Therefore, we compared six groups of animals:

LETO-Sham, LETO-MI, OLETF-Sham, OLETF-MI, OLE

TF-empagliflozin-Sham (OLETF-Empa-Sham), and OLE

TF-empagliflozin-MI (OLETF-Empa-MI).

We selected a permanent coronary occlusion protocol,

not an ischemia/reperfusion protocol, to prepare the same

sizes of MI in all treatment groups. Our previous studies

have shown that the size of MI after ischemia/reperfusion is

significantly larger in OLETF than that in LETO (Miki

et al. 2009; Hotta et al. 2010). Tanajak et al. (2018)

recently reported that dapagliflozin limited MI size after

ischemia/reperfusion in a rat model of insulin resistance.

Thus, the use of an ischemia/reperfusion protocol in LETO

and OLETF makes it difficult to critically assess the impact

of diabetes or empagliflozin on cardiomyocytes in the non-

infarcted region because of the difference in the loading

condition on that region due to different MI sizes. Such

intergroup differences in MI size may also result in differ-

ences in the survival rate after MI, leading to selection bias

in tissue sampling. Permanent coronary occlusion consis-

tently induces severe dyskinesis of the territory of the

occluded artery regardless of the treatment in rats because

of the very low coronary collateral flow level in this species

(Maxwell et al. 1987; Hearse et al. 1988; Takada et al.

2012), and we have previously confirmed that MI sizes after

permanent coronary artery occlusion were comparable in

LETO and OLETF 48 h after MI (Murase et al. 2015).

Administration of empagliflozin

Rats were pretreated with a vehicle (dimethyl sulfoxide

and polyethylene glycol; 1:1 vol: vol) or empagliflozin

(10 mg/kg per day) for 2 weeks. Empagliflozin was kindly

provided by Boehringer Ingelheim (Ingelheim, Germany).

The agents were administered to rats by use of osmotic

minipumps (Alzet, Cupertino, CA).

Induction of MI

Rats were fasted for 12 h and blood pressure and heart

rate were measured in a conscious state by using a tail-

cuff system (BP-98A, Softron, Tokyo, Japan) before sur-

gery. The rats were prepared for induction of MI as in

our previous studies (Takada et al. 2012; Murase et al.

2015). In brief, rats were placed in an induction chamber,
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and anesthesia was induced with isoflurane (5%) with

careful monitoring of the level of anesthesia. After intuba-

tion, rats were ventilated with a rodent respirator (model

683, Harvard Apparatus, South Natick, MA) with supple-

mentation of oxygen (1 L/min) and anesthesia by isoflu-

rane (3–3.5%). After left thoracotomy, a marginal branch

of the left coronary artery was permanently ligated by

using a 5-0 silk thread to induce MI. Sham-operated rats

served as controls. The surgical wounds were repaired,

and the rats were returned to their cages.

Sampling of myocardial tissues and blood

Since our previous studies showed that mortality during a

period of 24–48 h after MI was significantly higher in

OLETF than in LETO (Takada et al. 2012; Murase et al.

2015), 12 h after MI or the sham operation was selected

as the time point for sampling of myocardial tissues and

blood. Rats were kept fasted after surgery, and anesthesia

and ventilation were performed as they were at the time

of the first surgery. Blood pressure and heart rate were

monitored by a catheter placed in the carotid artery, and

blood was sampled via the arterial catheter. Blood glucose

level was determined by using a Glutest-mint (Sanwa

Kagaku Kenkyusho, Nagoya, Japan). The chest was re-

opened and the hearts were excised and immediately

immersed in ice-cold saline. The myocardium in the non-

infarcted region (posterior wall of the ventricle) was

quickly excised in the saline, and half of the sample was

fixed for electron microscopic analyses. The other half

was frozen in liquid nitrogen and stored at �80°C until

use for biochemical and gene expression analyses.

Electron microscopy

Myocardial tissues were fixed with 2.5% glutaraldehyde in

0.1 mol/L cacodylate buffer (pH 7.4) overnight at 4°C,
followed by postfixation with 1% OsO4. After dehydra-

tion, the specimens were conventionally processed and

examined under an electron microscope (H7650, Hitachi,

Japan). For analyses of mitochondrial morphology and

lipid droplets, 10 random fields from 2 blocks were cap-

tured at 15,000 9 (9.3 lm 9 9.3 lm) in each heart. A

total of 50–60 images from 5 or 6 rats in each group were

analyzed. For counting autophagic vacuoles including

nascent and mature autophagosomes and autolysosomes,

five randomly selected images in each heart were captured

at 5000 9 (28 lm 9 28 lm) and data from five or six

rats were compared. Data were expressed as number per

100 lm2. Areas of individual mitochondria and lipid dro-

plets were quantified by using ImageJ software (National

Institutes of Health). In this study, we focused on inter-

fibrillar mitochondria (Fig. 1A) because this population

of mitochondria has been reported to be more susceptible

than subsarcolemmal mitochondria to diabetes-induced

change in size (Dabkowski et al. 2009).

mRNA quantification

Total RNA was isolated from frozen tissues by using an

RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA).

First-strand cDNA was synthesized using a SuperScript

VILOTM cDNA Synthesis Kit (Life Technologies). DNA

amplification was performed in ABI PRISM7500 (Life

Technologies) by using Taqman Universal PCR Master

Mix (Applied Biosystems, Inc). Taqman gene expression

assays used in this study were as follows: Parkin

(Rn00571787_m1), BCL2/adenovirus E1B-interacting pro-

tein 3 (Bnip3) (Rn00821446_g1), and b-actin (Rn0066

7869_m1). All assays were performed in duplicate and by

the standard curve method using serial cDNA dilution.

b-Actin served as an internal control.

Immunoblotting

Frozen tissue samples were homogenized in ice-cold buf-

fer (CelLyticTM MT Cell Lysis Reagent) containing pro-

tease and phosphatase inhibitor cocktails (Nacalai Tesque,

Inc., Kyoto, Japan). The homogenate was centrifuged at

15,000 g for 15 min at 4°C to obtain the supernatant.

Equal amounts of protein were analyzed by immunoblot

assays using mouse monoclonal anti-Mfn1 (Abcam,

ab57602, 1:1000), rabbit polyclonal anti-Mfn2 (Abcam,

ab50838, 1:1000), mouse monoclonal anti-OPA1 (BD

Biosciences, 612606, 1:1000), rabbit polyclonal anti-Fis1

(GeneTex, GTX111010, 1:1000), rabbit monoclonal anti-

phospho-Ser616-Drp1 (Cell Signaling Technology, #4494,

1:1000), rabbit monoclonal anti-phospho-Ser637-Drp1

(Cell Signaling Technology, #6319, 1:1000), mouse mono-

clonal anti-Drp1 (BD Biosciences, 611112, 1:1000), mouse

monoclonal anti-Bnip3 (Sigma Aldrich, B7931, 1:1000),

and mouse monoclonal anti-vinculin (Sigma Aldrich,

V9131, 1:5000). Intensities of individual bands were

quantified by using Image J software.

Assay of tissue triglyceride level

Cardiac tissues were homogenized in 5% NP-40/H2O

solution. The samples were heated to 80°C in a heat block

for 3 min and then cooled down to room temperature.

This procedure was carried out one more time and sam-

ples in 1.5-mL tubes were centrifuged for 2 min at

15,000 rpm. Supernatants were used for measurements of

triglyceride (TG) by using a TG assay kit (Wako Pure

Chemical, 290-63701) in accordance with the manufac-

turer’s instructions.
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Statistical analysis

Data are presented as means � SEM. One-way ANOVA

and the Student–Newman–Keuls post hoc test were used

to analyze differences in data among groups. The z-test

was used to determine the significance in proportions of

mitochondria size between two groups (Picard et al.

2015). For all tests, P < 0.05 was considered statistically

significant. All analyses were performed with SigmaStat

(Systat, San Jose, CA).
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Figure 1. Effects of myocardial infarction and empagliflozin on mitochondrial number and size in the noninfarcted region of LETO

and OLETF. (A) Representative electron micrographs from the noninfarcted myocardium of LETO, OLETF treated with a vehicle, and

OLETF treated with empagliflozin (Empa) that were subjected to a sham operation or coronary artery ligation (MI). Scale bar = 2 lm.

Summary data of the percentage of total mitochondrial area (B), mitochondrial number per area (C), and the area of individual

mitochondria (D) in 6 groups are shown. Ten images were taken from each heart, and data for 5–6 rats in each group were

analyzed. *P < 0.05.
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Results

Empagliflozin decreased blood levels of
glucose, total cholesterol, and triglyceride
in OLETF

Under baseline conditions, OLETF showed greater body

weight and higher blood glucose than those in LETO

(Table 1). Empagliflozin did not change body weight but

significantly decreased blood glucose level in OLETF.

Under the conscious condition, heart rates were similar

in LETO and OLETF and blood pressure tended to be

higher in OLETF. Blood pressure in OLETF assigned to

MI was slightly higher than those in other groups of

OLETF, possibly due to inclusion of rats with large body

weights by chance. There was no significant effect of

empagliflozin on heart rate or blood pressure (Table 1).

Ten rats were assigned to sham surgery in each of the

LETO, OLETF, and empagliflozin-treated OLETF groups,

and none of sham-operated rats died within 12 h after

surgery. MI was induced in 11 LETO, 14 OLETF, and 12

empagliflozin-treated OLETF, and the mortality rates dur-

ing a period of 12 h after coronary occlusion were not

significantly different between the three groups (9%, 28%,

and 17%, respectively). At 12 h after MI, blood glucose

levels were lower in empagliflozin-treated OLETF

(Table 2). Empagliflozin significantly decreased total

cholesterol level in sham-operated OLETF (Table 2).

Serum TG levels were significantly higher in OLETF than

in LETO as we previously reported (Miki et al. 2009;

Hotta et al. 2010), and empagliflozin significantly reduced

TG level in OLETF after MI. Heart rate under isoflurane

anesthesia and respiratory support was lower in OLETF

than in LETO as we previously reported (Kouzu et al.

2015; Murase et al. 2015) and was not affected by

empagliflozin. Blood pressures were comparable in the

study groups regardless of MI or empagliflozin treatment.

The number of smaller mitochondria was
increased in OLETF

In observation of the myocardium of LETO and OLETF

by electron microscopy, significant changes in myofibrils,

such as derangement or lysis of myofilaments, within car-

diomyocytes were not detected in the hearts of OLETF or

LETO with and without MI. Total mitochondrial areas

were comparable in the sham-operated groups (Fig. 1B).

However, as shown in Figure 1C, the number of mito-

chondria per area was significantly increased in sham-

operated OLETF (OLETF-Sham) compared with that in

sham-operated LETO (LETO-Sham). The average of indi-

vidual mitochondrial sizes tended to be smaller in the

OLETF-Sham group than in the LETO-Sham group, but

the difference did not reach statistical significance

(Fig. 1D). Thus, frequency distribution analysis was per-

formed for mitochondrial area data. As shown in Fig-

ure 2A, the frequency of a mitochondrial area of

<0.20 lm2 was significantly increased in OLETF-Sham

(14.7%) compared with that in LETO-Sham (9.8%).

MI-induced reduction in the number of
mitochondria in the remote noninfarcted
region of the heart

The total mitochondrial area in the noninfarcted region

after MI of LETO hearts (LETO-MI) was significantly

smaller than that in LETO-Sham, and such a reduction in

the mitochondrial area after MI was observed in the non-

infarct region of OLETF hearts (OLETF-MI) compared

with that in the control, OLETF-Sham (Fig. 1B). The

Table 1. Metabolic and hemodynamic parameters before surgery after 12 h of fasting.

Body weight (g) Blood glucose (mg/dL) Heart rate (bpm) mBP (mmHg)

LETO-Vehicle

Sham 536 � 9 117 � 3 325 � 7 110 � 5

MI 518 � 9 124 � 4 334 � 8 112 � 4

OLETF-Vehicle

Sham 629 � 161 179 � 161 320 � 10 120 � 3

MI 656 � 81,3 152 � 51 322 � 10 126 � 51

OLETF-Empagliflozin

Sham 639 � 111 114 � 102 325 � 5 112 � 1

MI 642 � 91,3 121 � 10 331 � 7 118 � 4

Values are means � SEM. N = 10. bpm, beats per minute; mBP, mean blood pressure; MI, myocardial infraction.
1P < 0.05 versus LETO-Vehicle sham.
2P < 0.05 versus OLETF-Vehicle sham.
3P < 0.05 versus LETO-Vehicle MI.
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Table 2. Metabolic and hemodynamic parameters 12 h after surgery.

Blood glucose (mg/dL) Total cholesterol (mg/dL) Triglyceride (mg/dL) Heart rate (bpm) mBP (mmHg)

LETO-Vehicle

Sham 133 � 5 95 � 3 30 � 7 356 � 5 75 � 3

MI 136 � 8 105 � 4 28 � 6 350 � 6 78 � 2

OLETF-Vehicle

Sham 195 � 161 121 � 11 176 � 361 253 � 101 83 � 3

MI 222 � 141,3 115 � 7 225 � 241,3 243 � 91,3 76 � 6

OLETF-Empagliflozin

Sham 99 � 92 78 � 52 120 � 13 241 � 91 79 � 3

MI 116 � 84 98 � 5 138 � 164 251 � 61,3 84 � 3

Values are means � SEM. N = 6–10. bpm, beats per minute; mBP, mean blood pressure; MI, myocardial infraction.
1P < 0.05 versus LETO-Vehicle Sham.
2P < 0.05 versus OLETF-Vehicle Sham.
3P < 0.05 versus LETO-Vehicle MI.
4P < 0.05 versus OLETF-Vehicle MI.
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Figure 2. Frequency distribution analysis of individual mitochondrial areas: LETO versus OLETF. (A) Frequency distributions of areas of individual

mitochondria in rats subjected to a sham operation. Pie charts show the proportion of mitochondria less than 0.20 lm2 in each group.

*P < 0.05 by the z-test. (B) Frequency distributions of areas of individual mitochondria in rats subjected to coronary artery ligation (MI). Pie

charts show proportion of mitochondria less than 0.54 lm2 in each group. In each group, 2364 (LETO Sham), 2505 (OLETF Sham), 2466

(OLETF-Empa-Sham), 2546 (LETO-MI), 2269 (OLETF-MI), and 2201 (OLETF-Empa-MI) mitochondria from 50 to 60 images were analyzed.

*P < 0.05 by the z-test. NS = not significant.
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number of mitochondria was not significantly changed

after MI in either LETO or OLETF (Fig. 1C). The average

size of mitochondria was significantly smaller in OLETF-

MI than in OLETF-Sham, while the difference between

LETO-MI and LETO-Sham was not statistically significant

(Fig. 1D). However, frequency distribution analysis indi-

cated that the proportion of mitochondrial areas of

<0.54 lm2 (median of the area in LETO) was increased

in the noninfarcted remote regions in both LETO and

OLETF after MI (Fig. 3A and B). Furthermore, there was

a significant difference in the average of mitochondrial

size in the noninfarcted myocardium between LETO-MI

and OLETF-MI (Fig. 1D), which was supported by the

increase in frequency of a mitochondrial area of

<0.54 lm2 after MI in OLETF-MI compared with that in

LETO-MI (Fig. 2B).

Empagliflozin attenuated the MI-induced
reduction in mitochondrial size in OLETF

There was no significant difference between LETO-Sham

and empagliflozin-treated/sham-operated OLETF (OLE

TF-Empa-Sham) in total mitochondrial area, number of

mitochondria, and average size of mitochondria (Fig. 1B–
D). In contrast to the vehicle-treated OLETF groups (i.e.,

OLETF-Sham vs. OLETF-MI), total mitochondrial area,

number of mitochondria, and average size of mitochon-

dria did not differ between the control group (OLETF-

Empa-Sham) and the noninfarcted region after MI of the

empagliflozin-treated OLETF group (OLETF-Empa-MI).

A lack of change in mitochondrial size after MI in empa-

gliflozin-treated OLETF was confirmed by the results of

frequency distribution analysis (Fig. 3C).

The number of autophagic vacuoles was
maintained by empagliflozin after MI in
OLETF

By the use of marker proteins of autophagy, we previ-

ously showed that activation of adaptive autophagy in the

noninfarcted region of the heart 12 h after MI was signifi-

cantly attenuated in OLETF compared with that in LETO

(Murase et al. 2015). To confirm that previous finding by

morphological data, we quantified the number of autop-

hagic vacuoles in the noninfarcted myocardium after MI

and its control myocardium by electron microscopy. As

shown in Figure 4, autophagic vacuoles with diameters of

approximately 0.5 lm were observed in cardiomyocytes

(Fig. 4A), being consistent with a previous report

(Mizushima et al. 2002), and some of the vacuoles

included mitochondria (Fig. 4B). There was no significant

difference in the numbers of autophagic vacuoles per area

among the three sham-operated groups (Fig. 4C). The

number of autophagic vacuoles was significantly smaller

in the noninfarcted region of the heart than in the sham-

operated control in OLETF (OLETF-MI vs. OLETF-

Sham). However, such an MI-induced reduction in

autophagic vacuoles was not observed in LETO and

empagliflozin-treated OLETF.

Empagliflozin normalized Fis1 level and
suppressed MI-induced phosphorylation of
Ser616-Drp1 in OLETF

To investigate how mitochondrial size is regulated in

OLETF, we examined changes in machineries that regulate

mitochondrial fission and fusion. The protein level of Fis1,

which mediates mitochondrial fission (Liesa et al. 2009;

Shenouda et al. 2011; Loson et al. 2013), was signif icantly

increased in OLETF-Sham compared with that in LETO-

Sham (Fig. 5A and B). Empagliflozin treatment canceled

the increase in Fis1 protein level in sham-operated OLETF.

In LETO, MI significantly increased Fis1 protein level

(Fig. 5A and B). However, such an MI-induced upregula-

tion of Fis1 was not observed in vehicle-treated OLETF.

Empagliflozin reduced Fis1 level in OLETF to the level in

LETO and abolished Fis1 upregulation after MI (Fig. 5A

and B). Levels of Ser616 phosphorylation in Drp1 were

similar among the three sham-operated groups (Fig. 5C

and D). Phospho-Ser616 level of Drp1 tended to be

increased by MI in LETO, but the difference did not reach

statistical significance. In contrast, Ser616-Drp1 phospho-

rylation was significantly increased by MI in OLETF, the

response of which was lost in empagliflozin-treated

OLETF. The slight increase in total Drp1 protein level by

MI in OLETF did not reach statistical significance (Fig. 5C

and D). There was no difference in levels of phospho-

Ser637-Drp1 among the six treatment groups (Fig. 5E and

F). There was no significant difference between levels of

proteins that regulate mitochondrial fusion, Mfn1, Mfn2,

and the long form of OPA1 (L-OPA1) (Liesa et al. 2009),

or between the levels of the cleaved shorter form of OPA1

(S-OPA1), which is implicated in mitochondrial fission

(MacVicar and Langer 2016), in the treatment groups

(Fig. 6). The results suggest that upregulated mechanisms

of mitochondrial fission in OLETF were suppressed by

empagliflozin treatment.

Bnip3 was upregulated by empagliflozin in
OLETF

Empagliflozin decreased the mitochondrial number per

area and the percentage of smaller mitochondria in OLETF

(Figs. 1C and 2), suggesting that empagliflozin may pro-

mote elimination of small fragmented mitochondria via

mitophagy. Thus, we assessed the effects of empagliflozin
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on levels of Bnip3 and Parkin expression. Bnip3 binds to

LC3 as a mitochondrial receptor for autophagosomes to

eliminate mitochondria (Zhu et al. 2013). Although the

predicted molecular weight of Bnip3 is 21.5 kDa, multiple

anti-Bnip3 reactive bands were detected by immunoblot-

ting due to phosphorylation-dependent delay of elec-

trophoretic mobility (Mellor et al. 2010). Bnip3 protein

levels were comparable in LETO and vehicle-treated

OLETF regardless of MI (Fig. 7A and B). Empagliflozin

treatment significantly increased Bnip3 protein levels in

the sham-operated control and noninfarcted myocardium

after MI (Fig. 7A and B). Bnip3 mRNA levels were also

upregulated by empagliflozin treatment in OLETF

(Fig. 7C), suggesting transcriptional regulation by empa-

gliflozin. The mRNA level of parkin, an E3 ubiquitin ligase

that plays an important role in mitophagy (Nguyen et al.

2016), was significantly downregulated in the noninfarcted

myocardium of LETO after MI but was unchanged in

OLETF regardless of treatment with empagliflozin

(Fig. 7D). The results support the notion that Bnip3-

mediated mitophagy was involved in the reduction of

small mitochondria by empagliflozin in OLETF.
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Empagliflozin increased lipid droplets and
triglyceride level in OLETF

The total area and number of lipid droplets in cardiomy-

ocytes were significantly increased in OLETF compared

with those in LETO, and neither the area nor the number

was different between the groups with and without MI

(Fig. 8A–C). Empagliflozin treatment further increased

the total area and number of lipid droplets in the control

and the noninfarcted region after MI in OLETF (Fig. 8A–C).

The individual size of lipid droplets was also increased by

empagliflozin in OLETF (Fig. 8A and D). Levels of

myocardial TG in treatment groups were almost in parallel

to levels of total lipid areas determined by electron micro-

scopy (Fig. 8E).

Discussion

Dysfunction of mitochondria plays a major role in the

pathogenesis of diabetes-induced heart failure via
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Figure 4. Effect of empagliflozin on autophagic vacuoles in noninfarcted myocardium. (A and B) Representative electron micrographs of

autophagic vacuoles in the myocardium observed in LETO after the sham operation (A) and OLETF treated with a vehicle after the sham

operation (B). Arrows indicate autophagic vacuoles. N = nucleus. (C) Average of the number of autophagic vacuoles per area in the

myocardium from six groups of rats. Five images were taken from each heart, and data for five or six rats in each group were analyzed.

*P < 0.05.
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increased reactive oxygen species (ROS), Ca2+ dysregula-

tion, and impaired energy metabolism (Bugger and Abel

2010). In association of such functional abnormalities,

various changes in mitochondrial morphology by diabetes

have been reported. Although the relationship between

functional abnormality and morphological changes of

mitochondria in the natural history of diabetes mellitus

has not been clarified, an increase in the number of mito-

chondria with a slight reduction in their size appears to

precede more severe changes such as swelling of mito-

chondria, bizarre shape of mitochondria and mitochon-

dria with disturbed cristae (Hayashi et al. 2003; Boudina

et al. 2007; Bugger et al. 2008; MacDonald et al. 2011;

Guglielmino et al. 2012; Montaigne et al. 2014). In the

present study, the number of mitochondria was increased

in OLETF compared with that in LETO (Fig. 1C), and

analysis of the frequency distribution in individual mito-

chondrial areas revealed that small mitochondria were

more prevalent in OLETF than in LETO (Fig. 2A).

Although Montaigne et al. (2014) reported that mito-

chondrial fragmentation in the human diabetic myocar-

dium was accompanied by a significant reduction in

Mfn1 protein level, levels of Mfn1 and Mfn2 were

unchanged in OLETF compared with those in LETO

(Fig. 6A–D). In contrast, Fis1 level was increased in

OLETF (Fig. 5A and B), being consistent with the results

of a study showing that Fis1 expression in the endothelial

cells was upregulated by diabetes, leading to increased
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Figure 5. Effects of myocardial infarction on regulatory factors of mitochondrial fission. (A) Representative immunoblots for Fis1 in the
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mitochondrial fission (Shenouda et al. 2011). Interest-

ingly, exposure of endothelial cells to a high concentra-

tion of glucose upregulated Fis1 expression and elevated

mitochondrial levels of ROS (Shenouda et al. 2011). On

the other hand, endogenous ROS and exogenous ROS

have been shown to induce shortening and fragmentation

of mitochondria in cardiac and noncardiac cells (Huang

et al. 2016; Tsushima et al. 2017; Jezek et al. 2018). Gen-

eration of ROS in mitochondria in the diabetic heart is

increased by multiple mechanisms (Bugger and Abel

2010), and OLETF at 25–30 weeks of age show mild dias-

tolic dysfunction with preserved systolic function (Takada

et al. 2012; Kouzu et al. 2015). Taken together, the results

of the present study suggest that upregulation of Fis1,

promoting mitochondrial fission, is one of the mecha-

nisms of mitochondrial fragmentation in the diabetic

heart, though multiple mechanisms are potentially

involved in the morphological abnormalities of

mitochondria induced by diabetes depending on the stage

and etiology of the diabetes.

In contrast to mitochondrial changes during chronic

ventricular remodeling several weeks after MI (Ide et al.

2001; Galan et al. 2016), their changes in the nonischemic

myocardium exposed to acute hemodynamic load shortly

after MI have not been characterized. Impaired mitochon-

drial respiration 4–6 weeks after MI was observed with or

without mitochondrial fragmentation in the remote non-

ischemic region of the heart in small and large animal

models of MI (Ide et al. 2001; Galan et al. 2016). The

present study showed that mitochondrial size was mod-

estly but significantly reduced in the nonischemic region

as early as 12 h after MI in nondiabetic rats. This mito-

chondrial size change was accompanied by upregulation

of Fis1 without a significant change in the phosphoryla-

tion of Drp1 or the expression of Mfn1, Mfn2, OPA1, or

Bnip3. Interestingly, the acute change in mitochondrial

0
0.5
1.0
1.5
2.0

Mfn1/Vinculin(a.u.)

LETO OLETF

Sham Empa
ShamMI MI Empa

MISham

0
0.5
1.0
1.5
2.0

Mfn2/Vinculin(a.u.)

LETO OLETF

Sham Empa
ShamMI MI Empa

MISham

Mfn1

LETO OLETF

Sham Empa
ShamMI MI

Empa
MISham

100 kD

75 kD

0

0.5

1.0

1.5
L-OPA1/Vinculin(a.u.)

0
0.5
1.0
1.5
2.0

S-OPA1/Vinculin(a.u.)

Vinculin

Mfn2

Vinculin

LETO OLETF

Sham Empa
ShamMI MI

Empa
MISham

100 kD

75 kD

OPA1

Vinculin

LETO OLETF

Sham
Empa
ShamMI MI

Empa
MISham

100 kD

75 kD

L-OPA1
S-OPA1

LETO OLETF

Empa

LETO OLETF

Empa

A B

C D

E

F

Figure 6. Effects of myocardial infarction on regulatory factors of mitochondrial fusion. (A) Representative immunoblots for mitofusin 1 (Mfn1)
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size after MI was significantly enhanced in OLETF hearts.

The level of Fis1 protein in OLETF was increased to the

level in LETO after MI, and MI increased phosphoryla-

tion of Drp1-Ser616, which promotes mitochondrial fis-

sion (Liesa et al. 2009). On the other hand, the number

of autophagic vacuoles was significantly reduced after MI

in OLETF (Fig. 4C). These findings suggest that Drp1

phosphorylation in addition to Fis1 upregulation medi-

ates the augmented reduction in mitochondrial size after

MI in diabetic hearts.

We do not have a clear explanation for how phospho-

Ser616 Drp1 level was increased after MI in OLETF. In

the heart, Drp1 phosphorylation at Ser616 is increased by

various stresses (Shirakabe et al. 2016; Xu et al. 2016;

Tsushima et al. 2017; Xia et al. 2017), and this serine

residue is phosphorylated by cyclin-dependent kinase 1

(CDK1)/cyclin B (Taguchi et al. 2007), protein kinase C

delta (Qi et al. 2011), extracellular regulated kinase (ERK)

(Prieto et al. 2016), and Ca2+/calmodulin-dependent

kinase II (CaMKII) (Xu et al. 2016). CaMKII is activated

in the noninfarct area after MI (Singh et al. 2012), and

the level of oxidized CaMKII, an activated form of CaM-

KII, has been reported to be increased in the diabetic

myocardium (Luo et al. 2013). Therefore, CaMKII may

be a kinase that is responsible for Drp1 phosphorylation

at Ser616 after MI in OLETF.

Our study conducted in parallel with the present study

showed that treatment with empagliflozin improved the

survival rate of OLETF during a period of 48 h after MI

from 40% to 70%, and the protection was associated with

increased ketone utilization in energy metabolism, pre-

served ATP level and restoration of SOD2 and catalase

levels in the myocardium at 12 h after MI (Oshima et al.

2017). In the present study, empagliflozin prevented

changes in both the number and size of mitochondria in

OLETF (Fig. 1C and D) and also MI-induced reduction

in mitochondrial size (Fig. 1D and 2B). The MI-induced

reduction of autophagic vacuoles in the noninfarcted

myocardium of OLETF was also prevented by empagliflo-

zin (Fig. 4C). Although change in mitochondrial size is

not necessarily causally related to tolerance of the cell to

injury (Ide et al. 2001; Galan et al. 2016), the change in

mitochondrial morphology from diabetic type to nondia-

betic type by empagliflozin (Fig. 1) supports the notion

that mitochondria are targets of cardiac protection

afforded by empagliflozin.

Restoration of the number and size of cardiac mito-

chondria in OLETF by empagliflozin could be interpreted

by two possible mechanisms. First, it is plausible that

empagliflozin suppressed diabetes-induced mitochondrial

fission. Upregulation of Fis1 before and after MI (Fig. 5A

and B) and MI-induced phosphorylation of Drp1 at

Ser616 in OLETF (Fig. 5C and D) were significantly sup-

pressed by empagliflozin treatment, though proteins regu-

lating mitochondrial fusion were unchanged (Fig. 6).

Since Fis1 expression has been reported to be upregulated

by hyperglycemia (Shenouda et al. 2011), reduction in

plasma glucose level might have been involved in the

effect of empagliflozin on Fis1 level. Suppression of

the production of ROS also might contribute to the
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prevention of mitochondrial fission by empagliflozin in

OLETF, since empagliflozin was found to reduce ROS

level in the myocardium via upregulated SOD2 and cata-

lase (Oshima et al. 2017). Second, it is possible that

restoration of mitophagy contributed to the reduction of

small mitochondria by empagliflozin in OLETF. This pos-

sibility is supported by the findings that empagliflozin

increased Bnip3 expression (Fig. 7) and prevented MI-

induced reduction of autophagosomes in OLETF

(Fig. 4C). Although our previous studies showed that

impaired activation of an AMP-activated protein kinase

(AMPK) and hyperactivation of mTORC1 are involved in

suppressed autophagy in OLETF (Murase et al. 2015;

Muratsubaki et al. 2017), we could not detect significant

effects of empagliflozin on AMPK or mTORC1 in OLETF

in the noninfarcted myocardium (Oshima et al., unpubl.

observation).

An SGLT2 inhibitor has been shown to attenuate non-

alcoholic fatty liver disease in patients with type 2 DM

(Ito et al. 2017) and to reduce liver TG level in diabetic

mice (Suzuki et al. 2014). In contrast, we found that

empagliflozin increased lipid droplets and TG level in the

myocardium (Fig. 8). Administration of an SGLT2 inhibi-

tor has been reported to increase the plasma level of free

fatty acid (FFA) in patients with type 2 diabetes (Ferran-

nini et al. 2014) and in a high fat-fed rat model (Yokono

et al. 2014) due to enhanced lipolysis. Since the rate of

fatty acid uptake into cardiomyocytes is dependent on the

blood concentration of FFA, it is possible that the lipid

accumulation induced by empagliflozin resulted from
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elevation of the circulating FFA level, possibly caused by

the 24-h fasting in the setting of our experiments. We

speculate that reduced transport of FFA to the mitochon-

dria might also be involved in the accumulation of lipid

droplets in cardiomyocytes, because CPT1b expression

was decreased by empagliflozin (Oshima et al., unpubl.

data).

Whether promotion of lipid accumulation by empagli-

flozin is protective or detrimental for the diabetic myo-

cardium is currently unclear. A lipid overload induced by

overexpression of long chain acyl-CoA synthetase 1 in the

heart increased the generation of ROS and mitochondrial

fission and reduced ventricular contractility (Tsushima

et al. 2017). In contrast, lipid droplet accumulation

induced by empagliflozin was associated with a reduced

number of fragmented mitochondria (Fig. 1), no change

in basal cardiac function evaluated by echocardiography,

and improved survival rate after MI (Oshima et al.,

unpubl. observation). Recent studies have indicated that

diacylglycerol and ceramide, but not TG, are responsible

for cardiac lipotoxicity (Schulze et al. 2016). In addition,

several studies have shown protective roles of lipid dro-

plets in cells by storing TGs incorporated from cytotoxic

saturated fatty acid (Listenberger et al. 2003), by buffering

cytosolic Ca2+ overload during ischemia-reperfusion

(Barba et al. 2009) and by preventing the production of

ROS via sequestration of fatty acids from excess oxidation

(Kuramoto et al. 2012). Whether any of those protective

aspects of lipid droplets plays a role in cardioprotection

afforded by empagliflozin remains to be further investi-

gated.

There are limitations of this study. First, since we did

not directly determine mitochondrial functions, the rela-

tionship between changes in mitochondrial morphology

caused by empagliflozin and changes in mitochondrial

function remains unclear. As recently reviewed by Gal-

loway and Yoon (Galloway and Yoon 2012) and by Dorn

(Dorn 2016), there are multiple mutual interactions

between mechanisms that regulate mitochondrial shape

and mechanisms that regulate mitochondrial respiratory

functions. Increased glucose and fatty acid uptake in cells

potentially triggers the formation of a vicious cycle of

mitochondrial dysfunction and dysregulation of mito-

chondrial morphology via their impacts on mitochondrial

membrane potential and ROS production (Galloway and

Yoon 2012). Thus, it is likely that normalization of mito-

chondrial morphology by empagliflozin in diabetic hearts

reflects some improvement of mitochondrial function.

Second, we examined the effect of empagliflozin on car-

diomyocyte ultrastructure only at a very early phase after

MI (i.e., 12 h after MI), and the long-term effect of

empagliflozin on mitochondria in the noninfarcted region

after MI remains unclear. We selected 12 h after MI as a

time point for tissue sampling since the survival rate dur-

ing a period of 48 h after MI was markedly different

between OLETF and LETO (i.e., approximately 30% vs.

80%) (Takada et al. 2012; Murase et al. 2015), resulting

in significant selection bias in tissue sampling at ~48 h

after MI. Nevertheless, the effect of empagliflozin on

chronic ventricular remodeling after MI in diabetic hearts

is an important issue and warrants further investigation.

In summary, treatment with empagliflozin normalized

the size and number of mitochondria and increased lipid

droplets in cardiomyocytes of a rat model of diabetes. It

also prevented MI-induced additional mitochondrial frag-

mentation that appeared to be mediated by both suppres-

sion of Fis1- and phospho-Ser616-Drp1-regulated

mitochondrial fission and restoration of impaired autop-

hagy. Those effects of empagliflozin on mitochondrial

morphology and number may be causally related to pro-

tection afforded by empagliflozin against heart failure in

diabetic hearts.

Conflict of Interest

This study is partly supported by a grant from Boehringer

Ingelheim Pharmaceuticals.

Reference

Barba, I., L. Chavarria, M. Ruiz-Meana, M. Mirabet, E. Agullo,

and D. Garcia-Dorado. 2009. Effect of intracellular lipid

droplets on cytosolic Ca2+ and cell death during ischaemia-

reperfusion injury in cardiomyocytes. J. Physiol. 587:1331–

1341.

Bertero, E., L. Prates Roma, P. Ameri, and C. Maack. 2017.

Cardiac effects of SGLT2 inhibitors: the sodium hypothesis.

Cardiovasc. Res. 114:12–18.

Boudina, S., S. Sena, H. Theobald, X. Sheng, J. J. Wright, X.

X. Hu, et al. 2007. Mitochondrial energetics in the heart in

obesity-related diabetes: direct evidence for increased

uncoupled respiration and activation of uncoupling

proteins. Diabetes 56:2457–2466.

Bugger, H., and E. D. Abel. 2010. Mitochondria in the diabetic

heart. Cardiovasc. Res. 88:229–240.

Bugger, H., S. Boudina, X. X. Hu, J. Tuinei, V. G. Zaha, H. A.

Theobald, et al. 2008. Type 1 diabetic akita mouse hearts

are insulin sensitive but manifest structurally abnormal

mitochondria that remain coupled despite increased

uncoupling protein 3. Diabetes 57:2924–2932.
Cherney, D. Z., B. A. Perkins, N. Soleymanlou, R. Har, N.

Fagan, O. E. Johansen, et al. 2014. The effect of

empagliflozin on arterial stiffness and heart rate variability

in subjects with uncomplicated type 1 diabetes mellitus.

Cardiovasc. Diabetol. 13:28.

Dabkowski, E. R., C. L. Williamson, V. C. Bukowski, R. S.

Chapman, S. S. Leonard, C. J. Peer, et al. 2009. Diabetic

2018 | Vol. 6 | Iss. 12 | e13741
Page 14

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Effect of Empagliflozin on Cardiac Mitochondria Morphology M. Mizuno et al.



cardiomyopathy-associated dysfunction in spatially distinct

mitochondrial subpopulations. Am. J. Physiol. Heart Circ.

Physiol. 296:H359–H369.

De Luca, G., M. T. Dirksen, C. Spaulding, H. Kelbaek, M.

Schalij, L. Thuesen, et al. 2013. Impact of diabetes on long-

term outcome after primary angioplasty: insights from the

DESERT cooperation. Diabetes Care 36:1020–1025.

Dorn, G. II. 2016. Mitochondrial fission/fusion and

cardiomyopathy. Curr. Opin. Genet. Dev. 38:38–44.

Ferrannini, E., E. Muscelli, S. Frascerra, S. Baldi, A. Mari, T.

Heise, et al. 2014. Metabolic response to sodium-glucose

cotransporter 2 inhibition in type 2 diabetic patients. J.

Clin. Invest. 124:499–508.

Galan, D. T., V. Bito, P. Claus, P. Holemans, J. Abi-Char, C.

K. Nagaraju, et al. 2016. Reduced mitochondrial respiration

in the ischemic as well as in the remote nonischemic region

in postmyocardial infarction remodeling. Am. J. Physiol.

Heart Circ. Physiol. 311:H1075–H1090.

Galloway, C. A., and Y. Yoon. 2012. Perspectives on: SGP

symposium on mitochondrial physiology and medicine:

what comes first, misshape or dysfunction? The view from

metabolic excess. J. Gen. Physiol. 139:455–463.
Guglielmino, K., K. Jackson, T. R. Harris, V. Vu, H. Dong, G.

Dutrow, et al. 2012. Pharmacological inhibition of soluble

epoxide hydrolase provides cardioprotection in

hyperglycemic rats. Am. J. Physiol. Heart Circ. Physiol. 303:

H853–H862.

Habibi, J., A. R. Aroor, J. R. Sowers, G. Jia, M. R. Hayden, M.

Garro, et al. 2017. Sodium glucose transporter 2 (SGLT2)

inhibition with empagliflozin improves cardiac diastolic

function in a female rodent model of diabetes. Cardiovasc.

Diabetol. 16:9.

Hammoudi, N., D. Jeong, R. Singh, A. Farhat, M. Komajda, E.

Mayoux, et al. 2017. Empagliflozin improves left ventricular

diastolic dysfunction in a genetic model of type 2 diabetes.

Cardiovasc. Drugs Ther. 31:233–246.
Hayashi, T., T. Mori, K. Sohmiya, Y. Okada, S. Inamoto,

N. Okuda, et al. 2003. Efficacy of edaravone, a free

radical scavenger, on left ventricular function and

structure in diabetes mellitus. J. Cardiovasc. Pharmacol.

41:923–929.
Hearse, D. J., V. Richard, D. M. Yellon, and J. G. Jr Kingma.

1988. Evolving myocardial infarction in the rat in vivo: an

inappropriate model for the investigation of drug-induced

infarct size limitation during sustained regional ischaemia. J.

Cardiovasc. Pharmacol. 11:701–710.

Hotta, H., T. Miura, T. Miki, N. Togashi, T. Maeda, S. J. Kim,

et al. 2010. Angiotensin II type 1 receptor-mediated

upregulation of calcineurin activity underlies impairment of

cardioprotective signaling in diabetic hearts. Circ. Res.

106:129–132.
Huang, Q., L. Zhan, H. Cao, J. Li, Y. Lyu, X. Guo, et al. 2016.

Increased mitochondrial fission promotes autophagy and

hepatocellular carcinoma cell survival through the ROS-

modulated coordinated regulation of the NFKB and TP53

pathways. Autophagy 12:999–1014.

Ide, T., H. Tsutsui, S. Hayashidani, D. Kang, N. Suematsu, K.

Nakamura, et al. 2001. Mitochondrial DNA damage and

dysfunction associated with oxidative stress in failing hearts

after myocardial infarction. Circ. Res. 88:529–535.
Ito, D., S. Shimizu, K. Inoue, D. Saito, M. Yanagisawa, K.

Inukai, et al. 2017. Comparison of ipragliflozin and

pioglitazone effects on nonalcoholic fatty liver disease in

patients with type 2 diabetes: a randomized, 24-week,

open-label, active-controlled trial. Diabetes Care 40:1364–

1372.

Jezek, J., K. F. Cooper, and R. Strich. 2018. Reactive oxygen

species and mitochondrial dynamics: the yin and yang of

mitochondrial dysfunction and cancer progression.

Antioxidants (Basel) 7:E13.

Joubert, M., B. Jagu, D. Montaigne, X. Marechal, A. Tesse, A.

Ayer, et al. 2017. The Sodium-Glucose Cotransporter 2

Inhibitor Dapagliflozin Prevents Cardiomyopathy in a

Diabetic Lipodystrophic Mouse Model. Diabetes 66:1030–
1040.

Kouzu, H., T. Miki, M. Tanno, A. Kuno, T. Yano, T. Itoh,

et al. 2015. Excessive degradation of adenine nucleotides by

up-regulated AMP deaminase underlies afterload-induced

diastolic dysfunction in the type 2 diabetic heart. J. Mol.

Cell. Cardiol. 80:136–145.
Kuramoto, K., T. Okamura, T. Yamaguchi, T. Y. Nakamura, S.

Wakabayashi, H. Morinaga, et al. 2012. Perilipin 5, a lipid

droplet-binding protein, protects heart from oxidative

burden by sequestering fatty acid from excessive oxidation.

J. Biol. Chem. 287:23852–23863.

de Leeuw, A. E., and R. A. de Boer. 2016. Sodium-glucose

cotransporter 2 inhibition: cardioprotection by treating

diabetes-a translational viewpoint explaining its potential

salutary effects. Eur. Heart J. Cardiovasc Pharmacother.

2:244–255.
Liesa, M., M. Palacin, and A. Zorzano. 2009. Mitochondrial

dynamics in mammalian health and disease. Physiol. Rev.

89:799–845.
Listenberger, L. L., X. Han, S. E. Lewis, S. Cases, R. V. Jr

Farese, D. S. Ory, et al. 2003. Triglyceride accumulation

protects against fatty acid-induced lipotoxicity. Proc. Natl

Acad. Sci. USA 100:3077–3082.
Loson, O. C., Z. Song, H. Chen, and D. C. Chan. 2013. Fis1,

Mff, MiD49, and MiD51 mediate Drp1 recruitment in

mitochondrial fission. Mol. Biol. Cell 24:659–667.

Luo, M., X. Guan, E. D. Luczak, D. Lang, W. Kutschke, Z.

Gao, et al. 2013. Diabetes increases mortality after

myocardial infarction by oxidizing CaMKII. J. Clin. Invest.

123:1262–1274.

MacDonald, J. R., M. Oellermann, S. Rynbeck, G. Chang,

K. Ruggiero, G. J. Cooper, et al. 2011. Transmural

differences in respiratory capacity across the rat left

ventricle in health, aging, and streptozotocin-induced

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 12 | e13741
Page 15

M. Mizuno et al. Effect of Empagliflozin on Cardiac Mitochondria Morphology



diabetes mellitus: evidence that mitochondrial dysfunction

begins in the subepicardium. Am. J. Physiol. Cell Physiol.

300:C246–C255.
MacVicar, T., and T. Langer. 2016. OPA1 processing in cell

death and disease - the long and short of it. J. Cell Sci.

129:2297–2306.
Marso, S. P., T. Miller, B. D. Rutherford, R. J. Gibbons,

M. Qureshi, A. Kalynych, et al. 2007. Comparison of

myocardial reperfusion in patients undergoing

percutaneous coronary intervention in ST-segment

elevation acute myocardial infarction with versus without

diabetes mellitus (from the EMERALD Trial). Am. J.

Cardiol. 100:206–210.

Maxwell, M. P., D. J. Hearse, and D. M. Yellon. 1987. Species

variation in the coronary collateral circulation during

regional myocardial ischaemia: a critical determinant of the

rate of evolution and extent of myocardial infarction.

Cardiovasc. Res. 21:737–746.
Mellor, H. R., K. M. Rouschop, S. M. Wigfield, B. G. Wouters,

and A. L. Harris. 2010. Synchronised phosphorylation of

BNIP3, Bcl-2 and Bcl-xL in response to microtubule-active

drugs is JNK-independent and requires a mitotic kinase.

Biochem. Pharmacol. 79:1562–1572.

Miki, T., T. Miura, H. Hotta, M. Tanno, T. Yano, T. Sato,

et al. 2009. Endoplasmic reticulum stress in diabetic hearts

abolishes erythropoietin-induced myocardial protection by

impairment of phospho-glycogen synthase kinase-3beta-

mediated suppression of mitochondrial permeability

transition. Diabetes 58:2863–2872.

Mizushima, N., Y. Ohsumi, and T. Yoshimori. 2002.

Autophagosome formation in mammalian cells. Cell Struct.

Funct. 27:421–429.
Montaigne, D., X. Marechal, A. Coisne, N. Debry, T. Modine,

G. Fayad, et al. 2014. Myocardial contractile dysfunction is

associated with impaired mitochondrial function and

dynamics in type 2 diabetic but not in obese patients.

Circulation 130:554–564.

Mudaliar, S., S. Alloju, and R. R. Henry. 2016. Can a shift in

fuel energetics explain the beneficial cardiorenal outcomes in

the EMPA-REG OUTCOME Study? a unifying hypothesis.

Diabetes Care 39:1115–1122.
Murase, H., A. Kuno, T. Miki, M. Tanno, T. Yano, H. Kouzu,

et al. 2015. Inhibition of DPP-4 reduces acute mortality

after myocardial infarction with restoration of autophagic

response in type 2 diabetic rats. Cardiovasc. Diabetol.

14:103.

Muratsubaki, S., A. Kuno, M. Tanno, T. Miki, T. Yano, H.

Sugawara, et al. 2017. Suppressed autophagic response

underlies augmentation of renal ischemia/reperfusion injury

by type 2 diabetes. Sci. Rep. 7:5311.

Neal, B., V. Perkovic, K. W. Mahaffey, D. de Zeeuw, G.

Fulcher, N. Erondu, et al. 2017. Canagliflozin and

cardiovascular and renal events in type 2 diabetes. N. Engl.

J. Med. 377:644–657.

Nguyen, T. N., B. S. Padman, and M. Lazarou. 2016.

Deciphering the molecular signals of PINK1/Parkin

mitophagy. Trends Cell Biol. 26:733–744.
Oelze, M., S. Kroller-Schon, P. Welschof, T. Jansen, M.

Hausding, Y. Mikhed, et al. 2014. 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 9:e112394.

Oshima, H., M. Mizuno, T. Miki, A. Kuno, K. Nakata, Y.

Kimura, et al. 2017. Empagliflozin, an SGLT2 inhibitor,

improves survival after myocardial infarction in diabetic rats

by up-regulating anti-oxidative stress proteins. Diabetologia

60:(Supple I), S32.

Picard, M., I. Azuelos, B. Jung, C. Giordano, S. Matecki, S.

Hussain, et al. 2015. Mechanical ventilation triggers

abnormal mitochondrial dynamics and morphology in the

diaphragm. J. Appl. Physiol. (1985) 118:1161–1171.
Prieto, J., M. Leon, X. Ponsoda, R. Sendra, R. Bort, R. Ferrer-

Lorente, et al. 2016. Early ERK1/2 activation promotes

DRP1-dependent mitochondrial fission necessary for cell

reprogramming. Nat. Commun. 7:11124.

Qi, X., M. H. Disatnik, N. Shen, R. A. Sobel, and D. Mochly-

Rosen. 2011. Aberrant mitochondrial fission in neurons

induced by protein kinase C{delta} under oxidative stress

conditions in vivo. Mol. Biol. Cell 22:256–265.
Schulze, P. C., K. Drosatos, and I. J. Goldberg. 2016. Lipid Use

and Misuse by the Heart. Circ. Res. 118:1736–1751.
Shenouda, S. M., M. E. Widlansky, K. Chen, G. Xu, M.

Holbrook, C. E. Tabit, et al. 2011. Altered mitochondrial

dynamics contributes to endothelial dysfunction in diabetes

mellitus. Circulation 124:444–453.
Shirakabe, A., P. Zhai, Y. Ikeda, T. Saito, Y. Maejima, C. P.

Hsu, et al. 2016. Drp1-dependent mitochondrial autophagy

plays a protective role against pressure overload-induced

mitochondrial dysfunction and heart failure. Circulation

133:1249–1263.

Singh, M. V., P. D. Swaminathan, E. D. Luczak, W. Kutschke,

R. M. Weiss, and M. E. Anderson. 2012. MyD88 mediated

inflammatory signaling leads to CaMKII oxidation, cardiac

hypertrophy and death after myocardial infarction. J. Mol.

Cell. Cardiol. 52:1135–1144.

Suzuki, M., M. Takeda, A. Kito, M. Fukazawa, T. Yata, M.

Yamamoto, et al. 2014. Tofogliflozin, a sodium/glucose

cotransporter 2 inhibitor, attenuates body weight gain and

fat accumulation in diabetic and obese animal models. Nutr.

Diabetes 4:e125.

Taguchi, N., N. Ishihara, A. Jofuku, T. Oka, and K. Mihara.

2007. Mitotic phosphorylation of dynamin-related GTPase

Drp1 participates in mitochondrial fission. J. Biol. Chem.

282:11521–11529.
Takada, A., T. Miki, A. Kuno, H. Kouzu, D. Sunaga, T. Itoh,

et al. 2012. Role of ER stress in ventricular contractile

dysfunction in type 2 diabetes. PLoS ONE 7:e39893.

2018 | Vol. 6 | Iss. 12 | e13741
Page 16

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Effect of Empagliflozin on Cardiac Mitochondria Morphology M. Mizuno et al.



Tanajak, P., P. Sa-Nguanmoo, S. Sivasinprasasn, S.

Thummasorn, N. Siri-Angkul, S. C. Chattipakorn, et al. 2018.

Cardioprotection of dapagliflozin and vildagliptin in rats with

cardiac ischemia-reperfusion injury. J. Endocrinol. 236:69–84.

Tsushima, K., H. Bugger, A. R. Wende, J. Soto, G. A. Jenson,

A. R. Tor, et al. 2017. Mitochondrial reactive oxygen species

in lipotoxic hearts induce post-translational modifications of

AKAP121, DRP1, and OPA1 that promote mitochondrial

fission. Circ. Res. 122:58–73.

Xia, Y., Z. Chen, A. Chen, M. Fu, Z. Dong, K. Hu, et al. 2017.

LCZ696 improves cardiac function via alleviating Drp1-

mediated mitochondrial dysfunction in mice with

doxorubicin-induced dilated cardiomyopathy. J. Mol. Cell.

Cardiol. 108:138–148.
Xu, S., P. Wang, H. Zhang, G. Gong, N. Gutierrez Cortes, W.

Zhu, et al. 2016. CaMKII induces permeability transition

through Drp1 phosphorylation during chronic beta-AR

stimulation. Nat. Commun. 7:13189.

Yokono, M., T. Takasu, Y. Hayashizaki, K. Mitsuoka, R.

Kihara, Y. Muramatsu, et al. 2014. SGLT2 selective inhibitor

ipragliflozin reduces body fat mass by increasing fatty acid

oxidation in high-fat diet-induced obese rats. Eur. J.

Pharmacol. 727:66–74.

Zhu, Y., S. Massen, M. Terenzio, V. Lang, S. Chen-Lindner, R.

Eils, et al. 2013. Modulation of serines 17 and 24 in the

LC3-interacting region of Bnip3 determines pro-survival

mitophagy versus apoptosis. J. Biol. Chem. 288:1099–1113.

Zinman, B., C. Wanner, J. M. Lachin, D. Fitchett, E. Bluhmki,

S. Hantel, et al. 2015. Empagliflozin, cardiovascular

outcomes, and mortality in type 2 diabetes. N. Engl. J. Med.

373:2117–2128.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 12 | e13741
Page 17

M. Mizuno et al. Effect of Empagliflozin on Cardiac Mitochondria Morphology


