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Abstract

Contradictory reports on the effects of diabetes and hyperglycemia on myocardial infarction range 

from cytotoxicity to cytoprotection. The study was designed to investigate acute effects of high 

glucose-driven changes in mitochondrial metabolism and osmolarity on adaptive mechanisms and 

resistance to oxidative stress of isolated rat cardiomyocytes.

We examined the effects of high glucose on several parameters of mitochondrial bioenergetics, 

including changes in oxygen consumption, mitochondrial membrane potential and NAD(P)H 

fluorometry. Effects of high glucose on the endogenous cytoprotective mechanisms elicited by 

anesthetic preconditioning (APC) and the mediators of cell injury were also tested. These 

experiments included real-time measurements of reactive oxygen species (ROS) production and 

mitochondrial permeability transition pore (mPTP) opening in single cells by laser scanning 

fluorescence confocal microscopy, and cell survival assay.

High glucose rapidly enhanced mitochondrial energy metabolism, observed by increase in 

NAD(P)H fluorescence intensity, oxygen consumption and mitochondrial membrane potential. 

This substantially elevated production of ROS, accelerated opening of the mPTP and decreased 

survival of cells exposed to oxidative stress. Abrogation of high glucose-induced mitochondrial 

hyperpolarization with 2,4 dinitrophenol (DNP) significantly, but not completely, attenuated ROS 

production to a level similar to hyperosmotic mannitol control. DNP treatment reversed high 

glucose-induced cytotoxicity to cytoprotection. Hyperosmotic mannitol treatment also induced 

cytoprotection. High glucose abrogated APC-induced mitochondrial depolarization, delay in 

mPTP opening and cytoprotection.
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In conclusion, high glucose-induced mitochondrial hyperpolarization abolishes APC and 

augments cell injury. Attenuation of high glucose-induced ROS production by eliminating 

mitochondrial hyperpolarization protects cardiomyocytes.
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Introduction

The reports on the effects of diabetes mellitus and accompanying hyperglycemia on 

myocardial infarction are controversial. While some studies demonstrated increased 

sensitivity of the diabetic heart to ischemia-reperfusion injury (Paulson, 1997, Aronson et 

al., 1997), others reported cardioprotective effects of diabetes (Feuvray and Lopaschuk, 

1997, Liu et al., 1993). High glucose aggravates ischemia-reperfusion injury and abolishes 

anesthetic preconditioning (APC) and other types of preconditioning (Di Filippo et al., 2005, 

Canfield et al., 2012, Baotic et al., 2013). However, it was also reported that high glucose 

itself can induce preconditioning (Schaffer et al., 2000). Glucose may enter cardiomyocytes 

independent of insulin by GLUT 12 (Waller et al., 2012), GLUT4, which is translocated to 

sarcolemma during stress, such as ischemia, and possibly by Na+/glucose cotransporter 1 

that is highly expressed in these cells (Sun et al., 1994, Zhou et al., 2003). High glucose 

enhances production of reactive oxygen species (ROS) by mitochondria and other sources 

like NAD(P)H oxidase (Shen, 2010, Balteau et al., 2011, Yu et al., 2006). While excessive 

ROS generation appears critical for reperfusion injury, finite bursts of ROS production can 

induce preconditioning and protect cells from ischemia-reperfusion injury and oxidative 

stress (Vanden Hoek et al., 2003, Sepac et al., 2010). Excessive ROS generation triggers 

opening of the mitochondrial permeability transition pore (mPTP), which rapidly dissipates 

mitochondrial membrane potential (ΔΨm) initiating death pathways (Weiss et al., 2003).

A moderate decrease of ΔΨm is an important effector of cardioprotection by APC. In 

previous study, we showed that this partial decrease in ΔΨm attenuated excessive generation 

of ROS in injured cardiomyocytes that translated into attenuated calcium overload and 

delayed opening of the mPTP (Sedlic et al., 2010b). Interestingly, addition of pyruvate 

abolished cardioprotective effects of APC, which was caused by pyruvate-induced increase 

in ΔΨm. Cardioprotective properties of volatile anesthetics have been recognized by the 

clinicians and applied in specific clinical settings, which is described in the guidelines by the 

American Heart Association and the American College of Cardiology (Fleisher et al., 2007).

Using various live cell imaging and mitochondrial bioenergetics techniques, we designed 

this study to investigate the acute effects of high glucose, alone or in combination with APC, 

on the resistance to oxidative stress of isolated rat cardiomyocytes. The results indicate that 

ROS production driven by high glucose elicit opposite effects on the survival of 

cardiomyocytes, depending on the amount of ROS produced. The study is important as it 

identifies a mechanism by which high glucose acutely abolishes APC. Another important 
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aspect of the manuscript is that it sheds light on a controversy pertaining to cardiotoxic and 

cardioprotective effects of hyperglycemia.

Materials and Methods

The use of animals and the experimental protocols in this study were approved by the 

Institutional Animal Use and Care Committee of the Medical College of Wisconsin, 

Milwaukee, WI, USA.

Isolation of cardiomyocytes

Ventricular myocytes were isolated from adult male Wistar rats (180–250 g), as we 

previously described (Sedlic et al., 2009). In brief, animals were anesthetized with an 

intraperitoneal injection of sodium thiobutabarbital (Inactin, USA; 150 mg/kg), hearts were 

excised and mounted on modified Langendorff apparatus for retrograde perfusion and 

enzymatic dissociation of cardiomyocytes with solution containing collagenase and 

protease. Dissociated cardiomyocytes were stored in the Tyrode’s solution (in mM: 132 

NaCl, 10 HEPES, 5 glucose, 5 KCl, 1 CaCl2, 1.2 MgCl2, adjusted to pH of 7.4) and used for 

experiments within five hours after the isolation. Insulin was not present in the media to 

obtain a better control of external glucose concentration. All experiments were performed in 

Tyrode’s solution with or without addition of extra glucose, 2,4 dinitrophenol (DNP), 

anesthetic, mannitol or fluorescent indicators.

APC and experimental groups

APC was induced by exposing cells to 0.5 mM isoflurane for 20 min, followed by 10 min of 

isoflurane washout. After anesthetic washout cells were considered preconditioned and 

subjected to stress in cell survival and mPTP opening experiments or loaded with TMRE for 

determination of mitochondrial membrane potential. Isoflurane was dissolved in Tyrode’s 

solution by sonication. It was delivered to a recording chamber by an airtight glass 

superfusion system and its concentration was verified by gas chromatography. In the control 

group cells were exposed to 5 mM glucose. Cells were exposed to 20 mM glucose in high 

glucose group, while hyperosmolarity group included exposure of cells to 5 mM glucose and 

15 mM mannitol. In groups APC + high glucose or APC + hyperosmolarity, high glucose or 

mannitol were started after anesthetic has been removed and were present throughout the 

rest of the experiment. We decided to apply high glucose after treating cells with anesthetic 

to avoid interference with the signal transduction cascade of APC and to investigate effects 

on APC-induced mitochondrial depolarization. DNP was applied simultaneously with high 

glucose. It is a protonophore that decreases ΔΨm.

Oxygen consumption measurements

Prior to each experiment, the percentage of viable, rod-shaped cardiomyocytes was 

determined and only solutions containing 70% of such cells were used for the measurement. 

Non-permeabilized cardiomyocytes suspended in Tyrode’s solution were placed in 

previously calibrated oxygen electrode (Hansatech Instruments, Norfolk, UK) and the rate of 

oxygen consumption was recorded at 37°C, as we previously described (Sedlic et al., 

2010a). The rate of oxygen consumption was recorded in 5 mM glucose (baseline) and in 20 
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mM glucose (high glucose). Unlike isolated mitochondria, respiratory states do not strictly 

exist in intact cells, such as cardiomyocytes tested here. It is considered that intact cell 

respire somewhere between states 3 and 4 (Brand et al., 2011). Antimycin A (40 µM), was 

used to inhibit mitochondrial respiratory chain and thereby investigate whether high glucose 

affects oxygen consumption by the respiratory chain. In this experiment antimycin A was 

added 5 minutes prior recording cellular respiration and was present throughout the 

experiment.

NAD(P)H fluorometry

NAD(P)H fluorescence intensity was measured with a laser-scanning confocal microscope 

(Leica TCS SP5, Mannheim, Germany) to assess changes in NADH concentration in 

cardiomyocytes, as we previously described (Sedlic et al., 2010a). Fluorescence intensities 

of NADPH and NADH endogenous fluorophores is proportional to their concentration. 

NAD(P)H fluorometry is dominated by changes in NADH/NAD+ redox couple 

(Klingenberg et al., 1959, Estabrook, 1962). In brief, the fluorophore was excited at 730 nm 

using a two-photon titanium:sapphire laser (SpectraPhysics, Mountain View, USA) and a 

8000 Hz resonant scanner. Each data point represents an average of six scans. The excitation 

power was set at 12.5% of maximum using an AOTF. Photodamage was not observed, which 

would be indicated by a change in cell behavior or significant fluctuation of fluorescence 

intensity during prolonged scanning. The emitted light was collected at the 390–490 nm 

wavelength range. Data were processed with LAS AF software (Leica) and normalized to 

baseline. After establishing baseline NAD(P)H fluorescence intensity in non-permeabilized 

cardiomyocytes placed in control glucose, cells were exposed to high glucose. The average 

fluorescence intensities of baseline and of plateau observed following glucose application 

were analyzed statistically.

Measurements of ΔΨm

ΔΨm was assessed in intact cardiomyocytes using the laser-scanning confocal microscope 

(Eclipse TE2000-U; Nikon, Tokyo, Japan) and the fluorescence indicator 

tetramethylrhodamine ethyl ester (TMRE, 100 nM, Molecular Probes, USA), as we 

previously described (Sedlic et al., 2010b). Excitation/emission wavelengths, λex/λem, for 

TMRE were 543/560–610 nm, respectively. TMRE was loaded for 20 min, followed by dye 

washout and dana acquisition. Data were analyzed with MetaMorph 6.1 software (Universal 

Imaging, USA). High glucose, DNP or mannitol were present during the dye loading and 

throughout recording. In groups with APC, TMRE was loaded into cells after the application 

of isoflurane for 20 min and its washout for 10 min.

Measurements of ROS production

ROS production in cardiomyocytes was analyzed using the confocal microscope and the 

fluorescence indicator 5-(and- 6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, 

acetyl ester (CM-H2DCFDA, Molecular Probes) as we previously described (Sedlic et al., 

2009). In brief, the 2 µM of the dye was loaded into the cells for 20 min. The λex/λem was 

488/500–550 nm wavelength, respectively. Data were analyzed with MetaMorph 6.1 

software. The average fluorescence intensity of baseline was compared to the last data point 

of each treatment for statistical analyses.
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mPTP opening experiments

mPTP opening in isolated cardiomyocytes was recorded following our previously published 

protocol using the confocal microscope (Sedlic et al., 2010b). In brief, strictly controlled 

photoexcitation of TMRE loaded into cells produced oxidative stress within the region of 

interest (30 × 30 µm) that triggered mPTP opening. Rapid and complete dissipation of ΔΨm 

indicates mPTP opening, which is sensitive to mPTP inhibitors and coincides with a calcein 

release, as we previously demonstrated (Pravdic et al., 2009). The time point at which 

TMRE fluorescence intensity decreased 50% between baseline and residual value, termed 

“arbitrary mPTP opening time”, was compared among experimental groups (Figure 4 B). 

The TMRE was loaded into the cells similar to the protocol for the measurements of ΔΨm, 

with a slight adjustment of TMRE loading time. This change enabled equal delivery of 

TMRE at the end of dye loading in all experimental groups, despite differences in ΔΨm. 

Only the cells with equal TMRE fluorescence intensity were included in the study.

Cardiomyocyte survival experiments

Sensitivity of cardiomyocytes to oxidative stress was tested with the cell survival 

experiment, as we previously described (Sedlic et al., 2009). Oxidative stress was induced 

by application of 250 µM of H2O2 for 30 min followed by 15 min H2O2 washout. The 

number of live cells (rod-shaped cells without membrane blebs that excluded Trypan blue) 

was determined at the beginning and at the end of the experimental protocol. Cell death was 

normalized to control. APC was induced prior to treatment with H2O2, while high glucose, 

DNP or mannitol were present during H2O2 exposure and second cell count.

Statistical analyses

Data are presented as means ± SD, where n indicates number of experiments. Comparisons 

were performed with one-way or repeated-measures analysis of variance with pair-vise 

comparisons against control group with Tukey post hoc test for experiments presented in 

Figures 2–5. or paired samples t-test for data presented in Figure 1. Differences at P < 0.05 

were considered significant.

Results

High glucose fuels mitochondria in isolated cardiomyocytes

Changes in NADH levels by NAD(P)H fluorometry and mitochondrial respiration by 

oxygen consumption measurements in isolated cardiomyocytes were undertaken to verify 

that glucose enters cardiomyocytes and is metabolized in the absence of insulin. It can be 

observed in Figure 1 C that isolated cardiomyocytes consume oxygen in baseline conditions 

when they are supplied only with 5 mM glucose as substrate. A switch from 5 (control) to 

20 mM (high) glucose induced rapid and significant increase in NAD(P)H fluorescence 

intensity in isolated cardiomyocytes, suggesting an increase in cellular NADH (Figure 1 A, 

B). The same increase in glucose concentration acutely and significantly elevated the rate of 

oxygen consumption by isolated cardiomyocytes (Figure 1 C, D). However, 20 mM glucose 

did not increase the rate of cellular oxygen consumption in the presence of antimycin A, 

indicating that increase in oxygen consumption by high glucose involved mitochondrial 
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respiratory chain (Figure 1 E, F). All these results suggest that excess glucose is taken up by 

cardiomyocytes, fueling mitochondrial metabolism and increasing electron flux along the 

respiratory chain.

High glucose increases ΔΨm and abolishes APC-induced decrease in ΔΨm

Next we tested whether fueling mitochondria with excess glucose increases ΔΨm. It can be 

observed in Figure 2 A, B that TMRE fluorescence intensity was significantly greater in 

cells exposed to high glucose (136.3 ± 29.5% of control; n = 14) then in control cells (100 

± 24.0%; n=14). This indicates that high glucose increases ΔΨm in isolated cardiomyocytes. 

Hyperosmotic mannitol solution was used to mimic hyperosmolarity exerted by high 

glucose. Compared to control, hyperosmolarity did not alter significantly TMRE 

fluorescence intensity (99.4 ± 19.0% of control, n = 14). Application of mitochondrial 

uncoupling agent 2,4 dintrophenol (DNP; 1 µM) together with the high glucose reversed 

ΔΨm to control levels (93.8 ± 24.8% of control; n = 14). Thus, the DNP treatment and the 

hyperosmotic control allowed us to specifically examine and distinguish effects of 

mitochondrial hyperpolarization and hyperosmolarity induced by high glucose.

We also tested whether high glucose-induced increase in ΔΨm abolishes APC-induced 

mitochondrial depolarization, a crucial effector of cardioprotection by APC. Compared to 

control cardiomyocytes exhibiting TMRE fluorescence intensity of 100 ± 21.2% (n = 13), 

cells treated with APC showed a significant decrease in TMRE fluorescence intensity of 

85.5 ± 9.4% of control (n = 13), indicating partial mitochondrial depolarization (Figure 2 C, 

D). Cells treated with APC and exposed to high glucose after anesthetic removal exhibited a 

significant increase in TMRE fluorescence intensity to 120.5 ± 11.2% of control (n = 13). 

This indicated that hyperpolarizing effect of high glucose on mitochondria abolished APC-

induced mitochondrial depolarization. Hyperosmotic solution applied after APC did not alter 

APC-induced mitochondrial depolarization, as TMRE fluorescence intensity in this group 

was 84.2 ± 8.7% of control (n = 13), which was similar to the effect of APC alone. These 

experiments indicate that acute high glucose abolishes APC-induced mitochondrial 

depolarization by directly increasing ΔΨm.

High glucose enhances ROS formation by increasing ΔΨm and osmolarity

Since mitochondria generate more ROS at higher ΔΨm, we tested whether high glucose-

induced mitochondrial hyperpolarization enhances ROS production in cardiomyocytes 

(Lambert and Brand, 2004, Starkov and Fiskum, 2003). Superfusion with high glucose 

significantly increased CM-DCF fluorescence intensity to 172.8 ± 69.4% of baseline (n = 

17), indicating a substantial increase in ROS formation (Figure 3). Addition of DNP to the 

high glucose solution significantly attenuated the increase in CM-DCF fluorescence to 125.6 

± 57.7% of baseline (n = 14), which was still significantly greater than the baseline. 

Interestingly, superfusion with the hyperosmotic solution significantly increased CM-DCF 

fluorescence intensity to 121.9 ± 25.1% of baseline (n = 15). Quantitatively, this increase in 

ROS production was similar to the increase produced by high glucose + DNP. This suggests 

that high glucose acutely induces ROS production in lesser part by increasing osmolarity 

and in greater part by increasing ΔΨm.
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Hyperosmolarity by high glucose delays mPTP opening while accompanying increase in 
ΔΨm accelerates it and abolishes effects of APC

Since excessive ROS production can induce mPTP opening, we examined effects of high 

glucose on mPTP opening. Oxidative stress caused abrupt dissipation of ΔΨm in 

mitochondria within the selected region of the cardiomyocyte, indicating mPTP opening 

(Figure 4 A, B). Arbitrary mPTP opening time was reduced in high glucose group, 77.4 

± 16.7% of control (n = 14), compared to control cells (100.0 ± 11.9%, n = 14), which is a 

decrease by 23% (Figure 4 C). This indicated accelerated opening of mPTP in 

cardiomyocytes acutely exposed to high glucose. Conversely, combination of high glucose 

and DNP, and hyperosmolarity by mannitol exhibited a significant increase in arbitrary 

mPTP opening time to 125.5 ±19.1% of control (n = 13) and 120.4 ± 28.0% of control (n = 

14), respectively. This suggests that hyperpolarization of mitochondria by high glucose 

accelerates mPTP opening, while hyperosmolarity alone (high glucose + DNP or mannitol) 

exhibits cytoprotective delay in mPTP opening.

We also tested the effects of high glucose on APC-induced delay in mPTP. Arbitrary mPTP 

opening time was greater in APC group (126.3 ± 21.0% of control, n = 11) that in control 

(100.0 ± 9.6%, n = 11), which was statistically significant (Figure 4 D). Addition of high 

glucose following anesthetic removal (APC + ↑Gluc.) abrogated the increase of arbitrary 

mPTP opening time (104.7 ± 12.8% of control, n = 11). Hyperosmotic solution did not 

attenuate APC-induced increase in mPTP opening time (123.4 ± 10.3% of control, n = 11), 

which was significantly more than in control. These results indicate that high glucose 

blocked APC by abolishing APC-induced partial mitochondrial depolarization.

Hyperosmolarity by high glucose decreases cardiomyocyte death while increase in ΔΨm 
enhances it and abolishes APC

Cell survival experiments were conducted to investigate whether shifts in mPTP opening 

time translate into changes in cardiomyocyte resistance to oxidative stress. Compared to 

control, where cell death was normalized to 100.0 ± 19.4% (n = 11), the cell death in high 

glucose group significantly increased to 137.9 ± 26.0% of control (n = 11) (Figure 5 A). 

Similar to mPTP opening experiments, application of DNP together with high glucose 

reversed the effect and significantly decreased the cell death to 64.9 ± 13.1% of control (n = 

11). Again, significant cytoprotection was also observed in hyperosmolarity group where 

cell death was 74.9 ± 25.3% of control (n = 11). These results are in correlation with the 

mPTP experiments, showing that mitochondrial hyperpolarization by high glucose 

exacerbates cell injury during oxidative stress, while hyperosmolarity alone has opposite, 

protective effects.

Effects of high glucose on cytoprotection by APC were also tested by cell survival 

experiments. Compared to control, where normalized cell death induced by H2O2 was 100.0 

± 19.3% (n = 7), APC protected cells and significantly reduced cell death to 59.0 ± 20.5% of 

control (n = 7) as shown in Figure 5 B. In the presence of high glucose, applied following 

APC the cell death was 93.8 ± 22.0% of control (n = 7), which was significantly greater than 

in APC group alone indicating the loss of cytoprotection (Figure 5 B). Hyperosmolarity by 

mannitol did not alter cytoprotection by APC and the cell death in that group was 60.5 
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± 19.6% of control (n = 7), which was significantly less than in control. This correlates well 

with the observation that high glucose abrogates APC-induced delay in mPTP opening by 

overriding APC-induced mitochondrial depolarization.

Discussion

Data presented here show that high glucose was rapidly metabolized in isolated rat 

cardiomyocytes, which stimulated generation of NADH and mitochondrial respiration, and 

led to an increase in ΔΨm. DNP annulled mitochondrial hyperpolarization induced by high 

glucose. High glucose acutely enhanced ROS generation, which was partly lowered with 

DNP to a level similar to hyperosmotic mannitol solution. APC-induced mitochondrial 

depolarization was abolished by application of high glucose, but not by hyperosmotic 

solution. High glucose alone accelerated mPTP opening and decreased survival of stressed 

cells. Completely opposite effects of high glucose were obtained with co-application of 

DNP. mPTP opening was delayed and cell survival was greater than in control, which was 

also observed with hyperosmotic solution. High glucose, but not hyperosmotic solution, also 

blocked APC-induced delay in mPTP opening and increased cell survival.

Contradictory reports on association between diabetes and hyperglycemia on one hand and 

myocardial infarction on the other may suggest existence of complex and opposing 

processes in the pathogenesis. Our previous work showed that hyperglycemia abrogated 

cardioprotective pathways elicited by APC (Baotic et al., 2013, Muravyeva M et al., 2014) 

and increased myocardial infarction (Muravyeva M et al., 2014). Treatment with antioxidant 

N-acetylcisteine abrogated deleterious effects of hyperglycemia on myocardial infarction, 

indicating involvement of oxidative stress (Muravyeva M et al., 2014). This is in agreement 

with other reports showing that high glucose blocks preconditioning and directly augments 

cell injury (Canfield et al., 2012, Schenning et al., 2015, Zhong et al., 2015). Conversely, a 

study showed that high glucose induced preconditioning of isolated neonatal 

cardiomyocytes, while other study demonstrated that diabetic and hyperglycemic rats were 

protected from myocardial infarction (Pastukh et al., 2005). Our previous study showed that 

pyruvate may also protect cardiomyocytes from oxidative stress (Sedlic et al., 2010b). 

Results from clinical trials are also contradictory, ranging from increased to decreased 

sensitivity of diabetic heart to ischemia-reperfusion injury (Paulson, 1997). Data from the 

ACCORD trial show that diabetic patients receiving standard antidiabetic treatment 

exhibited lower risk of all-cause mortality when their HbA1c was slightly greater than 

normal, suggesting protective effects of mild hyperglycemia (Riddle et al., 2010). While in 

diabetic subjects myocardial infarction is not solely affected by hyperglycemia, but also by 

other accompanying disorders like dyslipidemia, in vitro data from isolated cells confer that 

high glucose may exert opposite effects (Lee et al., 2012). Such opposing results may 

indicate dose-dependent, non-linear response to high glucose as discussed below.

Data presented here offer potential explanation for this controversy, at least in part, 

suggesting that the amount of ROS generated by high glucose treatment dictates the fate of 

stressed cardiomyocytes. Excessive production of ROS resulting from combined effects of 

hyperosmolarity and mitochondrial hyperpolarization by high glucose increased 

cardiomyocyte injury. Conversely, attenuation of high glucose-induced ROS production, by 
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eliminating ROS stemming from mitochondrial hyperpolarization, decreased cell injury. It 

has been shown that ROS production steeply increases with increase in ΔΨm (Starkov and 

Fiskum, 2003, Lambert and Brand, 2004). This occurs presumably due to impeded proton 

pumping and obstructed electron flow, which favors electron “leak” and incomplete oxygen 

reduction. Therefore, even subtle elevation of oxygen consumption (electron flow along 

respiratory chain) combined with more pronounced increase in mitochondrial membrane 

potential by acute high glucose may have substantial effect on ROS production, especially in 

stressed cells. Our result support these observations as they show that the reversal of ΔΨm to 

normal by DNP acutely reduced ROS production by high glucose.

Here we also showed that high glucose rapidly increased NAD(P)H fluorescence intensity 

and increased the rate of oxygen consumption in cardiomyocytes. Increased NAD(P)H 

production following high glucose may reflect several events in the cell. However, in the 

context of other results obtained in response to high glucose, increased mitochondrial 

membrane potential and increased oxygen consumption by the respiratory chain, NAD(P)H 

fluorometry results are indicating, at least in part, increased oxidation of excess glucose and 

generation of NADH in mitochondria. This does not exclude occurrence of increased 

generation of NADH in glycolysis, which probably also takes place. In addition, our 

previous studies characterized changes in NAD(P)H and flavoprotein fluorescence after 

several perturbations of electron pathways within the respiratory chain and showed that the 

redox fluorometry is highly sensitive to either increased or decreased oxidation of substrates 

(Sedlic et al., 2010a, Sedlic et al., 2010b). Thus, a rapid metabolism of excess glucose likely 

provides extra substrates for mitochondria, increasing activity of respiratory chain and the 

ΔΨm. In the presence of antimycin A high glucose failed to increase oxygen consumption 

by cardiomyocytes. This demonstrates that increase in oxygen consumption occurred at the 

respiratory chain, reflecting increased oxidation of glucose and electron flux along the 

respiratory chain.

It is well established that the majority of glucose extracted from the blood by beating heart is 

stored as glycogen. However, it has been demonstrated that acute hyperglycemia 

substantially increases cardiac glucose extraction and oxidation (Wisneski et al., 1990). This 

study employing healthy human subjects showed that the oxidation of glucose increased 

from 9% of extracted glucose in euglycemic state to 34% of extracted glucose in acute 

hyperglycemic state when glucose concentration increased twofold. At the same time, 

glycogen deposition presumably decreased from 78% to 57% of extracted glucose. A study 

using isolated hearts of transgenic mice with cardiac-specific overexpression of the insulin-

independent glucose transporter GLUT1, showed that these hearts exhibit increased glucose 

uptake and oxidation (Yan et al., 2009). These studies are in agreement with our results that 

a significant proportion of excess glucose is acutely oxidized by cardiac mitochondria.

A recent study further supports our findings by showing that uncoupling protein-2, which 

mimics the effects of DNP, attenuates high glucose-induced ROS production in human 

endothelial cells (Koziel et al., 2015). We and others previously showed that low 

concentrations of uncoupling agents, such as DNP or FCCP, may induce cardioprotection 

when applied alone (Sedlic et al., 2010b, Brennan et al., 2006). Increased CM-DCF 

fluorescence intensity following high glucose exposure reflects increased bioavailability of 
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ROS, stemming either from increased production or decreased elimination. However, 

considering that a small concentration of uncoupling agent DNP substantially attenuated 

ROS production and that glucose significantly increased oxygen consumption and 

mitochondrial membrane potential, it can be concluded that increased CM-DCF 

fluorescence intensity reports increased mitochondrial production of ROS by high glucose.

The DNP treatment and the hyperosmotic control allowed us to specifically examine and 

distinguish effects of mitochondrial hyperpolarization and hyperosmolarity induced by high 

glucose. The proportion of elevated ROS production unaffected by DNP most likely resulted 

from hyperosmolarity induced by high glucose. This is supported by observation that 

hyperosmotic mannitol treatment, induced quantitatively similar increase in ROS 

production. Hyperosmotic solution can increase ROS production by activating NADPH 

oxidase, which was shown to be overactive in diabetes (Ikari et al., 2013, Gray et al., 2013, 

Avogaro et al., 2003). A moderate increase in ROS production by high glucose, after 

annulling contribution from the mitochondrial hyperpolarization, may activate cytoprotective 

pathways (Kevin et al., 2003). This is corroborated by our and previous reports that 

application of small amounts of H2O2 elicits preconditioning (Furuichi et al., 2005, Sepac et 

al., 2010). ROS may activate at least two important mediators of cytoprotection, protein 

kinase C and hypoxia inducible factor 1α, which recruit effectors of cardioprotection, 

including those that inhibit mPTP opening (Pravdic et al., 2009, Finkel, 2011, Otani, 2004, 

Ke and Costa, 2006). The observation that quantitatively similar increase in ROS production 

by hyperosmotic solution and high glucose + DNP treatments translated into quantitatively 

similar delay in mPTP opening and reduction of cell death further supports importance of 

cytoprotective signaling by ROS.

Attenuation of excessive ROS production in stressed cardiomyocytes by partial 

mitochondrial depolarization, as an adaptive response triggered by APC, is demonstrated in 

our previous study (Sedlic et al., 2010b). The rate of ROS overproduction in stressed cells 

correlated with mPTP opening time and the extent of cell death in that study. mPTP opening 

initiates death pathways by releasing pro-apoptotic factors, calcium or by halting ATP 

production due to rapid loss of ΔΨm (Weiss et al., 2003, Hausenloy et al., 2003, Halestrap et 

al., 2004, Hausenloy et al., 2009). Attenuation of key triggers of mPTP opening, ROS and 

mitochondrial calcium overload, delays mPTP opening which translates into improved 

survival of cardiomyocytes in in vivo and in vitro experiments (Skyschally et al., 2010, 

Sedlic et al., 2010b). This is in agreement with the results presented here that the excessive 

ROS production by high glucose treatment accelerated mPTP opening and reduced cell 

death, which was not observed when ROS production was reduced by DNP. Moreover, high 

glucose-induced mitochondrial hyperpolarization overrode APC-induced mitochondrial 

depolarization and abrogated mPTP opening delay and cytoprotection by APC. This is in 

line with our previous study that showed similar negative effects of pyruvate on APC (Sedlic 

et al., 2010b).

Cardioprotection by volatile anesthetics is applied in clinical medicine (Fleisher et al., 

2007). High glucose may impair APC by several mechanisms, including dysregulation of 

nitric oxide production (Cheng et al., 2011, Vladic et al., 2011, Baotic et al., 2013). This 

study was designed to apply high glucose after treating cells with anesthetic to avoid 
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interference with the signal transduction cascade of APC and to focus on the mitochondrial 

depolarization as one of the effectors of cardioprotection. Relatively brief exposure to high 

glucose was also selected to delineate acute effects of high glucose that likely differ from the 

chronic effects. Thus, our study indicates importance of studying acute and intermittent 

increases in glycemia in diabetic patients, since these may be particularly detrimental due to 

substantial increase in ROS production, as opposed to chronic hyperglycemia that may 

decrease glucose oxidation (Aas et al., 2011). Although DNP is not suitable for clinical use, 

development of safer agents aimed at preventing mitochondrial hyperpolarization may be 

beneficial additional therapy for hyperglycemic conditions.

In conclusion, our results suggest that controversies regarding the effects of hyperglycemia 

on the cardiac ischemic injury are, at least in part, related to the extent of ROS production 

induced by high glucose. Excessive ROS production driven by combined effects of high 

ΔΨm and hyperosmolarity acutely exacerbates cell injury. Moderate ROS production driven 

only by hyperosmolarity, with abrogated mitochondrial hyperpolarization, triggers adaptive 

response and protects cardiomyocytes. High glucoseinduced increase in ΔΨm overrides 

APC-induced mitochondrial depolarization and blocks cytoprotection. Targeted modification 

of high ΔΨm in hyperglycemic conditions may not only prevent cardiotoxic effects of high 

glucose, but also protect the heart.
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Figure 1. High glucose accelerates mitochondrial metabolism in isolated cardiomyocytes
(A) NAD(P)H fluorometry was used to assess changes in NADH concentration in 

cardiomyocytes. Representative signal trace shows a rapid increase in signal following 

transition from control to high glucose (↑Gluc.; marked with an arrow) indicating increase in 

cellular NADH. (B) Summarized data of NAD(P)H fluorescence intensity before and after 

exposure to high glucose. (C) Oxygen consumption measurements. Representative signal 

trace shows a rapid increase in the rate of oxygen consumption by isolated cardiomyocytes 

following transition from control to high glucose (arrow). (D) Summarized data of average 
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oxygen consumption rates in control and high glucose. (E) Oxygen consumption 

measurements. Representative signal trace shows that addition of antimycin A prevents high 

glucose induced-increase in oxygen consumption. (F) Summarized data of average oxygen 

consumption rates before and after high glucose in the presence of AA. Data are means ± 

SD. P < 0.05 vs. baseline (Base.)
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Figure 2. High glucose hyperpolarizes mitochondria and overrides APC-induced mitochondrial 
depolarization
(A&C) Representative confocal images of cardiomyocytes loaded with ΔΨm-sensitive 

fluorophore TMRE. (B) Compared to control (Ctrl), treatment with high glucose (↑Gluc.) 

increased TMRE fluorescence intensity indicating an increase in ΔΨm. DNP reversed 

mitochondrial hyperpolarization caused by ↑Gluc. Application of hyperosmotic solution 

(↑Osm.) did not alter mitochondrial membrane potential compared to control. Summarized 

data are means ± SD. *P<0.05 vs. Ctrl; #P < 0.05 vs. ↑Gluc. (D) Summarized dana (means ± 
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SD) show that APC-induced mitochondrial depolarization is reversed by ↑Gluc. And not 

affected by ↑Osm. *P < 0.05 vs. control (Ctrl.); #P < 0.05 vs. APC + ↑Gluc.
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Figure 3. High glucose enhances production of ROS in ΔΨm- and osmolaritydependent manner
(A) Representative confocal images of cardiomyocytes where CMDCF fluorescence 

intensity was used to monitor ROS production. (B) Summarized data (means ± SD) 

represent time course of changes in CM-DCF fluorescence intensity before and during 

(arrow) the specific treatment. Application of high glucose (↑Gluc.) substantially increased 

ROS production compared to baseline, which was attenuated in the presence of DNP. 

Mannitol solution with identical osmolarity as high glucose solution (↑Osm.) increased ROS 
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production, but to a lesser extent than the ↑Gluc alone. *P < 0.05 vs. baseline; #P < 0.05 vs. 

↑Gluc.
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Figure 4. High glucose differentially affects mPTP opening depending on the ΔΨm, and blocks 
effects of APC
(A) Representative confocal images of cardiomyocytes loaded with ΔΨm-sensitive 

fluorophore TMRE. Oxidative stress-induced opening of mPTP was monitored by 

occurrence of rapid ΔΨm dissipation. (B) Representative signal traces and arbitrary mPTP 

opening time used for statistical analyses. (C) Summarized data are means ± SD. Compared 

to control (Ctrl.), high glucose (↑Gluc.) decreased arbitrary mPTP opening time. 

Combination of high glucose and DNP, and hyperosmolarity (↑Osm.) delayed mPTP 
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opening compared to Ctrl. *P < 0.05 vs. control (Ctrl.); #P < 0.05 vs. ↑Gluc. (D) 
Summarized data show that APC increased arbitrary mPTP opening time compared to Ctrl, 

while addition of ↑Gluc. abrogated this effect. ↑Osm. had no effect on APC-induced delay in 

mPTP opening. *P < 0.05 vs. control (Ctrl.); #P < 0.05 vs. APC + ↑Gluc.
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Figure 5. High glucose differentially affects cell survival depending on the ΔΨm, and blocks APC
(A) Oxidative stress-induced cell death was significantly greater in high glucose (↑Gluc.) 

than in control (Ctrl.). Addition of DNP reversed this effect to cytoprotection, which was 

also observed in hyperosmotic group (↑Osm.). Data are means ± SD. *P < 0.05 vs. Ctrl; #P 
< 0.05 vs. ↑Gluc. (B) Compared to control, APC attenuated cell death, but failed to do so in 

↑Gluc. ↑Osm. did not abolish APC-induced cytoprotection. *P < 0.05 vs. Ctrl; #P < 0.05 vs. 

APC + ↑Gluc.
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