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Abstract

Rationale: Diabetes mellitus (DM) is a complex, multisystem disease, affecting large 

populations worldwide. Chronic CaMKII activation may occur in DM and be arrhythmogenic. 

Diabetic hyperglycemia was shown to activate CaMKII by (1) O-linked attachment of N-

acetylglucosamine (O-GlcNAc) at S280 leading to arrhythmia and (2) a reactive-oxygen species 

(ROS) mediated oxidation of CaMKII, that can increase post-infarction mortality.

Objective: To test whether high extracellular [glucose] (Hi-Glu) promotes ventricular myocyte 

ROS generation and the role played by CaMKII.

Methods and Results: We tested how extracellular Hi-Glu influences ROS production in adult 

ventricular myocytes, using H2DCFDA and genetically targeted Grx-roGFP2 redox sensors. Hi-

Glu (30 mmol/L) significantly increased the rate of ROS generation, an effect prevented in 

myocytes pretreated with CaMKII inhibitor KN-93 or from either global or cardiac specific 

CaMKIIδ knockout mice. CaMKII knockout or inhibition also prevented Hi-Glu induced 

sarcoplasmic reticulum (SR) Ca2+ release events (Ca2+ sparks). Thus, CaMKII activation is 

required for Hi-Glu induced ROS generation and SR Ca leak in cardiomyocytes. To test the 
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involvement of O-GlcNAc-CaMKII pathway, we inhibited GlcNAcylation removal by Thiamet G 

(Thm-G), which mimicked the Hi-Glu-induced ROS production. Conversely, inhibition of 

GlcNAcylation (OSMI-1) prevented ROS induction in response to either Hi-Glu or Thm-G. 

Moreover, in a CRSPR-based knock-in mouse in which the functional GlcNAcylation site on 

CaMKIIδ was ablated (S280A) neither Hi-Glu nor Thm-G induced myocyte ROS generation. So 

CaMKIIδ-S280 is required for the Hi-Glu-induced (and GlcNAc-dependent) ROS production. To 

identify the ROS source(s), we used different inhibitors of NOX2 (Gp91ds-tat peptide), NOX4 

(GKT137831), mitochondrial ROS (Mito-Tempo) and NOS pathway inhibitors (L-NAME, L-NIO 

and L-NPA). Only NOX2 inhibition or KO prevented Hi-Glu/Thm-G induced ROS generation.

Conclusions: Diabetic hyperglycemia induces acute cardiac myocyte ROS production by NOX2 

that requires O-GlcNAcylation of CaMKIIδ at S280. This novel ROS induction may exacerbate 

pathological consequences of diabetic hyperglycemia.

Graphical Abstract

Clinically, heart failure patients with diabetes mellitus show worse clinical outcomes than those 

without. Excessive ROS generation was considered a hallmark of diabetic cardiomyopathy. 

However, the origin of ROS generation in ventricular cardiomyocytes remained unclear. Here, we 

identified a novel molecular pathway by which acute hyperglycemia induces myocyte ROS 

generation, requiring both direct O-GlcNAcylation of Ser280 in CaMKIIδ and consequent 

activation of cytosolic NOX2. This finding provides foundational insight into diabetic 

cardiomyopathy progression.
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INTRODUCTION

Globally, an estimated 422 million adults were living with diabetes in 2014, compared to 

108 million in 1980. Diabetes caused 1.5 million deaths in 2012 according to WHO Global 

report on diabetes.1 Patients with DM also have higher propensity to develop heart failure.
2–4 It is known that CaMKII, an important signaling kinase, is chronically activated in 

ventricular cardiomyocytes in both diseases and can directly induce pathological changes in 

Ca2+ handling and downstream effectors.5–9 Reactive oxygen species (ROS) signaling in 

DM and heart failure has also been proven to be a central node for diseases progression.10–13 

Increasing evidence suggests that excessive ROS may lead to pathological conditions, such 

as cardiac hypertrophy, fibrosis, apoptosis and ventricular remodeling.14–17 However, the 

mechanisms that temporally and spatially link these two detrimental effectors remains 

unclear.
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Our lab’s previous work has shown that CaMKII is highly GlcNAcylated in the hearts and 

brains of diabetic patients and rats.18 Furthermore, acute elevation of extracellular glucose 

concentration (Hi-Glu) caused O-GlcNAcylation of CaMKII that sensitized SR Ca2+ release 

channels (ryanodine receptors, RyRs) and increase the propensity for arrhythmias. While O-

GlcNAcylation at a critical Ser280 on CaMKIIδ was shown to mediate this CaMKIIδ 
activation under hyperglycemia, CaMKIIδ autonomous activation can also be produced by 

other post-translational modifications (PTMs), including oxidation, nitrosylation and 

phosphorylation.19–23 Indeed, in preliminary experiments we found that acute Hi-Glu also 

promoted myocyte ROS production, raising the possibility that both Hi-Glu induced ROS 

and CaMKII activation could be related.

Anderson’s group previously used CaMKIIδ-MM281/282VV knock-in mice (MMVV-KI, 

that resist oxidation) which exhibited protection from sinoatrial node (SAN) dysfunction and 

atrial fibrillation in STZ-induced diabetes, suggesting oxidation of CaMKII in diabetes.8,24 

Those two methionines are immediately adjacent to the Ser280 in CaMKIIδ that are O-

GlcNAcylated in Hi-Glu and cause enhanced SR Ca2+ leak and arrhythmias.18 We recently 

made a O-GlcNAcylation resistant CaMKIIδ knock-in mouse expressing only S280A 

CaMKIIδ.25 These two knock-in mice can help to distinguish roles of CaMKII oxidation 

and O-GlcNAcylation in mediating acute effects of Hi-Glu on ROS production and SR Ca2+ 

leak in adult ventricular myocytes. CaMKII is also known to drive nuclear export of histone 

deacetylase 4 (HDAC4) in pathological nuclear signaling, but Backs’ group recently showed 

that O-GlcNAcylation of HDAC4 induced by Hi-Glu could partly counteract this 

transcriptional CaMKII effect and be protective.26 Thus, O-GlcNAcylation of CaMKII could 

be a potential turning point of disease progression.

We further tested the key molecular sources of ROS in this Hi-Glu-induced ROS production: 

NADPH oxidase (NOX) type 2 or 4 or ROS produced by mitochondria. We tested whether 

nitric oxide synthase (NOS) activity or direct oxidation of CaMKIIδ might be involved, 

because CaMKII can also be activated by direct oxidation and S-nitrosylation at C290 and 

MM281/282,19,23 respectively in the same regulatory domain in CaMKIIδ which are 

autophosphorylated and O-GlcNAcylated (Thr287 and Ser280).18 In addition, we used 

transgenic mice with either cytosolic- or mitochondrial-targeted redox sensors27 to test the 

temporal and spatial compartments of Hi-Glu induced ROS increase. Notably, both of these 

targeted sensors retain their rapid ROS response and wide dynamic range as described for 

the original sensors.28–30 This helped further distinguish between cytosolic and 

mitochondrial ROS production induced by acute hyperglycemia. Our results showed that 

acute Hi-Glu induces cardiac myocyte ROS production via O-GlcNAcylation of CaMKIIδ 
and consequent activation of NOX2 ROS production in the cytosol, but not in the 

mitochondria.

METHODS

The data and analytical methods that support the findings of this study are available from the 

corresponding author upon reasonable request.
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Animals and cardiomyocytes isolation.

Several types of adult mice aged from 10 to 12 weeks were used, including: WT C57b/6J 

(Jackson Lab), WT C57b/6N (Jackson Lab), Ser280Ala KI,25,31 MMVV-KI,32 CaMKIIδ 
cardiac-specific and global KO,33,34 NOX2−/− mice (Jackson Lab) and Grx1-roGFP2 

(targeted either to the cytosol or mitochondria).27 All the genetically modified mouse lines 

were bred on the C57b/6J background, except for the C57b/6N line. See Online Methods for 

more details.

Cardiac ventricular myocytes were isolated using previously described methods35 which 

were approved by the UC Davis Institutional Animal Care and Use Committee (IACUC). 

Freshly isolated myocytes were plated on laminin-coated glass cover slips for 30 min before 

dye loading. All experiments were performed at room temperature (RT) (22–23°C) with pH 

7.4.

Cardiomyocyte ROS production measurement.

Freshly isolated ventricular cardiomyocytes were plated on laminin-coated glass cover slips 

in normal Tyrode’s buffer (NT). Intact cells were loaded with 1 μmol/L H2DCFDA (Thermo 

Fisher) for 10 min to measure reactive oxygen species. DCF loaded cells were imaged at 

488nm using confocal 2D-scanning microscopy with (Nikon, ×40 objective) ~20 nW laser 

power to minimize laser induced artifacts. Cells were normally stimulated at 0.5 Hz with NT 

perfusion at 1 ml/min.

Ca2+ spark and transient measurements.

Intact ventricular myocytes were loaded with Fluo-4 AM dye (5 μmol/L) for 30 min, 

transients and sparks were recorded as previously described.6,18 Ca2+ transients were 

obtained by field stimulation at 0.5 Hz in normal Tyrode’s buffer. SR Ca2+ load was 

evaluated by Ca2+ transient amplitude induced upon rapid application of caffeine (10 

mmol/L). Images were acquired with confocal microscopy (Nikon, ×40 objective) using line 

scan mode with excitation at 488 nm, emission at >505 nm. Image analysis used ImageJ 

software and Sparkmaster.36

Redox sensor measurements and EGSH calculation.

Isolated cardiac myocyte redox measurements were performed using a confocal microscope 

(Nikon). The roGFP2 sensor was excited at 405 and 488 nm, with emission detected at >530 

nm. Images were acquired in every 20 secs. Sensor calibration was done according to a 

previous study with these sensors.29 Oxidation difference (OxD) and EGSH calculations were 

performed as described therein (see online Methods).

hiPSC-CMs redox and Ca2+ transient measurements.

Human induced pluripotent stem cell derived cardiac myocytes (iPSC-CMs) were prepared 

by Dr. Mercola’s lab by methods previously described.37,38 At day 25, cells were dissociated 

and plated onto Matrigel-coated coverslips in a 24-well plate.39 Then, hiPSC-CMs were 

subjected to adenoviral-mediated gene transfer of mito- and cyto-Grx1-roGFP2 and cultured 
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for 24 hr. For Ca2+ transient measurement, cells were loaded with Fluo-4 AM dye (5 

μmol/L) for 30 min and imaged with confocal microscopy (Biorad, 40X oil objective).

Solution and experimental protocols.

NT contained (mmol/L) 140 NaCl, 6 KCl, 10 HEPES, 1 MgCl2, 1.8 CaCl2 and 2, 5.5. or 30 

glucose as below (RT, pH7.4). For Hi-Glu exposures, myocytes were usually paced at 0.5 

Hz, and first equilibrated with NT containing 2 mmol/L glucose plus 28 mmol/L mannitol. 

Then an acute switch was made to NT in which the mannitol was replaced by glucose 

(bringing [glucose] to 30 mmol/L).

NT with 2 mmol/L glucose was chosen to minimize activation of O-GlcNAcylation at 

baseline, while still nourishing myocytes. To confirm that the central observations regarding 

HiGlu-induced ROS production occur in physiological NT ([glucose] =5.5 mM) we 

measured the increases in ROS production from either 2 or 5.5 mmol/L upon increase to 

HiGlu (30 mmol/L glucose; Online Figure 1C). The results were similar, except that when 

starting from 5.5 mmol/L glucose the mean ROS increases were slightly smaller. This is 

consistent with prior observations on the monotonic rise in CaMKII activation in going from 

5 .5 to 33 mM (100–500 mg/dl).18

Protein samples of hearts were harvested after 20 min Langendorff perfusion with different 

treatments and frozen immediately.40

Statistics.

Pooled data are represented as the mean ± SEM. Statistical comparisons were made using 

unpaired Student t test, one-sample t test and ANOVA where applicable. Redox sensor 

calibration data was fitted with sigmoidal curve in GraphPad. P values <0.05 was considered 

significant.

RESULTS

Hi-Glu induces ROS production that requires O-GlcNAcylation and CaMKII activity in adult 
mouse ventricular myocytes.

Figure 1A shows a wild type (WT) isolated mouse ventricular myocyte loaded with 

H2DCFDA (DCF) to assess ROS generation during regular pacing at 0.5 Hz. DCF 

fluorescence (F) rises irreversibly at a linear rate at baseline during steady state in isolated 

myocytes, but that rate changes when ROS production is increased or decreased. We 

normalize the initial rate (dF/dt) after the intervention (30 mmol/L glucose in Figure 1B) to 

that during the first 3 min at the baseline steady state (Control). Thus, we readily detect 

relative changes in ROS production rate induced by acutely altered conditions.

Increasing [glucose] from 2 to 30 mmol/L (Hi-Glu) acutely increased the rate of ROS 

generation by 37% vs. the Control at 2 mM glucose (p<0.05; Figure 1C). However, pre-

incubation of myocytes with inhibitors of CaMKII (1 μmol/L KN-93) or O-GlcNAc 

transferase (50 μmol/L OSMI-1)41 for 30 min completely prevented the effect of Hi-Glu on 

ROS production (101% of control for KN-93, p = 0.85; 99% of control, for OSMI-1, p=0.31: 

Figure 1C). The pre-incubation itself did not significantly alter the Control ROS production 
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rate, as shown for KN-93 and OSMI-1 pretreatment in Online Figure IA–B. Figure 1D 

shows that the Hi-Glu effect (in Figure 1C) could be quantitatively mimicked simply by 

blocking de-GlcNAcylation, which prevents O-GlcNAc cleavage from the target, by using 

Thiamet G (ThmG) in normal 2 mmol/L glucose. That is, ThmG raised the rate of ROS 

production by 42% (P<0.05). Furthermore, the ThmG-induced rise in ROS production was 

again completely prevented by either KN-93 or OSMI-1 pre-incubation (P<0.05; Figure 

1D). These results suggest that both O-GlcNAcylation and CaMKII are required for the Hi-

Glu-induced rise in ROS production in beating ventricular myocytes.

Hi-Glu promotes arrhythmogenic SR Ca2+ leak, without altering contraction.

To test whether Hi-Glu altered myocyte contraction, cell shortening was measured during 

these same protocols. Average myocyte shortening was not significantly altered by either Hi-

Glu or ThmG (Figure 1E–H). In Figure 1G–H the Control values are from the same cells 

before the indicated HiGlu or ThmG treatment (as for normalization in Figure 1C–D), 

except that here the results are shown in absolute, rather than relative units. Thus, the levels 

of ROS achieved by the Hi-Glu exposure were not sufficient to alter myocyte contraction 

within this short time period. Similarly, Hi-Glu exposure did not significantly alter regular 

twitch Ca2+ transients amplitude or the time constant (tau) of twitch [Ca2+]i decline (Figure 

2A,B), although SR Ca2+ content was significantly reduced, a scenario consistent with 

increased RyR sensitivity and potential diastolic SR Ca2+ leak.

Indeed, prior work has shown that Hi-Glu induces O-GlcNAcylation of CaMKII at Ser280 

which activates CaMKII to phosphorylate RyR and enhance arrhythmogenic SR release 

events (Ca2+ sparks and waves at the myocyte level).18 Here we confirmed that, in mouse 

ventricular myocytes, Hi-Glu and ThmG both promote diastolic SR Ca2+ release events (Ca 

sparks), that was not a consequence of either increased [Ca2+]i or SR Ca2+ content (Figure 

2C–D). Indeed, Hi-Glu or Thm-G increased Ca2+ spark frequency to 260 or 190% of 

control, respectively (P<0.05). As shown for ROS production in Figure 1, inhibition of either 

CaMKII or O-GlcNAcylation by KN-93 or OSMI-1 suppressed the Hi-Glu- or ThmG-

induced enhancement of Ca2+ sparks to the baseline level (Figure 2D). Note that neither 

KN-93 nor OSMI-1 altered baseline Ca2+ spark frequency (Figure 2D, left), so this is 

consistent with a Hi-Glu-induced, O-GlcNAc- and CaMKII-dependent elevation in SR Ca2+ 

leak via RyR sensitization. Note also that such RyR sensitization can enhance diastolic leak 

and reduce SR Ca2+ content, while having little effect on Ca2+ transient properties.42 That is 

because the sensitized RyR may release a higher fraction of the lower SR Ca2+ content as 

the Ca2+ fluxes come to a new steady state (Figure 2B). ThmG also failed to alter SR Ca2+ 

content or steady state twitch Ca2+ transient amplitude (not shown).

Hi-Glu-induced ROS production requires myocyte Ca2+ transients and CaMKIIδ.

To test whether Ca2+ transients were required for enhanced ROS production, we tested 

quiescent myocytes pretreated with thapsigargin to prevent SR Ca2+ uptake and Nifedepine 

to prevent Ca2+ entry via L-type Ca2+ channels. Figure 3A shows that under these conditions 

neither Hi-Glu nor ThmG promoted ROS production, whereas normally paced myocytes 

done in parallel here still showed the ~34% increase in ROS production (Figure 3B). These 

results indicate that normal myocyte Ca2+ transients are required for this CaMKII- and 
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GlcNAc-dependent ROS production, which is consistent with the requirement of initial 

CaMKII activation via Ca2+-CaM to enable autonomous CaMKII activation by O-

GlcNAcylation.18

The above CaMKII inhibition studies used KN-93, which inhibits CaMKII, but may also 

have off-target effects.43 Figure 3C–F shows that genetic deletion of CaMKIIδ in adult 

either globally (Figure 3C) or specifically in cardiac myocyte (Figure 3D) also completely 

prevented both the Hi-Glu- and ThmG-induced rise in myocyte ROS production, as well as 

their activation of Ca2+ sparks (Figure 3E–F) or effects on Ca2+ transients (Online Figure 

II). Thus, the endogenous CaMKIIδ isoform is specifically required to mediate this, and that 

the cardiac myocyte-specific CaMKIIδ-KO sufficed. So autonomous cardiomyocyte 

CaMKIIδ activation via GlcNAcylation is required for Hi-Glu induced ROS generation.

CaMKII S280 is required for Hi-Glu- and ThmG-induced ROS and Ca2+ sparks.

We recently generated a CRISPR-based knock-in mouse in which the functional O-

GlcNAcylation site on CaMKIIδ was ablated (S280A).25 This allowed us to further test 

whether that specific CaMKIIδ site was required for the Hi-Glu-induced ROS production. 

Indeed, the CaMKIIδ-S280A knock-in entirely prevented both the Hi-Glu and Thm-G 

induced ROS production and Ca2+ sparks (Figure 4A–B) without significant perturbation on 

Ca2+ transient and SR load (Online Figure IIIA–D). Thus, this single O-GlcNAcylation site 

(S280) on CaMKIIδ is required for the Hi-Glu-induced ROS production and RyR 

sensitization. In contrast, robust ROS production was still induced by acute angiotensin II 

(Ang II) exposure, even in the S280A knock-in mice. Thus, Ang II (unlike Hi-Glu or ThmG) 

does not require O-GlcNAcylation of CaMKIIδ at Ser280 to increase myocyte ROS 

production. This also indicates that the myocyte ROS generation machinery is still present in 

the S280A knock-in mouse. Immunoprecipitation of CaMKII O-GlcNAcylation was further 

performed in the control and Hi-Glu perfused hearts (Online Figure IIIE). Figure 4C shows 

that the Hi-Glu induced O-GlcNAcylation of CaMKII was prevented in S280A mice.

We also used mice in which the oxidation-sensitive Met281/282 in CaMKIIδ were replaced 

by valines,8 because oxidation of these sites can also promote CaMKIIδ autonomy and 

might be critical to or a consequence of the Hi-Glu-induced ROS production. Figure 4D 

shows that Hi-Glu and ThmG both still promoted ROS production in MMVV-KI myocytes, 

and that was sensitive to inhibition of either CaMKII (KN-93) or O-GlcNAc transferase 

(OSMI-1). As in WT myocytes, Ca2+ spark frequency was also enhanced in MMVV-KI 

myocytes by Hi-Glu or ThmG, and this effect was again suppressed by KN-93 or OSMI-1 

(Figure 4E). The stimulated Ca2+ transients and SR Ca2+ content in MMVV-KI myocytes 

were not significantly perturbed by Hi-Glu or ThmG (Online Figure IV). Thus, CaMKIIδ 
Met281/282 are not required for the Hi-Glu-induced ROS production or Ca2+ sparks in WT 

myocytes. However, the average increases of DCF dF/dt was slightly lower in MMVV than 

those observed in WT myocytes (24.4% vs. 37.2%). Thus, we cannot rule out the logical 

possibility that the CaMKIIδ O-GlcNAcylation induced ROS production also recruits 

CaMKIIδ oxidation to further strengthen the net CaMKII activation.
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Cytosolic NOX2 is the ROS source recruited by Hi-Glu and Thm-G.

To determine the source of ROS, mitochondria and other cytosolic ROS generators were 

tested during acute hyperglycemia. Myocytes were pretreated with a cell-permeant NOX2 

inhibitory peptide (GP91ds-tat) or a scrambled version (scrGP91ds-tat) for 30 min prior to 

exposure to Hi-Glu or Thm-G. NOX2 inhibitory peptide prevented the enhanced ROS 

production that was still observed with the scrambled peptide version (Figure 5A) and 

comparable to that seen in untreated WT myocytes. The membrane permeable ROS 

scavenger (TEMPOL) also prevented HiGlu and ThmG induced ROS production (Online 

Figure VE).

Mitochondria are a major source of ROS production in cardiomyocytes. To target 

mitochondrial ROS, we used pre-incubation with the antioxidant MitoTEMPO. Figure 5B 

shows that MitoTEMPO did not prevent the increased ROS induced by acute Hi-Glu or 

ThmG. It was recently shown that C57BL/6J mice can be protected from pathological 

workload-related mitochondrial ROS production, because this strain lacks nicotinamide 

nucleotide transhydrogenase (NNT) and thus prevents backward flux (NADPH to NADH) 

and consequent ROS enhancement.44 So, we tested whether the presence of NNT in the 

C57BL/6N strain might reveal a mitochondrial ROS contribution to HiGlu or ThmG induced 

overall ROS production. Online Figure V (E) shows that the the HiGlu and ThmG responses 

were almost identical in C57BL/6N as in C57BL/6J (Figure 5A–B), including the full ROS 

inhibition by GP91ds-tat and lack of inhibition by MitoTEMPO. These results suggest that 

mitochondrial ROS production was not triggered by HiGlu. We also tested the involvement 

of NOX4 in this pathway, using the NOX4 inhibitor GKT137831 (Figure 5C), and also for 

NOS involvement using NOS, NOS1 and NOS2 selective inhibitors (L-NAME, L-NIO and 

L-NPA, respectively; Figure 5D–E). None of these inhibitors prevented the Hi-Glu- or 

ThmG-induced increase in ROS production, although L-NAME effects after ThmG were 

inconclusive. Thus, while NOS-related modulation of ROS production cannot be excluded, 

the effects are likely minor compared to NOX2. Neither GP91ds-tat or MitoTEMPO altered 

the effect of Hi-Glu on Ca sparks or Ca transient properties Online Figure V (E).

Since inhibitor studies suggested that NOX2 was the main ROS source, we further tested 

that in NOX2 KO mice (from Jackson Labs). Indeed, Figure 5F shows that neither Hi-Glu 

nor ThmG were able to increase ROS production in NOX2-KO mouse myocytes. Notably 

though, Ca2+ spark frequency was still strongly increased with Hi-Glu or Thm-G in NOX2-

KO myocytes without alteration in SR Ca2+ content or Ca2+ transient amplitude (Figure 6A–

C) very much like WT myocytes. As in WT myocytes, there was a hint of slowed twitch 

Ca2+ transient decline in NOX2-KO myocytes (Figures 6D vs. 2B), which could be a 

consequence of SR Ca2+ leak.45 Thus, the Hi-Glu-induced enhancement of RyR function 

that depends upon O-GlcNAcylation and activation of CaMKII remained intact in NOX2 

KO mice. This suggests a pathway in which the CaMKII activation by O-GlcNAcylation is 

upstream of the NOX2 activation and that the ROS from NOX2 exerts little extra CaMKII 

activation.

Lu et al. Page 8

Circ Res. Author manuscript; available in PMC 2021 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Genetically encoded redox sensors confirm Hi-Glu-induced oxidative stress.

To confirm that the ROS measured by DCF (above) are observable using an independent 

sensor, we used transgenic mice with cardiac specific expression of a genetically encoded 

redox reporter Grx-roGFP2 that is targeted to either the mitochondrial matrix or cytosol 

(mito- and cyto-Grx1-roGFP2).27 First, we calibrated the Grx1-roGFP2 sensors in our 

imaging system. Figure 7–B demonstrates appropriate localization of the mitochondrial and 

cytosolic sensors and similar EC50 of cyto- and mito-roGFP2 (26.6 and 15.3 μM H2O2, 

respectively). In myocytes expressing the mitochondrial roGFP2 sensor, neither Hi-Glu nor 

ThmG caused a significant increase in mitochondrial oxidation levels (Figure 7C). In 

contrast, the cytosolic roGFP2 sensor sensed a substantial increase in oxidative stress in 

response to both Hi-Glu and ThmG (Figure 7D). The genetically encoded sensors also made 

it more feasible to measure ROS at physiological temperature. Online Fig VIA–B show 

results at 35°C which qualitatively recapitulate those in Figure 7, showing that HiGlu only 

caused a rise in ROS in the cytosol and not in mitochondria. At 35°C the rise in cytosolic 

ROS signal was much faster, and reached a lower amplitude, both of which may be 

attributable to faster enzymatic activity that produce and limit net ROS levels. Online Fig 

VIA–B also showed that pretreatment with either KN93 or OSMI-1 prevented the HiGlu-

induced ROS increase. These observations confirm the above DCF results where the HiGlu-

induced ROS production require both CaMKII and O-GlcNAcylation. Online Figure VI(C) 

also shows that the increase in ROS is graded as a function of extracellular [glucose], as 

previously shown for CaMKII activation by HiGlu.18

These Grx1-roGFP2 sensors also provide more dynamic and specific glutathione redox 

potential (EGSH) information in intact cardiomyocytes during Hi-Glu treatment. Initial 

mitochondrial EGSH was –280±0.6mV and –284±1.7mV at RT and 35°C, respectively (see 

Online Methods). Mito-Grx-roGFP2 also showed no change in EGSH upon Hi-Glu or Thm-

G perfusion, while significant increases were seen with Cyto-Grx-roGFP2 at either RT 

(Figure 7D) or 35°C and were prevented by KN-93 or OSMI-1 (Online Figure VIA–B).

Human iPSC-CM exhibit Hi-Glu-induced oxidative stress and SR Ca2+ leak.

We also tested whether Hi-Glu would increase ROS production in human iPSC-CMs in 

which cyto-Grx1-roGFP2 was adenoviraly expressed (Figure 8A). With acute Hi-Glu 

exposure these iPSC-CMs showed an increased oxidative stress signal within 15 min (Figure 

8B). Consistent with observations in adult mouse cardiomyocytes, Figure 9C shows that the 

Hi-Glu induced ROS increase in hiPSC-CMs was prevented by inhibiting either CaMKII or 

O-GlcNAcylation (by KN93 and OSMI-1, respectively).

We also assessed Ca2+ transients and local Ca2+ release events using Fluo 4-AM loaded 

iPSC-CMs (Figure 8D). The spontaneous overall beating rate (labeled with B and green 

arrows in Figure 8E) was not altered by Hi-Glu. These may represent the intrinsic 

pacemaking activity inherent in such iPSC-CMs. However, the frequency of local Ca2+ 

sparks and waves (labeled with L and red arrows in Figure 8D) was higher in Hi-Glu 

exposed iPSC-CMs (Figure 8F). The Hi-Glu induced CaMKII-dependent ROS production 

correlates with these local SR Ca2+ leak events (but not the apparent pacemaker rate). We 
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conclude that the same Hi-Glu-CaMKII-ROS signaling pathway described in detail above 

for mouse myocytes is likely to be present in human iPSC-CM and adult myocytes.

DISCUSSION

CaMKII has been identified as a key regulator in cardiac physiology and pathology. Its 

upregulation and post-translational modification has been shown to be associated with 

cardiac pathology.22 In this study, we demonstrate that acute hyperglycemia drives O-

GlcNAcylation of CaMKII (at S280) causing NOX2 activation and cytosolic ROS 

generation (Figure 9). Cardiomyocytes isolated from different mice were studied with 

traditional ROS indicator DCF. Cells showed nearly instantaneous ROS accumulation during 

acute Hi-Glu/ThmG challenge. This fast response is consistent with previous FRET-based 

measurements of rapid intracellular [glucose] changes upon Hi-Glu (τ ~11 sec).46 

Meanwhile, myocyte contractility was unaltered by this short duration exposure to Hi-Glu or 

Thm-G, consistent with multicellular data in working preparatios.47 This also suggests that 

HiGlu is unlikely to alter myofilament properties on this time scale, but could during more 

prolonged Hi-Glu via other signaling cascades.47,48 Hi-Glu also had remarkably little effect 

on electrically evoked myocyte Ca2+ transients, but strongly promoted arrhythmogenic 

diastolic SR Ca2+ release, which also slightly reduces SR Ca2+ content. So, while systolic 

SR Ca2+ release may be normal, it may result from a larger fractional SR Ca2+ release, an 

intrinsic form of autoregulation that stabilizes E-C coupling,42 but this may be at the cost of 

higher arrhythmogenic propensity.18

DCF is a widely used ROS indicator, but requires careful use in the myocyte setting, and is 

neither reversible nor practically calibratable. Therefore, we also used genetically encoded 

redox sensors (Grx1-roGFP2) to confirm the Hi-Glu and Thm-G induced ROS production in 

both adult cardiac myocytes and human iPSC-CMs. This also confirmed that the Hi-Glu/

ThmG induced ROS production occurs in the cytosol and not mitochondria in adult mouse 

myocytes and that CaMKII and O-GlcNAcylation are required.

In our study, both chemical inhibitors and transgenic knock-in mice provide consistent 

evidence for O-GlcNAc-CaMKII induced ROS generation. Ser280 on CaMKII, rather than 

its neighboring Methionine pair (281/282), is the main site responsible for the Hi-Glu 

induced ROS increase. Indeed, MMVV-KI mice, which suppress oxidative activation of 

CaMKII,19 failed to prevent the Hi-Glu-induced ROS rise in ventricular cells. WT littermate 

controls for these KI mice behaved like the other WT mice (Online Figure IIIF), helping to 

rule out off-target effects in both KI strains. While the O-GlcNAcylation at S280 in 

CaMKIIδ is compelling as the initiator of ROS production via NOX2, that ROS would also 

be expected to oxidize MM281/282 on CaMKIIδ to amplify both SR Ca2+ leak and further 

ROS production. We saw a hint of evidence for this synergy in that the Hi-Glu/Thm-G 

induced ROS was slightly lower in MMVV-KI than WT mice (Figure 4D vs. Figure 1C–D), 

but were frankly surprised that this feedback effect was not stronger.

Once activated and O-GlcNAcylated, CaMKII can not only phosphorylate numerous ion 

channels and transporters,9 it also appears to activate NOX2. NOX2 has multiple candidate 

subunits, each of which could be targets for direct phosphorylation49 and possibly by 
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CaMKII. However, the molecular mechanism by which CaMKII may activate NOX2 is not 

known and potentially complex.

Interestingly, mitochondrial ROS did not change acutely in response to Hi-Glu (Figure 7, 

Online Figure VIB). That would be consistent with sarcolemmal NOX2 being the ROS 

source, and with the mitochondria maintaining their own redox-optimized ROS balance, that 

Aon et al. have described to maximize energy output while limiting ROS accumulation.50 

That is, mitochondria may have substantial redox buffering capacity, such that the Hi-Glu 

induced ROS produced by NOX2 is not paralleled in the mitochondria. Taking both 

mitochondrial and cytosolic redox status into consideration, it is possible that Hi-Glu-

induced cytosolic ROS could eventually initiate ROS induced ROS release (RIRR) and 

excessive ROS accumulation at longer times.

Anderson and colleagues have highlighted the importance of CaMKIIδ oxidation at 

MM281/282 in multiple cardiac pathologies in which the MMVV-KI CaMKIIδ has been 

protective.19,24,51 Our data here shows that acute hyperglycemia causes CaMKIIδ O-

GlcNAcylation at S280 and consequent NOX2-dependent ROS production complements that 

work. It also demonstrates a strong connection between pathological CaMKII activation by 

O-GlcNAcylation and oxidation at three adjacent amino acids in this key regulatory domain 

of CaMKII. Further work will be required to more clearly elucidate how these post-

translational modifications of CaMKII synergize in acute and/or chronic conditions. For 

example, the acute O-GlcNAcylation effect we report here may synergize with or even shift 

to a predominantly MM281/282 oxidized state in chronic disease states.

We also confirmed here our prior observations that Hi-Glu exposure enhances 

arrhythmogenic SR Ca2+ release via O-GlcNAcylation of CaMKII and consequent 

phosphorylation of RyRs.18 Moreover, here we show that this Hi-Glu (and Thm-G) induced 

SR Ca2+ leak is prevented by a single point mutation in CaMKIIδ (S280A) as well as global 

and cardiac-specific CaMKIIδ knockout, but not by the CaMKIIδ MMVV-KI, NOX2-KO or 

inhibition of NOX4 or mitochondrial ROS production. We showed that the direct O-

GlcNAcyl transferase inhibitor OSMI1 prevents this effect and extends prior studies that 

relied on the inhibitor DON, which works a step upstream of the OSMI-1 target and can 

exhibit off-target effects on mitochondria.52 We also showed here that human iPSC-CMs 

also exhibit this same acute Hi-Glu induced ROS production and SR Ca2+ release events and 

are inhibited by KN-93 and OSMI-1. This suggests that this same arrhythmogenic pathway 

may also exist in adult human myocytes,53 but the immature phenotype of iPSC-CMs 

suggest that further study is required.54

Our working model of the Hi-Glu induced O-GlcNAc-CaMKII-NOX2-ROS pathway 

provides some of the molecular details that may help further test the importance of this 

pathway in the context of DM, where even acutely uncontrolled hyperglycemia could 

predispose patients to some increased oxidative stress as well as CaMKII-dependent 

mechanisms of arrhythmias and transcriptional regulation that can contribute to progresssion 

of heart failure.9,26,55 Indeed, the chronic CaMKII activation known to occur in heart failure 

may well synergize with this hyperglycemic effect in an increasing number of patients that 
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have both heart failure and DM. While this study focuses on acute hyperglycemia, its 

specific role in these complex chronic disease co-morbidities will require future study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms:

Ca2+ Calcium

CaMKII Ca2+/calmodulin-dependent kinase II

DCF 2’,7’-dichlorodihydrofluorescein diacetate

Grx1 Glutaredoxin1

Hi-Glu High glucose (30 mM glucose)

hiPSC-CM Cardiomyocytes derived from human induced pluripotent stem cells

KN93 2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfonyl)]amino-N-(4-

chlorocinnamyl)-N-methylbenzylamine)

mitoTEMPO (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-

oxoethyl)triphenylphosphonium chloride

MMVV CaMKII with mutated Met281Val and Met282Val

NOS Nitric oxide synthase

NOX NADPH oxidase

O-GlcNAc β-linked N-acetylglucosamine

OSMI-1 (αR)-α-[[(1,2-Dihydro-2-oxo-6-quinolinyl)sulfonyl]amino]-N-(2-

furanylmethyl)-2-methoxy-N-(2-thienylmethyl)-benzeneacetamide

PTMs Post translational modifications

roGFP reduction oxidation sensitive green fluorescent protein

ROS Reactive oxygen species
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RyR Ryanodine receptor

S280A CaMKII with mutated Ser280Ala

SR Sarcoplasmic reticulum

TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

Thm-G 2-(ethylamino)-5-(hydroxymethyl)-5,6,7,7a-tetrahydro-3aH-

pyrano[3,2-d][1,3]thiazole-6,7-diol

WT Wild-type
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Diabetic hyperglycemia induces both excessive reactive oxygen species 

(ROS) and autonomous CaMKII activation which can be arrhythmogenic.

• ROS generation and chronic CaMKII activation in cardiomyocytes play 

detrimental roles in the pathophysiology of cardiac remodeling and heart 

failure.

What New Information Does This Article Contribute?

• We show that acute hyperglycemia promotes substantial ROS production in 

adult cardiac myocytes and arrhythmogenic sarcoplasmic reticulum Ca leak.

• Hyperglycemia-induced myocyte ROS production requires direct O-linked 

attachment of N-acetylglucosamine (O-GlcNAc) at Serine 280 of CaMKIIδ 
and consequent activation of NOX2 (NADPH oxidase 2).

• We identify a novel direct mechanistic pathway by which hyperglycemia 

activates cardiac myocyte ROS production.
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Figure 1. Glucose induced ROS production without contractility alteration
(A) Representative mouse cardiomyocyte loaded with DCF. Scale bar is 20μm. (B) DCF 

fluorescence change in response to Hi-Glu in myocytes. (C-D) Quantification of DCF slope 

in presence of Hi-Glu/ThmG with KN93 and OSMI-1, normalized to the slope prior to 

HiGlu or ThmG exposure. (E) Representative fractional shortening of unloaded 

cardiomyocytes.(F) Peak fractional shortening with Hi-Glu perfusion at 3 minutes. (G-H) 

Mean fractional shortening in control NT or with Hi-Glu or ThmG. (Animal number N is 

indicated in bars, while each individual myocyte (n) is shown as a data point, ***P<0.001, 

****P<0.0001).
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Figure 2. Hi-Glu induced diastolic SR Ca2+ leak
(A) Line scans show Ca2+ transients with line plots below. (B) Data show that Hi-Glu has no 

effect on Ca2+ transients with decreased SR load. (C-D) Hi-Glu/ThmG induced Ca2+ spark 

frequency is inhibited by KN93 and OSMI-1, respectively. (Animal number shown at bar, 

with points indicating individual myocytes; *P<0.05, ***P<0.001, ****P<0.0001)
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Figure 3. Acute hyperglycemia induced ROS production is Ca2+ and CaMKII dependent
(A) Quiescent cells show no ROS accumulation in Hi-Glu/ThmG. (B) Pacing induce the 

ROS production with Hi-Glu. (C-D) Neither CaMKIIδ global KO nor cardiac specific KO 

induces ROS with Hi-Glu/ThmG. (E-F) Unaffected Ca2+ spark frequency in CaMKIIδ 
global- and cardiac- KO. (****P<0.0001).
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Figure 4. CaMKIIδ Ser280 instead of Met281/282 is responsible for Hi-Glu induced ROS 
production
(A) S280A blocks the Hi-Glu/ThmG induced ROS, but AngII could still induce ROS 

production. (B) Ca2+ spark frequency remains unaffected in Hi-Glu/ThmG in S280A KI.(C) 

Immunoblot (IB) with O-GlcNAc-specific and CaMKIIδ antibodies show that Hi-Glu 

increases O-GlcNAcylation, but not in S280A CaMKII. IP, immunoprecipitation. 

(D)MMVV-CaMKIIδ fails to prevent Hi-Glu/ThmG induced ROS, which could be inhibited 

via KN93/ OSMI-1. (E) MMVV KI shows similar response to Hi-Glu/ThmG as WT in Ca2+ 

spark frequency. (*P<0.05, **P<0.01, **** P<0.0001).
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Figure 5. NOX2 complex inhibition could prevent Hi-Glu induced ROS generation
(A) NOX2 inhibitor blocks excessive ROS compared to scrambled peptide control. (B-E) 

Quantification of DCF slope change in WT with mitoTEMPO, GKT137831 and NOS 

inhibitors, respectively. (F) No obvious ROS generation under hyperglycemia in NOX2 KO. 

(**P<0.01, ***P<0.001,****P<0.0001).
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Figure 6. Ca2+ sparks and SR Ca2+ handling in NOX2 KO
(A) Diastolic Ca2+ spark frequency in cardiomyocytes that were treated with control, Hi-Glu 

and ThmG. (B-D) SR Ca2+ content measurement, Ca2+ transient amplitude and twitch tau of 

decay are stable under treatments. (****P<0.0001).
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Figure 7. Redox sensor evaluation of ROS production in isolated myocytes
(A) Representative confocal images of myocytes expressing cyto- and mito-Grx redox 

sensors with 20 μm scale bar. (B) In situ redox sensors calibration. (C) Representative traces 

of mito-Grx ratio metric signal and converted EGSH in response to Hi-Glu/ThmG. (D) 

Representative traces of cyto-Grx ratio metric signal and converted EGSH in response to Hi-

Glu/ThmG. (**P<0.01, ***P<0.001).
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Figure 8. ROS generation and SR Ca2+ handling in hiPSC-CMs
(A) Representative confocal images of hiPSC-CMs expressing adenovirus carried cyto-Grx 

redox sensor. (B) Average ratio metric change with Hi-Glu. (C) Hi-Glu induced ROS 

production could be inhibited by KN93 and OSMI-1, respectively. (D) Line-scan image of 

Ca2+ transients and LCRs. B, Transient; L, LCRs. (E) No change of spontaneous transient 

frequency with Hi-Glu. (F) Hi-Glu induced LCRs in hiPSC-CMs. (*P<0.05, **P<0.01, 

***P<0.001)
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Figure 9. Schematic representation of the proposed model
Cardiomyocytes submerged in acute Hi-Glu will trigger O-GlcNAc and activation of 

CaMKII. This will lead to NOX2 complex activation and increase cytosolic ROS 

accumulation.
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