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A B S T R A C T   

Ischemia-reperfusion (I/R) injury is detrimental to cardiovascular system. Alteration in glucose metabolism has 
been recognized as an important adaptive response under hypoxic conditions. However, the biological benefits 
underlying this metabolic phenotype remain to be elucidated. This study was designed to investigate the impact 
of hypoxic acclimation (HA) on cardiac I/R injury and the antioxidative mechanism(s). Male adult mice were 
acclimated in a hypoxic chamber (10% oxygen [O2]) for 8 h/day for 14 days, and then subjected to cardiac I/R 
injury by ligation of left anterior descending coronary artery for 30 min and reperfusion for 24 h or 7 days. Our 
results showed that HA attenuated oxidative stress and reduced infarct size in the I/R hearts. This car
dioprotective effect is coupled with an elevation of protein O-linked N-acetylglucosamine (O-GlcNAc) modifi
cation partially due to inflammatory stimulation. Hyperglycosylation activated glucose-6-phosphate 
dehydrogenase (G6PDH), the rate-limiting enzyme in the pentose phosphate pathway, resulting in an upregu
lation of NADPH/NADP+ and GSH/GSSG couples and enhancement of redox homeostasis in the heart. Phar
macological suppression of O-GlcNAcylation totally abolished the influence of HA on the G6PDH activity, redox 
balance and post-I/R damage in the hearts and cultured cardiomyocytes, whereby augmentation of O-GlcNA
cylation further enhanced the benefits, suggesting a central role of O-GlcNAcylation in HA-initiated antioxidative 
and cardioprotective effects. These findings, therefore, identified HA as a promising anti-I/R strategy for the 
heart and proposed O-GlcNAc modification of G6PDH as a therapeutic target in ischemic heart disease.   

1. Introduction 

The cardiovascular system is a vulnerable target for ischemia- 
reperfusion (I/R) injury, which leads to irreversible cardiac dysfunc
tion and damage [1,2]. Modern lifestyle and unhealthy dietary habits 
raise the prevalence of atherosclerotic vascular disease and increase the 
risk of I/R injury in the heart. I/R injury contributes to the pathogenesis 
of multiple cardiac diseases, including infarction, arrhythmias, hyper
trophy and heart failure [3,4]. The latest epidemiological data show that 

cardiovascular diseases take the lives of 17.9 million people every year, 
and this number is expected to increase to more than 23.6 million by 
2030, standing as a major cause of morbidity and mortality worldwide 
[5]. Moreover, I/R injury is the leading cause of death and poor prog
nosis of patients in cardiac surgery and heart transplantation. The threat 
will likely increase as the population continues to age and the elderly 
people are more sensitive to I/R insults. Thus, strategies that can in
crease the resistance of heart to I/R injury are urgently required. 

Several lines of evidence point to the existence of endogenous coping 
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mechanisms for dealing with I/R injury [6]. Release of extracellular 
signaling molecules such as adenosine, bradykinin and opioids, activa
tion of protein kinase C and classic PI3K/Akt/MEK1/2/ERK1/2 cas
cades, as well as mild production of reactive oxygen species (ROS) are 
reported to contribute to the protective hypoxic response [7–10]. 
Through these mechanisms, ischemic preconditioning has been widely 
accepted as a powerful and reproducible remedy for cardioprotection 
[11–13]. Compared to restriction of blood flow in the heart, regulation 
of blood oxygen level via hypoxia is more practicable [10]. However, the 
outcomes from chronic hypoxia exposure or hypoxic acclimation (HA) 
are complicated. It is believed to improve exercise capacity [14], raise 
maximal oxygen (O2) consumption [15], protect I/R hearts [16,17], and 
have therapeutic potential for mitochondrial disease [18]. On the con
trary, chronic hypoxia, in particular, intermittent hypoxia is reported to 
cause pulmonary hypertension and impair neuropsychological function, 
in patients with chronic obstructive pulmonary disease and in healthy 
people at high altitude [15]. The molecular mechanisms by which 
hypoxia exposure mediates these seemingly contradictory effects, 
however, remain elusive. 

Glycolysis is a cytoplasmic pathway that breaks down glucose into 
pyruvate and lactate, with net generation of 2 molecules of ATP in the 
absence of O2. More importantly, it has been established that glycolysis 
is intimately related to redox biology [19]. Under physiological condi
tions, glycolysis controls the nicotinamide adenine dinucleotide redox 
couple (NADH/NAD+), and provides the major reductant, nicotinamide 
adenine dinucleotide phosphate (NADPH) for thiol-dependent antioxi
dant defenses. Thus, alteration in glucose metabolism has been recog
nized as an important adaptive response under hypoxic conditions. 
Nonetheless, the metabolic phenotype and redox status, as well as the 
biological impact underlying HA have not been fully understood. 

In the present study, we sought to identify the impact of HA on 
cardiac I/R injury and to elucidate underlying mechanisms. Our results 
demonstrated that the HA-exposed hearts have elevated protein O- 
GlcNAcylation, enhanced pentose phosphate pathway (PPP) and 
improved redox homeostasis, which mitigate cardiac I/R injury. 

2. Materials and methods 

2.1. Mice 

All animal experiments were performed with the approval of the 
Institutional Animal Care and Use Committee of the West China Hos
pital, Sichuan University, China. The animals received humane care in 
compliance with the Guide for the Care and Use of Laboratory Animals 
published by NIH. Male C57BL/6J mice, 8–10 weeks old, were pur
chased from Huafukang Experimental Animal Center, China. Mice were 
maintained in a vivarium with a 12-h light/dark cycle at 22 ◦C and free 
access to food and water. To modulate cardiac protein O-GlcNAcylation 
level, mice were treated by intraperitoneal injection with alloxan (ALX, 
100 mg/kg; Sigma) or Thiamet-G (TMG, 20 mg/kg; MCE) at 6 h before 
cardiac I/R surgery. Before injection, ALX or TMG was dissolved in sa
line (vehicle). 

2.2. Cell culture 

The H9c2 rat cardiomyocytes were obtained from the American Type 
Culture Collection (ATCC; Rockville, MD, USA). Cells were cultured in 
Dulbecco’s modified Eagles’s medium (DMEM; HyClone) containing 1 
g/L glucose, 4 mM glutamine, 110 mg/L sodium pyruvate, 10% (v/v) 
fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin 
(HyClone) under a humidified atmosphere containing 5% carbon diox
ide (CO2) at 37 ◦C. To test the effect of inflammatory stimulation on 
protein O-GlcNAcylation, the H9c2 cells were treated by interleukin 
(IL)-1β (#HY-P7097A, MCE) and IL-6 (#HY-P7103A, MCE) for 4 or 24 h. 
To validate this effect, the H9c2 cells were incubated with LMT28 (30 
μM; #HY-102084, MCE) or neutralizing antibodies for IL-1β (20 μg/ml; 

#BE0246, BioXCell) or IL-6 (20 μg/ml; #BE0046, BioXCell) during HA. 
To attenuate protein O-GlcNAcylation, the H9c2 cells were exposed to 6- 
Diazo-5-oxo-L-nor-Leucine (DON, 20 μM; MCE) for 24 h. 

2.3. HA exposure 

To perform HA, the mice were placed in a transparent, semi-opened 
chamber ventilated with room air or 10% O2 at a flow rate of 18 L/min, 
for 8 h/day (from 9:00 a.m. to 17:00 p.m.) for 14 days. The chamber was 
maintained at a temperature of 22–24 ◦C and a humidity of 40–50%. An 
O2 sensor (AR8100S, Smart Sensor, China) was used to continuously 
monitor the O2 concentration in the chamber. Two small silent fans were 
placed inside the HA chamber to facilitate the removal of CO2. For the 
cell culture study, the H9c2 cells were incubated under hypoxia envi
ronment (10% O2, 5% CO2 and 85%N2) for 8 h/day and then switched to 
normoxia (20% O2, 5% CO2 and 75%N2) for 16 h/day, and this treat
ment was repeated for 4 days. 

2.4. Mouse model of cardiac I/R injury 

Myocardial I/R injury was induced by ligation of left anterior 
descending coronary artery (LAD) for 30 min and reperfusion for 24 h or 
7 days as previously described [20,21]. Briefly, mice were anesthetized 
by intraperitoneal injection of ketamine (120 mg/kg) and xylazine (4 
mg/kg), intubated and ventilated with pure O2, using a MiniVent mouse 
ventilator (Model 845, Harvard Apparatus). Body temperature was kept 
at 35-36 ◦C with a temperature controlled surgical pad. After a left 
thoracotomy was performed through the fifth intercostal space, the LAD 
was ligated with a 6-0 silk suture for 30 min of ischemia. Reperfusion 
was accomplished by releasing the slipknot and the chest was closed in 
layers. After 24 h or 7 days of reperfusion, mice were sacrificed for 
analysis. 

2.5. Determination of infarct size 

I/R induced myocardial infarction was determined by Evans blue 
and tetrazolium chloride (TTC) double staining as described previously 
[22]. Briefly, after 24 h of reperfusion, the ligature around the LAD was 
retied and the heart was quickly excised and mounted on a Langendorff 
apparatus. After washing out the blood by saline, 0.2 ml 1% Evans blue 
dye was injected through aortic root. The hearts were sliced trans
versally into 1-mm-thick sections and 5–6 sections per heart starting 
from the apex. The sections were incubated in 1% TTC in PBS at 37 ◦C 
for 15 min and then fixed in a 4% paraformaldehyde solution for 24 h at 
room temperature. The area at risk (AAR) was identified by the absence 
of blue dye. The total LV area, AAR and TTC-negative staining area 
(infarcted myocardium) were measured with Image J software (NIH). 
Myocardial infarction was expressed as a percentage of the infarct size 
(IS) over AAR (IS/AAR) and the size of AAR was expressed as the per
centage of AAR over total LV area. 

2.6. Measurement of creatine kinase-MB (CK-MB) 

After 24 h of reperfusion, blood samples were taken by heart punc
ture and plasma samples were collected by centrifuge at 2500 rpm for 
10 min. The levels of CK-MB in plasma were detected by a biochemical 
analyzer (BS-120, Mindray, China). 

2.7. Histological assessment 

Hearts were arrested in diastole by KCl (30 mM), perfusion fixed with 
10% neutral buffered formalin, paraffin embedded and cut into 5-μm- 
thick sections. For hematoxylin and eosin (H&E) staining, the sections 
were stained with hematoxylin for 8 min and eosin for 1 min, washed in 
0.5% hydrochloric acid alcohol, dehydrated and mounted. For the 
Masson’s trichrome staining, all the heart samples were sectioned into 5 
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μm slices starting from the suture ligation site to the apex, and every 
50th slices were reserved for staining. Sections were stained using a 
commercially available kit (#G1340, Solarbio, China) for quantification 
of the scar size in the heart [23]. All sections were imaged through a 
fluorescence microscope (AX10 imager A2/AX10 cam HRC, Zeiss). 

2.8. ROS and superoxide production assays 

As markers of oxidative stress, the superoxide dismutase (SOD) ac
tivity and malondialdehyde (MDA) formation in cardiac tissues were 
measured by using commercially available kits (Beyotime, China). For 
dihydroethidine (DHE) staining, mouse cardiac tissues were embedded 
in Tissue-Tek OCT (Thermo Fisher). Cryosections (10 μm) were incu
bated with superoxide-sensitive dye DHE (10 μM in 0.01% DMSO) at 
37 ◦C for 30 min in a humidified dark chamber. Red DHE fluorescence 
was detected with an Olympus IX83 microscope (Olympus) at room 
temperature. The levels of protein carbonylation in cardiac tissues were 
detected by using the OxyBlot protein oxidation detection kit (Sigma- 
Aldrich). For measurement of mitochondrial superoxide production, the 
H9c2 cells were incubated with MitoSOX Red (2.5 μM; Thermo Fisher) at 
37 ◦C for 30 min, washed with PBS and resuspended in 200 μl cold PBS 
for flow cytometry analysis (Ex/Em: 510nm/580 nm; Beckman Coulter 
cytoFLEX, USA). For the evaluation of intracellular oxidative stress, cells 
were incubated with CM-H2DCFDA (10 μM; #HY-D0940, MCE) at 37 ◦C 
for 30 min. Fluorescence intensity was quantified by a flow cytometer 
(Ex/Em: 488nm/525 nm; Beckman Coulter cytoFLEX, USA) [24]. The 
oxidative DNA damage was also assessed as reported [25]. Briefly, H9c2 
cells were fixed with 4% paraformaldehyde and permeabilized with 
0.1% Triton X-100. After blocking at room temperature for 1 h, H9c2 
cells were incubated with anti-7,8-dihydro-8-oxo-2′-deoxyguanosine 
(8-Oxo-dG; #BS-1278R, Bioss, MA) and anti-TOM20 (#66777-1-Ig, 
Proteintech, China) at 4 ◦C overnight, followed by incubation with 
anti-mouse-IgG Alexa 488 (#ab150113, Abcam) and anti-rat-IgG Alexa 
647 (#ab150075, Abcam) secondary antibodies. Before imaged by a 
confocal microscope (CLSM, FV3000, Olympus, Japan), the cells were 
stained with 4′,6-diamidino-2-phenylindole (DAPI; #D9542, Sigma). 
Fifty randomly chosen cells from each group were analyzed through 
Image J software, and fluorescence intensities in nuclei and mitochon
dria were assessed respectively for each condition. 

2.9. Transmission electron microscopy 

The cardiac tissues were fixed for 24 h in 3% glutaraldehyde in 0.1 M 
phosphate buffer saline (pH 7.4), and then fixed with 1% osmium te
troxide for 1 h. After the samples were dehydrated in a series of ethanol 
and were embedded in Epon 812, ultrathin sections were prepared and 
counterstained with uranyl acetate and lead citrate. The stained sections 
were examined under a transmission electron microscope (JEM- 
1400PLUS, JEOL, Japan). The images were assessed in a blinded fashion 
by pathologists. 

2.10. Apoptosis analysis 

Apoptosis was measured by Annexin V and propidium iodide (PI) 
dual staining according to the manufacturer’s instruction (4A Biotech, 
China). Briefly, H9c2 cells were incubated with 5 μl Annexin V-FITC for 
5 min at room temperature in the dark, and then added 10 μl PI. The 
apoptosis rate was determined by flow cytometry analysis (Annexin V- 
FITC, Ex/Em: 488nm/525 nm; PI, Ex/Em: 561nm/575 nm). 

2.11. Glucose uptake assay 

The H9c2 cells were cultured in 96-well plates (5000 cells/well). 
After treatment with IL-1β (5 ng/ml) or IL-6 (5 ng/ml) for 24 h, the cells 
were incubated with a fluorescent glucose analog 2-[N-(7-nitrobenz-2- 
oxa-1,3-diazol-4-yl) amino]-2-deoxyglucose (2-NBDG, 300 μM; Cayman 

Chemical) in glucose-free DMEM for 40 min at 37 ◦C in the dark. After 
washing off excessive fluorescent dye, fluorescence intensities were 
measured by a plate reader (Synergy MX, BioTek Instruments). 

2.12. Western blotting and immunoprecipitation 

Frozen myocardial tissue or cultured cells were lysed with ice-cold 
RIPA lysis buffer with protease inhibitor cocktail, and then centrifuged 
at 13000g for 15 min at 4 ◦C. Protein extracts were separated by SDS- 
PAGE and transferred to PVDF membranes. Membrane was blocked in 
5% non-fat milk and incubated with primary antibodies at 4 ◦C over
night, including anti-O-GlcNAC (#ab2739, Abcam), anti-OGT (#11576- 
2-AP, Proteintech, China), anti-OGA (#14711-1-AP, Proteintech), anti- 
GFAT1 (#14132-1-AP, Proteintech), anti-GALE (#14414-1-AP, Pro
teintech), anti-HK2 (#22029-1-AP, Proteintech), anti-IL-1β (#AF4006, 
Affbiotech, China), anti-IL-6 (#DF6087, Affbiotech), anti-G6PDH 
(#DF6444, Affbiotech), anti-GAPDH (#10494-1-AP, Proteintech), 
anti-Tubulin (#11224-1-AP, Proteintech) and anti-β-actin (#20536-1- 
AP, Proteintech) antibodies. After incubation with HRP conjugated 
secondary antibodies (#SA00001-1 and #SA00001-2, Proteintech), the 
signal intensities were visualized by an ECL Western blot detection kit 
(#P10100, ECM) and quantified by Image J software (NIH). 

For immunoprecipitation experiments, tissue or cell lysates were 
incubated with anti-O-GlcNAc antibody or control immunoglobulin 
(IgG, Proteintech) overnight. Antibody-bound proteins were precipi
tated with protein G magnetic beads (#1614023; Bio-Rad) and washed 
three times with lysis buffer. Samples were prepared for further analysis 
by Western blotting. 

2.13. O-glycoproteomics analysis 

Cardiac tissues were lysed in native lysis buffer (Solarbio Life Sci
ences) supplemented with complete protease inhibitor cocktail (Roche), 
PMSF and Na2VO3. The lysates were incubated with anti-O-GlcNAC 
(#ab2739, Abcam) antibody at 4 ◦C overnight. Antibody-bound proteins 
were precipitated with protein G magnetic beads (#1614023, Bio-Rad) 
and washed three times with lysis buffer. Enriched O-GlcNAc peptide 
samples were dissolved and loaded for LC separation on a NanoElute 
UHPLC system (Bruker Daltonics). Enriched peptides were analyzed on a 
timsTOF Pro mass spectrometer (Bruker Daltonics), equipped a 
ReproSil-Pur Basic C18 column. All mass spectrometric data were 
searched with Maxquant (v 1.6.1.0) and against Uniprot Mus_muscu
lus_10090 database concatenated with reverse decoy database. Label 
free MS1 based quantification of peptides was performed using Mass
ChroQ. Retention time alignment between LC-MS data files was per
formed using the obiwarp method. The HA/Control ratio of each O- 
GlcNAc peptide was estimated by the average value of 3 hearts in each 
group, and the ratio >1.5 was define as hyperglycosylated. Gene 
Ontology (GO) annotation proteome was derived from the UniProt-GOA 
database (http://www.ebi.ac.uk/GOA/). 

2.14. Determination of glucose-6-phosphate dehydrogenase (G6PDH) 
activity and related redox couples 

The G6PDH activity, reduced nicotinamide adenine dinucleotide 
phosphate/nicotinamide adenine dinucleotide phosphate (NADPH/ 
NADP+) ratio and glutathione/glutathione disulfide (GSH/GSSG) ratio 
in cardiac tissues and cultured cells were determined by commercial kits 
according to the manufacturer’s protocols (Beyotime, China). 

2.15. Measurement of mitochondrial oxygen consumption rate (OCR) 

Mitochondria from cardiac tissue were isolated by differential 
centrifugation as described previously [26]. The OCRs of isolated intact 
mitochondria or H9c2 cells were measured with a Seahorse XFe24 
analyzer (Agilent Technologies, Santa Clara, CA). Freshly isolated 
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cardiac mitochondria or H9c2 cells were transferred to a XFe24 micro
plate, and the microplate were filled with Mitochondrial Assay Solution 
(MAS: 220 mM mannitol, 70 mM sucrose, 10 mM MgCl2, 2 mM HEPES, 
1 mM EGTA, 10 mM KH2PO4 and BSA 0.02% (w/v) at pH 7.2) to a final 
amount of 500 μl containing succinate (10 μM; Sigma). The OCR was 
measured in response to sequential injection of ADP (4 mM; Sigma), 
oligomycin (2.5 μg/ml; MCE), trifluorocarbonyl cyanide phenyl
hydrazone (FCCP, 4 μМ; MCE), and antimycin A (4 μМ; Sigma), at 37 ◦C. 
The respiratory rates are reported as oxygen flux per mass, and all 
readings are normalized to μg of mitochondrial protein or cell numbers 
(pmol O2/min/μg protein or 25000 cells). 

2.16. Statistical analysis 

Statistical analysis was performed using GraphPad Prism v.8.0.1 
(GraphPad, La Jolla, CA). Shapiro-Wilk Normality test was performed to 
determine data distribution. All data are normally distributed and pre
sented as mean ± SEM. Unpaired 2-tailed Student t-test was used to 
compare 2 groups, and one-way ANOVA followed by Tukey’s multiple 
comparisons test was performed to determine differences among >2 
groups. A simple linear regression analysis was performed to estimate 
the correlation between protein O-GlcNAcylation and proinflammatory 
cytokines IL-1β and IL-6. P values < 0.05 were considered statistically 
significant. 

Fig. 1. HA attenuated cardiac infarction and oxidative stress after I/R injury. A, A schematic representation of the experimental protocol. B, The body weight of 
the Control and HA mice (n = 15 per group). C-D, Immunoblot analysis of HIF-1α in the Control and HA hearts (n = 7 per group). E, Representative images of 
Hematoxylin and Eosin (H&E)-stained left ventricle (LV) tissue sections (n = 5 per group). Scale bar, 200 μm. F, Representative images of Evans blue and tetrazolium 
chloride (TTC) double-stained heart sections. Blue represents unaffected, viable tissue. White represents infarct area. Red + white represents area at risk. Scale bar, 2 
mm. G-H, Quantifications of infarct size (IS) relative to area at risk (AAR) (G) and AAR relative to LV (H) (n = 6 per group). I, The levels of CK-MB in plasma (Control: 
n = 7, HA: n = 6). J, Representative images for Dihydroethidium (DHE) staining (n = 50 fields, from 5 hearts/group). Scale bar, 200 μm or 50 μm. K-L, Repre
sentative immunoblots of protein carbonylation in the LV ischemic border zone (K). Protein carbonyls was derivatized to 2,4-dinitrophenylhydrazone (DNP) and then 
probed with antibody for DNP. Quantification of band intensity (L). The DNP levels of derivatized proteins were normalized by GAPDH and data were expressed as 
fold change relative to Control (n = 5 per group). M, MDA levels in cardiac tissues (n = 4 per group). N, SOD activity in cardiac tissues (n = 4 per group). O, 
Representative electron microscopy images of the Control and HA heart sections (n = 5 per group). Scale bar, 2 μm. P, The ADP- and FCCP-stimulated oxygen 
consumption rates (OCR) in the presence of succinate of the isolated mitochondria from the mouse hearts (Control: n = 6, HA: n = 7). Q, Representative images of 
Masson’s trichrome-stained heart sections 7 days post-I/R. R, Quantification of the scar size relative to left ventricle (n = 5 per group). Scale bar, 2 mm. Dotted line 
indicates the scar area. Data are shown as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 for indicated comparisons. NS: no significant difference. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3. Results 

3.1. HA attenuated cardiac infarction and oxidative stress after I/R 
injury 

To perform HA, mice were exposed to 10% O2 environment for 8 h 
per day for 14 days (Fig. 1A). The mice showed normal gain of body 
weight during treatment (Fig. 1B), while the expression of HIF-1α in the 
heart was significantly elevated as compared to the Control group, 
suggesting that HA activated cardiac hypoxia signaling without 
perturbation of growth (Fig. 1C and D). H&E staining showed no his
tologic changes in hearts between Control and HA groups (Fig. 1E). To 
understand the functional impact of HA on heart, the mice were sub
jected to cardiac I/R injury through LAD ligation. A lower infarct size 
was observed in HA hearts at 24 h after I/R (Fig. 1F–H), accompanied by 
a downregulated release of cardiac enzyme CK-MB in plasma (Fig. 1I). It 
has been well established that oxidative stress is a hallmark of I/R injury 
and contributes to post-I/R pathogenesis, we thus investigated whether 
the benefit from HA was mediated by suppression of oxidative stress. 
After 24 h of I/R injury, the fluorescence intensity of DHE-stained car
diac tissue was decreased in the HA group, indicating a lower level of 
ROS production (Fig. 1J). Moreover, we observed attenuated protein 
carbonylation, an irreversible oxidative protein modification, and 
reduced levels of MDA, a marker of lipid peroxidation, as well as an 
increased SOD activity in the HA hearts (Fig. 1K–N). Mitochondrion is 
extremely sensitive to oxidative stress. Along with reduced oxidation 
stress, the mitochondrial morphology in cardiac tissue at border zone 
was preserved by HA; the disorganized cristae and reduced matrix 
density induced by I/R injury were largely alleviated (Figure 1O). Sea
horse analysis showed that the mitochondrial respiratory function was 
also improved by HA (Figure 1P). To understand whether these pro
tective effects bring a long-term benefit on the I/R heart, we analyzed 
the scar size by Masson’s trichrome staining at 7 days after I/R, and 
found it was remarkably reduced in the HA group (Fig. 1Q–R). Taken 

together, these results suggest that HA exposure limited infarct scar and 
reduced oxidative stress in hearts after I/R injury. 

3.2. HA promoted protein O-GlcNAcylation in I/R hearts 

Accumulating evidence suggest that the status of protein glycosyla
tion modulates the response of heart to I/R injury [26–28]. We observed 
an ~60% increase in protein O-linked N-acetylglucosamine (O-GlcNAc) 
modification in the HA heart after I/R (Fig. 2A). This increase was 
companied by an enhancement of hexosamine biosynthetic pathway 
(HBP), a branch of glycolytic pathway (Fig. 2B). The protein abundance 
of UDP-galactose 4′-epimerase (GALE), the enzyme responsible for 
interconversion of UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-
N-acetylgalactosamine (UDP-GalNAc), was greatly elevated by HA. 
Also, the protein levels of O-GlcNAc transferase (OGT) and hexokinase 2 
(HK2), which conjugates O-GlcNAc groups to target protein or generates 
glucosamine-6-phosphate (GlcN-6-P) from glucosamine, respectively, 
were also upregulated (Fig. 2C). Furthermore, the glucose tolerance test 
showed that HA improved the uptake of glucose in circulation, which 
may satisfy the carbohydrate demand for the enhanced HBP flux 
(Fig. 2D and E). Together, the data suggest that the cardioprotective 
effect of HA is coupled with an elevation of protein O-GlcNAc modifi
cation in the heart. 

3.3. HA-induced inflammation stimulated protein O-GlcNAcylation in 
hearts 

Along with the elevated O-GlcNAc modification, we found that the 
HA hearts increased expression of pro-inflammatory cytokines IL-1β and 
IL-6 (Fig. 3A). Similarly, upon exposure to HA condition (10% O2; 8 h/ 
day × 4 days), the H9c2 cardiomyocytes also upregulated the expression 
of these cytokines (Fig. 3B). Linear regression analysis showed that the 
status of protein O-GlcNAcylation in the heart is positively correlated 
with the cardiac abundance of IL-1β and IL-6, suggesting a causal link 

Fig. 2. HA promoted protein O-GlcNAcylation in I/R hearts. A, Immunoblot analysis of protein O-GlcNAc modification in the Control and HA hearts (n = 8 per 
group). B, The hexosamine biosynthesis pathway. HK, hexokinase. GFAT2/1, glucosamine: fructose-6-phosphate aminotransferase 2/1. GALE, UDP-glucose 4-epi
mease. OGT, O-GlcNAc transferase. OGA, O-GlcNAcase. C, Immunoblot analysis of GALE, OGT, HK2, GFAT1, OGA in the Control and HA hearts (n = 6 per 
group). D-E, Glucose tolerance test of mice after 6 h of fasting (Control: n = 10, HA: n = 7). Data are shown as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 
for indicated comparisons. 
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between HA-induced inflammation and hyperglycosylation (Fig. 3C and 
D). To confirm it, we incubated H9c2 cells with increasing concentration 
of IL-1β and IL-6 for 24 h. Notably, the protein O-GlcNAc modification 
was enhanced by both cytokines in a dose-dependent manner (Fig. 3E 
and F). By utilizing a glucose analog 2-NBDG, we also observed an 
upregulation of glucose uptake rate after IL-1β or IL-6 stimulation 
(Fig. 3G). Removal of either IL-1β or IL-6 by neutralizing antibodies 
could abrogate the effects of HA on protein O-GlcNAcylation (Fig. 3H). 
Interestingly, co-incubation with LMT28 during HA, a novel IL-6 in
hibitor by competitive binding to IL-6 receptor, was sufficient to block 
HA-induced elevation of O-GlcNAcylation, indicating that IL-6-initated 
downstream signaling is a potent driver in glycosylation (Fig. 3I). 
Taken together, these data suggested that HA-induced inflammatory 
cytokine secretion contributes to the elevated O-GlcNAcylation in the 
heart. 

3.4. HA activated pentose phosphate pathway (PPP) via O- 
GlcNAcylation in hearts 

To elucidate the biological impact of altered O-GlcNAcylation, we 
performed co-immunoprecipitation experiment with anti-O-GlcNAc 
antibody in the Control and HA hearts (Fig. 4A). Mass spectrometry 

analysis identified a total of 254 proteins and 66 proteins bearing higher 
O-GlcNAc modification, and interestingly, these hyperglycosylated 
proteins are enriched in multiple redox related pathways including 
pentose phosphate shunt based on Gene Ontology (GO) annotation 
(Fig. 4B). As glucose-6-phosphate (G6P) generated by HK in the cytosol 
can be used to produce NDAPH via the oxidative phase of PPP pathway, 
NADPH is used to reduce glutathione, a principal element of cellular 
antioxidant defense system (Fig. 4C) [29]. We next asked whether the 
enzymes and metabolites in PPP were changed by HA. The results 
showed that NADPH was significantly increased in HA hearts resulting 
in a higher NADPH/NADP+ ratio (Fig. 4D and E). This shift of intra
cellular redox balance was associated with an elevated activity of G6P 
dehydrogenase (G6PDH), the rate-limiting enzyme in the PPP pathway 
(Fig. 4F). As expected, a significant increase of the GSH (reduced)/GSSG 
(oxidized) was also observed in HA hearts (Fig. 4G and H). Together, 
these data suggested that HA-induced glycosylation is correlated with an 
activation of PPP pathway, which contributes to redox homeostasis. 

3.5. PPP was enhanced via O-GlcNAcylation-mediated activation of 
G6PDH 

Further study showed that the total G6PDH protein expression was 

Fig. 3. HA-induced inflammation stimulated protein O-GlcNAcylation in hearts. A, Immunoblot analysis of IL-1β and IL-6 in the Control and HA hearts (n = 9 
per group). B, Immunoblot analysis of IL-1β and IL-6 in the H9c2 cells (IL-1β: n = 7 per group; IL-6: n = 8 per group). C-D, The linear regression analysis between the 
expression of IL-1β (C) or IL-6 (D) and protein O-GlcNAcylation level. E-F, Representative blots of protein O-GlcNAc modification in H9c2 cells treated with 
increasing concentration of IL-1β (E) or IL-6 (F). G, The glucose uptake rate measure by 2-NBDG in H9c2 cells. H, Immunoblot analysis of protein O-GlcNAc 
modification in H9c2 cells after HA and neutralizing antibody treatments (n = 4 per group). I, Immunoblot analysis of protein O-GlcNAc modification in H9c2 cells 
with indicated treatments (n = 7 per group). Data are shown as mean ± SEM. *P < 0.05, **P < 0.01 for indicated comparisons. 
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not changed in the HA-exposed hearts and H9c2 cardiomyocytes 
(Fig. 5A). To understand how G6PDH was activated, we incubated the 
H9c2 cells with inflammatory cytokines for either 4 or 24 h, and 
observed that the G6PDH activity was increased only if O-GlcNAcylation 
level was elevated at 24 h (Fig. 5B–E). This finding ruled out the pos
sibility that IL-1β and IL-6 could directly activate G6PDH in car
diomyocytes, but rather through O-GlcNAcylation. To validate it, we 
first treated the H9c2 cells under HA for 4 days and incubated with DON, 
a GFAT inhibitor for 24 h (Fig. 5F). The HA-induced and DON- 
suppressed O-GlcNAcylation of G6PDH in H9c2 cells was confirmed 
by immunoprecipitation/Western blot (IP/WB) analysis (Fig. 5G). 
Interestingly, HA-induced activation of G6PDH was totally abolished by 
DON, companied by a suppressed NADPH/NADP+ ratio (Fig. 5H and I). 
Next, we treated the HA mice with ALX, an OGT inhibitor to suppress 
glycosylation, or TMG, a selective OGA inhibitor to further enhance it. 
Again, reducing O-GlcNAcylation of G6PDH by ALX lowered G6PDH 
activity in the HA heart, while increasing the modification by TMG 
further enhanced the activity (Fig. 5J and K). The elevations of redox 
couple NADPH/NADP+ and GSH/GSSG were also attenuated by ALX but 
raised or maintained by TMG (Fig. 5L–M). To understand if this modu
lation would attenuate acute oxidative insult, the HA and DON cotreated 
H9c2 cells were subjected to hypoxia/reoxygenation (H/R) via oxygen 
glucose deprivation. After H/R, the global cellular ROS production 
measured using the fluorescent probe CM-H2DCFDA and oxidative DNA 
damage assessed by 8-Oxo-dG immunostaining were significantly 
reduced by HA (Fig. 6A–6C). Meanwhile, colocalization analysis indi
cated an >70% reduction of 8-Oxo-dG staining in mitochondria (vs 

~18% in nuclei) after HA, implicating mtDNA as the likely primary 
target (Fig. 6B and 6C). In support of it, the intensity of MitoSOX fluo
rescence, an indicator of mitochondrial ROS generation, was also 
attenuated by HA, companied by ameliorated post-H/R mitochondrial 
dysfunction and apoptosis (Fig. 6D–6F). Remarkably, the HA-initiated 
anti-oxidative and anti-apoptotic effects were absent or blunted when 
cotreatment the H9c2 cells with DON, indicating the above beneficial 
effects are O-GlcNAcylation-dependent (Fig. 6A–6F). Together, these 
results collectively suggested that HA-induced O-GlcNAcylation acti
vates cardiac G6PDH and improves redox homeostasis, which counter
acts H/R injury in cardiomyocytes. 

3.6. HA mitigated cardiac I/R injury via O-GlcNAcylation-mediated 
antioxidative effect and mitochondrial preservation 

To confirm the beneficial effect of HA on the I/R heart is attributed to 
protein O-GlcNAcylation in vivo, we pretreated the HA mice with ALX or 
TMG for 6 h before I/R surgery (Fig. 7A). As expected, protein O- 
GlcNAcylation levels in the HA hearts were attenuated by ALX and 
increased by TMG in comparison with the HA + Veh group (Fig. 7B). 
Along with the downregulated levels of O-GlcNAcylation, ALX reversed 
the anti-I/R effect of HA, as evidenced by the increased infarct size and 
elevated circulating CK-MB levels at 24 h, and the enlarged scar size at 7 
days after I/R. By contrast, enhancement of O-GlcNAcylation by TMG 
further limited the infarct size on top of HA, and maintained the serum 
CK-MB and scar size at low levels (Fig. 7C–H), suggesting that upregu
lation of O-GlcNAcylation contributes to HA-initiated cardioprotective 

Fig. 4. HA activated pentose phosphate pathway (PPP) via O-GlcNAcylation in hearts. A, Experimental illustration of the O-glycoproteomics analysis of the 
Control and HA hearts. B, Bubble chart showing Gene Ontology (GO) annotation results. C, The pentose phosphate pathway. D, The levels of reduced nicotinamide 
adenine dinucleotides phosphate (NADPH) in cardiac tissue lysates (n = 6 per group). E, The NADPH/NADP+ ratio in cardiac tissue lysates (n = 6 per group). F, The 
Glucose-6-phosphate dehydrogenase (G6PDH) activity in cardiac tissue lysates (Control: n = 6, HA: n = 9). G, The levels of glutathione (GSH) in cardiac tissue lysates 
(n = 5 per group). H, The GSH/GSSG ratio in cardiac tissue lysates (n = 5 per group). Data are shown as mean ± SEM. *P < 0.05, **P < 0.01 for indicated 
comparisons. 
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effect. Moreover, ALX treatment robustly elevated protein carbonylation 
in the HA hearts after I/R injury, while it persisted at low levels in the 
HA + Veh and HA + TMG group hearts (Fig. 7I). In addition, in the HA 
+ ALX hearts, we observed a large number of swollen mitochondria with 
disorganized cristae and less dense matrix, whereas the aberrant mito
chondria were much less in the HA + Veh and HA + TMG hearts 
(Fig. 7J). Seahorse analysis confirmed that ALX abrogated while TMG 
enhanced HA-induced improvement of mitochondrial respiration, sug
gesting that the benefits of HA on mitochondrial ultrastructure and 
function were at least partially mediated by protein O-GlcNAc modifi
cation (Fig. 7K). Taken together, these results demonstrated that HA 
reduces oxidative stress, protects mitochondria, and mitigates cardiac I/ 
R injury through upregulation of O-GlcNAcylation. 

4. Discussion 

In this study, we demonstrated that HA-associated inflammatory 
cytokines upregulated HBP pathway and activated G6PDH by increasing 
the O-GlcNAcylation in the heart. Importantly, such response improved 
PPP pathway and enhanced redox homeostasis, which alleviated acute 
I/R injury in mouse hearts and cultured cardiomyocytes (Fig. 8). These 
findings, therefore, identified HA as a promising anti-I/R strategy for the 

heart and proposed O-GlcNAc modification of G6PDH as a therapeutic 
target in ischemic heart disease. 

In physiological conditions, the cellular energy metabolism prefer
entially relies on oxidative phosphorylation, while during hypoxia, cells 
shift to a primarily glycolytic phenotype for energetic needs. The 
increased glycolytic flux is recognized as an adaptive mechanism during 
hypoxia, such as the “Warburg” effect in cancer cells. Here, we report 
that HA upregulates HBP and increases O-GlcNAc modification in the 
heart, resulting in resistance to I/R injury. The HBP is an accessory 
pathway of glucose metabolism accounting for approximately 5% of 
glucose entering cells. O-GlcNAc modifications are catalyzed by OGT 
and removed by OGA, which utilizes UDP-GlcNAc, the final product of 
the HBP pathway as its substrate. Recent studies suggested that O- 
GlcNAcylation modulates the function of numerous proteins under both 
physiological and pathological conditions, emerging as a key mediator 
of many cardiovascular pathophysiological processes [30–36]. Upre
gulation of HBP and increased O-GlcNAc modification have been shown 
to be protective against acute I/R injury in previous studies by ourselves 
and others [26,37,38]. Because the rescue effect of HA on cardiac I/R 
injury can be overridden by suppression of O-GlcNAcylation and 
augmented by promotion of it, our results indicate a causal link between 
HA-regulated glucose metabolism and stress response in the heart. 

Fig. 5. PPP was enhanced via O-GlcNAcylation-mediated activation of G6PDH. A, Representative blots of G6PDH in cardiac tissues and H9c2 cells (n = 4 per 
group). B–C, Representative blots of O-GlcNAc modified G6PDH (B) and G6PDH activity (C) in H9c2 cells treated with IL-1β for 4 or 24 h (n = 6 per group). D-E, 
Representative blots of O-GlcNAc modification (D) and the G6PDH activity (E) in H9c2 cells treated with IL-6 for 4 or 24 h (n = 6 per group). F, The compounds used 
in this study for targeting HBP pathway enzymes. G-I, Representative blots of O-GlcNAc-modified G6PDH (G), G6PDH activity (H), and NADPH/NADP+ ratio (I) in 
H9c2 cells with indicated treatments (n = 4–5 per group). J, Representative blots of O-GlcNAc modified G6PDH in the mouse hearts with indicated treatments (n = 3 
per group). K-M, The G6PDH activity (K), NADPH/NADP+ ratio (L), and GSH/GSSG ratio (M) in the mouse hearts with indicated treatments (n = 4–6 per group). 
Data are shown as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 for indicated comparisons. NS: no significant difference. 
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Although O-GlcNAc-mediated cardioprotection is consistently observed 
in the context of acute injury, the role of O-GlcNAc in the vasculature or 
in the chronically failing/diabetic heart is ambiguous, for that 
O-GlcNAcylation is also reported to contribute to insulin resistance and 
diabetic cardiomyopathy [35,39]. 

Our findings suggest that HA-evoked inflammation, by promoting 
HBP and protein O-GlcNAcylation, would be beneficial to cardiac I/R 
stress. Besides, macrophage migration inhibitory factor (MIF) has been 
shown to mitigate cardiac I/R injury and its expression is regulated by 
the transcription factor HIF-1α [40]. Since the HIF-1α expression in the 
HA heart was elevated, it is possible that the HIF-1α-MIF protective 
cascade also contributed to the beneficial effects of HA. However, as 
chronic inflammation is also a potential trigger of cardiac fibrosis and 
hypertrophy, further mechanistic studies are required to elucidate how 
this process was precisely controlled under HA conditions. 

Glucose does not simply distribute throughout all side branches of 
glycolysis [41]. We found that before O-GlcNAcylation was upregulated, 
exposure the H9c2 cells to inflammatory cytokine alone could not 
activate G6PDH. Further studies showed that reducing O-GlcNAcylation 

of G6PDH by DON or ALX blunted the activation effect of HA, and vice 
versa. Our results, therefore, unveiled a tight coupling of HBP and PPP 
via O-GlcNAcylation of G6PDH. As a rate-limiting enzyme, G6PDH 
governs the efficiency of PPP and plays a vital role in cellular redox 
pathophysiology [29]. The enhanced PPP leads to an increased reduc
tion of NADP+ to NADPH, and thus increases the cytosol redox potential 
to drive most ROS clearance mechanisms, among which GSH is one of 
the most important intracellular antioxidants [42]. GSH is oxidized to 
GSSG by glutathione peroxidase during detoxification of hydroperox
ides, which can be reversed by glutathione reductase using NADPH. 
Thus, sufficient NADPH and GSH productions are critical in maintaining 
redox homeostasis and counteracting oxidative stress [43,44]. In line 
with it, our results showed that HA activates G6PDH and elevates 
NADPH/NADP+ and GSH/GSSG couples, which attenuates oxidative 
stress and mitigates cardiac I/R injury. In addition, G6PDH catalyzes 
6-phosphogluconate to ribulose 5-phosphate, which subsequently enters 
non-oxidative PPP phase and participates in the synthesis of nucleotides 
and coenzymes. Therefore, activation of G6PDH is also beneficial to 
generation of nucleotide precursors for cell growth, which may 

Fig. 6. HA attenuated acute oxidative insult in H9c2 cells in an O-GlcNAcylation-dependent manner. A, The global cellular reactive oxygen species (ROS) 
production measured in H9c2 cells measured by CM-H2DCFDA (n = 6–7 per group). B, Representative fluorescence images of oxidative DNA damage measured by 
immunostaining for 8-Oxo-dG (red), nuclei (DAPI; blue) and mitochondria (Tom20; green). Scale bar, 10 μm. C, Quantitative analysis of 8-Oxo-dG positive staining in 
nuclei and mitochondria, and the results were normalized to the intensity in nuclear compartment of the control group (n = 50 cells per group). D, The MitoSOX flow 
cytometry analysis and the fluorescence intensity in H9c2 cells with indicated treatments (n = 3 per group). E, The oxygen consumption rates (OCR) of H9c2 cells at 
baseline and after FCCP stimulation (n = 5–6 per group). F, The levels of apoptosis in H9c2 cells with indicated treatments (n = 5 per group). Data are shown as 
mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 for indicated comparisons. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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contribute to the cardiac repair after I/R injury. 
In line with a prevailing notion that electron transport chain com

plexes can adapt to hypoxia by replacing distinct proteins and opti
mizing the function [45], we found that I/R-induced cardiac 
mitochondrial dysfunction and aberrant morphology were alleviated by 

HA. Besides the improved redox homeostasis, we believe this process is 
also conducive to attenuating oxidative stress in the I/R heart. Mito
chondria are the greatest cellular source of ROS during I/R. Specifically, 
accumulation of TCA intermediate succinate during ischemia and a 
reverse electron transport from complex II to complex I during 

Fig. 7. HA mitigated cardiac I/R injury via O-GlcNAcylation-mediated antioxidative effect and mitochondrial preservation. A, A schematic representation of 
the experimental protocol. B, Immunoblot analysis of O-GlcNAc modification in the indicated mouse hearts (n = 3–5 per group). C, Representative images of Evans 
blue and TTC double-stained heart sections from Control and HA mice after supplementation of ALX or TMG. Scale bar, 2 mm. D-E, Infarct size (IS) relative to area at 
risk (AAR) (D) and AAR relative to left ventricle (LV) (E) were quantified (n = 6 per group). F, The plasma levels of CK-MB (n = 6–8 per group). G, Representative 
images of Masson’s trichrome-stained heart sections 7 days post-I/R. Scale bar, 2 mm. H, Quantification of the scar size relative to left ventricle (n = 6 per group). I, 
Representative immunoblots of protein carbonylation in the LV ischemic border zone and quantification of band intensity (n = 5–6 per group). J, Representative 
electron microscopy images of heart sections. Scale bar, 2 μm. K, The ADP- and FCCP-stimulated oxygen consumption rates (OCR) of the isolated mitochondria from 
the mouse hearts (n = 5–7 per group). Data are shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 for indicated comparisons. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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reperfusion could result in a burst of ROS [46]. The increase of ROS 
together with an I/R-induced calcium (Ca2+) influx into mitochondria 
opens the mitochondrial permeability transition pore (mPTP), further 
increase ROS formation, decrease electron transport chain activity, and 
eventually provoke cell death [47]. Results from the present study show 
that HA improves succinate-supported mitochondrial respiration, sug
gesting more efficient succinate catabolism and ATP production in the 
HA heart. In addition, well organized crista is a prerequisite for super
complex formation, which could repress ROS generation due to the ef
ficiency of electron transfer among complexes [48]. Furthermore, 
augmenting O-GlcNAcylation of mitochondrial proteins has been re
ported to prevent excessive formation of mPTP [49], mitigated Ca2+

overload and ROS generation during I/R injury [39,50]. Therefore, 
through preservation of mitochondrial ultrastructure and function, HA 
could suppress ROS overproduction, and thus attenuate I/R-related 
pathology in the heart. 

There are several strengths to our study. We integrated state-of-the- 
art techniques such as Seahorse mitochondrial analysis and LC-MS/MS 
based O-glycoproteomics to uncover a protein post-translational modi
fication-regulated redox system in the heart. We also utilized pharma
cologic approaches to reveal an O-GlcNAcylation-initiated anti-I/R 
mechanism in vivo and in vitro, providing a basis for translation into 
clinical therapy. We acknowledge that this study has several limitations 
as well. First, the current data did not address the exact mechanism 
whereby O-GlcNAcylation activates G6PDH. In our opinion, it could be 
due to direct activation via O-GlcNAc modification of serine/threonine 
residues in G6PDH catalytic domain, similar to a recent report about 
β-OHB-mediated activation of citrate synthase [51], or indirect regula
tion such as competitive inhibition of other post-translational modifi
cation machinery on G6PDH. More detailed studies, like site-specific 
mutagenesis, are required to test these possibilities. Second, the exper
iments described here were conducted exclusively in male mice on the 
C57BL/6J background, and further studies are necessary to check 
whether HA-initiated beneficial effects have sex and stain differences. 
Third, the experiments were not fully blinded, despite we followed 
standard laboratory procedures of randomization and the data were 
analyzed in a blinded manner. 

5. Conclusions 

In summary, we have demonstrated that HA improves PPP pathway 
and enhances redox homeostasis through activation of G6PDH, which 
mitigates cardiac I/R injury in vitro and in vivo. These findings suggest 
the interplay between branches of glycolysis as a key driver in the 
maintenance of redox balance in the I/R heart, and highlight the po
tential of HA as a simple remedy for ischemic heart disease. 
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