
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Hou et al. Cell Communication and Signaling          (2025) 23:117 
https://doi.org/10.1186/s12964-025-02108-z

Cell Communication 
and Signaling

†Hai-Tao Hou and Xiang-Chong Wang are co-first author.

*Correspondence:
Guo-Wei He
gwhezj@163.com; gwhe@tju.edu.cn
1Institute of Cardiovascular Diseases, Department of Cardiovascular 
Surgery, TEDA International Cardiovascular Hospital, Tianjin University & 
Chinese Academy of Medical Sciences & Peking Union Medical College, 
No.61, 3rd Ave, TEDA, Tianjin 300457, China

2Tianjin Key Laboratory of Molecular Regulation of Cardiovascular 
Diseases and Translational Medicine, Tianjin, China
3Department of Pharmacology, Hebei Higher Education Institute Applied 
Technology Research Center on TCM Formula Preparation, Hebei 
International Cooperation Center for Ion channel Function and Innovative 
Traditional Chinese Medicine, Hebei University of Chinese Medicine, 
Shijiazhuang 050091, China
4Department of Surgery, OHSU, Portland, OR, USA

Abstract
Background  Atrial fibrillation (AF) is the most common form of arrhythmia and is a growing clinical problem. 
Post-translational modifications (PTMs) constitute crucial epigenetic mechanisms but modification of lysine 
2-hydroxyisobutyrylation (Khib) in AF is still unknown. This study aimed to investigate the role and mechanism of Khib 
in AF.

Methods  PTM proteomics was applied in the human atrial tissue from AF and sinus rhythm patients with heart valve 
disease during cardiac surgery to identify the Khib sites. The functional changes of differential modification sites were 
further validated at the cellular level. Cellular electrophysiology was performed to record the ion channel current and 
action potential duration (APD).

Results  The modification of 124 Khib sites in 35 proteins and 67 sites in 48 proteins exhibited significant increase 
or decrease in AF compared to sinus rhythm. Ten Khib sites were included in energy metabolism-related signaling 
pathways (HXK1, TPIS, PGM1, and ODPX in glycolysis; MDHC and IDH3A in tricarboxylic acid cycle; NDUS2, ETFB, 
ADT3, and ATPB in oxidative respiratory chain). Importantly, decreased HXK1 K418hib regulated by HDAC2 attenuated 
the original chemical binding domain between HXK1 and glucose, inhibited the binding ability between HXK1 and 
glucose, and reduced catalytic ability of the enzyme, resulting in low production of glucose-6-phosphate and ATP. 
Further, it also increased Kir6.2 protein and the current of KATP channel, and decreased APD.

Conclusions  This study demonstrates the importance of Khib to catalysis of HXK1 and reveals molecular mechanisms 
of HXK1 K418hib in AF, providing new insight into strategies of AF.
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Introduction
Atrial fibrillation (AF) is the most common form of 
arrhythmia and is a growing clinical problem [1]. The 
prevalence of AF in the general population is as high as 
2–3% and it is increasing annually [2] in patients with 
various etiological factors, including heart failure, hyper-
tension, and valve heart disease [3]. Approximately 30% 
patients with AF suffer from some form of valve heart 
disease [3]. Studies revealed the mechanisms and patho-
physiological alterations of AF, including atrial fibrosis 
[1], gene variant [4], histone deacetylases (HDACs) acti-
vation [5], ion channel dysfunction [6–8], glutathione 
metabolism [9], and microvascular dysfunction [10]. We 
have identified the role of peroxisome proliferator-acti-
vated receptor (PPAR) pathway in AF associated with 
valve heart disease [11]. However, the cellular and molec-
ular mechanism of AF remains to be explored.

Post-translational modifications (PTMs) constitute 
crucial epigenetic mechanisms in regulating diverse 
biological events. Different short-chain and long-chain 
lysine acylations have been identified over the past 
decade [12–16]. These lysine acylations are not only asso-
ciated with cellular functions, such as gene transcrip-
tion and metabolism, but also physiology and diseases 
[17–19]. Lysine 2-hydroxyisobutyrylation (Khib) is a novel 
acylation that regulates glycolysis [20]. Emerging studies 
revealed the roles of hib in common wheat [21], saccha-
romyces cerevisiae [22], and ustilaginoidea virens [23]. 
Although succinylation modification has been reported 
in AF [24], there is little research on the role of Khib in 
human diseases.

In our preliminary experiments, four types of acylation 
(acetylation, succinylation, crotonylation, and Khib) were 
screened in right atrial tissues taken from patients with 
AF or sinus rhythm (SR) who underwent heart valve sur-
gery. Khib was significantly different in AF and SR.

The present study was designed to reveal the role of 
Khib in the development of AF associated with heart valve 

disease and particular attention was paid to identify path-
ways linked with metabolism.

Methods
Human subjects
All the patients had mitral valve replacement and left 
atrial appendage closure due to rheumatic heart disease 
with mitral stenosis and mitral regurgitation.

During heart valve surgery, discarded right atrial 
appendages during the cannulation procedure were col-
lected from AF and SR patients and immediately trans-
ferred to liquid nitrogen for preservation. The protocol 
was approved by the Ethics Committee of the TEDA 
International Cardiovascular Hospital (2019-0315-1). 
Informed consent was obtained before surgery. All sam-
ples were collected according to the principles outlined 
in the Declaration of Helsinki.

A total of 26 patients (13 for SR and 13 for AF) were 
enrolled in this study. The patients who had frequent ven-
tricular premature beats or paroxysmal supraventricular 
tachycardia were excluded from this study. The patients 
were allocated into two groups as follows.

SR: n = 5 (2 male and 3 female) for Khib proteomics and 
n = 8 (2 male and 6 female) for validation.

AF: n = 5 (2 male and 3 female) for Khib proteomics and 
n = 8 (2 male and 6 female) for validation.”

The demographic and clinical characteristics of the 
patients are presented in Table 1. Left atrial diameter [25] 
in AF group was significantly higher than that in SR. The 
LAD difference was also verified using logistic regres-
sion analysis (Table S1). The increase of LAD in the AF 
patients in this study is consistent with other clinical 
studies [26, 27].

Cell line culture
HL-1 atrial myocyte cell line was obtained from ATCC. 
HL-1 atrial myocytes are derived from atrial tumor (AT-
1) cells of transgenic mice expressing the SV40 large T 
antigen under the control of the atrial natriuretic factor 
promoter, and can proliferate indefinitely [28] in Dul-
becco’s modified Eagle’s medium supplemented with 10% 
fetal bovine serum at 37 ℃ with 5% CO2.

Protein isolation and trypsin digestion
Total protein was extracted and digested into peptides 
with trypsin in two steps. The protein solution was 
reduced with 5 mM dithiothreitol for 30 min at 56 °C and 
alkylated with 11 mM iodoacetamide for 15 min at room 
temperature. The protein sample was then diluted by 
adding 100 mM tetraethyl ammonium bromide. Finally, 
trypsin was added at the ratio of trypsin to protein of 
1:50 in the first digestion overnight, and at the second 
digestion for 4 h, the mass ratio of trypsin to protein of 1: 
100 was added.

Table 1  Patient characteristics of the proteomics/validation 
cohorts
Variables SR (n = 13) AF (n = 13) P
Age 59.7 ± 1.9 56.2 ± 2.1 0.22
BMI 24.2 ± 0.7 24.4 ± 0.6 0.88
Smoking (%) 1(7.7) 4(30.8) 0.32
Alcohol (%) 0(0) 1(7.7) 1.00
Hypertension (%) 3(30) 1(7.7) 0.59
Hyperlipidemia (%) 1(7.7) 2(11) 1.00
Diabetes (%) 0(0) 1(7.7) 1.00
LVDD (mm) 48.2 ± 2.4 50.1 ± 1.8 0.55
LAD (mm) 48.1 ± 0.8 52.5 ± 1.4 0.01
LVEF (%) 60.3 ± 2.3 56.1 ± 1.7 0.15
SR, sinus rhythm; AF, atrial fibrillation; BMI, body massive index; LVDD, left 
ventricular diastolic disorder; LAD, left atrial diameter; LVEF, left ventricular 
ejection fraction
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Tandem mass Tag (TMT) labeling
Tryptic peptide was desalted by Strata-X C18 SPE col-
umn (Phenomenex), dried in vacuum, and labeled by 
TMT following the manufacturer’s protocol. The peptide 
mixtures were then incubated for 2 h at room tempera-
ture and pooled, desalted, and dried by vacuum centrif-
ugation. To enrich Khib related peptides, TMT-labeled 
peptides were incubated with pre-washed antibody beads 
(PTM801, Jingjie PTM Biolab Co. Ltd, Hangzhou, China) 
at 4  °C overnight with gentle shaking and eluted with 
0.1% trifluoroacetic acid.

LC-MS/MS
The peptide passed through a nanospray ionization 
source, and then it was subjected to MS/MS in Q Exac-
tiveTM Plus (Thermo), which was connected with Ultra 
Performance Liquid Chromatography. The electrospray 
voltage applied was 2.0  kV. The scanning range of the 
full scan was 350 to 1800, and the intact peptides were 
detected in the Orbitrap with the resolution of 70,000. 
Peptides were then selected for MS/MS using normal-
ized collision energy setting as 28 and the fragments were 
detected in the Orbitrap at a resolution of 17,500. Fixed 
first mass was set as 100  m/z. The data were processed 
using Maxquant search engine (v.1.5.2.8) to identify and 
quantify the Khib related proteins. False Discovery Rate 
was adjusted to < 1% and minimum score for modified 
peptides was set > 40. The experiments were performed 
in Jingjie PTM Biolab Co. Ltd, Hangzhou, China.

Bioinformatics analysis
Three major GO categories (biological process, cellular 
compartment, and molecular function), domain anno-
tation, protein-protein interactions, and KEGG enrich-
ment of proteins with differentially expressed Khib sites 
were analyzed. Enrichment-based hierarchical cluster 
based on differentially modified proteins was applied for 
functional classification.

Motif analysis
Modification motifs software (motif-x algorithm) was 
used to analyze the sequence model composed of amino 
acids at specific positions (10 amino acids upstream and 
downstream of this position). Protein sequences of all 
the database were used as background parameters. Mini-
mum number of occurrences was set to 20. Emulate orig-
inal motif-x was ticked, and other parameters were the 
same as the default values.

Western blot assay
Tissues or cells were lysed with the RIPA Lysis buffer 
(Beyotime) containing cocktail inhibitors (Thermo Scien-
tific) at 4  °C. After centrifugation at 12,000 g at 4  °C for 
10  min, the supernatant was collected and the protein 

concentration was determined by bicinchoninic acid 
kit (Beyotime, China) according to the manufacturer’s 
instructions. Equal amount of protein in each sample 
was loaded to the sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis. The proteins were transferred 
onto polyvinylidene fluoride membrane (Beyotime) and 
blocked with tris-buffered saline and tween 20 contain-
ing 5% non-fat dry milk for 1 h at room temperature, fol-
lowed by incubation with the primary antibody overnight 
at 4  °C. The membrane was washed with tris-buffered 
saline and tween 20, incubated with horse radish perox-
idase-conjugated secondary antibodies for 1  h at room 
temperature, and observed by ECL enhanced chemilu-
minescence detection system. Equal amounts of total 
protein were normalized by glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) as loading control.

Co-immunoprecipitation (Co-IP)
IP was conducted according to the manufacturer’s 
instructions (Cell Signaling Technology, USA). In brief, 
tissues or cells were lysed on ice by IP lysis/wash buf-
fer (pH 7.4, 25mM Tris, 150mM NaCl, 1mM EDTA, 1% 
NP40, 5% glycerol) containing protease and deacety-
lase inhibitor cocktail (Thermo Scientific & Beyotime) 
for 10  min. Protein was incubated with antibody-cross-
linked A/G magnetic beads overnight at 4 °C. After being 
washed with elution buffer, the bound antigen was dena-
tured and subjected to sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis and immunoblotted with 
the indicated antibodies.

Histone deacetylase 2 (HDAC2) regulates Khib of 
hexokinase-1 (HXK1)
Co-IP was applied to verify the interactive relationship 
between HDAC2 and HXK1. Khib level of HXK1 was 
detected after adding a HDAC2 inhibitor (Trichostatin 
A, # 9950, Cell Signaling). Briefly, cells were cultured for 
24 h and then treated for another 16 h with trichostatin A 
(400 nM). Cells were homogenized with lysis buffer and 
the supernatant was collected for Khib detection.

Simulation of binding of substrate and enzymes
Auto-Dock 4.0 was used to dock small molecules (sub-
strates) into their enzyme structures with or without Khib 
modification, respectively. The original enzyme structure 
(HXK1) was obtained from the protein data bank data-
base (https://www.pdbus.org/). The enzymatic structure 
with Khib was generated by modifying the side chain of 
lysine using ChimeraX software. The structure of small 
molecule (glucose) was downloaded from Chemspider 
(http://www.chemspider.com/). In this study, the bind-
ing of HXK1 and glucose was simulated. The information 
on active sites and substrate binding sites of HXK1 were 
predicted by COACH. Before the docking simulation, 

https://www.pdbus.org/
http://www.chemspider.com/


Page 4 of 16Hou et al. Cell Communication and Signaling          (2025) 23:117 

glucose was placed into the substrate binding site of 
enzyme as the start point of docking. The conformation 
with the lowest binding energy of glucose was considered 
as the enzyme-bound conformation. By comparing the 
binding energy and conformation of the enzymes with or 
without Khib modification, we infer the effect of the mod-
ification on the enzymatic activity.

Assay of HXK1 activity
HL-1 cells were transfected in a 6-well plate using Lipo-
fectamine 2000 (11668019, ThermoFisher Scientific) with 
pcDNA3.1 (vector), pcDNA3.1-HK1, and pcDNA3.1-
HK1-K418R respectively. Cells were washed with PBS 
before imaging with an Olympus DP73 fluorescence 
microscope to evaluate the transfection efficiency. Cells 
were cultured for 48 and 72  h and then homogenized 
(1 × 106-107) with ice-cold lysis buffer and centrifuged at 
10,000 × g for 10 min. The supernatant was collected and 
used for the activity of HXK1 (Abcam ab136957, UK) fol-
lowing the manufacturer’s instructions. The concentra-
tion was corrected by dividing by total protein.

Glucose-6-phosphate assay
The glucose-6-phosphate level was measured by assay kit 
(Sigma-Aldrich) according to the manufacturer’s proto-
col. Briefly, cells were homogenized with cold PBS and 
centrifuged at 13,000 × g for 10 min. The supernatant was 
deproteinized with a 10  kDa molecular weight cut-off 
(MWCO) spin filter (UFC5010, Millipore). Fluorescence 
at 450 nm was measured (n = 5) using microplate reader 
(16039400, TECAN, Austria). All samples were run in 
duplicate. The concentration was corrected by dividing 
by total protein (ng/µL).

Adenosine 5’-triphosphate (ATP) assay
The ATP level was detected by enhanced ATP assay 
kit (Beyotime, China) according to the manufacturer’s 
instructions. In brief, cells were washed thoroughly in 
cold PBS and lysed immediately with 200 µL buffer per 
well of 6-well plate. After centrifugation (12,000 × g) at 
4 ℃ for 5 min, the supernatant was collected. Lumines-
cence was detected using luminometer (Fluoroskan FL, 
ThermoFisher Scientific) to assess ATP content. Samples 
were analyzed with 2 technical replicates and 5 experi-
mental replications (n = 5). The concentration was cor-
rected by dividing by total protein (nmol/mg).

Electrophysiological measurements
The HL-1 atrial myocytes retain a highly differentiated 
cardiac morphological, biochemical and electrophysio-
logical phenotype reflective of atrial cardiomyocytes [29]. 
The electrophysiologic features of HL-1 cells are similar 
to those of mammalian cardiac myocytes, and they have 
a variety of typical ionic currents [30]. In addition, the 

essential features of atrial tachycardia remodeling seen 
in animal models [31, 32] and human AF [33] were also 
preserved for HL-1 cells, which makes it a good experi-
mental system for studying ion channel function and 
arrhythmia. The methods used in the present work for 
AP studies of HL-1 atrial myocytes have been well docu-
mented [29, 34].

Patch pipettes were fabricated from glass capillaries 
(OD, 1.5 mm; ID, 0.86 mm; length, 10 cm) using a Sut-
ter P-1000 microelectrode puller (Sutter Instrument, 
USA). The whole-cell patch-clamp technique (HEKA, 
Germany) was used to record KATP current in the volt-
age-clamp mode. Cells were superfused with bath solu-
tion composed of (mmol/L): NaCl, 120; KCl, 20; MgCl2, 
1; CaCl2, 2; glucose, 10; and HEPES 10 (PH = 7.4). Pipette 
microelectrodes were pulled using a programmable hori-
zontal puller and had tip resistances of 2–3 MΩ, when 
filled with solution containing (mmol/L): K-aspartate, 
100; NaCl, 8; KCl, 40; Mg ATP, 0.1; EGTA, 5; CaCl2, 2; 
GTP Tris, 0.1; and HEPES 10 (PH = 7.2). The recording 
stimulation procedure was as follows: cells were clamped 
at -40 mV and stimulated with a step of 300 ms from 
− 80 mV to + 80 mV, with a step increase of 10 MV. The 
KATP channel inhibited by glibenclamide (10 µM) and 
HMR1098 (10 µM), and the KATP current was defined as 
glibenclamide and HMR1098 sensitive current. The cur-
rent was normalized by cell capacitance into current den-
sities (pA/pF).

The patch-clamp technique was also used to record the 
action potential (AP) in the current-clamp mode. Pipette 
solution contained (mmol/L) NaCl, 5; KCl, 20; potas-
sium glutamate, 120; MgCl2, 1; CaCl2, 1; and HEPES, 
10; MgATP, 2.5 (PH = 7.2). The external solution con-
tained (mmol/L) NaCl, 138; KCl, 4; MgCl2, 1; CaCl2, 2; 
NaH2PO4, 0.33; glucose, 10; and HEPES, 10 (pH 7.4). 
APs were evoked with a supra-threshold (1000 pA) cur-
rent pulse of 5 ms duration at a rate of 1 Hz. The param-
eters of APs, including action potential duration at 30% 
repolarization (APD30), APD50, APD90, action potential 
amplitude (APA) and resting membrane potential (RMP) 
were then analyzed in each group. The current and APD 
protocols were similar to previous studies [35, 36].

Statistical analysis
Data are presented as means ± SEM. P values were calcu-
lated using two-tailed unpaired Student’s t-test when two 
independent groups were compared. When the ratio of 
AF/SR was more than 1.2 or less than 0.83, it was iden-
tified as significant up- or down-regulation. It is worth 
noting that all the Khib -proteomics data reported in this 
study have been normalized by the general proteomics 
results of the same samples. Data were analyzed using 
SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) and 
GraphPad Prism (version 7, GraphPad Software Inc., 
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San Diego, CA). Comparisons that were statistically sig-
nificant were labeled with * (p < 0.05), ** (p < 0.01), or *** 
(p < 0.001).

Results
Related proteins and sites analysis
Figure  1A shows the schematic overview of the experi-
mental approach. Western blot assay showed the whole 
Khib level between AF and SR (Fig.  1B). The expres-
sion of P300 (histone acetyltransferase) in AF was lower 
than that in SR (Fig. 1C). In contrast, HDAC2 in AF was 
higher than that in SR (Fig. 1D). A total of 6,523 matched 
spectrum, 3,234 peptides, 2,867 modified peptides, cor-
responding to 579 proteins and 2,900 sites from Liquid 
chromatography-tandem mass spectrometry (LC-MS/
MS) analysis were identified (Fig. 1E). Of these identified 
proteins and sites, 480 proteins and 2,275 sites are quan-
tifiable. The distribution of mass errors was near zero and 
most errors were less than 5 ppm, demonstrating that the 
mass data were qualified (Fig. 1F). Figure 1G and H show 
the number of Khib sites per protein and peptide length 
distribution respectively. The length of most peptides dis-
tributed between 7 and 22, which is consistent with the 
length of tryptic peptides, indicating that sample prepa-
ration achieved a reasonable standard.

Differentially expressed Khib sites analysis
Figure 2A shows that there were 124 Khib sites related to 
35 proteins exhibited upregulation in AF compared to 
SR. In contrast, 67 sites related to 48 proteins exhibited 
downregulation. Subcellular location analysis of these 
proteins revealed that cytoplasm, nucleus, and extracel-
lular accounted for the most proportion (Fig.  2B). Fig-
ure  2C shows the feature sequence of the motif sites. 
The specific form can directly show the appearance of 
each amino acid. Figure 2D shows the motif enrichment 
heatmap of all the amino acids in the 10 upstream and 10 
downstream locations. Each square represents a location, 
the middle column represents the Khib sites. Figure  2E 
shows the specific mass spectrogram of HXK1 K418hib 
for its identification and quantification. Gene Ontology 
(GO) including biological process, cellular component, 
and molecular function, Kyoto Encyclopedia of Genes 
and Genomes (KEGG), and functional annotation analy-
sis demonstrated that the Khib related proteins were sig-
nificantly enriched in the above analyses (Figure S1 and 
S2).

The results of mass spectrometry of HXK1 K418hib 
were also verified by Co-IP (Fig. 2F). Figure 2G shows the 
expression of P300, HXK1, and HDAC2 in HL-1 cells. 
Co-IP also verified the interaction between HDAC2 and 
HXK1 (Fig.  2H and I). Co-expression of trichostatin A 
(HDAC2 inhibitor) upregulated the level of HXK1 hib 
(Fig. 2J and K).

Khib on key enzymes involved in glycolysis, Tricarboxylic 
acid cycle (TCA), and oxidative respiratory chain
In this study, ten differentially expressed Khib sites 
(Fig.  3A and B) were found to be involved in glycolysis 
(HXK1, TPIS, PGM1, and ODPX), TCA circle (MDHC 
and IDH3A), and oxidative respiratory chain (NDUS2, 
ETFB, ADT3, and ATPB). Particularly, functional classifi-
cation demonstrated that specific proteins were involved 
in 3 functions related to energy metabolism including 
carbohydrate transport and metabolism, energy pro-
duction and conversion, and amino acid transport and 
metabolism (Fig. 3C and D).

Molecular docking was also used to simulate the bind-
ing conformation of HXK1 and its substrate (glucose) 
with or without K418hib. In the presence of side chain 
modification (simulating high level of K418hib, Fig.  3E), 
glucose formed a hydrogen bond with the modified K418. 
In addition, glucose also interacted with other three 
amino acids (Ser88, Arg91, Ser415) and formed total 9 
hydrogen bonds. The binding energy is -7.07  kcal/mol. 
However, in the absence of side chain modification (sim-
ulating low level of K418hib, Fig. 3F), glucose formed 12 
hydrogen bonds with six amino acids (Thr172, Lys173, 
Asn208, Glu294, Glu260, Asp209), which led to an obvi-
ous binding site shift. The binding energy is -3.74  kcal/
mol. Therefore, low level of K418hib attenuated the origi-
nal binding domain between HXK1 and glucose (Fig. 3E 
and F), reduced the binding stability (from 7.07 to 3.74), 
and inhibited the binding ability between HXK1 and 
glucose. These changes eventually reduced the HXK1 
activity.

Khib reduced the enzyme activity and affected the energy 
production
Figure  4A and B show the experimental design and the 
reaction process of HXK1 and glucose. High transfection 
efficiency was observed by florescence assay (Fig.  4C). 
In addition, HXK1 protein levels significantly increased 
in the overexpressed compared with wild or empty vec-
tor pcDNA3.1 by immunoblotting (Fig.  4D, p < 0.001). 
Overexpression of HK1-K418R significantly reduced 
enzyme activity at 48 (Fig. 4E, p < 0.001) and 72 h (Fig. 4F, 
p < 0.001) compared to the overexpression of the normal 
HXK1.

HK1-K418R reduced the production of glucose-
6-phosphate (Fig.  4G, p < 0.001) and downstream ATP 
(Fig.  4H, p < 0.001) compared with HXK1 normal 
overexpression.

HXK1 K418hib increased the current of KATP channel 
(IK, ATP), reduced action potentials (APs), and increased the 
expression of Kir6.2
Patch clamp recording showed that the whole-cell K+ cur-
rent of HL-1 atrial myocytes was significantly inhibited 
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Fig. 1  Model workflow for identifying 2-hydroxyisobutyrylated proteins between human AF and SR. (A) The schematic overview of the experimental 
approach. (B) The whole lysine 2-hydroxyisobutyrylation level between AF and SR. (C and D) Expression of P300 (n = 5) in AF was lower than that in SR. 
HDAC2 (n = 4) in AF was higher than that in SR. (E) Spectrums, peptides, proteins, and sites identified by mass spectrometry. (F) Peptide mass error. Mass 
error indicates the accuracy of identified peptides. All the mass errors were smaller than 3 ppm, demonstrating good accuracy of the MS data. (G) Rela-
tionship between 2-hydroxyisobutyrylation sites and proteins. (H) Peptide length distribution. Most of the identified peptides were from 7 to 22, consis-
tent with the length of tryptic peptides. AF, atrial fibrillation; SR, sinus rhythm. *p < 0.05; **p < 0.01 by unpaired t test. Data are presented as mean ± SEM
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Fig. 2 (See legend on next page.)
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by glibenclamide in HK1 (22.26 ± 1.26 vs. 15.59 ± 1.14 
pA/pF, p < 0.001) (Fig. 5A) and HK1 K418R (32.84 ± 1.95 
vs. 19.98 ± 1.34 pA/pF, p < 0.001) (Fig.  5B) groups. Fig-
ure  5C and D showed that HK1 K418R significantly 
increased the whole-cell K+ current from 22.26 ± 1.26 
pA/pF to 32.84 ± 1.95 pA/pF, which was proved to be 
largely due to the enhancement of KATP channel current. 
KATP channel blocker glibenclamide was used to distin-
guish IK, ATP. After HK1 K418R treated, the difference of 
the IK, ATP currents induced by glibenclamide increased 
from 6.67 ± 0.37 to 12.89 ± 1.19 pA/pF (p < 0.001) (Fig. 5E 
and F). Exposure of HL-1 atrial myocytes to HK1 K418R 
resulted in shortening of APD (Fig.  5G and H). Com-
pared to HK1 group, APD50 decreased from 27.11 ± 2.09 
to 18.26 ± 1.93 ms (p < 0.05) (Fig. 5J) and APD90 decreased 
from 114.64 ± 8.67 to 73.21 ± 6.91 ms (p < 0.01) (Fig. 5K), 
respectively. However, HK1 K418R did not affect APD30 
(Fig. 5I), APA (Fig. 5L), and RMP (Fig. 5M).

Further, in order to verify the effect of HK1 K418R on 
the nature of these currents, HMR1098 (specific KATP 
channel inhibitor) was performed in the patch clamp 
study. HMR1098 significantly decreased the whole-cell 
K+ current both in HK1 and HK1 K418R groups (Fig. 6A 
and B). HK1 K418R increased whole-cell K+ current from 
20.82 ± 1.32 to 35.42 ± 1.46 pA/pF (p < 0.001) (Fig. 6C and 
D) significantly which attributed to the increase of the 
difference of the IK, ATP currents induced by HMR1098 
(6.62 ± 0.79 vs. 14.95 ± 0.62 pA/pF, p < 0.001) (Fig. 6E and 
F). The results suggested that HMR1098 have a similar 
effect as glibenclamide on KATP channel current.

Kir6.2 is the pore-forming component of the ATP-
sensitive potassium (KATP) channel [37]. HK1-K418R 
expression significantly increased the expression of 
Kir6.2 (Fig. 5N, n = 6, p < 0.05) compared with HXK1 nor-
mal overexpression in HL-1 cell. Similarly, the expression 
of Kir6.2 in human atrial tissue with AF is also signifi-
cantly higher than that in SR atrial tissue (Fig. 5O, n = 8, 
p < 0.05).

Discussion
The present study for the first time revealed larger num-
ber of differentially expressed Khib sites between AF and 
SR in patients with valve disease. The proteins related to 

these sites are involved in diverse cellular processes, par-
ticularly the energy metabolism. Importantly, this study 
suggested that (1) glycolysis was inhibited by HXK1 
K418hib site, resulting low level production of energy and 
(2) KATP current and APD were affected by HXK1 K418hib 
site that most likely triggers AF. Therefore, the present 
study for the first time emphasizes that HXK1 K418hib 
plays a critical role in regulating glycolysis metabolism, 
ATP production, and the current and APD of energy-
related ion channels - KATP. These results provide insights 
into the AF mechanism related to metabolism and indi-
cate that Khib is involved in the metabolism of the atrium 
(Fig. 7). Further, HXK1 K418hib is an important acylation 
site in AF.

Regulation of HXK1 K418hib
P300/CBP and HDAC2/HDAC3 have been reported 
as acyl-transferase (writers) and deacetylases (eras-
ers) of hib respectively [38]. In this study, we found that 
the expression of P300 in SR was higher than that in AF 
(Fig.  1C) and HDAC2 in SR was lower than that in AF 
(Fig.  1D). HDAC inhibition has also been proved as a 
therapeutic intervention to maintain a healthy proteo-
stasis in AF [39–42]. However, the specific molecular 
mechanism of HDACs inhibition in AF therapy remains 
unknown. In this study, we have verified the low expres-
sion of HDAC3 in the right atrium and we focused the 
study on the regulation of HXK1 K418hib by HDAC2. At 
last, we found that HDAC2 inhibition had role of upregu-
lating HXK1 Khib level and therefore this mechanism may 
become a therapeutic strategy of AF.

HXK1 K418hib reduced energy generation
Emerging evidence suggests that metabolic impairment 
and adenosine monophosphate-regulated protein kinase 
play crucial roles in the pathogenesis of AF [43, 44]. Exci-
tation-contraction coupling in cardiac myocytes requires 
high amounts of ATP [45]. A study reported that HXK1-
mitochondria association modulates pyruvate flux and 
ATP synthesis [25]. Nevertheless, there were no studies 
reporting the relationship among AF, HXK1, and ATP. 
In this study, we found that K418hib of HXK1 reduced 

(See figure on previous page.)
Fig. 2  The quantified differential 2-hydroxyisobutyrylated sites, typical motif, and regulation role of HDAC2 on HXK1. (A) Differentially expressed 2-hy-
droxyisobutyrylation sites and related proteins. (B) Subcellular distribution of above proteins. (C) Ten typical feature sequences of differentially expressed 
2-hydroxyisobutyrylated sites. (D) The motif enrichment heatmap of upstream and downstream amino acids of all identified modification sites. Red color 
indicates that the amino acid is significantly enriched near the modification site, and green color indicates that the amino acid is significantly reduced 
near the modification site. (E) HXK1 peptides sequenced by mass spectrometry. b and y represent the fragment ions of the N and C termini in peptide 
backbone, respectively. m/z, mass-to-charge ratio. (F) HXK1 Khib verification (n = 4) by co-immunoprecipitation in human atrium. Tissue lysates were im-
munoprecipitated with anti-HXK1 antibody, followed by immunoblotting with a pan-2-hydroxyisobutyrylation antibody. (G) Expression of P300, HXK1, 
and HDAC2 in HL-1 cells (n = 6). (H and I) Verification of interaction of HDAC2 and HXK1 by co-immunoprecipitation in HL-1 cells. (J) Experimental scheme. 
Trichostatin A, a HDAC2 inhibitor, was added when the HL-1 cell grew to 90%. Cells were lysed when trichostatin A was added for 16 h. (K) The level 
of HXK1 Khib (n = 4) increased after adding trichostatin A. AF, atrial fibrillation; SR, sinus rhythm; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
HDAC2, histone deacetylase 2; HXK1, hexokinase-1; TSA, Trichostatin A. *p < 0.05; ***p < 0.001 by unpaired t test. Data are presented as mean ± SEM
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Fig. 3  Lysine 2-hydroxyisobutyrylated enzymes involved in energy production. (A) Summarized bar graphs depicting 10 key glycolytic enzymes that 
were identified as differentially expressed 2-hydroxyisobutyrylated sites. (B) Above 10 enzymes were involved in glycolysis (HXK1, TPIS, PGM1, and ODPX), 
TCA circle (MDHC and IDH3A), and oxidative respiratory chain (NDUS2, ETFB, ADT3, and ATPB). (C) Three functional energy classification of proteins cor-
responding to differentially expressed Khib sites. (D) Specific proteins involved in above 3 energy functions. (E) In the presence of side chain modification 
(simulating high level of K418hib). Glucose formed a hydrogen bond with the modified Lys418. Glucose also interacted with other three amino acids 
(Ser88, Arg91, Ser415) and formed total 9 hydrogen bonds. The binding energy is -7.07 kcal/mol. (F) In the absence of side chain modification (simulating 
low level of K418hib). Glucose formed 12 hydrogen bonds with six amino acids (Thr172, Lys173, Asn208, Glu294, Glu260, Asp209). The binding energy is 
-3.74 kcal/mol
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Fig. 4  Lysine 2-hydroxyisobutyrylation reduced HXK1 activity and energy production. (A) Experimental design. (B) Reaction process of HXK1 and gluco-
ses. (C) Representative fluorescence assay exhibiting a high transfection efficiency in HL-1 cells. Scale bar, 100 μm. (D) Expression of HXK1 (n = 4) in wild, 
empty vector PCDNA3.1, a vector encoding pcDNA3.1-HK1 (HXK1), and a vector encoding pcDNA3.1-HK1-K418R in HL-1 cells. (E and F) K418R group 
significantly reduced HXK1 activity at 48 (n = 4) and 72 h (n = 4) compared with HXK1 normal overexpression group. (G and H) HK1-K418R reduced the 
production of glucose-6-phosphate (n = 5) and adenosine 5’-triphosphate (ATP) (n = 5). HXK1, hexokinase 1; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; NADH, nicotinamide adenine dinucleotide. *p < 0.05; ***p < 0.001 by unpaired t test. Data are presented as mean ± SEM
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Fig. 5 (See legend on next page.)
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(See figure on previous page.)
Fig. 5  HK1-K418R increased ATP-sensitive potassium channel current (IK, ATP), reduced action potential duration (APD), and increased Kir6.2. (A and B) ATP-
sensitive potassium current (IK, ATP) was significantly inhibited by glibenclamide in HL-1 atrial myocytes (n = 13) in both HK1 (22.26 ± 1.26 vs. 15.59 ± 1.14 
pA/pF) and HK1-K418R (32.84 ± 1.95 vs. 19.98 ± 1.34 pA/pF) group. The left panel shows representative traces of whole-cell K+ currents. The mid panel 
shows the comparison of K+ currents with or without glibenclamide. The right panel shows the difference of the currents induced by glibenclamide 
(IK, ATP=IBasal-IGlibenclamide). (C and D) Comparisons of currents at basic levels (n = 13) between HK1 and HK1-K418R. The currents in HK1-K418R were sig-
nificantly higher than that in HK from 50 to 80 mV. HK1-K418R increased whole-cell K + current from 22.26 ± 1.26 pA/pF to 32.84 ± 1.95 pA/pF. (E and F) 
Comparisons of glibenclamide-sensitive currents (IK, ATP, n = 13). The currents in HK1-K418R were significantly higher than that in HK from 40 to 80 mV. 
HK1-K418R increased IK, ATP current from 6.67 ± 0.37 to 12.89 ± 1.19 pA/pF. (G and H) HK1-K418R resulted in shortening of APD. (I, L, and M) HK1-K418R 
did not affect APD30, APA, and RMP. (J and K) Compared to HK1, APD50 decreased from 27.11 ± 2.09 to 18.26 ± 1.93 ms (n = 7) and APD90 decreased from 
114.64 ± 8.67 to 73.21 ± 6.91 ms (n = 7). (N) HK1-K418R overexpression significantly increased the expression of Kir6.2 (n = 6) compared with HK1 normal 
overexpression group in HL-1 cell. (O) The expression of Kir6.2 (n = 8) in human atrial tissue with AF is significantly higher than that in SR atrial tissue. HK1, 
hexokinase-1; AF, atrial fibrillation; SR, sinus rhythm; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; APA, action potential amplitude; RMP, resting 
membrane potential; NS, not significant. *p < 0.05; **p < 0.01; ***p < 0.001 by unpaired t test. Data are presented as mean ± SEM

Fig. 6  HK1-K418R increased ATP-sensitive potassium channel current (IK, ATP). (A and B) ATP-sensitive potassium current was significantly inhibited by 
HMR1098 in HL-1 atrial myocytes (n = 10) in both HK1 and HK1-K418R. The left panel shows representative traces of whole-cell K+ currents. The mid panel 
shows the comparison of K+ currents with or without HMR1098. The right panel shows the difference of the currents induced by HMR1098 (IK, ATP=IBasal-
IHMR1098). (C and D) Comparisons of currents at basic levels (n = 10) between HK1 and HK1-K418R. The currents in HK1-K418R were significantly higher 
than that in HK from 20 to 80 mV. HK1-K418R increased whole-cell K + current from 20.82 ± 1.32 pA/pF to 35.42 ± 1.46 pA/pF. (E and F) Comparisons 
of HMR1098-sensitive currents (IK, ATP, n = 10). The IK, ATP currents in HK1-K418R were significantly higher than that in HK from 20 to 80 mV. HK1-K418R 
increased IK, ATP currents from 6.62 ± 0.79 to 14.95 ± 0.62 pA/pF. *p < 0.05; **p < 0.01; ***p < 0.001 by unpaired t test. Data are presented as mean ± SEM
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HXK1 activity and ATP generation that may trigger the 
development of AF.

Ca2+ handling [43] and mitochondrial energetics [45] 
play central roles in the initiation and maintenance of 
arrhythmic activity. Reduction of ATP from mitochon-
dria causes subsequent Ca2+ overload and this may cause 
arrhythmia [45]. The present study revealed the relation-
ship between arrhythmia and ATP from mitochondria 
and for the first time demonstrated the biological signifi-
cance of Khib in AF.

Energy metabolism of AF
AF is an energy challenge and is closely intertwined with 
metabolic abnormalities including fatty acid metabolism, 
glucose metabolism, and mitochondrial function. AF also 
triggers a metabolic switch from preferential fatty acid 
utilization to glucose metabolism to increase the effi-
ciency of ATP produced in relation to oxygen consumed 
[46]. The energy substrate alternate can be as a potential 
therapeutic intervention [47]. The atrium has specific 
metabolic features (anatomy, cell constitutes, genetic 
phenotype, and metabolism), which are different to ven-
tricle. Altered energy metabolism (substrate oxidation 
rates and mitochondrial dysfunctions) is closely related 
to atrial arrhythmogenesis [47].

Different risk factors for AF, including hypertension, 
aging, and diabetes, show metabolic abnormalities and 
exhibit different metabolic characteristics [46]. As to 
the clinical characteristics, the left atrial size is a signifi-
cant factor related to AF, as demonstrated in many other 
studies [26, 27]. It is also reported that elevated levels of 
tricarboxylic acid cycle-related metabolites (succinate, 
malate, citrate, d/l-2-hydroxyglutarate, and aconitate) are 
associated with a higher risk of AF [48]. Impaired mito-
chondrial Ca2+ uniporter complex activity and mitochon-
drial Ca2+ homeostasis from the early stage of metabolic 
cardiomyopathy lead to AF [49]. Various pathophysiolog-
ical mechanisms (HMGB1, heat shock proteins and S100 
alarmins [50], and lncRNA TCONS_00016478 [51]) are 
also involved in AF progression.

Our study demonstrated the mechanism of AF from 
the perspective of Khib PTM and we found 10 Khib sites 
including in energy metabolism-related signaling trans-
duction pathways (HXK1, TPIS, PGM1, and ODPX in 
glycolysis; MDHC and IDH3A in tricarboxylic acid cycle; 
NDUS2, ETFB, ADT3, and ATPB in oxidative respiratory 
chain). Further, we focused our study on the biological 
role of HXK1 Khib, which is the key rate-limiting enzyme 
in glycolysis. Our study therefore provides new insights 
into the mechanism of AF from the view of protein PTM 
regarding energy metabolism.

Fig. 7  Proposed mechanism of Lysine 2-hydroxyisobutyrylation modification of HXK1 leading to atrial fibrillation. Low lysine 2-hydroxyisobutyrylation 
level decreased catalytic activity of HXK1 and production of glucose-6-phosphate and ATP. These metabolic changes resulted in the increasing of ATP-
sensitive potassium channel (IK, ATP) currents and decreased action potential duration, triggering the onset of atrial fibrillation. HXK1, hexokinase 1; ATP, 
adenosine 5’-triphosphate
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HXK1 K418hib increased Kir6.2 and IK, ATP but decreased 
APD that likely triggers AF
It has been known that KATP channels have diverse physi-
ological and pathophysiological functions in various car-
diovascular components (atria, ventricles, endothelium, 
smooth muscle, specialized conduction system, and 
mitochondria) [37]. The molecular compositions of KATP 
channel in atrium are Kir6.2, SUR1, and SUR2A [37]. The 
activity of the KATP channel is inhibited by ATP [52] with 
binding to the Kir6.2 subunit [37] and provides a unique 
link between cellular energetics and electrical excitabil-
ity [53]. KATP channel opening is also mediated by ATP/
ADP (adenosine diphosphate) ratio, level of the channel 
microenvironment, and glycolysis, and it is directly asso-
ciated with glycolytic enzymes [37]. In the cardiovascular 
system, the ATP sensitivity is higher in the atrium and 
ventricle than that in other tissues [37]. In general, KATP 
channel activation should probably be considered as pro-
arrhythmic [37, 54], but an argument is that KATP channel 
activation may be anti-arrhythmic [37].

The exact shape and duration of AP are regulated by 
subtle interplay of different ion channels. The initial fast 
depolarization is obtained by opening of voltage-depen-
dent Na+ channel and the repolarization is character-
ized by inward Ca2+ and outward K+ currents. The APD 
is mainly determined by the balance of Ca2+ and K+ cur-
rents. Increase of K+ current is related to shortening APD 
[55]. KATP current is activated during the entire period 
of the AP and it is one of important outward K+ current 
during repolarization of atrium; therefore the change of 
KATP current affects APD, i.e., increased KATP current 
shortens APD. Consequently, decreased APD induces tri-
angulation, which increases the vulnerable window and 
therefore is a pro-arrhythmic biomarker. APD shortening 
caused by ion channel dysfunction results in short effec-
tive refractory period, and effective refractory period 
shortening promotes re-entry, which is a mechanism 
underlying arrhythmogenesis [56].

In this study, by linking the HXK1 K418hib and the 
altered KATP current, we for the first time report that 
HXK1 K418hib reduced HXK1 activity, resulting in lower 
production of glucose-6-phosphate and ATP that signifi-
cantly increased Kir6.2 and IK, ATP, and decreased APD50 
and APD90. These changes finally trigger the onset of AF. 
The activation of KATP current and shortening of APD are 
in consistent with other studies [57–59].

Limitations of study
KATP channels have certain connections with Ca2+ chan-
nels [53]. Functional studies to elucidate the role HXK1 
K418hib, Ca2+ channels, and KATP channels in cardiac cells 
are warranted.

There are a total of 10 regulated enzymes related to 
Khib involved in glycolysis, TCA circle, and oxidative 

respiratory chain in this study. Apart from HXK1, the 
other Khib sites should also be further studied.

In addition, this study is an in vitro investigation at the 
tissue and cellular level, the role of Khib on the pathogen-
esis of AF in vivo should be further investigated.

Conclusions
In summary, through quantitative Khib proteomics and 
functional metabolic analysis, this study discovered 
ten energy metabolism-related Khib modification sites 
(HXK1, TPIS, PGM1, and ODPX in glycolysis; MDHC 
and IDH3A in TCA circle; NDUS2, ETFB, ADT3, and 
ATPB in oxidative respiratory chain) between SR and 
AF. In particular, HXK1 K418hib reduced HXK1 activity, 
resulting in lower production of glucose-6-phosphate 
and ATP that increases Kir6.2 and IK, ATP but decreases 
APD. These changes likely play an important role in the 
triggering of the onset of AF.
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