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1  |  INTRODUC TION

Pathological cardiac hypertrophy refers to the enlargement of car-
diac mass and volume caused by various factors, including hypertro-
phy of cardiomyocytes, proliferation of myocardial interstitial cells 
and changes in the myocardial extracellular matrix.1 Meanwhile, 

cardiac hypertrophy increases the demand for oxygen in the myo-
cardium. This increase in oxygen consumption leads to a mismatch 
in coronary blood supply and demand, resulting in the aggrava-
tion of myocardial ischaemia. Ischaemia and hypoxia, in turn, fur-
ther aggravate myocardial hypertrophy.2 Cardiac hypertrophy is an 
adaptive response of cardiomyocytes to increased pressure load. 
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Abstract
Under the long-term pressure overload stimulation, the heart experiences embry-
onic gene activation, leading to myocardial hypertrophy and ventricular remodelling, 
which can ultimately result in the development of heart failure. Identifying effective 
therapeutic targets is crucial for the prevention and treatment of myocardial hyper-
trophy. Histone lysine lactylation (HKla) is a novel post-translational modification that 
connects cellular metabolism with epigenetic regulation. However, the specific role of 
HKla in pathological cardiac hypertrophy remains unclear. Our study aims to investi-
gate whether HKla modification plays a pathogenic role in the development of cardiac 
hypertrophy. The results demonstrate significant expression of HKla in cardiomyo-
cytes derived from an animal model of cardiac hypertrophy induced by transverse 
aortic constriction surgery, and in neonatal mouse cardiomyocytes stimulated by Ang 
II. Furthermore, research indicates that HKla is influenced by glucose metabolism and 
lactate generation, exhibiting significant phenotypic variability in response to various 
environmental stimuli. In vitro experiments reveal that exogenous lactate and glucose 
can upregulate the expression of HKla and promote cardiac hypertrophy. Conversely, 
inhibition of lactate production using glycolysis inhibitor (2-DG), LDH inhibitor (oxa-
mate) and LDHA inhibitor (GNE-140) reduces HKla levels and inhibits the develop-
ment of cardiac hypertrophy. Collectively, these findings establish a pivotal role for 
H3K18la in pathological cardiac hypertrophy, offering a novel target for the treatment 
of this condition.
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Mechanically, the adaptive hypertrophic response is initially trig-
gered by stress stimulation, which produces enough force to resist 
the elevated wall tension or pressure/volume overload in cardiomy-
ocytes and maintain normal blood circulation in the heart. Prolonged 
pressure load stimulates the heart, resulting in ventricular remodel-
ling and cardiac dysfunction, ultimately leading to heart failure (HF).3 
The remote regulation of the microenvironment following ventricu-
lar remodelling is highly complex and influenced by multiple factors.

Glucose and oxygen are the primary substrates for cell metabolism. 
In cases of cardiac hypertrophy caused by pressure overload, cardiomy-
ocytes utilize glucose as their primary substrate due to its high energy 
utilization rate.4 One molecule of glucose produces two molecules of 
ATP and lactate. ATP production is crucial for maintaining the contrac-
tile function of a healthy heart. Under hypoxic conditions, cells stimulate 
lactate production by inhibiting oxidative phosphorylation and enhanc-
ing glycolysis.5 Lactate plays an important role in epigenetic modifica-
tion and metabolic reprogramming by regulating energy metabolism, 
immune response and cell-to-cell communication.6,7 It is common for 
local lactate accumulation to be caused by an acute inflammatory 
response or inadequate perfusion.8 Cardiac hypertrophy, which inhibits 
oxidative phosphorylation and reduces mitochondrial energy produc-
tion, impairs overall cardiac efficiency. This creates conditions favour-
able for the progression of HF.9

Numerous studies have demonstrated the significance of epi-
genetic alterations in regulating cell proliferation, protein synthesis 
and gene transcription, including N6-methyladenosine (m6A) modifi-
cation, phosphorylation, acetylation and ubiquitination.10 The inter-
action between epigenetics and metabolism is crucial in controlling 
gene expression, cell proliferation and cell differentiation.11 In the 
past, lactate was considered a metabolic waste product of glycolysis, 
a result of the Warburg effect. However, lactate is now recognized 
as a novel source of energy, a signalling molecule and an immuno-
regulatory molecule. It also plays a crucial role in regulating gene 
expression through a type of histone modification known as histone 
lysine lactylation (Hkla).12 In 2019, HKla was newly characterized 
as an epigenetic modification, and its presence in mammalian cell 
lines was confirmed through mass spectrometry. Lactate serves as a 
substrate for lactyl-CoA, which regulates gene expression by lysine 
lactylation on histones in various pathophysiological conditions.13

The post-translational modification (PTM) state of core histones 
dictates whether chromatin is suppressed or activated for tran-
scription and translation.14 Lactylated proteins are widely involved 
in PTM, genetic recombination and cellular metabolism.15 Studies 
on gene transcriptional regulation have shown that PTM is one of 

the key mechanisms in regulating cardiac hypertrophy.16 Previous 
studies have demonstrated that hypoxia-induced elevation of in-
tracellular lactate levels promotes HKla expression, leading to the 
reprogramming of cellular metabolism.13 This study investigated the 
expression of HKla in neonatal mouse cardiomyocytes (NMCMs) 
stimulated with Ang II and in an animal model of cardiac hypertro-
phy induced through transverse aortic constriction (TAC) surgery.17 
Additionally, we explored the dynamic patterns of HKla during car-
diac hypertrophy. We analysed the dynamic changes of H3K18la, 
H3K9la, H4K5la, H4K12la, H3K14la and Pan Kla using western blot 
and compared them with H3K18ac, H4K5ac and Pan Kac. In this 
study, we provide new insight into pathological cardiac hypertrophy 
mechanisms involving metabolomes and epigenomes.

Given the improvement in living standards and the ageing popula-
tion, the incidence and prevalence of pathological cardiac hypertrophy 
and HF have significantly increased. Nonetheless, the pathomech-
anism of pathological cardiac hypertrophy remains unclear, and the 
clinical treatment effect on myocardial hypertrophy and HF is subop-
timal. Therefore, there is an urgent need for a comprehensive inves-
tigation into the pathomechanism of myocardial hypertrophy and the 
identification of new biomarkers for diagnosis and treatment.

2  |  MATERIAL S AND METHODS

2.1  |  Ethics Statement

This study was conducted with the approval of the Ethics Committee 
of the Medical College of Nanchang University. The experimental 
protocols were in accordance with the Animal Care Guidelines of the 
National Institutes of Health.

2.2  |  Reagents

Pan anti-Kla, anti-H3K18la, anti-H3K9la, anti-H3K14la, anti-H4K5la 
and anti-H4K12la antibodies were purchased from Genelily Biotech 
(Shanghai, China). Pan anti-Kac antibody was purchased from CST 
(USA). Anti-ANP antibody was purchased from Proteintech (Wuhan, 
China). Anti-histone H3, anti-H3K18ac, anti-H4K5ac, anti-LDHA, 
anti-LDHB, anti-p300, anti-β-MHC, anti-BNP and anti-GAPDH an-
tibodies were purchased from Abclonal Biotech (Shanghai, China). 
Reagents including glucose, lactate, 2-Deoxy-d-glucose (2-DG), oxam-
ate and GNE-140 were purchased from MedChemExpress (Shanghai, 

F I G U R E  1 The expression of HKla is upregulated in cardiomyocytes of mice subjected to TAC. (A) The ratios of HW/BW and HW/TL 
were measured in both the sham and TAC groups (n = 6 mice/group). (B) Histological analysis of myocardial tissue. (C) Levels of markers for 
cardiac hypertrophy and fibrosis were measured in mice from the TAC and sham groups. (D) Echocardiography was performed to measure 
LVEDD, LVESD, LVPWT, heart rate, LVEF and LVFS in both the TAC and sham groups. (E) The levels of LDHA, LDHB and P300 were 
measured in the hearts of mice from the TAC and sham groups. (F, G) Western blot analysis was conducted to examine the levels of Pan Kla, 
H3K18la, H3K9la, H4K5la, H4K12la and H3K14la in hearts from mice in the TAC and sham groups. (H, I) The levels of H3K18ac, H4K5ac and 
pan Kac were measured in cardiomyocytes from both the TAC and sham groups (n = 3, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared to 
the sham group).
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China). Anti-fibronectin, anti-α-SMA, anti-collagen I, anti-tensin and 
antibodies were purchased from Abcam (Shanghai, China). Goat anti-
rabbit IgG H&L (HRP) and goat anti-mouse IgG H&L (HRP) secondary 
antibodies were purchased from Abclonal Biotech (Shanghai, China).

2.3  |  Animal experimental protocols

Male C57BL/6 mice (8 weeks old; weighing 20–23 g) used in this 
study were purchased from the Cavens Biogle (Suzhou, Jiangsu, 
China) Model Animal Research Co. Ltd. The animals were housed in 
temperature-controlled cages with a 12-h light/dark cycle, and were 
provided with free access to food and water. C57BL/6 mice were 
anaesthetised using intraperitoneal injection of pentobarbital sodium 
at a dose of 50 mg/kg.17 After the toe pinch reflex disappeared, the 
mice were fixed in the supine position and connected by laryngotra-
cheal intubation to a small animal ventilator. The aortic arch was ex-
posed through a median anterior chest incision, a 27-G needle was 
inserted between the brachiocephalic artery and the left common 

carotid artery. Next, ligated with 6-0 silk between the brachioce-
phalic artery and the left common carotid artery. After the ligation 
procedure, the needle was promptly removed, resulting in an approxi-
mately 75% reduction in the cross-sectional area of the aortic arch. 
The mice in the sham surgery group underwent the same procedure, 
except that their aorta was not constricted. Pleural fluid was drained 
with a sterile cotton ball, pleural gas was evacuated, and the chest 
wall and skin were sutured. After surgery, the mice were placed on 
a 37°C heating pad for observation until recovery. Subsequently, the 
mice were randomly allocated into two groups: the TAC group and the 
sham group, and continued to be fed for 28 days (n = 6 mice/group).

2.4  |  Echocardiography of mice

Four weeks after surgery, cardiac function was assessed in all mice 
using a blinded method. C57BL/6 mice were anaesthetised using in-
traperitoneal injection of pentobarbital sodium at a dose of 50 mg/
kg. After the toe pinch reflex disappeared, the mice were fixed 

F I G U R E  1  (Continued)
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in the supine position. Echocardiography was performed using 
the Vevo 2100 imaging system (FUJIFILM Visualsonics, Toronto, 
Canada). The left ventricular end-diastolic diameter (LVEDD), left 
ventricular posterior wall thickness (LVPWT) and left ventricular 
end-systolic diameter (LVESD) were measured in the long-axis 
view of the left ventricle. The left ventricular ejection fraction 
(LVEF) and left ventricular fractional shortening (LVFS) were meas-
ured using M-mode ultrasound. After echocardiography, the mice 

were euthanized by CO2 inhalation. The tissues were isolated for 
the histological analysis.

2.5  |  Histological analyses

After completion of the cardiac function test, the heart was quickly 
extracted by thoracotomy, and subsequently, the pericardial tissue 

F I G U R E  2 Ang II contributes to cardiomyocyte hypertrophy and promotes HKla. (A) After 24 h of Ang II stimulation, the cell surface area 
of NMCMs increased. (B) Representative western blots of ANP, BNP and β-MHC in cultured NMCMs treated with Ang II (1 μM) for 24 h. 
(C) NMCMs were exposed to Ang II (1 μM) for 24 h, and intracellular lactate levels were evaluated using a colorimetric lactate measurement 
kit. (D) Expression levels of LDHA, LDHB and P300 proteins were detected in NMCMs using western blotting. (E, F) Western blot analysis 
was performed to measure the expression levels of H3K18la, H3K9la, H4K5la, H4K12la, H3K14la and Pan HKla in NMCMs (n = 3, *p < 0.05, 
**p < 0.01, ***p < 0.001, vs. control group).
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and blood vessels were eliminated. The weight of each heart was 
obtained using an electronic balance. Calculate heart weight/body 
weight (HW/BW); heart weight/tibia length (HW/TL).

2.6  |  Haematoxylin and eosin staining

The left ventricular tissue of the mouse heart was fixed in 10% 
formalin and embedded in paraffin using standard histological pro-
cedures. Serial 5-μm-thick sections were obtained. The paraffin 
sections were deparaffinized, stained with haematoxylin and eosin 
and sealed with neutral gum for preservation. Observations were 
obtained by microscope (Olympus, CKX53) and high-quality images 
were captured for subsequent analysis.

2.7  |  Wheat germ agglutinin (WGA) staining

The hearts were isolated and fixed in 10% formalin using standard his-
tological protocols, followed by embedding in paraffin. Subsequently, 
sections with a thickness of 5 μm were prepared. The paraffin sections 
were deparaffinized by rinsing them with xylene, 75% alcohol and 
distilled water. Then, 1:1000 WGA (Thermo Fisher, USA) was added 
and the samples were incubated for 1 h at room temperature in a wet 
box. Sections were labelled with DAPI (1 μg/mL, Thermo Fisher, USA) 
fluorescein and incubated at room temperature for 30 min, followed by 
washing with PBS. Finally, the samples were sealed with a water-soluble 
sealer. Histological changes were observed and recorded using an in-
verted fluorescence microscope (IX81; Olympus). The cross-sectional 
area of cardiac myocytes was calculated by measuring the areas of dif-
ferent fluorescent regions using Image-ProPlus_6.0 software.

2.8  |  Masson's trichrome staining

Paraffin-embedded myocardial sections were prepared, followed by 
routine deparaffinization. The sections were stained with iron hae-
matoxylin (Beyotime, China) and Ponceau (Beyotime, China), treated 
with phosphomolybdic acid (Beyotime, China), stained with aniline 
blue (Beyotime, China), dehydrated, fixed and sealed with rubber. 
Histological changes were observed and recorded using a micro-
scope, and high-quality images were captured for subsequent anal-
ysis. Five random fields were selected in each section to measure 
the fraction of myocardial collagen area. To ensure a comprehensive 

analysis, 5 slices per animal were selected randomly yet system-
atically for further detailed examination. The collagen area fraction 
was calculated using the formula % area collagen = (area of collagen/
area of full field of view) × 100%.

2.9  |  Culture and modelling of neonatal mouse 
cardiomyocytes

Hearts were isolated from neonatal C57BL/6 mice at 1–2 days of 
age and washed three times with d-hanks solution. The experi-
mental protocols were conducted with the approval of the Ethics 
Committee of the Medical College of Nanchang University and 
in accordance with the Animal Care Guidelines of the National 
Institutes of Health. The apical LV myocardium was excised, cut 
to 1 mm3, and digested with 0.03% trypsin and 0.04% collagenase 
II (MCE, Shanghai). Subsequently, the cells were transferred to 
DMEM (Gibco, Thermo Fisher, USA) medium supplemented with 
10% fetal bovine serum. After filtration, the cell suspension was 
prepared and cardiomyocytes were separated by the differential 
adhesion method according to the different adhesion rates of cardi-
omyocytes and fibroblasts. In the inoculation culture, 0.1 mM BrdU 
(Thermo Fisher, USA) was added for the first 3 days to inhibit fibro-
blast growth. After removing the cell suspension by aspiration, the 
NMCMs were transferred to complete medium and incubated in a 
37°C incubator with 5% CO2 for 24 h. Finally, the cardiomyocyte hy-
pertrophy model was established by stimulating NMCMs with 1 μM 
Ang II (MCE, China) for 24 h.18

2.10  |  Measurement of cardiomyocyte surface area

We performed immunofluorescence staining to measure cardiomyo-
cyte surface area as previously described.19 NMCMs were treated 
with 4% paraformaldehyde for a duration of 20 min, followed by 
washing using PBS with 0.1% Triton X-100. Subsequently, cells were 
incubated with anti-α-actinin antibody (1:400, Cat. No. ab90421, 
Abcam, China) overnight at 4°C. Incubation with goat anti-mouse 
IgG H&L (Alexa Fluor® 488) secondary antibody (1:2000, Cat. no: 
ab150113, Abcam, China) was continued for 2 h at room temperature, 
and nuclei were labelled with DAPI staining for 10 min. Afterwards, 
the cells were observed and recorded with a confocal fluorescence 
microscope (LSM800; Carl Zeiss, Oberkochen, Germany). The cell 
size was quantified utilizing Image-Pro Plus 6.0.

F I G U R E  3 Lactate enhances HKla and exacerbates cardiac hypertrophy. (A) NMCMs were exposed to different concentrations of 
L-lactate for 48 h, and intracellular lactate levels were evaluated using a colorimetric lactate measurement kit. (B) Effects of increasing 
lactate on the surface areas of cardiomyocytes. C-H NMCMs were cultured with various concentrations of L-lactate (0, 1, 5 and 10 mM) for 
48 h. Afterward, cells at different concentrations were harvested for western blot analysis. (C) Effects of increasing lactate on the levels of 
cardiac hypertrophy markers. (D) Expression levels of LDHA, LDHB and P300 proteins were detected in NMCMs using western blotting. 
(E, F) Western blot analysis was performed to measure the expression levels of H3K18la, H3K9la, H4K5la, H4K12la, H3K14la and Pan HKla 
in NMCMs. (G, H) Expression levels of H3K18ac, H4K5ac and Pan Kac were detected in NMCMs using western blotting (n = 3, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001, vs. indicated group).
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2.11  |  Lactate assay

Intracellular levels of lactate were measured by employing colori-
metric L-lactate assay kits (Solarbio, Beijing, China) following the 
guidelines provided by the manufacturer. The spectrophotomet-
ric microplate reader was used to measure absorbance at a wave-
length of 570 nm. The concentration of lactate within samples was 
calculated by comparing the sample optical density to the standard 
curve.15

2.12  |  Seahorse ECAR analysis

To investigate mitochondrial bioenergetics in cellular prepa-
rations, we utilized the Seahorse XF24 instrument (Agilent 
Technologies, Santa Clara, CA, USA). The experiment was con-
ducted as follows: The primary neonatal mouse cardiomyocytes 
(104/well) were seeded in XF24-well culture plates and allowed 
to adhere for 24 h at a confluence of 70%. The cells were then 
treated according to the experimental design. Before the assay, 

cells were washed twice with XF base medium without sodium bi-
carbonate, adjusted to pH 7.4, supplemented with 10 mM glucose 
and incubated in a non-CO2 incubator at 37°C for 1 h. During the 
assay, a glycolysis test kit was performed by sequentially injecting 
compounds affecting glycolysis (glucose, oligomycin and 2-DG) 
while measuring extracellular acidification rate (ECAR) using the 
Seahorse XF24 Analyzer. Data were analysed using Wave soft-
ware (Agilent Technologies).20

2.13  |  Western blotting

The histones were extracted from the hearts of C57BL/6 mice and 
NMCMs following previously described methods.17,21 Target pro-
teins were transferred to a PVDF membrane (MerckMillipore, USA) 
after being subjected to 10% SDS–PAGE. Afterwards, the mem-
brane was obstructed using 5% skim milk at a temperature of 25°C 
for a duration of 1 h. This was then followed by an overnight incu-
bation with primary antibodies against ANP (1:1000, 27426-1-AP, 
Proteintech, China), BNP (1:1000, A2179, Abclonal, China), β-MHC 
(1:2000, A7564, Abclonal, China), LDHA (1:1500, A1146, Abclonal, 
China), LDHB (1:1500, A7625, Abclonal, China), P300 (1:1000, 
A1324, Abclonal, China), GAPDH (1:6000, AC001, Abclonal, China), 
Lactyl-Histone Antibody Sampler Kit (1:1000, PTM-7093, PTM-
Biolab, China), Histone H3 (1:6000, A17562, Abclonal, China), 
H3K18ac (1:1000, A7257, Abclonal, China), H4K5ac (1:1000, 
A19525, Abclonal, China) and Pan-Kac (1:1500, #9441, CST, USA) 
at a temperature of 4°C. Finally, goat anti-mouse (1:6000, AS003, 
Abclonal, China) and goat anti-rabbit IgG (1:6000, AS014, Abclonal, 
China) secondary antibodies conjugated to a fluorescent tag were 
then added to the membranes. The levels of Histone H3 was used 
as the loading control of the histones. The Tanon 5300 (Shanghai, 
China) was used to visualize chemiluminescent signals and quanti-
fied using Image J software.

2.14  |  Statistical analysis

Statistical analysis was performed using SPSS version 20.0 (IBM, 
Armonk, NY, USA). Each of the studies was conducted a minimum 
of three times, and quantitative data are presented as mean ± SD. 
Analysis of comparison between two groups was performed using 
Student's t-test. Two-way anova was used to compare multiple 
groups. p < 0.05 indicated a statistically significant difference.

F I G U R E  4 Glucose increases lactate levels, which upregulate HKla expression. (A) Lactate levels in NMCMs cultured with different 
concentrations of glucose were measured by a lactate colorimetric kit. (B) Effects of glucose increase on cardiomyocyte surface areas. (C-H) 
NMCMs were cultured for 48 h with different concentrations of glucose (0, 1, 5 and 25 mM). Cells at varying concentrations were harvested 
and utilized for western blot analysis. (C) Effects of increasing glucose on the levels of cardiac hypertrophy markers. (D) LDHA, LDHB and 
P300 protein expression levels in NMCMs were assessed using western blotting. (E, F) Western blot analysis was performed to measure the 
expression levels of H3K18la, H3K9la, H4K5la, H4K12la, H3K14la and Pan HKla in NMCMs. (G, H) Expression levels of H3K18ac, H4K5ac 
and Pan HKla were detected in NMCMs using western blotting. (I) The glycolysis ability of cardiomyocytes was analysed by Seahorse ECAR 
assay (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, vs. indicated group).

F I G U R E  4  (Continued)
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3  |  RESULTS

3.1  |  HKla involved in pathological modulation of 
ventricular remodelling

To investigate the involvement of HKla in cardiac hypertrophy, we 
performed TAC surgery to establish a mouse model of cardiac hy-
pertrophy. Next, we examined the expression of HKla in the TAC 
and sham groups and compared it with histone acetylation (HKac). 
Cardiac function was assessed using transthoracic echocardiogra-
phy at 4 weeks after TAC surgery and compared between the TAC 
group and the sham group. The echocardiography results revealed 
an increase in LVPWT and a significant decrease in LVEDD, LVESD, 
LVEF and LVFS in the TAC group compared to the sham group 
(Figure  1D). Histological examination demonstrated that cardiac 
volume and mass were significantly greater in the TAC group com-
pared to the sham group. The HW/BW and HW/TL were higher in 
the TAC group than in the sham group (Figure 1A). Subsequently, 
the analysis of left ventricular myocardial tissue showed that the 

cross-sectional area of cardiomyocytes in the TAC group increased 
significantly, and the structural arrangement was disordered. The 
measurement of collagen abundance through Masson's trichrome 
staining. The study results indicate that the myocardial tissue in the 
sham group was mainly red, while the myocardial tissue in the TAC 
group showed an increase in blue collagen fibres, suggesting an ag-
gravation of myocardial fibrosis (Figure 1B). Subsequently, the study 
analysed the myocardial injury situation and found that the levels of 
cardiac hypertrophy indicators ANP, BNP and β-MHC were signifi-
cantly upregulated in the TAC group compared to the sham group. 
Meanwhile, the expression of markers of interstitial fibrosis, includ-
ing fibronectin, collagen I, α-SMA and tensin, was upregulated in the 
TAC group compared to the sham group (Figure 1C). Cardiomyocyte 
hypertrophy and interstitial fibrosis are indicators of cardiac remod-
elling. These findings confirm that the TAC mouse model exhibits 
characteristic features of cardiac hypertrophy and dysfunction in-
duced by pressure overload.

Furthermore, LDHA protein levels were significantly elevated 
in the TAC group compared to the control group (Figure  1E). To 

F I G U R E  5 2-DG can decrease HKla levels and inhibits the advancement of cardiac hypertrophy. (A) NMCMs were exposed to different 
concentrations of 2-DG for 48 h, and intracellular lactate levels were evaluated using a colorimetric lactate measurement kit. (B) The 
impact of 2-DG increase on the surface area of cardiomyocytes. (C–H) NMCMs were cultured with various concentrations of 2-DG (0, 1, 
5 and 10 mM) for 48 h, and cells were then collected for western blot analysis. (C) The impact of increasing 2-DG on the levels of cardiac 
hypertrophy marker genes. (D) Western blot analysis detected the expression of LDHA, LDHB and P300 proteins in NMCMs. (E, F) 
Western blot analysis was conducted to examine the expression of H3K18la, H3K9la, H4K5la, H4K12la, H3K14la and Pan HKla in NMCMs. 
(G, H) Western blot analysis detected the expression of H3K18ac, H4K5ac and Pan Kac levels in NMCMs. (I) The glycolysis ability of 
cardiomyocytes was analysed by Seahorse ECAR assay (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, vs. indicated group).

F I G U R E  5  (Continued)
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determine whether HKla is expressed in hypertrophic cardiomy-
opathy, the study performed western blot analysis using anti-HKla 
and anti-HKac antibodies separately on the TAC group and the 
sham group. Based on the results presented in Figure 1F, the TAC 
group exhibited increased levels of Pan Kla expression in cardio-
myocytes compared to the sham group. Meanwhile, western blot-
ting indicated that the expression of H3K18la was significantly 
increased (Figure  1G). In contrast, the HKac level remained un-
changed, and there was no noticeable variation in the expression 
of Pan Kac, H3K18ac and H4K5ac between the sham and TAC 
groups (Figure 1H,I). Collectively, these data showed that HKla, 
particularly H3K18la, was overexpressed in the heart in a murine 
model of cardiac hypertrophy.

3.2  |  Lactate promotes HKla and aggravates 
cardiac hypertrophy

HKla is a novel histone mark that is stimulated by lactate and has been 
shown to correlate with glycolytic activity and lactate levels. It has 
also been found that HKla is L-lactylated, rather than D-lactylated.22 
L-lactate, a major product of glycolysis that moves between differ-
ent tissues and cells, plays a crucial role in normal body function 
and disease processes.5 However, the role and manifestation of 
HKla in cardiac hypertrophy are still not well understood. To vali-
date the regulatory effect of HKla on cardiac hypertrophy, the study 
established a model of cardiomyocyte hypertrophy by stimulating 
NMCMs with Ang II. First, analyse the effect of Ang II on HKla levels. 
The results showed that Ang II significantly increased cardiac hyper-
trophy and HKla levels in cardiomyocytes (Figure 2). Next, the study 
investigated the effect of exogenous lactate on HKla and cardiac 
hypertrophy, and incubated NMCMS with various concentrations 
of L-lactate for 48 h. The results of the study showed that lactate 
levels in NMCMs increased continuously with increasing L-lactate 
concentration (Figure 3A). Immunofluorescence was used to analyse 
the effect of exogenous lactate addition on cardiac hypertrophy. As 
shown in Figure 3B, the surface area of NMCMs increased with in-
creasing L-lactate concentration. Additionally, there was a significant 
increase in markers of cardiac hypertrophy, including ANP, BNP and 
β-MHC (Figure 3C).

In order to further investigate the role of exogenous lactate in 
promoting hypertrophy through the upregulation of HKla expres-
sion, we utilized western blotting to analyse the expression of HKla 
and HKac in each treatment group of NMCMs models. Interestingly, 

the study revealed that lactate increased the level of HKla while 
having no effect on HKac. Western blotting demonstrated that in-
creased levels of Pan Kla in NMCMs treated with exogenous lactate 
(Figure 3F). Consistent with our findings, Zhang et  al. have previ-
ously demonstrated that HKla is influenced by glycolysis and lac-
tate levels, and that L-lactate serves as a regulator.13 Additionally, 
we observed that an increase in lactate levels was able to induce 
significant protein levels of H3K18la and H3K9la in the NMCMs 
(Figure 3E). Conversely, Pan Kac, H3K18ac and H4K5ac remained 
largely unchanged (Figure 3G,H). These results indicated that ex-
ogenous lactate increased intracellular lactate and HKla levels, 
and HKla overexpression aggravated Ang II-induced NMCMs 
hypertrophy.

3.3  |  Glucose elevates lactate levels that could 
increase HKla expression and promote cardiac 
hypertrophy

Given that extracellular lactate can exacerbate cardiac hypertrophy 
by promoting HKla expression. We hypothesized that modulation 
of intracellular lactate production would also affect HKla levels. 
Glucose is initially converted through the glycolytic pathway to 
pyruvate, which can further be oxygenated in the mitochondria or 
converted to lactate.23 NMCMs were exposed to different concen-
trations of glucose for 48 h. The findings indicated that the induc-
tion of lactate production and glucose concentration was observed 
in a dose-dependent manner, lactate level increased in NMCMs 
continuously with increasing glucose concentration (Figure  4A). 
Subsequently, immunofluorescence examination was used to evalu-
ate the size of cardiomyocytes. The result showed that the surface 
area of cardiomyocytes increased with higher glucose concentration 
(Figure 4B). Moreover, the rise in intracellular lactate concentration 
can lead to impaired cardiac function, as demonstrated in Figure 4C. 
With the increase in extracellular glucose concentration, the ex-
pression of ANP and BNP, markers of myocardial hypertrophy in 
NMCMs, significantly increased. This suggests that elevated intra-
cellular lactate concentrations can promote cardiac hypertrophy and 
impair cardiac function.

Previous studies have also demonstrated that changes in glu-
cose metabolism kinetics and lactate levels affect the regulation 
of HKla.24 Subsequently, we further explored whether intracellular 
lactate could promote cardiac hypertrophy by increasing HKla ex-
pression. The results showed that HKla levels increased significantly 

F I G U R E  6 Oxamate can reduce HKla levels and inhibit the progression of cardiac hypertrophy. (A) Lactate levels in NMCM cultured with 
different concentrations of oxamate were measured by a lactate colorimetric kit. (B) The effect of increased oxamate concentration on the 
surface area of cardiomyocytes was detected. (C–H) The NMCMs model was cultured for 48 h using different concentrations of oxamate 
(0, 5, 10 and 20 mM), and cells were then collected for western blot analysis. (C) The impact of an increase in oxalate concentration on the 
levels of marker genes for cardiac hypertrophy. (D) The protein expression levels of LDHA, LDHB and P300 in NMCMs exposed to different 
concentrations of oxamate were analysed by western blotting. (E and F) Western blot analysis was performed to assess the expression level 
of H3K18la, H3K9la, H4K5la, H4K12la, H3K14la and Pan HKla in NMCMs. (G and H) Expression of H3K18ac, H4K5ac and Pan Kac levels 
were detected in NMCMs by western blotting (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, vs. indicated group).
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with increasing glucose concentration. Western blot results showed 
a significant increase in the expression of Pan Kla and H3K18la 
with increasing intracellular lactate levels in NMCMs (Figure 4E,F). 
Previous research has shown that intracellular lactates can stimulate 
the promotion of histone H3 lactylation at the promoters of homeo-
static genes, leading to their activation.13 However, HKac remained 
unchanged, and western blotting showed no significant changes in 
Pan Kac, H3K18ac and H4K5ac (Figure 4G,H). Consistently, Seahorse 
ECAR analysis also confirmed that glucose treatment significantly 
elevated the glycolysis ability in mouse cardiomyocytes (Figure 4I). 
These results suggest that as extracellular glucose concentration in-
creased, cellular metabolic reprogramming and enhanced glycolysis 
led to increased lactate levels in NMCMs, which promoted H3K18la 
expression and exacerbated Ang II-induced NMCM hypertrophy.

3.4  |  Inhibition of glucose metabolism may reduce 
HKla expression and alleviate myocardial hypertrophy

Cells primarily obtain their energy through glucose metabolism, 
which involves the conversion of glucose into energy via the tri-
carboxylic acid (TCA) cycle and glycolysis. Dysregulation of the 
TCA cycle and glycolysis can cause reprogramming of cellular 
metabolism, leading to changes in the expression of HKla.25 The 
responsiveness of HKla to different environmental stimuli varies 
significantly. To investigate whether inhibiting lactate concen-
trations in cells can inhibit myocyte hypertrophy, we conducted 
a study by inhibiting glucose metabolism. The study treated cul-
tured NMCMs with a glycolysis inhibitor, the non-metabolizable 
glucose analogue 2-deoxy-D-glucose (2-DG) for 48 h. The results 
showed that increasing concentrations of 2-DG led to a decrease 
in lactate production in NMCMs (Figure 5A). Simultaneously, at 
lower lactate concentrations, the expression of LDHA was sig-
nificantly reduced (Figure 5D). To assess cardiomyocyte size, we 
performed immunofluorescence analysis of cell surface area. The 
results revealed that the surface area of hypertrophic cardio-
myocytes decreased with increasing concentrations of 2-DG, as 
depicted in Figure 5B. Additionally, the increase in 2-DG concen-
tration corresponded to a decrease in the protein levels of cardiac 
hypertrophy indicators ANP, BNP and β-MHC (Figure 5C). These 
results suggest that inhibition of NMCMs lactate production may 
improve cardiac function.

To investigate the potential inhibitory effect of lactate on the pro-
gression of cardiac hypertrophy by downregulating HKla expression, 

we conducted western blot analysis to examine the levels of HKla 
and HKac in NMCMs treated with varying concentrations of 2-DG. 
The findings indicated that increasing the concentration of the gly-
colysis inhibitor led to a reduction in lactate production, resulting in 
a decrease in HKla levels. Western blotting results demonstrated a 
significant decrease in the expression of Pan Kla, and H3K18la with 
increasing concentrations of 2-DG (Figure 5E,F). In contrast, the lev-
els of Pan Kac, H3K18ac and H4K5ac did not change significantly 
(Figure  5G,H). Consistently, Seahorse ECAR analysis further con-
firmed that 2-DG obviously inhibited the glycolysis (Figure 5I). These 
results further support the notion that glucose metabolism plays a 
crucial role in the regulation of HKla and gene expression.13 These 
findings suggest that increasing the concentration of 2-DG can in-
hibit glucose metabolism, leading to a decrease in lactate levels, 
accompanied by a reduction in HKla levels, ultimately suppressing 
cardiomyocyte hypertrophy.

3.5  |  Suppressing LDH function reduces HKla 
levels and inhibits the development of myocardial 
hypertrophy

The level of lactate is determined by the balance between the TCA 
cycle and glycolysis. A molecule of glucose can produce two mole-
cules of ATP and pyruvate without consuming oxygen. The pyruvate 
is then converted into lactate by cytosolic lactate dehydrogenases 
(LDHs).26 To investigate the correlation between the lactate level 
and HKla, we suppressed LDH function using oxamate, a potent and 
selective inhibitor that effectively decreases lactate production dur-
ing glycolysis. Initially, the NMCMs model was incubated with differ-
ent concentrations of oxamate (0, 5, 10 and 20 mmol/L) for 48 h. As 
expected, the expression of lactate levels was downregulated with 
an increase in oxamate concentration (Figure  6A). Subsequently, 
we used immunofluorescence analysis of cell surface area to as-
sess cardiomyocyte size. As shown in Figure  6B, the surface area 
of hypertrophic cardiomyocytes decreased with increasing oxamate 
concentration. Furthermore, the expression of cardiac hypertrophy 
markers ANP, BNP and β-MHC decreased with increasing oxamate 
concentration (Figure  6C). These results suggest that the LDH in-
hibitor oxamate attenuates the progression of Ang II-induced hyper-
trophy in NMCMs.

In order to investigate the impact of changes in cellular metab-
olism and lactate levels on HKla, western blotting was utilized to 
assess the expression of HKla and HKac in NMCMs treated with 

F I G U R E  7 GNE-140 may reduce HKla levels and inhibit the progression of cardiac hypertrophy. (A) Comparison of intracellular lactate 
levels between the GNE-140 group and the blank group. (B) The effects of GNE-140 on the surface areas of NMCMs compared to the blank 
group. (C–H) NMCMs were treated with GNE-140 (10 μM) for 48 h. For western blot analysis, cells were collected from both the GNE-140 
and blank groups. (C) The levels of cardiac hypertrophy markers between the GNE-140 group and the control group. (D) The expression 
levels of LDHA, LDHB and P300 proteins were detected in the control and GNE-140 groups by western blotting. (E, F) Western blot analysis 
was performed to assess the expression levels of H3K18la, H3K9la, H4K5la, H4K12la, H3K14la and Pan Hkla in the control and GNE-140 
groups. (G, H) Western blotting was used to measure the levels of H3K18ac, H4K5ac and Pan Kac in the control and GNE-140 groups (n = 3, 
*p < 0.05, **p < 0.01, ***p < 0.001, vs. blank group).
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varying concentrations of oxamate. The findings indicate that the 
suppression of LDH activity effectively inhibits lactate and HKla lev-
els in NMCMs. Western blotting demonstrated that as the concen-
tration of oxamate increased, there was a significant decrease in Pan 
Kla levels, as well as reductions in H3K18la and H3K9la (Figure 6E,F). 
However, no significant changes were observed in the level of HKac, 
including Pan Kac, H3K18ac and H4K5ac (Figure 6G,H). Collectively, 
these results suggest that inhibiting LDH activity reduces HKla lev-
els, thereby mitigating hypertrophy in NMCMs.

3.6  |  Inhibition of LDHA activity could reduce 
HKla and limit myocardial hypertrophy

The conversion of pyruvate into lactate is catalysed by LDHA, which 
serves as the key enzyme.27 Furthermore, the activity of LDHA also 
plays a significant role in the synthesis of acetyl-CoA.13 To further 
investigate the impact of inhibiting lactate synthesis on HKla expres-
sion, hypertrophied NMCMs were treated with GNE-140, a specific 
inhibitor of LDHA, to assess its influence on HKla expression. The re-
sults demonstrated a reduction in lactate levels in NMCMs after 48 h 
of treatment with GNE-140 (10 μM) compared to the control group 
(Figure 7A). Next, immunofluorescence was employed to evaluate the 
dimensions of cardiomyocytes. As shown in Figure 7B, the surface 
area of cardiomyocytes in the GNE-140 group was reduced com-
pared to that in the control group. Additionally, the GNE-140 group 
exhibited a significant reduction in the levels of myocardial hyper-
trophy markers ANP, BNP and β-MHC compared to the blank group 
(Figure 7C). These results suggest that the LDHA inhibitor GNE-140 
attenuates the progression of Ang II-induced NMCM hypertrophy.

To further investigate whether inhibited LDHA activity reduces 
HKla expression, we detected HKla expression in the GNE-140 
group and the blank group by western blotting, and compared with 
the level of HKac. The findings indicated that the levels of Pan-Kla, 
H3K18la, H3K9la, H4K5la and H4K12la were significantly reduced 
in the GNE-140 group compared to the control group (Figure 7E,F). 
This indicates that inhibition of LDHA activity effectively suppresses 
the levels of lactate and HKla in NMCMs. Zhang et  al. have also 
shown that during M1 polarization of LDHA-deficient macrophages, 
both lactate production and global HKla levels are reduced.13 
However, the HKac level remained unchanged, GNE-140 had no sig-
nificant effect on Pan Kac, H3K18ac and H4K5ac expression levels 
in NMCMs treated with AngII stimulation, compared with the blank 
group (Figure 7G,H). These results suggest that inhibition of lactate 
levels and HKla expression by inhibiting LDHA activity inhibits car-
diomyocyte hypertrophy.

4  |  DISCUSSION

Cardiovascular disease (CVD) is a significant global health threat. 
Despite advancements in primary prevention, the incidence of CVD 
has continued to rise in recent years. Myocardial hypertrophy can be 

caused by various cardiovascular diseases, including coronary heart 
disease, hypertension, valvular disease and congenital heart disease, 
when they progress to a certain extent. The pathophysiological pro-
cess of cardiac hypertrophy is intricate, involving multiple factors and 
signalling pathways within cardiomyocytes.28 During cardiac hyper-
trophy, various intracellular cascades are activated, including oxidative 
stress, mitochondrial damage, ionic changes and excessive activation 
of embryonic genes.29 The continuous increase in pressure load leads 
to ventricular remodelling, which can ultimately result in HF.

Eukaryotes produce significant amounts of lactate during glycoly-
sis.30 Lactate is significantly produced during hypoxia and the Warburg 
phenomenon, both of which are connected to a variety of cellular activ-
ities and diseases.31 The cardiomyocyte is a unique muscle cell type that 
exhibits rhythmic contractile function. Glucose metabolism is vital for 
maintaining physiological heart function, and in times of high demand, 
cardiomyocytes gradually shift to using lactate as an energy source. In 
cases of cardiac hypertrophy and hypoxia, there is an alteration in car-
diac metabolism, leading to increased glucolysis and the production of 
large amounts of lactate. Recent studies have shown that lactate plays a 
key role in a variety of physiological and pathological processes through 
energy regulation, REDOX buffering and metabolic regulation, as an ac-
tive signalling molecule.32 Additionally, study has suggested that lactate 
plays an important role in reprogramming the epigenome, as intracellu-
lar lactate can induce epigenetic modifications by inhibiting lactylation 
of histone lysine residues in macrophages in an NAD(+)-independent 
manner.33 The relationship between glucose metabolism and cardiovas-
cular disease is important for prevention and treatment.

Cardiomyocyte enlargement is the underlying pathological 
mechanism of cardiac hypertrophy and is a common pathological 
change in various types of HF. The occurrence of damage to the 
heart muscle initiates a series of communication pathways that acti-
vate the production of genes associated with hypertrophy at various 
stages.34 Studies have shown that myocardial tissue fragility caused 
by cardiac amyloidosis increases the myocardium's susceptibility to 
damage.35 In addition, The hearts of patients with the desmoglin-2 
R119X mutation show abnormal electrical activity and structural 
fragility, resulting in marked enlargement of both biventricles and 
decreased cardiac systolic function.36 Myocardial amyloidosis in-
creases myocardial structural fragility and damage, leading to ven-
tricular enlargement and decreased cardiac function.

Studies have shown that epigenetics and epitranscriptome are 
involved in the pathogenesis of pathological cardiac hypertrophy.37 
By regulating gene transcription, HKla, a novel epigenetic modifica-
tion, plays a critical role in maintaining various physiological condi-
tions and triggering numerous pathological mechanisms.38 In terms 
of transcription and antigenic variation, The expression or repres-
sion of chromatin is determined by the PTM status of the core his-
tones.14 Zhang et al. identified 28 lactylation sites, including H3, H4, 
H2A and H2B.13 Meanwhile, it has been shown that HKla sites on 
H3 and H4 are located at the N- and C-terminal ends and include nu-
merous PTM sites with different modifications.39 Zhang et al. found 
142 lactamated proteins and 483 lactamated sites in Ang II-induced 
mouse HF models.40
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This study identified the key role of HKla in pathological cardiac 
hypertrophy, and suggests it could be a potential treatment target. 
Following TAC surgery of C57BL/6 mice, there was a significant in-
crease in cardiomyocyte size, amount of fibrosis/collagen and the 
presence of cardiac hypertrophic markers. There are multiple meth-
ods for euthanizing mice, with end-diastolic cardiac arrest represent-
ing the optimal condition for measuring cardiomyocyte size in mice. 
However, CO₂ inhalation does not entirely guarantee end-diastolic 
cardiac arrest. Therefore, there are certain limitations. Subsequently, 
we examined the dynamics of HKla, in comparison with HKac. In the 
cardiac tissues of TAC mice, we found the HKla was overexpressed, 
the expression levels of Pan Kla and H3K18la were upregulated, 
whereas those of HKac were not significantly altered. The identifica-
tion of HKla-related molecules in our investigation could offer valu-
able insights and a mechanistic foundation for the amelioration of 
cardiac hypertrophy.

Next, the model of cardiomyocyte hypertrophy was established 
by administering Ang II to NMCMs. The addition of exogenous glu-
cose and L-lactate increased lactate concentration and HKla lev-
els in NMCMs. Western blotting revealed a significant increase in 
H3K18la expression, thereby promoting cardiomyocyte hypertro-
phy. Galle et al. has also detected that H3K18la was the promoters 
of the highest expressed genes.41 In contrast, glycolysis inhibitors 
(2-DG), LDH inhibitors (oxamate) and LDHA inhibitors (GNE-140) 
were observed to reduce lactate production and HKla expression 
in NMCMs. Western blotting demonstrated a marked decrease in 
H3K18la levels, thus inhibiting cardiomyocyte hypertrophy. In vitro 
studies further demonstrated that overexpression of HKla exacer-
bated Ang II-induced hypertrophy in NMCMs, while inhibition of 
HKla resulted in the opposite phenotype.

Studies have shown that lactate plays a critical role as an active 
signalling molecule in several physiological and pathological pro-
cesses.32 Meanwhile, lactate plays a crucial role in modifying and 
regulating gene expression in HKla. Targeting lactate metabolism 
is emerging as a promising and effective therapeutic strategy. Our 
research has revealed a new effect of H3K18la on cardiac hyper-
trophy, thereby enhancing our cognition of the HKla modification. 
Preventing cardiac hypertrophy from occurring and developing is 
beneficial in reducing HF incidence and mortality. Based on these 
findings, H3K18la could be a potential therapeutic target for treat-
ing pathological cardiac hypertrophy.

5  |  CONCLUSIONS

The present study demonstrates that HKla is involved in the patho-
logical process of cardiac hypertrophy, especially H3K18la, whose 
increase/decrease is associated with changes in cardiac hypertrophy. 
The targeting of lactate metabolism is emerging as a valuable thera-
peutic approach. Research on HKla epigenetic control of genes is 
just beginning. Consequently, it is expected that the study of lactate 
metabolism will lead to the development of new specific drugs that 
can effectively control cellular functions and minimize side effects.

6  |  LIMITATION

A limitation of this study is the lack of detection of lactylation in non-
histone proteins. Furthermore, apart from histone H3, an increasing 
number of non-histone proteins participate in various pathophysio-
logical processes. The lactylation of histones might also be regulated 
by additional key enzymes in cellular metabolism. These need to be 
further investigated.
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