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MCT4-dependent lactate transport: a novel ==

mechanism for cardiac energy metabolism
injury and inflammation in type 2 diabetes
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Abstract

Diabetic cardiomyopathy (DCM) is a major contributor to mortality in diabetic patients, characterized by a mul-
tifaceted pathogenesis and limited therapeutic options. While lactate, a byproduct of glycolysis, is known to be
significantly elevated in type 2 diabetes, its specific role in DCM remains uncertain. This study reveals an abnormal
upregulation of monocarboxylate transporter 4 (MCT4) on the plasma membrane of cardiomyocytes in type 2
diabetes, leading to excessive lactate efflux from these cells. The disruption in lactate transport homeostasis perturbs
the intracellular lactate-pyruvate balance in cardiomyocytes, resulting in oxidative stress and inflammatory responses
that exacerbate myocardial damage. Additionally, our findings suggest increased lactate efflux augments histone
H4K12 lactylation in macrophages, facilitating inflammatory infiltration within the microenvironment. In vivo experi-
ments have demonstrated that inhibiting MCT4 effectively alleviates myocardial oxidative stress and pathological
damage, reduces inflammatory macrophage infiltration, and enhances cardiac function in type 2 diabetic mice. Fur-
thermore, a clinical prediction model has been established, demonstrating a notable association between peripheral
blood lactate levels and diastolic dysfunction in individuals with type 2 diabetes. This underscores the potential of lac-
tate as a prognostic biomarker for DCM. Ultimately, our findings highlight the pivotal involvement of MCT4 in the dys-
regulation of cardiac energy metabolism and macrophage-mediated inflammation in type 2 diabetes. These insights
offer novel perspectives on the pathogenesis of DCM and pave the way for the development of targeted therapeutic
strategies against this debilitating condition.
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Introduction

Cardiovascular disease is the primary contributor to
the worldwide burden of disease. Within this category,
diabetic cardiomyopathy (DCM) emerges as a sig-
nificant complication encountered by individuals with
diabetes, particularly prevalent in those with type 2 dia-
betes mellitus (T2DM) [1]. Given the rising incidence
of diabetes, DCM is garnering increasing attention.
DCM can result in diastolic dysfunction, compromising
the heart’s efficacy in pumping blood. In severe cases, it
can even lead to heart failure and fatality [2]. Charac-
terized by its insidious onset, rapid progression, poor
prognosis, and limited treatment options, investigat-
ing the pathogenic mechanisms and viable therapeutic
targets of DCM carries profound clinical and societal
significance.

The pathogenesis of DCM encompasses a multitude
of intricate biological mechanisms, encompassing aber-
rant energy metabolism and subsequent oxidative stress,
endoplasmic reticulum stress, inflammation, apoptosis,
and fibrosis [3]. Prior investigations have predominantly
concentrated on cardiac fatty acid, glucose, and ketone
body metabolism, with lactic acid previously regarded as
a byproduct of anaerobic metabolism and receiving less
scrutiny. In recent studies, the significance of lactic acid
in maintaining metabolic homeostasis in aerobic condi-
tions has been established, highlighting its three primary
biological roles: serving as the primary fuel for the tricar-
boxylic acid cycle (TCA cycle), acting as a precursor for
gluconeogenesis, and functioning as a signaling mole-
cule. Lactic acid exhibits cellular mobility, facilitating the
distribution of energy substrates and the transmission of
cellular signals, thereby exerting a crucial influence on
the development of numerous diseases, including cancer
and obesity [4, 5].

Recently, there has been a conspicuous escalation in
academic curiosity surrounding the functional impor-
tance of lactic acid in cardiac tissue. At rest, the heart
predominantly utilizes free fatty acids as its energy
source, with lactic acid playing a minor role. However,
during physical exertion, lactic acid’s contribution to
energy production undergoes a notable amplification [6].
Additionally, metabolites derived from lactic acid serve as
valuable oxidizable substrates, effectively mitigating cel-
lular glucolipotoxicity [7]. Macrophages, as the inherent
immune cells of the heart, hold substantial significance in
diverse pathological mechanisms linked to T2DM, such
as myocardial injury, inflammation, and fibrosis [8—10].
Emerging research reveals that lactic acid can induce his-
tone lactylation in macrophages across multiple tissues,
including the heart. This process subsequently mediates
the reprogramming of macrophage phenotypes and par-
ticipates in a wide range of disease processes [11-13].
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Based on the preceding discoveries, we put forward a
potential therapeutic approach: by elucidating the precise
role of lactic acid in cardiac tissue and identifying targets
involved in regulating lactic acid transport, our objective
is to ensure optimal distribution of cardiac lactic acid,
thereby mitigating diabetic-induced myocardial injury
and inflammation. To delve deeper into this subject, we
established a mouse model of type 2 diabetic cardiomyo-
pathy and employed cardiac transcriptome sequencing
alongside bioinformatics analysis techniques. Our find-
ings uncovered an upregulation of key differential genes
encoding MCT4, a crucial lactate transporter. In vivo
and in vitro experiments delved into the significance
and underlying mechanisms of MCT4-dependent lactate
transport in type 2 diabetic heart injury and inflamma-
tion. Furthermore, we established the beneficial effects of
MCT4 inhibition in alleviating diabetic cardiomyopathy.
These insights not only bolster the theoretical founda-
tion for developing novel therapeutic avenues targeting
diabetic cardiomyopathy but also pave the way for future
clinical investigations.

Methods

Regents and antibodies

In this study, we used the following antibodies: anti-
MCT4 (Cat No. 22787-1-AP, Proteintech, USA;
abs124388, absin, China), anti-MCT1 (abs 120479, absin,
China), anti-a-actinin (sc-17829, Santa Cruz, USA), anti-
BNP (13299-1-AP, Proteintech, USA), anti-NPPA (27426-
1-AP, Proteintech, USA), anti-Pan Kla (PTM-1401RM,
PTM, China), anti-H3K18La (PTM-1406RM, PTM,
China), anti-H4K12La (PTM-1411RM, PTM, China),
anti-CD68 (sc-20060, Santa Cruz, USA), anti-iNOS
(#13120, CST, USA), anti-Arg-1 (#93668, CST, USA),
anti-HIF-1a (#14179, CST, USA), anti-IL-1p (#12242,
CST, USA), anti-Mitofilin (ab110329, Abcam, USA), and
anti-dsDNA (HYB331-01, Santa Cruz, USA). For immu-
noblotting experiments, horseradish peroxidase (HRP)-
labeled goat anti-mouse IgG (A0216, Beyotime, China)
and goat anti-rabbit IgG (A0208, Beyotime, China) were
used as secondary antibodies. For immunofluorescence
experiments, Goat anti-mouse IgG and Goat anti-rab-
bit IgG (Alexa Fluor® Plus 48, Alexa Fluor® Plus 488,
555647) purchased from Thermo Fisher Scientific were
used as secondary antibodies. Palmitic acid and lac-
tic acid were purchased from Sigma (USA), and MCT4
inhibitor VB124 was obtained from Selleck (USA).

Human study

This study received approval from the Ethics Review
Committee of the Affiliated Hospital of Southwest
Medical University (KY2023142). It was conducted in
adherence to the principles outlined in the Declaration
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of Helsinki II. The study encompassed a total of 1097
patients diagnosed with T2DM at the Department of
Endocrinology, Affiliated Hospital of Southwest Medical
University, during the period spanning from November
2018 to August 2022. The exclusion criteria encompassed
individuals with type 1 diabetes and other types of dia-
betes, those experiencing severe diabetic complications
such as severe infections, hyperthyroidism, hypothyroid-
ism, moderate to severe anemia, patients with other types
of organic heart diseases such as congenital heart disease,
coronary atherosclerotic heart disease, rheumatic heart
disease, and those diagnosed with malignant tumors.

Animal study

Male Lepr® mice and their control group, m Lepr®® mice
(6 weeks old), were purchased from Gempharmatech
Co., Ltd., in China. To ensure a good breeding environ-
ment, all mice were raised under specific pathogen-free
(SPF) conditions, with strict control of environmental
humidity within the range of 50+5% and temperature
maintained between 20 and 22 °C. To induce diabetic
cardiomyopathy, Lepr®® mice received a high-fat diet
(provided by HFKbio, China) for 12 weeks, with fat con-
tent accounting for 60% of total energy. Meanwhile, the
control group, m Lepr®® mice, received a standard diet.
Throughout the experiment, we regularly measured
the mice’s body weight and fasting blood glucose every
2 weeks and recorded relevant data in detail. Start-
ing from the 9th week of the experiment, Lepr® mice
in the treatment group were administered intraperito-
neal injections of the MCT4 inhibitor VB124 at a dose
of 10 mg/kg/daily for 4 weeks of continuous treatment.
Lepr® mice in the model group received intraperito-
neal injections of an equivalent volume of solvent. All
animal experimental procedures involved in this study
were conducted in accordance with relevant regulations
of the National Institutes of Health (NIH) and have been
approved by Southwest Medical University (approval
number: 20220218-021).

Echocardiography

Select the mice to be examined and ensure they accli-
mate to the experimental environment. Anesthetize the
mice using 3% isoflurane and place them on a heating
pad to maintain a stable body temperature. Connect the
30 MHz probe to the Vevo 3100 ultrasound system (Vis-
ualSonics, Canada) and perform the necessary warm-
up and calibration steps. Subsequently, anesthetize the
mice again and use a depilatory agent to remove hair
from their chest area. Place the mice on their backs on
a heated stage set to 40 °C, apply pure water coupling
medium to their limbs to enhance electrical conductivity,
and secure them in the appropriate position using tape.
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Adjust the operating table’s height so that the mouse’s
head is slightly higher than the tail to ensure that the
apex and base of the heart are at the same level. Apply
conductive gel to the mouse’s chest and insert the probe
into the gel for measurement. Collect and record relevant
cardiac function parameters, including ejection fraction
(EF), fractional shortening (FS), and peak E/A ratio.

Isolation and culture of primary cardiomyocytes

The Mouse Primary Cardiomyocyte Isolation Kit (88281)
was purchased from Thermo Fisher Scientific, and the
specific operation method is referred to in the enclosed
instructions. Briefly, we first cut freshly dissected neo-
natal mouse hearts into small pieces of 1-3 mm?® and
washed them with HBSS. Next, we added recombinant
cardiomyocyte isolation enzyme 1 (containing papain)
and isolation enzyme 2 (containing collagenase) to ensure
that the tissue was fully enzymatically digested into indi-
vidual cells. After completion of enzymatic digestion, we
performed cell yield and viability determinations. Finally,
we cultured the cells in a medium containing DMEM,
10% fetal bovine serum (FBS), 1% penicillin/streptomy-
cin (P/S), and 1%o cardiomyocyte growth supplement and
incubated them in an incubator at a temperature of 37 °C
and a CO, concentration of 5%.

Cell culture

The original clonal cell line derived from embryonic
BDI1X rat heart tissue (H9C2) and mouse monocytic
macrophage leukemia cells (RAW264.7) were both pur-
chased from the American Type Culture Collection
(ATCC) cell bank. HOC2 cells were cultured in high-glu-
cose DMEM medium (Gibco, USA) containing 10% fetal
bovine serum (FBS), while RAW?264.7 cells were cultured
in RPMI medium (Gibco, USA) containing 5.6 mmol/L
glucose and 10% FBS. Both cell types were incubated in
an incubator at 37 °C and a CO, concentration of 5%.
We utilized the transwell system (Corning, USA) for
co-culture experiments. Specifically, RAW264.7 cells
were added to the upper chamber of the transwell and
cultured in RPMI medium without FBS. The co-culture
experiments employed transwell inserts with a pore size
of 0.4 pm, while macrophage migration assays used tran-
swell inserts with a pore size of 8 um.

Knockdown of MCT4

Using Lipofectamine 3000 (Invitrogen, USA), small
interfering RNA (siRNA) targeting rat MCT4 (Sense
5" -3": CCUGCUAGACCUGAGUGUCUUATJT, anti-
sense 5" —»3": AAGACACUCAGGUCUAGCAGGATAT,
Hippobiotec, China) was transfected into H9C2 cells.
After 72 h of incubation, experiments were conducted,
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including crystal violet staining, immunofluorescence
staining, and RNA extraction.

Metabolism assays
According to the protocol provided by the manufac-
turer, we determined the concentrations of lactic acid
and pyruvic acid in the medium or cells using either the
L-Lactic Acid Assay Kit or the Pyruvic Acid Assay Kit
(Solarbio, China).

Cellular ROS and ATP assay

According to the manufacturer’s instructions, we utilized
the DCFH-DA Cellular ROS Detection Kit (Beyotime,
China), MitoSOX Red Mitochondrial Superoxide Indica-
tor (YEASEN, China), and ATP Detection Kit (Beyotime,
China) to separately measure the levels of reactive oxy-
gen species (ROS) and ATP within the cells.

Mitochondrial membrane potential, AYym

Aym was measured using mitochondrial-specific fluores-
cent dye JC-1 staining (Solarbio, China). The procedure
was as follows: cells were seeded in 24-well plates and
treated accordingly when the confluence reached 80%.
The treatment time was determined based on experimen-
tal requirements. Subsequently, the cells were washed
twice with PBS and then incubated with a medium con-
taining JC-1 for 30 min. The fluorescence intensity of
JC-1 aggregates and JC-1 monomers was detected by
excitation/emission wavelengths of 585 nm/590 nm and
515 nm/529 nm, respectively. The fluorescence intensity
ratio between JC-1 aggregates and JC-1 monomers was
used to indicate Aym.

Flow cytometry

After 24-h treatment with PA and/or lactic acid, the
concentration of macrophages must be adjusted to
1x 107 cells/ml. From both the sample and control tubes,
100 pl of cell suspension is transferred to a new tube, fol-
lowed by the addition of 5 pl of Anti-Mouse CD86 anti-
body (E-AB-F0994E, Elabscience, China). The mixture
is then incubated for 60 min at 4 °C in the dark. Subse-
quently, FIX & PERM Medium A and B, as well as Anti-
Mouse CD206 antibody (E-AB-F1135D, Elabscience,
China), are added sequentially with mixing and incuba-
tion steps in between. During this process, centrifuga-
tion and washing are required to remove excess reagents.
Finally, the cells are resuspended in a flow cytometry
staining buffer for detection using the CytoFLEX flow
cytometer (Beckman Coulter, USA).

Histological and immunofluorescence staining
The heart tissue was immersed in a 4% formalde-
hyde PBS solution for 48 h to ensure adequate fixation.
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Subsequently, a series of processing steps were carried
out, including dehydration, paraffin embedding, and sec-
tioning of the tissue into 5-pm-thick slices. These sec-
tions underwent dewaxing and hydration treatments,
followed by hematoxylin and eosin staining (Beyotime,
China) or immunofluorescence staining. For immu-
nostaining, the sections were first immersed in PBS con-
taining 10% BSA (pH 7.4) for 1 h to block non-specific
binding sites. Primary antibody (dilution ratio 1:100)
was then added to the sections and incubated overnight
at 4 °C to ensure adequate binding of the antibody to the
target antigen. On the second day, the slides were washed
three times with PBST buffer to remove unbound pri-
mary antibodies. Subsequently, fluorophore-labeled sec-
ondary antibody was incubated with the sections in the
dark for 1 h to ensure binding to the primary antibody.
Finally, we used Gold Antifade Mountant containing
DAPI (Abcam, USA) to counterstain the slides, enhanc-
ing the nuclear staining of the cells. Images were cap-
tured using an Olympus fluorescence upright microscope
(for HE), and a Leica inverted confocal microscope (for
immunofluorescence).

Protein extraction and Western blotting

Previous study [14] has elaborated on the process of
protein extraction from cells and subsequent immuno-
blotting. In this study, we employed the following steps
for tissue extracts: firstly, fine dissection of mouse heart
tissue; secondly, thorough homogenization of the tissue
using radioimmunoprecipitation assay (RIPA) lysis buffer
containing 1% protease inhibitors to ensure complete
lysis; thirdly, centrifugation of the tissue suspension at
12,000 rpm/min for 15 min; finally, after centrifugation,
we collected the supernatant and determined its protein
concentration to ensure suitability for subsequent immu-
noblotting experiments.

RNA isolation, RT-PCR, and RNA sequencing

Previous research [14] has provided detailed steps for
RNA isolation, reverse transcription PCR (RT-PCR),
and real-time quantitative PCR. For the implementation
and in-depth analysis of RNA sequencing (RNA-seq),
we chose Majorbio, located in Shanghai, China, to con-
duct the study. The experimental procedure involved
collecting heart tissue samples from mice and immedi-
ately snap-freezing them in liquid nitrogen to preserve
sample integrity. Efficient RNA extraction was then car-
ried out using a Trizol reagent. To ensure the quality of
the extracted RNA, precise quality assessment was per-
formed using a 2100 Bioanalyzer (Agilent, Santa Clara,
CA), and accurate quantification was done using an
ND-2000 (Thermo Fisher Scientific). Subsequently, we
carefully prepared the RNA-seq transcriptome library
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following the guidelines provided by the TruSeq RNA
Sample Prep Kit from Illumina (San Diego, California).
Finally, all libraries were sequenced on the advanced Illu-
mina HiSeq Xten NovaSeq 6000 sequencer, employing a
read length of 2 x 150 base pairs.

RNA-seq analysis

During the bioinformatics analysis stage, we employed
the TPM (Transcripts Per Million) method to calculate
the expression levels of transcripts. Both data analy-
sis and visualization were conducted using R software
version 4.2.2. To gain deeper insights into the data, we
performed Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analyses using the
cluster profile package. Additionally, we conducted gene
set enrichment analysis (GSEA) using the clusterPro-
filer package and msigdbr package. Immune infiltration
analysis was accomplished using the CIBERSORT tool.
To gain a more comprehensive understanding of protein
interactions, we carried out relevant analyses using the
STRING database (https://string-db.org/) and visualized
the results using Cytoscape version 3.7.2. Furthermore,
we utilized the Cytohubba plugin to identify hub genes
for a deeper investigation of core genes and their interac-
tion networks.

Statistical analysis

For continuous data, we typically use mean and stand-
ard deviation to describe normal distributions, while
for skewed distributions, we prefer to characterize them
using median (M) and interquartile range (P25-P75). On
the other hand, categorical data often present the propor-
tional relationship between categories in the form of per-
centages, which helps us understand the data distribution
more intuitively. In this study, all statistical analyses were
performed using R software version 4.2.2. Specifically, we
employed a two-tailed t-test for comparisons between
two groups and chose a one-way analysis of variance
(ANOVA) for pairwise comparisons among three groups.
All statistical tests were two-sided, and significance levels
were indicated by symbols: * for P <0.05, ** for P<0.01,
and *** for P <0.001.

(See figure on next page.)
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Results

Transcriptome analysis of type 2 diabetic cardiomyopathy
model: discovering the role of the key gene Sic16a3

After a 12-week feeding period with a diet of 60% high
fat, Lepr® mice exhibited notable elevations in body
weight, blood glucose, and triglyceride levels compared
to control mice (m Lepr®) maintained on a standard diet.
This precisely recapitulated the metabolic hallmarks of
obesity, hyperglycemia, and hyperlipidemia observed in
T2DM (Fig. 1A). Comprehensive investigations further
unveiled that both Lepr® and T2DM patients exhib-
ited notably elevated blood lactate levels relative to the
control group (Fig. 1B). Echocardiographic assessments
revealed a reduced E/A ratio in Lepr® mice, serving as a
distinct indicator of diastolic dysfunction (Fig. 1C). Fur-
thermore, pathological staining techniques highlighted
increased myocardial thickness and broadened fibrotic
areas in Lepr® mice (Fig. 1D). Collectively, these find-
ings corroborate the successful establishment of a mouse
model for type 2 diabetic cardiomyopathy.

We conducted transcriptome sequencing analysis
on heart tissue samples obtained from both Lepr®® and
m Lepr® mice. By applying a threshold of an absolute
Log,FC value greater than 0.585 and an adjusted P-value
less than 0.05, we identified a total of 536 upregulated
genes and 424 downregulated genes (Fig. 1E). Subsequent
GSEA analysis revealed that these differentially expressed
genes (DEGs) were predominantly enriched in biological
processes related to interferon signaling, innate immu-
nity, viral myocarditis, and extracellular matrix (ECM)
regulation (Additional file 1: Fig. S1A). These findings
suggest a potential association between DCM, innate
immune responses, and inflammatory processes.

Concurrently, immune infiltration analysis revealed
significantly higher proportions of monocytes and mac-
rophages in Lepr® heart tissues than m Lepr® (Addi-
tional file 1: Fig. S1B), indicating a crucial role for
monocyte-macrophages in the pathogenesis of DCM.
Through GO analysis, we observed that these DEGs were
primarily enriched in biological pathways involving fatty
acid binding/oxidation, glycolysis, and monocarbox-
ylic acid binding/transport. These processes are closely
associated with oxidative stress response, cytokine activ-
ity, and chronic inflammation. Additionally, the KEGG

Fig. 1 A Body weight, blood glucose and triglycerides in m Lepr® and Lepr® mice. B Blood lactic acid in Lepr® vs. m Lepr?® mice and T2DM vs.
non-T2DM. C Pulsed-wave Doppler showing diastolic function: peak velocity of the E wave and A wave, E/A ratio in Lepr® vs. m Lepr® mice. D HE
and Masson staining of the heart in Lepr®® vs. m Lepr® mice. E Volcano plot showing differentially expressed genes (DEGs) of Lepr®® vs. m Lepr®
mice. F GO and KEGG analysis. G Protein—protein interaction (PPI) hub networks of Slc16a3. H MCT4 immunohistochemical staining of heart tissue
in Lepr® vs. m Lepr®® mice. I Cardiac Mct1, 3,4 mRNA expression in Lepr® vs. m Lepr®® mice. J Western blot analysis and quantification of MCT4,

MCT1, and MCT4:MCTT ratio in Lepr® vs. m Lepr®® mice
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analysis highlighted the involvement of these DEGs in
biological processes such as carbon metabolism, HIF-1
signaling pathway, and dilated cardiomyopathy (Fig. 1F).
These findings suggest a pivotal role for interconnected
biological processes involving energy metabolism, oxi-
dative stress, and inflammation in the development
of DCM. Furthermore, by leveraging protein—protein
interaction analysis and the cytohub plugin, we identi-
fied a key gene, Slc16a3. This gene exhibits associations
with multiple genes implicated in glycolysis metabolism,
including Ldha, Pfkl, Pfkp, and Tiger (Additional file 1:
Fig. S1C, Fig. 1G). According to annotations from the
UniProt database (https://www.uniprot.org/), the protein
product of the Slc16a3 gene is MCT4, which possesses a
pore structure (Fig. 1G) and facilitates the transport of
monocarboxylic acids such as lactate.

Immunohistochemical  experiments  convincingly
demonstrated a marked increase in MCT4 expression
in Lepr® heart tissues compared to m Lepr®® (Fig. 1H).
This observation is consistent with our RT-qPCR analy-
sis, which further substantiates the upregulated trend
of Mct4 in the Lepr®® (Fig. 1I). Notably, the RT-qPCR
analysis revealed no significant variations in the expres-
sion of Mctl and Mct3 between the two groups (Fig. 1I).
Given that MCT4 and MCT1 are responsible for lac-
tate efflux and influx, respectively, we further examined
the expression of these two proteins in mouse heart tis-
sue using Western blot and calculated their ratio. The
results showed that in Lepr® mice, the expression level
of MCT4 and the ratio of MCT4 to MCT1 were signifi-
cantly higher than those in the control group. In contrast,
the expression level of MCT1 remained stable between
the two groups (Fig. 1J). These discoveries strongly impli-
cate the upregulated expression of MCT4 as a potential
key factor in the development of DCM.

We postulate that this phenomenon might be inti-
mately linked to the process of lactate transport across
the plasma membrane. To investigate this hypothesis,
we further isolated the plasma membrane from heart
tissue and re-evaluated MCT4 expression. The results
were consistent, revealing a significantly higher expres-
sion of MCT4 in the heart plasma membrane of Lepr®
mice compared to the control group (Additional file 1:

(See figure on next page.)
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Fig. S1D). These experimental observations collectively
implicate a pivotal role of MCT4 located on the myo-
cardial plasma membrane in regulating lactate transport
and energy homeostasis, thereby hinting at its potential
involvement in the pathophysiology of DCM.

Mechanism of fatty acid-induced cardiomyocyte injury:
MCT4-mediated imbalance of lactate-pyruvate axis

Fatty acid overload and lipotoxicity are critical factors
triggering myocardial injury in T2DM [14, 15]. To mimic
an in vitro environment of hyperlipidemia, we utilized
PA to stimulate primary mouse cardiomyocytes (PMCM)
or HO9C2 cells. Our findings revealed a time-dependent
elevation of reactive oxygen species (ROS) levels in HOC2
cells following PA stimulation (Fig. 2A). Additionally,
we observed a significant decrease in Aym after 24 h
of PA stimulation (Additional file 1: Fig. S2A, Fig. 2C).
Similarly, elevated ROS levels were also observed in
PMCM (Fig. 2B), indicating that free fatty acids are the
primary drivers of mitochondrial oxidative stress in
cardiomyocytes.

Previous research has highlighted the crucial role of
the lactate-pyruvate axis in regulating cardiac hyper-
trophy and heart failure [16]. To explore the effects of
PA stimulation on the dynamic changes of this axis in
cardiomyocytes, we designed and conducted a series of
time-gradient experiments in HOC2 cells. The findings
uncovered an intriguing phenomenon: upon PA stimu-
lation, the intracellular lactate level initially decreased
but subsequently increased gradually. Concurrently,
the pyruvate level demonstrated an opposite trend, first
increasing and then declining (Fig. 2D, Additional file 1:
Fig. S2B). Moreover, we observed that PA caused a time-
dependent increase in lactate concentration in the super-
natant of cardiomyocytes (Fig. 2E), suggesting that PA
may induce an imbalance in the lactate-pyruvate axis and
cellular lactate efflux in cardiomyocytes.

MCT4, a vital transporter for lactate in cardiomyo-
cytes, is typically expressed at low levels under healthy
conditions, as reported in previous research [17]. Nev-
ertheless, our experimental findings indicate that both
Mct4 mRNA and protein expression exhibited a time-
dependent upregulation in HOC2 cells upon stimulation

Fig. 2 A Representative diagram and quantification of ROS using DCFH-DA staining in H9C2 cells treated with palmitic acid (PA). B Representative
diagram and quantification of ROS in PMCM cells treated with PA. C Quantification of AYm (mitochondrial membrane potential) in HOC2

cells treated with PA. D Fold change of lactic acid in HOC2 whole cell lysates after time-dependent PA stimulation. E Fold change of lactic acid

in H9C2 cell supernatant after time-dependent PA stimulation. F Mct4 mRNA expression in HOC2 cells treated with PA. G Western blot analysis

and quantification of MCT4 in H9C2 cells treated with PA. H Fold change in whole-cell abundances of lactic acid in HOC2 treated with PA

and/or VB124.1 Fold change in cell supernatant abundances of lactic acid in HIC2 treated with PA and/or VB124. J Representative diagram

and quantification of ROS in PMCM and HI9C2 cells treated with PA and/or VB124. K Representative diagram and quantification of Apm in H9C2 cells
treated with PA and/or VB124. L Fold change of ATP content in H9C2 treated with PA and/or VB124
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with PA (Fig. 2F, G). Additionally, we conducted a spe-
cific analysis of MCT4 expression in the plasma mem-
brane fraction of H9C2 cells. The findings further
confirm an enhanced expression of MCT4 on the plasma
membrane in response to PA stimulation. (Additional
file 1: Fig. S2C). These findings suggest that free fatty
acids may disrupt the imbalance of the lactate-pyruvate
axis in cardiomyocytes by inducing MCT4 upregulation.
To validate this hypothesis further, we utilized VB124 to
specifically inhibit MCT4 activity or employed siRNA to
knock down MCT4 expression in HOC2 cells. The experi-
mental results revealed that VB124 significantly reduced
the PA-induced increase in lactate levels in whole cells
and supernatants (Fig. 2H, I), decreased whole-cell pyru-
vate levels (Additional file 1: Fig. S2D), and increased
mitochondrial pool pyruvate levels (Additional file 1:
Fig. S2E). The effect of MCT4 knockdown was consist-
ent with the treatment effect of VB124 (Additional file 1:
Fig. S2F-I). Importantly, we also found that knockdown
or inhibition of MCT4 could attenuate ROS production
in cardiomyocytes induced by PA (Fig. 2], Additional
file 1: Fig. S2J), reverse the decrease of Aym (Fig. 2K,
Additional file 1: Fig. S2L), and enhance ATP produc-
tion (Fig. 2L, Additional file 1: Fig. S2M). Furthermore,
we detected mitochondrial superoxide using MitoSOX
and similarly observed that inhibiting MCT4 reduced
PA-induced mitochondrial superoxide production in
both PMCM and H9C2 cardiomyocytes (Additional
file 1: Fig. S2K). Taken together, these findings suggest
that MCT4 upregulation may mediate the imbalance
of the lactate-pyruvate axis induced by fatty acids, ulti-
mately leading to mitochondrial oxidative stress damage
in cardiomyocytes.

Protective effects of inhibiting/knocking down MCT4

on free fatty acid-induced cardiomyocyte injury

Given the intricate connections between oxidative stress
injury, cardiac hypertrophy, inflammation, and apopto-
sis, we investigated the precise mechanisms of free fatty
acid-induced damage in cardiomyocytes. We aimed to
assess the potential protective effects of inhibiting or
suppressing MCT4 against cardiomyocyte lipotoxicity.
Utilizing immunofluorescence techniques, we quanti-
fied the expression levels of BNP in both PMCM and
HI9C2 cells. Notably, our results revealed a significant
elevation of BNP expression upon PA exposure, which
was effectively mitigated by VB124 treatment (Fig. 3A).
Consistent with this observation, MCT4 knockdown
in HIC2 cells exhibited a comparable effect to VB124
treatment (Additional file 1: Fig. S3A). Additionally, we
examined the transcriptional profiles of Anp and Bnp,
observing that both VB124 and MCT4 knockdown mark-
edly reversed the PA-induced upregulation of Anp/Bnp
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mRNA (Fig. 3B, Additional file 1: Fig. S3B). By assessing
the length-to-width ratio of cardiomyocytes, we further
demonstrated that VB124 could substantially counteract
the PA-induced reduction in this ratio in NMCM and
HIC2 cells (Fig. 3C, Additional file 1: Fig. S3C), sugges-
tive of an improvement in cardiac hypertrophy. Further-
more, we observed a marked increase in apoptosis rates
in PA-exposed NMCM and H9C2 cells through apopto-
sis quantification, which was significantly attenuated by
VB124 pretreatment (Fig. 3D, Additional file 1: Fig. S3D).
Lastly, our analysis of inflammatory cytokine transcrip-
tion levels revealed that pretreatment with either VB124
or MCT4 knockdown significantly reduced the mRNA
levels of 1l-1f5, 1l-6, II-18, and Ccl2 in H9C2 cells chal-
lenged with PA (Fig. 3E, Additional file 1: Fig. S3E). Col-
lectively, our findings reveal the protective role of MCT4
inhibition or knockdown in reversing PA-induced cardio-
myocyte hypertrophy and apoptosis while concurrently
mitigating the transcription of inflammatory cytokines.

Effects of MCT4-mediated lactate transport
in cardiomyocytes on macrophage inflammatory response
After conducting a correlation analysis of RNA-seq
expression profiles, a positive association was observed
between the macrophage marker CD68 and MCT4
(Fig. 4A). Immunofluorescence staining further ena-
bled us to visualize the colocalization of MCT4 and
CD68. Notably, we identified a prominent accumulation
of CD68% macrophages in regions exhibiting elevated
MCT4 expression within Lepr® heart tissue (Fig. 4B).
These findings suggest that the upregulation of MCT4
in cardiomyocytes under T2DM conditions may play
a role in promoting cardiac macrophage infiltration. To
further elucidate how alterations in MCT4 within car-
diomyocytes influence macrophages, we employed a
Transwell co-culture method (Fig. 4C). Crystal violet
staining indicated that when MCT4 in H9C2 cells was
knocked down or inhibited, the migration of co-cultured
macrophages induced by PA was significantly reduced
(Fig. 4D, Additional file 1: Fig. S4A). Additionally, inhibit-
ing MCT4 in NMCM cardiomyocytes also led to a sub-
stantial decrease in mRNA transcription levels of the
inflammatory cytokines I/-18 and Tnf-a in PA-induced
co-cultured macrophages (Additional file 1: Fig. S4B),
as well as reduced mRNA transcription levels of the M1
macrophage polarization marker iNOS and hypoxia-
inducible factor Hif-1a (Fig. 4E). Notably, the effects of
MCT4 knockdown in H9C2 cells on macrophages were
consistent with the impact of VB124 treatment (Addi-
tional file 1: Fig. S4C).

Given the pivotal role of MCT4 in lactate transport
and the fact that lactate serves as a critical precursor in
the process of histone lactylation, we hypothesize that
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knocking down or inhibiting the activity of MCT4 can
effectively reduce the release of lactate from cardiomyo-
cytes, subsequently decreasing the level of histone lac-
tylation in adjacent infiltrating macrophages. To test this
hypothesis, we employed immunofluorescence analysis
and found that inhibiting MCT4 in NMCM cardiomyo-
cytes significantly attenuates the enhanced histone lacty-
lation observed in co-cultured macrophages induced by
PA (Fig. 4F), further supporting our speculation. Based
on these findings, we further hypothesize that changes in
histone lactylation in macrophages may be closely related
to their polarization states. To explore this hypothesis,
we used RAW264.7 macrophages and treated them with
lactic acid (LAC), PA, or a combination of both. Subse-
quent flow cytometry analysis revealed that lactic acid
alone increases the proportion of CD206% anti-inflam-
matory macrophages while decreasing the proportion of
CD86" pro-inflammatory macrophages. Conversely, PA
alone induces an increase in the proportion of CD86"
pro-inflammatory macrophages. However, when lactic
acid and PA are used in combination, we observe a fur-
ther increase in the percentage of CD86™ pro-inflamma-
tory macrophages (Fig. 4G).

It is well-established that arginase-1 (Arg-1) and
inducible nitric oxide synthase (iNOS) are hallmark
molecules of anti-inflammatory and pro-inflammatory
macrophages, respectively. Therefore, monitoring the
expression of these enzymes in macrophages is crucial
for a deeper understanding of their polarization states
and functions. Our immunofluorescence data align with
the results obtained from flow cytometry, demonstrating
that lactic acid alone upregulated the anti-inflammatory
marker Arg-1 in macrophages, while PA enhanced the
expression of the pro-inflammatory marker iNOS. Fur-
thermore, the combined stimulation of lactic acid and
PA led to further upregulation of iNOS expression (Addi-
tional file 1: Fig. S4D).

Simultaneously, we explored changes in lactic acid lev-
els and histone lactylation in RAW264.7 macrophages
under these stimulatory conditions. The results indicated
that lactic acid alone significantly elevated intracellular
lactic acid levels, accompanied by enhanced lactylation at

(See figure on next page.)
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the H3K18 and H4K12 sites. In contrast, while PA alone
does not exert a notable influence on intracellular lac-
tic acid levels, it specifically and substantially promotes
lactylation at the H4K12 site. Notably, when lactic acid
and PA are combined, not only does the intracellular lac-
tic acid level increase, but the lactylation at the H4K12
site also exhibits a further enhancement trend (Fig. 4H,
Additional file 1: Fig. S4E). These results suggest that
exogenous lactic acid may enhance PA-induced pro-
inflammatory polarization of macrophages by mediating
H4K12 lactylation.

Further investigation revealed that PA could upregulate
the transcription levels of various inflammatory factors in
macrophages, such as Tnf-a, Il-1, Il-6, and II-18 (Fig. 41,
Additional file 1: Fig. S4F). When combined with lac-
tic acid, the transcription levels of Tuf-a and II-15 were
further amplified (Fig. 4I), confirming the role of lactic
acid in enhancing PA-induced inflammatory responses
in macrophages. Additionally, we observed a significant
role for the hypoxia-inducible factor HIF-1a in this pro-
cess, which is a crucial regulator of anti-inflammatory/
pro-inflammatory polarization in macrophages. Our
study found that under PA stimulation, the transcrip-
tion level of Hif-1a increased, and when combined with
lactic acid, the transcription level of Hif-1a was further
elevated (Fig. 4]). By utilizing H4K12La antibodies to
pull down protein-DNA complexes and performing de-
crosslinking experiments, we discovered that the Hif-1a
DNA content in the PA-treated group was significantly
higher than that in the control group. The lactic acid and
PA combination group had even higher Hif-1a DNA con-
tent. Notably, there was no significant difference in iNOS
DNA content between the three groups (Fig. 4K). These
findings suggest that lactic acid facilitates the transcrip-
tion of Hif-1a by augmenting H4K12La levels, ultimately
potentiating the inflammatory response induced by PA in
macrophages.

VB124 improves cardiac injury and reduces inflammatory
macrophage infiltration in type 2 diabetic mice

After a 4-week treatment with VB124, administered
intraperitoneally at a dosage of 10 mg/kg/daily, a notable

Fig.4 A Spearman correlation analysis between MCT4 and CD68 mRNA expression in the heart of mice. B Representative diagram of CD68
expression around the high expression of MCT4 in the heart of m Lepr?® and Lepr?® mice. C A diagram to depict the coculture experiment using
transwell. RAW264.7 and HOC2 (pre-treated with PA and/or VB124) were cocultured for 24 h for D-F. D Representative diagram and quantification
of migrated RAW264.7 cells stained with crystal violet. E mRNA expression of iNOS and Hif-Ta in coculture RAW264.7. F Representative diagram

and quantification of Pan Kla% in coculture RAW264.7. G Flow cytometry analysis of RAW264.7 macrophage subtypes treated with either PA, lactic
acid (LAQ), or a combination of both. H Representative diagram and quantification of H3K18La and H4K12La in RAW264.7 treated with PA and/

or LAC.  mRNA expression of Tnf-a and /I-13 in RAW264.7 treated with PA and/or LAC. J Hif-Ta mRNA expression in RAW264.7 treated with PA and/
or LAC. K Chromatin IP (ChIP) quantitative real time PCR (ChIP-gRT-PCR) of gene targets for HIF-Ta and iNOS at H4K12La in RAW264.7 treated with PA

or PA+LAC
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reduction in the left ventricular mass (LV mass) was
observed in Lepr®® mice, accompanied by an increase in
both the E/A ratio and left ventricular ejection fraction
(LVEF) as illustrated in Fig. 5A. These data unequivocally
establish that VB124 can significantly benefit cardiac
hypertrophy and diastolic and systolic functions in type
2 diabetic mice. Pathological staining further revealed
that VB124 treatment substantially reduced myocardial
hypertrophy, interstitial fibrosis, and lipid droplet depo-
sition in the Lepr®® mice (Fig. 5B, Additional file 1: Fig.
S5A). This observation was further corroborated by RT-
qPCR analysis, which demonstrated a significant down-
regulation of the transcription levels of Anp and Bnp,
markers of myocardial injury in Lepr®® mice, following
VB124 treatment (Fig. 5C). Moreover, VB124 was also
found to significantly decrease the transcription levels of
Cd36 and fatty acid-binding protein 3 (Fabp3), key play-
ers in fatty acid transport (Fig. 5D), further highlighting
the critical role of VB124 in ameliorating cardiac lipid
droplet deposition.

Importantly, our study also revealed that VB124 treat-
ment led to a marked reduction in ROS levels in the
hearts of Lepr® mice, concomitant with an increase in
double-stranded DNA (dsDNA) content within mito-
chondrial compartments (Additional file 1: Fig. S5B).
This provides direct evidence of improved mitochondrial
function in the heart. Additionally, cytokine profiling
revealed a significant downregulation of inflammatory
mediators I/-18 and Ccl2 transcription levels in Lepr®
mice receiving VB124 treatment (Fig. 5E), further cor-
roborating the anti-inflammatory properties of VB124.
Finally, through macrophage analysis, we observed a
notable decrease in the infiltration of H4K12La, HIF-1aq,
iNOS, and IL-1p-positive macrophages in the hearts of
Lepr® mice treated with VB124 (Fig. 5F—H, Additional
file 1: Fig. S5D). This finding not only reinforces the anti-
inflammatory effects of VB124 but also sheds light on a
potential mechanism underlying its cardioprotective
effects through modulation of macrophage activity.

Correlation between blood lactate concentration

and cardiac injury in T2DM and its application

in a predictive model for diastolic dysfunction

We gathered comprehensive information, medical his-
tories, and medication usage from patients with clearly

(See figure on next page.)
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diagnosed T2DM. These patients were then divided into
two groups based on their peripheral blood lactate con-
centrations: the normal lactate group (Lac<2.2 mmol/L)
and the elevated lactate group (Lac>2.2 mmol/L). A
comparative analysis of the baseline data between these
two groups and logistic regression analysis revealed gen-
der to be a significant independent factor influencing
hyperlactatemia in T2DM patients. Specifically, women
were found to have a significantly lower risk of devel-
oping hyperlactatemia compared to men (Additional
file 2: Tables S1, S2). Furthermore, an examination of
laboratory test indicators and linear regression analysis
identified blood glucose and triglycerides as independ-
ent factors influencing peripheral blood lactate concen-
trations, with a notably positive correlation observed
(Additional file 2: Tables S3, S4). A more detailed com-
parison of cardiac observation indicators between the
two groups, along with correlation analysis, highlighted
a significant negative correlation between CK-MB, hs-
TNT, NT-proBNP, MYO, LVDd, and the E/A ratio with
peripheral blood lactate concentrations (Additional file 2:
Table S6). These negative correlations remained consist-
ent even after adjusting for confounding variables such as
gender and diabetes duration (Additional file 2: Table S7).

Utilizing the aforementioned clinical dataset, we
developed a clinical prediction nomogram specifically
tailored for T2DM patients with cardiac diastolic dys-
function. This nomogram was constructed based on a
training dataset comprising 599 T2DM patients and was
externally validated using an independent dataset of 299
patients. A statistical analysis of the two datasets revealed
no significant differences in most variable factors, except
the proportion of sulfonylurea and insulin usage (Addi-
tional file 2: Table S8). A comprehensive statistical and
logistic regression analysis of the general characteris-
tic variables within the training dataset identified gen-
der, age, alcohol consumption, systolic blood pressure,
diastolic blood pressure, and lactate as independent
predictors of T2DM with cardiac diastolic dysfunction
(Additional file 2: Table S9). Leveraging these predictive
indicators, we constructed a predictive nomogram for
T2DM with cardiac diastolic dysfunction (Fig. 6A). This
model demonstrated impressive discriminatory power,
with an AUC (area under the ROC curve) of 0.7795 (95%
CI 0.747-0.843), a sensitivity of 0.758, and a specificity

Fig.5 *Lepr®® compared to m Lepr®, *Lepr®® +VB124 compared to Lepr®®. A Pulsed-wave Doppler showing: LV mass, E/A ratio and LVEF%. B
Representative diagram and quantification of cardiac hypertrophy, fibrosis and oil-drop deposition in mice. C mRNA expression of cardiac Anp
and Bnp in mice. D mRNA expression of cardiac Cd36 and Fabp3 in mice. E mRNA expression of cardiac /-18 and Ccl2 in mice. F Representative
diagram and quantification of heart H4K12La positive macrophage (%) in mice. G Representative diagram and quantification of heart HIF-1a
positive macrophage (%) in mice. H Representative diagram and quantification of heart iNOS positive macrophage (%) in mice
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of 0.748 (Fig. 6B). Additionally, our model exhibited
strong goodness-of-fit, as evidenced by the close align-
ment of the nomogram’s calibration curve with the ideal
value (Fig. 6C), and the decision curve analysis further
highlighted its significant net benefit (Fig. 6D). Finally,
we substantiated the reliability of our predictive model
through rigorous external validation (Fig. 6E-G). These
findings underscore the profound relationship between
lactate and cardiac injury in T2DM and establish lac-
tate as a robust independent predictor for assessing car-
diac diastolic dysfunction. From a different perspective,
this result reinforces the crucial role of regulating lac-
tate transport in safeguarding the hearts of patients with
T2DM from injury.

Discussion and conclusion

Although early studies have established a positive corre-
lation between lactate and metabolic disorders in T2DM
[18, 19], the role of lactate in human cardiac energy sup-
ply has only recently gained attention [20]. Nonethe-
less, the precise effects of elevated lactate on the heart
in T2DM remain largely unexplored. In this study, we
successfully developed a mouse model of type 2 diabetic
cardiomyopathy that recapitulates metabolic hallmarks
such as obesity, hyperglycemia, hyperlipidemia, and
hyperlactatemia, along with pathological features includ-
ing diastolic dysfunction and myocardial fibrosis. This
model provides a robust tool for further investigations.
Within this model, we uncovered the pivotal role of the
gene Slcl16a3 and its encoded protein MCT4. Our find-
ings elucidate the mechanism underlying fatty acid over-
load and lipotoxicity-induced T2DM myocardial injury,
focusing on the involvement of the lactate-pyruvate axis
and MCT4’s mediation of this process. Moreover, we
demonstrated that inhibiting or knocking down MCT4
can reverse cardiac hypertrophy and apoptosis, attenu-
ate the transcription of inflammatory cytokines, and
potentially alleviate myocardial lipotoxicity. Addition-
ally, we investigated the impact of upregulated MCT4 in
cardiomyocytes on macrophages in a high-free fatty acid
environment and how lactate influences macrophage
pro-inflammatory polarization. Furthermore, our study
confirms the protective effects of VB124 treatment on
cardiac function in type 2 diabetic mice, potentially
exerting its anti-inflammatory effects through mac-
rophage modulation (Fig. 7). Finally, we established a
strong correlation between peripheral blood lactate levels
and cardiac diastolic dysfunction in T2DM patients, sug-
gesting the potential of lactate as an independent predic-
tor for cardiac diastolic dysfunction. These findings offer
crucial insights into the pathogenesis of DCM and pave
the way for developing innovative therapeutic strategies.
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The alteration in myocardial cell energy metabolism is
intimately associated with myocardial pathological injury
[21-23]. Mature myocardial cells preferentially utilize
fatty acids as an energy source due to the greater energy
efficiency of fatty acid oxidation. Nevertheless, myocar-
dial cells augment glycolysis activity under hypoxic or
ischemic conditions to generate additional ATP and sus-
tain normal cardiac function. This metabolic adaptation
caters to the heart’s exorbitant energy demands and miti-
gates oxidative stress by reducing free radicals produced
during fatty acid metabolism. However, in our observa-
tions of Lepr® mice fed a high-fat diet, we observed
concurrent upregulation of cardiac fatty acid oxidation
and glycolysis pathways, inevitably culminating in cel-
lular oxidative stress damage and lactate accumulation.
We substantiated this inference through experiments on
myocardial cells. Nonetheless, the precise implications
of lactate accumulation on myocardial metabolic injury
warrant further elucidation.

Recent studies have suggested that glucose fuels the
TCA cycle with energy derived from circulating lactate,
highlighting the significance of lactate as a crucial energy
source for the heart [24]. The conversion of lactate into
pyruvate, catalyzed by lactate dehydrogenase (LDH), pre-
cedes its transport into the mitochondrial matrix via the
mitochondrial pyruvate carrier (MPC). Subsequently,
pyruvate enters the TCA cycle, leading to ATP produc-
tion. Furthermore, malonyl-CoA, a byproduct of lactate
metabolism, can attenuate mitochondrial free fatty acid
derivative uptake by inhibiting CPT1, thus mitigating
excessive fatty acid oxidation [25]. Accumulation of lac-
tate and pyruvate may also contribute to reduced intra-
cellular reactive oxygen species levels, possibly due to
their capacity to scavenge free radicals [26, 27]. There-
fore, lactate can function as a direct energy source and
a potential protective agent in myocardial cells. Conse-
quently, the augmented glycolysis and lactate accumu-
lation observed in Lepr® mice fed a high-fat diet may
represent a compensatory response to excessive fatty acid
oxidation, aiding in mitigating lipid overload and oxida-
tive stress-induced damage in myocardial cells.

The monocarboxylate transporter MCT4 is pivotal in
transporting lactate from cells to the extracellular space
in a high-capacity, low-affinity manner [28]. As such, its
significance in lactate metabolism and regulation cannot
be disregarded. Typically, MCT4 expression remains low
in most cell types, including myocardial cells. However,
its expression is upregulated in response to myocardial
damage or perfusion with lactate [29, 30]. It has been
reported that knocking out CD147, a widely expressed
plasma membrane glycoprotein essential for MCT4
function and localization, can alleviate myocardial
injury resulting from pulmonary embolism and chronic
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pressure overload [31, 32]. Recently, a novel and effective
MCT4 inhibitor has been introduced, which prevents
and reverses cardiac hypertrophy in mice by regulating
the lactate-pyruvate metabolic axis [16]. In our study
utilizing a fatty acid-induced type 2 diabetic cardiomyo-
pathy mouse model and myocardial cells, we observed
upregulated MCT4 expression leading to increased lac-
tate efflux from myocardial cells, disrupting the intracel-
lular lactate-pyruvate axis and subsequently weakening
the protective effects of intracellular lactate. Strategic
knockdown or inhibition of MCT4 within the cardio-
myocytes mitigates the efflux of lactic acid triggered by
free fatty acids. It facilitates the conversion of lactic
acid to pyruvic acid and its subsequent entry into the
TCA cycle. This intervention holds promise in reversing

mitochondrial oxidative stress injury, inflammation, and
cell apoptosis, paving the way for potential therapeutic
strategies to manage diabetic cardiomyopathy.

The role of lactic acid exhibits considerable vari-
ability across different cell types. For instance, tumor-
derived lactic acid can suppress the immune response
of tumor-associated macrophages and T cells against
tumors, favoring the growth of cancer cells [33-35].
In contrast, during chronic or acute inflammation, the
immune response to lactic acid differs markedly from
that observed in tumors. Our findings align with Samu-
vel et al’s findings, demonstrating that lactic acid can
enhance Toll-like receptor 4 ligand-induced polariza-
tion of human macrophages towards the pro-inflamma-
tory phenotype [36]. Furthermore, the accumulation of
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lactic acid in chronic inflammatory sites can promote
rheumatoid arthritis by inducing metabolic reprogram-
ming in CD4+ T cells [37]. Therefore, in healthy and
type 2 diabetic conditions, where anti-inflammatory
and pro-inflammatory signals dominate, lactic acid
may exert distinct regulatory functions in the micro-
environment. Macrophages, as inherent immune cells
of the body, are particularly susceptible to epigenetic
modifications influenced by the microenvironment.
Previous studies have revealed a novel epigenetic modi-
fication induced by lactic acid-lactylation. This research
indicates increased H3K18 lactylation in macrophages
regulates gene expression, contributing to homeostatic
processes like wound healing [11]. Similarly, studies
have shown that H3K18 lactylation regulates the anti-
inflammatory and pro-angiogenic activity of mono-
cytes/macrophages by promoting the transcription
of repair genes, leading to improved cardiac function
after myocardial infarction [12]. However, other stud-
ies have demonstrated that H4K12 lactylation exacer-
bates microglial dysfunction in Alzheimer’s disease by
activating a positive feedback loop involving glycolysis/
H4K12La/ PKM2 through the transcription of genes
such as Ldha, Pkm2, and Hif-1a [13]. These suggest that
histone lactylation at different sites can lead to sub-
stantial variations in their regulatory functions. Our
research indicates that lactic acid can simultaneously
induce H3K18La and H4K12La in macrophages. How-
ever, in a high-free fatty acid environment, lactic acid
primarily exacerbates H4K12La, mediating macrophage
inflammation. In high-fat-induced type 2 diabetic
mice, inhibiting MCT4 reverses cardiac macrophage
H4K12La, alleviating cardiac inflammation. These find-
ings highlight lactic acid’s complex and context-specific
role in regulating immune responses and underscore
the importance of considering these nuances in thera-
peutic interventions.

HIF-1a is a pivotal transcription factor activated in
response to hypoxic conditions. It plays a crucial role
in regulating the expression of a myriad of genes and
actively participates in cellular stress responses [38].
In pathological states characterized by hypertension
and obesity, the expression levels of HIF-1a in myo-
cardial tissue macrophages are notably elevated. This
upregulation mediates the release of pro-inflammatory
factors, augments oxidative stress, and ultimately con-
tributes to myocardial cell damage and the progres-
sion of myocardial pathology [9]. In our investigation,
we have observed transcriptional activation of Hif-Ia
in macrophages induced by a high-fat environment,
which is accompanied by upregulated expression of
inflammatory cytokines such as I/-18. Furthermore, our
research has implicated H4K12La in the transcriptional
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activation of Hif-1a. Surprisingly, inhibiting MCT4 in
high-fat-induced type 2 diabetic mice not only reduces
the modification level of H4K12La in cardiac mac-
rophages but also significantly decreases the infiltration
of HIF-la-positive and IL-1p-positive inflammatory
macrophages in the heart. This suggests that the inhibi-
tion of MCT4 plays a significant role in alleviating car-
diac inflammation in type 2 diabetic mice.

Previous studies have consistently reported elevated
serum lactic acid levels in patients with obesity, hyperten-
sion, and insulin resistance, which are strongly correlated
with fasting blood glucose, glycosylated hemoglobin, and
the development of type 2 diabetes. A prospective study
further substantiated that lactic acid is an independent
risk factor for type 2 diabetes [18—20]. However, the pre-
cise relationship between circulating lactic acid levels and
cardiac injury remains elusive. Therefore, we conducted
a comprehensive clinical data analysis in patients with
T2DM. Our observations revealed a notable association
between serum lactic acid concentrations and markers of
cardiac injury in type 2 diabetes, suggesting a potential
predictive value for diastolic dysfunction. Based on these
insights, we have formulated a clinical prediction model
tailored for diastolic dysfunction in T2DM. Although our
clinical study did not directly explore the role of cardiac
lactic acid and its transport in DCM, it indirectly sup-
ports the plausibility of therapeutic strategies centered
on lactic acid regulation for managing DCM.

Despite the notable findings of this study, some sev-
eral limitations and shortcomings merit consideration.
Firstly, in terms of animal experiment design, we pri-
marily selected male mice as our research subjects. This
choice was based on the assumption that male mice
have a more stable physiological state than female mice,
which helps to reduce experimental variables. However,
this also means that our study did not adequately cover
the female population, particularly in exploring the rela-
tionship between lactic acid and diabetic cardiomyopa-
thy. Therefore, in future studies, we will emphasize the
impact of gender factors on experimental results and
strive to address this limitation. Secondly, although the
study suggests a potential role of imbalanced lactic acid
transport in DCM, techniques such as isotope labe-
ling and metabolic flux detection were not employed to
establish the directionality of lactic acid flow unequivo-
cally. In addition, while we observed a direct correla-
tion between lactic acid-induced H4K12 lactylation
of macrophages and HIF-la activation, accompanied
by the detection of pertinent inflammatory markers,
empirical evidence is currently lacking to elucidate the
precise mechanism underlying HIF-1a’s regulation of
macrophage inflammation. Finally, although this study
demonstrated that VB124 exerted a protective effect on
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diabetic cardiomyopathy and observed a reduction in
H4K12 activation of macrophages, further investigations
are warranted to assess whether VB124 impacts other
epigenetic modifications of macrophage histone. It is
essential to acknowledge that the majority of this study
was conducted using mouse and cell models, necessitat-
ing further validation in human subjects to confirm the
relevance and applicability of the conclusions.

In summary, our comprehensive investigation has
unveiled the pivotal role of MCT4-dependent lactic acid
transport in mediating energy metabolism impairments
and inflammatory responses in the hearts of type 2 dia-
betes, thereby confirming the protective effects of MCT4
inhibition in DCM. These groundbreaking findings offer
profound insights into the underlying pathogenic mecha-
nisms of DCM and establish a robust theoretical frame-
work for advancing innovative therapeutic approaches.
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