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Abstract

Background: The accumulation of intracellular glycolytic lactate is a hallmark characteristic of chondrocytes. Histone lactylation, a post-
translational modification mediated by lactate, plays a pivotal role in regulating the physiological functions of chondrocytes and contributes
to the pathogenesis of posttraumatic osteoarthritis. This study was designed to investigate the role of glycolytic lactate-dependent histone H3
lysine 56 lactylation (H3K56la) in modulating the synthesis of type Il collagen in chondrocytes. Furthermore, through a combination of laboratory-
based and animal experimental approaches, the study sought to uncover new insights into potential therapeutic strategies for the management
of posttraumatic osteoarthritis.

Methods: In in vitro experiments, the researchers first conducted assays to inhibit and induce histone lactylation in chondrocytes, subsequently
measuring changes in the expression levels of hypoxia-inducible factor 1 alpha (HIF 1a) and the type Il collagen alpha 1 chain gene (Col2a1).
Next, we assessed alterations in intracellular lactylation levels and Col2a1 expression following either knockdown or overexpression of HIF
1a in chondrocytes. To further elucidate the regulatory relationship between HIF 1a and Col2a1, chromatin immunoprecipitation assays were
performed to investigate the transcriptional control exerted by HIF 1o on the Col2a1 gene promoter. In addition, murine models of posttraumatic
osteoarthritis were developed using anterior cruciate ligament transection surgery. Both in vivo and in vitro experiments were then carried out
to explore the chondroprotective mechanisms and therapeutic potential associated with modulation of histone lactylation in chondrocytes.
Results: Induction of histone lactylation in chondrocytes led to a significant upregulation of HIF 1a expression. Conversely, knockdown of HIF 1«
resulted in a marked reduction in both H3K56 lactylation and Col2a1 expression. It was found that H3K56la and HIF 1« functioned synergistically
to positively regulate collagen synthesis, with HIF 1« directly binding to the promoter region of the Col2a1 gene to enhance its transcription.
Treatment with a-ketoglutarate modified the cellular redox state and contributed to increased expression of both H3K56la and Col2a1.
Conclusions: The glycolytic lactate/H3K56la/HIF 1« regulatory axis plays a positive regulatory role in the synthesis of type Il collagen in
chondrocytes by facilitating the binding of HIF 1a to the Col2a1 gene promoter. Activation of this molecular pathway holds promise as a novel
therapeutic strategy for the treatment of posttraumatic osteoarthritis.
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Highlights

1. This study reveals lactate-dependent histone H3K56 lactylation as a key upstream regulator activating HIF 1« to drive Col2a1 synthesis in chondrocytes.

2.HIF 1 binds the Col2al gene promoter, forming a positive regulating axis where increased H3K56la/HIF 1o expression directly enhances collagen
production.

3. Modulating chondrocyte redox state with «-ketoglutarate boosts H3K56la and Col2a1 expression, suggesting a novel metabolic approach for post-traumatic
osteoarthritis therapy.
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Background

Posttraumatic osteoarthritis (PTOA) represents a significant
global health challenge, with ~5.6 million new cases diag-
nosed each year and a prevalence rate of 21.1% among indi-
viduals who have previously sustained joint injuries. Recent
epidemiological studies indicate a concerning upward trend
in PTOA incidence between 2000 and 2022, with forecasts
suggesting that its prevalence could nearly double to 40.6%
by the year 2030 [1]. Distinct from primary osteoarthritis,
which typically arises due to age-related wear and tear, PTOA
primarily affects younger populations following high-energy
traumatic events such as motor vehicle collisions, military
combat injuries, and sports-related mishaps [2]. These trau-
matic incidents initiate a cascade of complex pathophysiolog-
ical processes that go well beyond the initial mechanical dam-
age [3]. The pathogenesis of PTOA is characterized by imme-
diate structural joint damage followed by progressive cartilage
deterioration. This progression underscores the importance of
early therapeutic intervention, particularly within the acute
phase of trauma care. Understanding the early molecular and
cellular events following injury is essential for developing
effective preventive and therapeutic strategies.

Current research has shown that chondrocytes adapt to the
avascular cartilage environment by relying predominantly
on glycolytic metabolism, generating lactate as both an
energy substrate and a signalling molecule [4]. Synovial
fluid lactate has been identified as a diagnostic biomarker,
with elevated concentrations observed in the contexts of
septic arthritis and inflammatory joint conditions. Recent
investigations have revealed that lactate functions as both
a metabolic substrate and signalling molecule through
hydroxy-carboxylic acid receptor 1 (HCAR1), which activates
the PI3K/Akt pathway, leading to the upregulation of
NADPH oxidase 4 (NOX4) expression and the generation
of reactive oxygen species [5]. Histone lactylation is a
novel epigenetic mechanism that regulates gene transcription
in chondrocytes. Studies have demonstrated that lactate
dehydrogenase A (LDHA)-mediated H3K18 lactylation
influences osteoarthritis progression through the transcrip-
tional regulation of glycolytic enzymes, including TPI1 [6].
Several studies have demonstrated the importance of specific
lactylation sites, with H3K18 lactylation found to promote
chondrogenic differentiation and cartilage matrix deposition
in organoid models [7], whereas H3K18 lactylation has
been implicated in osteoarthritis progression through LDHA-
mediated mechanisms [6]. The transcription factor hypoxia-
inducible factor 1 alpha (HIF l«) has been identified as
a central regulator of chondrocyte adaptation to hypoxic
conditions, controlling both metabolic reprogramming and
extracellular matrix synthesis [8]. However, the precise
molecular mechanisms governing lactate-mediated H3K56
lactylation and its interaction with HIF 1« in the setting of
traumatic cartilage injury remain incompletely characterized.

Despite the considerable progress in understanding chon-
drocyte metabolism and epigenetic regulation, critical knowl-
edge gaps remain regarding the therapeutic modulation of
lactate-dependent histone modifications in posttraumatic car-
tilage degeneration [9]. Current osteoarthritis treatments leave
patients largely symptomatic, and they exhibit a limited capac-
ity to halt or reverse disease progression [10]. This ther-
apeutic limitation is particularly concerning for the treat-
ment of PTOA, where early intervention opportunities exist
within defined therapeutic windows following joint injury
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[11, 12]. a-Ketoglutarate («¢KG) has been shown to protect
against osteoarthritis through multiple mechanisms, including
mitophagy regulation, oxidative stress reduction, and anti-
inflammatory activities via IKK/NF-kB pathway inhibition
[13, 14]. Recent clinical investigations have established the
efficacy of aKG in preserving cartilage integrity and reducing
joint inflammation in both natural ageing and surgically
induced osteoarthritis models [15, 16]. However, the molec-
ular mechanisms underlying its therapeutic efficacy remain
incompletely characterized, particularly regarding its interac-
tion with cellular redox status and lactate-mediated epigenetic
modifications. Furthermore, the complex interplay among
cellular redox status, lactate shuttling, and histone lactylation
presents both opportunities and challenges for therapeutic
intervention in PTOA.

In this study, we explored the role of lactate-mediated
histone modifications in the mechanisms underlying trau-
matic cartilage injury and subsequent repair processes. We
found that trauma-induced oxidative stress disrupts normal
chondrocyte metabolism, leading to altered lactate levels
and subsequent changes in histone lactylation. Our findings
demonstrate the existence of a glycolytic lactate/H3K56la/HIF
la positive-regulatory axis that promotes type II collagen
synthesis in chondrocytes through transcriptional regulation.
Furthermore, we established that «KG treatment modulates
cellular redox status by increasing NADH and NADPH
production, promotes the influx of extracellular lactate,
and activates this protective pathway through direct binding
of HIF 1la to the Col2al gene promoter while protecting
chondrocytes from oxidative stress-induced apoptosis.
These insights uncover a mechanistic link between redox
metabolism and epigenetic regulation via lactate-mediated
histone modifications, providing a deeper understanding of
how oKG exerts its therapeutic effects. Importantly, our
findings highlight the potential for targeting the glycolytic
lactate/H3K56la/HIF 1o axis as a novel therapeutic strategy
for intervening in the early pathophysiological phases of
posttraumatic joint degeneration, with the aim of preventing
the onset or progression of PTOA.

Methods
Animal osteoarthritis model

8-week-old female C57BL/6 J mice were purchased from
the Laboratory Animal Center of Army Medical University
(production license number: SCXK (yu)2022-0011). After
2 days of acclimation, the mice were randomly divided into
four groups. Three experimental groups (n=35 each) under-
went anterior cruciate ligament transection (ACLT) opera-
tions under 5% pentobarbital sodium anesthesia to induce
osteoarthritis models for further study. The sham-operated
group (n=35) served as a control and underwent the same
procedure except ACLT. All animals in the respective groups
were housed in individually ventilated cages (IVCs) in a cozy
environment with a temperature of 25 4+2°C and humidity
of 50+10%. They had free access to food and water, and
a 12-hour light/dark cycle. All experimental procedures were
approved by the Committee on the Use and Care of Animals
at Army Medical University and were conducted according to
the Guidelines for the Care and Use of Experimental Animals
of the National Institute of Health (animal ethical statement
number: AMUWEC202260535).
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Isolation and culture of mouse chondrocytes and
cardiomyocytes

Primary chondrocytes were isolated from the healthy distal
femur and tibial plateau articular cartilage of 5-day-old female
C57BL/6 ] mice, and primary cardiomyocytes were isolated
from the heart. In brief, mice were sacrificed after anesthesia.
The articular cartilage of the distal femur and tibial plateau,
as well as the heart, were separated and cut into small pieces
~1 mm?, then rinsed with PBS 3 times, digested with 0.25%
trypsin for 60 min, plated in culture dishes containing 0.25%
collagenase-IV at 37°C with 5% CO, for 6h, and then
filtrated through a 70 pum cell strainer. Cell suspensions were
centrifuged at 1000 rpm for 5 min, resuspended in DMEM
culture medium with 10% fetal bovine serum (FBS), and
cultured at 37°C with §% CO,. An oxygen-controlled cell
culture system was modified from T235 cell culture flasks with
an airtight connection after seeding 2 x 10® chondrocytes.
Cells were harvested after 24 hours of culture for subsequent
experiments.

Cell proliferation assay

The cell viability of primary articular chondrocytes treated
with various concentrations of specific inhibitors of glycolysis
and enzymes, and «KG or TBHP was assessed with a cell
counting kit-8 (CCKS8) assay kit. Cells were seeded into 96-
well plates and exposed to different concentrations of aKG
(0-10 mM) or TBHP (0-200 ;M) for 24, 48, or 72 hours.
Then the cells were washed with 1 x PBS and incubated with
serum-free medium containing 10% CCKS8 reagent for 1 hour
at 37°C with 5% CO,. The absorbance at 450 nm was
measured using a Bio-Tek, Synergy H4 microplate reader. All
samples were analyzed in triplicate. The cell viability was
calculated as [(As — Ab) / (Ac — Ab)] x 100%, where Ab is
the absorbance of the blank group (medium only, without
cells, «’KG or TBHP), Ac is the absorbance of the control
group (without «KG or TBHP), and As is the absorbance
of the sample group (with various concentrations of «KG or
TBHP).

Flow cytometry analysis

Flow cytometry was used to analyze the apoptosis rate of
chondrocytes according to the Annexin V-FITC/PI apoptosis
kit protocol (CA1020, Solarbio, China). Briefly, chondrocytes
were incubated with or without 20 uM TBHP for 6 hours,
and then treated with different concentrations of aKG for
48 hours. The cells were washed with PBS twice, digested
with 0.25% EDTA -free trypsin (C0205, Beyotime, China),
centrifuged at 1000 rpm for 3 min, and suspended in 1x
binding buffer at a concentration of 1 x 10°/ml. 100 sl sus-
pension was stained with 5 ul of annexin V-FITC and 10 ul of
20 pg/ml PL Cell apoptosis was measured using a CytoFLEX
flow cytometer (Beckman Coulter, USA) and the data were
analyzed with CytExpert and Kaluza software.

Histology and immunochemistry

Mouse knee specimens were decalcified with EDTA for
10 days after micro-CT scanning and washed with PBS
to remove residual paraformaldehyde. After dehydration
and paraffin embedding, 5 pum thick serial sections were
made with a microtome (Leica RM2125 RTS) and stained
for haematoxylin—eosin (HE), safranin O-fast green, and
toluidine blue. Immunohistochemical staining was also

performed to evaluate the relative intensity of Col2al,
Aggrecan, MMP13, and ADAMTSS. The stained sections
were scanned with a slide-viewer (Olympus VS200), and the
images were exported to quantify articular cartilage damage,
thickness, and other indicators.

Immunofluorescence

After dewaxing the tissue sections, antigenic epitope retrieval
was conducted in a microwave oven in EDTA-sodium citrate
solution. The sections were blocked with 5% BSA at room
temperature for 1 hour and then incubated with diluted
primary antibody overnight at 4°C. A fluorescent secondary
antibody of the species corresponding to the primary anti-
body was added and incubated for 2 hours protected from
light. The same procedure was repeated with the second
primary antibody and the corresponding secondary antibody.
DAPI staining solution was then introduced and incubated for
30 min before the sections were analyzed by scanning in the
VS200 slide-viewer. Sections were washed 3 times with PBS
solution for 5 min before the next step.

Western blot analysis

Chondrocytes cytosolic protein and nuclear protein were
extracted with RIPA buffer (P0013B, Beyotime, China)
and nucleoprotein extraction reagent (R0050, Solarbio,
China) containing protease and phosphatase inhibitors.
For western blotting analysis, antibodies against Col2al
(AF6528, Beyotime, China), ADAMTSS (bs-3573R, Bioss,
China), Aggrecan (AF6126, Beyotime, China), MMP13
(AF7479, Beyotime, China), B-actin (AF0003, Beyotime,
China), Histone H3 (AF0009, Beyotime, China), Histone
H4 (AF2581, Beyotime, China), Pan Kla (PTM-1401, PTM,
China), Pan Kac (PTM-101, PTM, China), H3K56la (PTM-
1421RM, PTM, China), HIF 1« (#36169, CST, USA), HIF
la (AF7087,Beyotime, China), HIF la (Huabio, China)
were used.

Enzyme-linked immunosorbent assay

The ELISA kit utilizes a double-antibody sandwich method
to measure the level of the target indicator in the sample. A
microtiter plate was coated with a purified capture antibody,
and then the sample was added and incubated with an HRP-
labeled detection antibody to form an antibody-antigen—
enzyme-labeled antibody complex. The plate was washed
thoroughly and TMB was added for color development. The
absorbance was read at 450 nm using a microplate reader and
the sample content was calculated using a standard curve.

Si-RNA transfection and plasmid transfection

The effective siRNA for HIF 1o and control siRNA were
obtained from RiboBio Biotechnology (Shenzhen, Guang-
dong, China). When the cells reached 60%-70% confluence,
the chondrocytes were transfected with HIF 1o siRNA using
Lipofectamine 3000 siRNA transfection reagent (Thermo
Fisher, UT, USA) according to the manufacturer’s protocol.
HIF 1la primers were designed according to the NCBI
gene primer bank. The HIF 1o overexpression plasmid was
constructed by RiboBio Biotechnology (Shenzhen, Guang-
dong, China). Chondrocytes were seeded in 6-well plates
and then transfected with the LVO03-HIF 1o plasmid using
Lipofectamine 3000 (Invitrogen, California, USA) according
to the manufacturer’s protocol. Cells were transfected for
48 hours and then used for subsequent experiments.
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Table 1. Primer sequences used for gPCR

Primer Sequence (5’ to 3')

ACCTTCATCGGAAACTCCAAAG
ACTGTTAGGCTCAGGTGAACT
GAGTCCTACGACATCATCGCT
CCGACATAGTTTGGGAAACAGT
GGGAATGTCCTCTGCGATGAC

Forward HIFlalpha
Reverse HIF1alpha
Forward beta actin
Reverse beta actin
Forward Col2al

Reverse Col2al GAAGGGGATCTCGGGGTTG
Forward Col2al promoterl CGAAGCAACAGAAAGGAGCA
Reverse Col2al promoterl TGGAAGGCAGGTCTGGAAAA
Forward Col2al promoter2 CATGAGCAGATGGACGTTGT
Reverse Col2al promoter2 GATGGGTTAGGGAGGCTGTG
Forward Col2al promoter3 CTCAATTCAGCTCTCCAGTTCC
Reverse Col2al promoter3 TCTCTGTGTAGCCCTGGTTG

Intracellular/extracellular lactate measurement

Intracellular/extracellular lactate measurement: Lactate levels
in chondrocyte lysates and culture medium supernatants were
measured using a lactate assay kit (Catalog #K627, BioVision,
USA). Chondrocytes were seeded in 6-well plates at a density
of 1 x 10° per well and incubated for 24 hours. Lactate was
oxidized with lactate dehydrogenase and a colored product
that bound to the probe was produced according to the kit
protocol. The absorbance of the samples was read at 450 nm
and the relative concentration of lactate was calculated from
the standard curve.

gPCR analysis

Total RNA of chondrocytes was extracted with TRIzol, chlo-
roform, and isopropanol. Complementary DNA (cDNA) was
synthesized from total RNA using PrimeScriptTM RT Master
Mix (Takara, Kusatsu, Japan) and amplified using SYBR
Premix Ex TaqTM (Takara, Kusatsu, Japan). The expression
levels of the target genes were quantified relative to B-actin
levels using the 222t method. Each experiment was per-
formed in triplicate and repeated three times independently.
The forward and reverse primer sequences of all genes are
listed in Table 1.

Measurement of intracellular ATP

Intracellular ATP content was measured using a test kit (Bey-
otime, S0027). The supernatant of the chondrocyte lysate was
mixed with the ATP assay working solution and the relative
intracellular ATP content was calculated by detecting the
fluorescence intensity at 488 nm on a fluorescent microreader.

Measurement of the NAD: NADH ratio and NADP

NADPH ratio in chondrocytes: An NAD: NADH assay kit
(S0175, Beyotime, China) was used to measure the NAD:
NADH ratio. Ethanol was oxidized by ethanol dehydrogenase
to form acetaldehyde, and NAD™ was reduced to NADH.
The resulting NADH reduced the electron-coupled reagent 1-
methoxy-5-methylphenazinium methyl sulfate (1-mPMS) to
WST-8 to form the orange-yellow formazan. The maximum
absorption peak was at ~450 nm. The amount of formazan
produced in the reaction system was proportional to the total
amount of NAD' and NADH in the sample. The NADP:
NADPH ratio was measured using an NADP: NADPH
assay kit (50179, Beyotime, China). Glucose-6-phosphate
(G6P) was oxidized by glucose-6-phosphate dehydrogenase
(G6PDH) to form 6-phosphogluconate (6-PG), during which
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NADP* was reduced to NADPH. The resulting NADPH
reduced the electron-coupled reagent 1-mPMS to WST-8 to
form an orange yellow formazan with a maximum absorption
peak at ~450 nm. The amount of formazan produced in

the reaction system was proportional to the total amount of
NADP*/NADPH in the sample.

Quantification of ROS species

The treated chondrocytes were washed three times with PBS
and digested with 0.25% EDTA-free trypsin. They were
resuspended in serum-free medium with 10 uM DCFH-
DA (S0033S, Beyotime, China) and incubated at 37°C for
20 min, with several pipette mixing. After centrifugation,
the residual DCFH-DA reagent was washed off with serum-
free medium. The ROS intensity was measured by flow
cytometry and a microplate reader at 488 nm excitation
wavelength, and photographed by confocal microscopy at
the same wavelength.

Chromatin immunoprecipitation (ChlP)-qPCR

The DNA and protein in the chondrocytes were cross-linked
with 1% formaldehyde for 10 min at room temperature and
quenched with 125 mM glycine for 5 min. The fixed cells
were resuspended in lysis buffer (1% SDS, 5 mM EDTA,
and 50 mM Tris—HCI, pH 8.1) with protease inhibitors, and
the samples were sonicated for 30 cycles (30 s on and 30 s
off) to fragment the chromatin into 150-900 bp pieces. The
tubes were placed on a magnetic separation rack to precip-
itate the protein G magnetic beads in each immunoprecipi-
tation sample. The supernatant was removed and the beads
were washed three times with low salt buffer. The chromatin
was eluted from the antibody/protein G magnetic beads and
decrosslinked with § M NaCl and 2 ul proteinase K. The
DNA was purified and qPCR experiments were performed.
The primer sequences of the promoter of the collagen II gene
for qPCR are listed in Table 1.

Micro-CT analysis

After 4 weeks of treatment, the mice were deep anesthetized
and sacrificed by cervical dislocation, and the femur and
tibia of the mice containing the intact knee joint were fixed
with 4% paraformaldehyde in the functional position for
24 hours. Then, micro-CT scanning of the articular bone,
subchondral bone, and trabeculae was performed at 65 kV
and 144 pA. The complete images were preserved and CT
analysis software was used to reconstruct and analyze the data
on the subchondral bone and trabeculae of the tibial plateau.

Transmission electron microscopy

The chondrocytes were fixed overnight at 4°C in an electron
microscope fixative, and then processed with 1% osmium
fixation, dehydration, permeation, embedding, and ultrathin
sectioning, and observed and photographed using a transmis-
sion electron microscope (Hitachi HT7800) at 0.5-2.0 million
times magnification.

Data analysis

GraphPad Prism 9.3.1 software was used to determine the
significance of differences in the experimental data. All data
involving statistics are presented as mean=+S.D. One-way
ANOVA followed by Dunnett’s multiple comparison test was
performed in experimental designs with  one categorical
independent variable (factor)and one continuous dependent
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variable. For example, in this study, the one-way ANOVA was
conducted between the experimental group and the control
group. Two-tailed Student’s ¢ test was performed to compare
the two groups. A P value < 0.05 was considered significant
and reflected in the statistical graph.

Results
Glycolytic lactate-dependent histone lactylation
occurred in chondrocytes

Articular cartilage is an avascular, alymphatic tissue that
relies on synovial fluid and subchondral bone for its nutrient
supply [1]. In this unique environment, chondrocytes, the
only cell type in articular cartilage, thrive in a hypoxic
setting, with a resulting reliance on glycolysis rather than
oxidative phosphorylation (OxPhos) to provide energy for
their physiological functions [17]. In 6-well plates, 1 x 10°
primary cardiomyocytes and primary chondrocytes were
seeded per well and incubated for 24 hours. Compared with
the primary cardiomyocyte cultures, the primary chondrocyte
cultures exhibited higher concentrations of lactate in both
the culture supernatant (0.009967+£0.001172 mM ws
0.004567+0.0009292 mM, P <0.01) and the cell lysate
(0.1636 £0.005647 mM wvs 0.04463+0.001818 mM,
P <0.0001) (Figure S1a).

Given this reliance on the glycolytic energy supply in
chondrocytes and the elevated concentrations of intra- and
extracellular lactate, lactylation was explored. First, we
found that the intracellular lactate content, lactylation level,
and acetylation level were significantly reduced in response
to treatment with graded concentrations of the glycolysis
inhibitor 2-deoxy-D-glucose (2-DG) (Figure 1a, Figure S1b).
Furthermore, in another experiment, oxamate and FX-
11 were applied to selectively inhibit intracellular lactate
dehydrogenase (LDH) activity to decrease the conversion of
pyruvate to lactate. This treatment led to decreased lactylation
accompanied by a reduction in the intracellular lactate
content, whereas the total lysine acetylation (pan Kac) level
remained unaffected (Figure 1b, ¢; Figure Slc, d). To further
verify the correlation between intracellular lactylation and the
lactate content, 5 mM 2-DG was applied to block intracellular
glycolytic lactate production and graded concentrations
of lactate were added to the medium, and the cells were
incubated for 24 hours. As anticipated, the intracellular lactate
content increased in parallel with the added concentration of
lactate, resulting in a subsequent increase in total intracellular
lysine lactylation (pan Kla) (Figure 1d, Figure Sle).

To identify the specific sites of lactylation in the chon-
drocytes, high-performance liquid chromatography—tandem
mass spectrometry (HPLC-MS) analysis was performed after
protein immunoprecipitation. The amino acid sequence was
identified as the peptide YQKSTELLIR. According to the
UniProt database, this peptide was derived from the mouse
Histone H3 protein. The lysine at position 56 (average molec-
ular weight, 128.1742 Da) exhibited a molecular weight shift
of 71.9459 Da, which was very similar to the molecular
weight of the group added during lactylation modification
(72.021 Da), confirming that this lysine residue was mod-
ified by lactylation (Figure 1le). We then performed a pull-
down assay in which magnetic beads coated with an anti-
H3K56la antibody were added to the chondrocyte nuclear
lysate to pull down the protein affected by H3K56 lactylation,

and further western blot analyses were performed with the
supernatant. The results showed that the lactylation level
was significantly reduced after H3K56la was pulled down
(Figure 1f, Figure S1f).

The glycolytic lactate/H3K56la/HIF 1« positive
regulatory axis regulated collagen Il synthesis

The production and modification of type II collagen in chon-
drocytes also rely on the normal expression of HIF 1« [18].
Abnormal expression of HIF 1o results in excessive modi-
fication of type II collagen, which causes a series of extra-
cellular matrix-related diseases. Following the stimulation
of chondrocytes with 10 mM lactate for 24 hours, mRNA
sequencing was conducted prior to enrichment analysis of
the differentially expressed genes. Compared with that in
control group, the expression of the HIF la gene signifi-
cantly increased in the lactate-stimulated chondrocytes. Gene
Ontology analysis revealed enrichment of genes associated
with cartilage development in chondrocytes. The enriched
gene set was used to construct a heatmap based on the HIF
la and Col2al genes (Figure 2a). Moreover, the addition of
lactate to chondrocyte medium caused the upregulation of
HIF 1a and Col2al gene expression, along with the occur-
rence of lactylation (Figure 2b). The occurrence of lactyla-
tion is regulated by the acetyltransferase CBP/P300 [19],
and HIF 1a and Col2al gene expression decreased follow-
ing treatment with the CBP/P300 inhibitor CBP/P300-IN-3
(Figure 2b). After genetic knockdown of HIF 1a, both Col2a1
gene expression and H3K56la decreased. Lactate addition was
followed by increases in H3K56la and Col2al gene expression
(Figure 2c, e; Figure S1g, h). The overexpression of the HIF 1a
gene via plasmid transfection increased HIF 1a and Col2al
gene expression in chondrocytes, accompanied by an increase
in H3K56 lactylation (Figure 2d, g).

Notably, the intracellular lactate level changed accordingly
before and after knockdown or overexpression of HIF
la, but the pyruvate level did not change significantly
(Figure 2f). These findings indirectly suggest that lactate
dehydrogenase A (LDHA), which catalyses the conversion
of pyruvate to lactate [20], may be the target of HIF 1a.
Additionally, the introduction of the LDHA-specific inhibitor
FX-11 to the medium of chondrocytes overexpressing HIF
la led to reduced levels of lactylation and Col2al gene
expression (Figure 2g; Figure S1i, j). Furthermore, the binding
interaction between HIF 1o and LDHA was confirmed by
a coimmunoprecipitation (co-IP) assay (Figure 2h). Taken
together, the results of the above induction/blockade and
knockdown/overexpression experiments suggest that a
glycolytic lactate/H3K56la/HIF la regulatory axis exists in
chondrocytes. Chromatin immunoprecipitation assays were
performed to further explore the mechanisms underlying the
regulation of Col2al by HIF 1«. The findings demonstrated
that the transcription factor HIF 1 plays a regulatory role in
collagen II synthesis by binding to the promoter of the Col2al
gene (Figure 2i).

Addition of «KG altered the redox state in
chondrocytes

PTOA results primarily from abnormal mechanical stimula-
tion in articular cartilage, placing chondrocytes under oxida-
tive stress. This state, in turn, leads to chondrocyte senescence
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lactylation

and apoptosis, further driving the progression of osteoarthri-
tis—a vicious cycle in its development [21,22]. It has also been
reported that the intra- and extracellular lactate shuttles may
be dependent on the intra- and extracellular redox gradients
[23, 24]. On the basis of these two theories and the results
of the above experiments, we postulated that modulating the
intracellular redox status of chondrocytes to promote the
shuttling of lactate into the cells and activate the glycolytic
lactate/H3KS56la/HIF 1o positive regulatory axis to further
promote type II collagen synthesis could be a potential inter-
vention and treatment strategy for osteoarthritis, particularly
in the context of posttraumatic joint degeneration, where early
intervention may prevent progression from acute injury to
chronic degenerative disease.

aKG (1 mM and 2 mM) was added to the primary
chondrocyte culture system, and the cells were incubated
for 24 hours. The culture supernatant and cell lysate
were collected for ELISA. The tricarboxylic acid cycle in
aKG-treated chondrocytes was disrupted, as evidenced
by the increases in the levels of intracellular acetyl-CoA
(156.4+£6.756 ng/ml and 171.24+2.174 ng/ml), succinyl-
CoA(49.214+2.233 ng/ml and 44.66+3.158 ng/ml),
and «KG dehydrogenase(2779 £415.2 ng/ml and 2538+
26.30 ng/ml) compared with those in the fert-butyl hydroper-
oxide (TBHP)-induced oxidative stress group. ATP produc-
tion was not significantly altered  (Figure 3a).

Encouragingly, the intracellular reducing equivalents of
NADH (7.887 +£0.09452 uM (1 mM oKG) and 7.900 +
0.1136 uM (2 mM aKG) vs 0.66334+-0.2706 uM (TBHP-
induced oxidative stress), P <0.0001) and NADPH (18.58 &+
0.2957 uM and 18.76 £0.5299 uM vs 5.597 £0.2957 uM,
P <0.0001) were significantly increased in the «KG-treated
chondrocytes (Figure 3b, ¢), indicating that the cells were
in a relatively reduced state. Furthermore, TBHP was
applied to induce oxidative stress in chondrocytes prior to
aKG treatment. This resulted in a substantial increase in
intracellular ROS levels, as demonstrated by measurement
with a fluorescence microplate reader and flow cytometric
analysis. Notably, «KG treatment led to a reduction in
intracellular ROS levels (Figure 3d—f). These results indicate
that «KG may protect chondrocytes from damage caused by
oxidative stress. In addition, transmission electron microscopy
revealed consistent results: «KG alleviated TBHP-induced
mitochondrial swelling, vacuolization and rupture of cristae
within the chondrocytes (Figure S2).

The relative intracellular reduced state induced by
«KG addition protected chondrocytes from
oxidative stress damage

In our further study, flow cytometric analysis revealed
a markedly higher apoptosis rate in oxidatively stressed
chondrocytes than in their normal counterparts. Notably, after
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Figure 3. The addition of «KG alters the redox state in chondrocytes. (a) Acetyl CoA, succinyl CoA, «KG dehydrogenase, and ATP levels by ELISA in
chondrocytes before and after TBHP treatment with or without «KG treatment. (b) NAD, NADH levels, and NAD*/NADH ratio in chondrocytes before
and after TBHP treatment with or without «KG treatment. (¢) NADP NADPH levels, and NADP*/NADPH ratio in chondrocytes before and after TBHP
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TBHP tert-butyl hydroperoxide

6 hours of oxidative stress followed by 24 hours of «KG sup-
plementation, some chondrocytes displayed markers of apop-
tosis, albeit at a significantly lower rate than the chondrocytes
in the oxidatively stressed group did (5.183+£0.5601%,
5.3354+0.6576%, 5.920 £0.7169%, and 4.697 +0.4474%
vs 14.57£2.968%, P <0.001) (Figure 4a—c). Subsequent
western blot analysis of chondrocyte nuclear proteins revealed
that compared with that in the control group, the level of
lactylation in the nucleus of oxidatively stressed chondrocytes
was significantly decreased, although lactylation was restored

after «KG treatment (Figure 4d, Figure S1k). The relatively
reduced intracellular state favours the shuttling of lactate into
chondrocytes (Figure 4e).

We screened the GEO database (GSE148159) for protein
markers that are characteristically altered under pathophysi-
ological conditions in chondrocytes [25], including the matrix
synthesis-related proteins aggrecan (ACAN) and Col2al
as well as the matrix degradation-related proteins matrix
metalloproteinase 13 (MMP13) and A Disintegrin and Met-
alloproteinase with Thrombospondin motifs 5 (ADAMTSS).
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(d and f), or independent experiments (e). Data are presented as mean & SD H3K56/a histone H3 lysine 56 lactylation

We performed western blot analysis and found that Col2al
synthesis was significantly inhibited in oxidatively stressed
chondrocytes and that this effect was alleviated by «KG
treatment (Figure 4f, Figure S1I).

In summary, it can be concluded that the relatively reduced
intracellular state was beneficial for the survival of chondro-
cytes. This beneficial effect was primarily due to the decrease
in the intracellular ROS content, the promotion of lactate
shuttling into the cell, the activation of the intracellular gly-
colytic lactate/H3KS56la/HIF 1o regulatory axis in chondro-
cytes resulting from the relatively reduced state, and the
subsequent promotion of type II collagen synthesis in chon-
drocytes. These mechanisms collectively protect chondrocytes
from damage induced by oxidative stress.

aKG alleviated osteoarthritis by promoting H3K56
lactylation and HIF 1« expression

As ACL injuries account for ~25% of PTOA cases in young
athletes [26], we employed ACLT method in C57BL/6 mice
to simulate the pathological state of cartilage subjected to

abnormal mechanical stress. Twenty mice of the same age
on the same genetic background were selected. A total of 15
mice were randomly assigned to three experimental groups
after undergoing ACLT, while the mice in the control group,
containing five mice, underwent a sham operation in which
the joint cavity was cut apart but the ACL remained intact.
The mice in the «KG treatment group were treated with
0.25% and 0.75% «KG in their drinking water.

All the mice were sacrificed by cervical dislocation under
deep anaesthesia 4 weeks after the operation. The immunoflu-
orescence staining results confirmed the chondroprotective
effect of HIF 1la and H3KS56la. HIF 1o expression and
H3KS56la were reduced in the mice in the ACLT osteoarthritis
model, whereas oKG treatment was accompanied by the
restoration of HIF 1« expression (relative fluorescence
intensity 0.8166 +0.1823 in the low-«KG treatment group
vs 0.4064 £0.1175 in the OA group, P=0.0035 <0.01) and
H3K356la (relative fluorescence intensity 0.9823 +0.1255 and
0.8456 £0.08477 vs 0.4429 £ 0.2403, P <0.01) (Figure Sa).

Before the knee specimens were sectioned for analysis, uCT
analysis was performed. The number of osteophytes in the
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Figure 5. H3K56 lactylation in chondrocytes alleviates osteophyte formation and subchondral osteosclerosis in osteoarthritis. (a) Immunofluorescence of
HIF 1 and H3K56la in chondrocytes (scale bar =500 um in aerial view, 20 um in zoomed images) and relative fluorescence intensity of HIF 1« and
H3K56la. (b) 3D micro-CT reconstruction of right knee joints of mice (red arrow indicates osteophytes, scale bar =500 um, n=5). (c) Bone volume, bone
volume/tissue volume, trabecular thickness, and trabecular number of subchondral bone. Significance was determined by one-way ANOVA with
Dunnett's multiple comparison test (a, c). Data are mean + SD from at least five experiments. HIF Ta hypoxia-inducible factor-1 alpha, H3K56/a histone
H3 lysine 56 lactylation

9202 4890joQ Z| U0 158NnB Aq 928G L £8/ELOSEMASUING/EE0 |0 |/10P/2[01E/BWNENSUING/WOD dNO"DILISPEOE WO} POPECIUMO(]



Burns & Trauma, 2026, Vol. 14, tkaf073

ACLT group was significantly greater than that in the control
group, and the number of osteophytes in the «KG treatment
group was between that in the disease group and that in
the control group (Figure 5b). The subchondral bone of the
tibial plateau was selected as the region of interest (ROI)
for quantitative analysis. Compared with the normal group,
the disease model group had a significantly greater bone
volume (BV) and bone volume/total volume ratio (BV/TV)
and greater trabecular thickness (Tb. Th) in the subchondral
bone of the knee. However, there was no significant difference
in trabecular number. Osteophyte formation and subchondral
bone sclerosis were alleviated to some degree in the aKG
treatment group (Figure Sc).

Immunohistochemical (IHC) staining of the sections
revealed that Col2al expression in the knee cartilage of mice
in the disease model group was reduced. Moreover, compared
with those in the control group and the «KG treatment
group, the levels of MMP13 and ADAMTSS were increased
(Figure 6a, b). Further assessments through HE, safranin O,
and toluidine blue staining, along with quantitative analyses
of changes in articular cartilage, were carried out (Figure 7a).
The number of chondrocytes in the articular cartilage of
the mice was significantly lower in the osteoarthritis group
than in the control and aKG treatment groups (Figure 7b).
Additionally, the thickness of the articular cartilage was
reduced. The thickness of the calcified cartilage was increased
(Figure 7c, d). The OARSI score was significantly higher
in the osteoarthritis group than in the control and «KG
treatment groups (Figure 7e). These findings indicate that
aKG treatment alleviates osteoarthritis.

Discussion

Mammalian cells typically function in a normoxic environ-
ment. It is generally believed that glycolysis may occur only
in hypoxic environments [27, 28]. Since the discovery of the
Warburg effect and the increase in studies on tumour cells
and immune cells, glycolysis has gradually been recognized
as a crucial process of glucose metabolism and energy supply
[29, 30]. Lactate produced via glycolysis in mammalian cells is
increasingly recognized not only as a substrate for gluconeo-
genesis but also as a potential intracellular signal involved in
the regulation of intracellular gene expression and physiolog-
ical functions [31]. Under physiological conditions, mammals
maintain low intracellular and blood pyruvate concentrations,
whereas lactate levels increase dramatically during exercise,
especially intense anaerobic exercise. In chondrocytes, local
pyruvate and lactate levels are higher in cartilage than in
blood, probably because of the glycolytic activity, and because
of this physiological feature, the study of lactylation modifi-
cations in chondrocytes is of interest [32].

Intracellular lactate is generated through a reaction involv-
ing pyruvate and NADH catalysed by LDHA [33]. A recent
study showed that the induction of intracellular NADPH pro-
duction in mouse chondrocytes significantly alleviates artic-
ular cartilage degeneration [34]. Our data demonstrate that
aKG-induced reductive stress (as evidenced by the elevated
NADPH and NADH levels; Figure 3b—c) promotes extracellu-
lar lactate influx into chondrocytes (Figure 4e), subsequently
increasing H3K56 lactylation and collagen synthesis. This
phenomenon is consistent with Brooks’ lactate shuttle theory
[23], which posits that lactate serves as a redox-coupled
metabolite whose transmembrane transport is dynamically

1"

regulated by the cellular energy state. Importantly, monocar-
boxylate transporters (MCTs)—particularly MCT1 (influx)
and MCT4 (efflux)—exhibit redox-sensitive gating proper-
ties. Under reducing conditions (e.g. high NADPH levels),
MCT1 undergoes conformational changes that favour lactate
influx, while MCT4 activity is suppressed to limit lactate
efflux [35]. Therefore, NADH and NADPH alter the intra-
cellular redox state and promote lactate shuttling into the
cell. This results in increased lactylation in the chondrocyte
nucleus. a-Ketoglutarate acts as a lactate trap in chondrocytes,
inducing the shuttling of lactate into the cell and then captur-
ing it, tightly binding it to histones via lactylation to support
physiological function.

Among the three spin isomers of lactate (D-, L-, and DL-
lactate), L-lactate is the predominant isomer formed in mam-
malian cells via glycolysis [36]. Consequently, we used an L-
lactate assay kit to measure the intra- and extracellular lactate
contents. Previous experiments revealed that L-lactate directly
promotes lactylation of specific lysine residues on histones.
In contrast, lysine lactylation mediated by D-lactate (K(D-
la)) occurs only in cytosolic proteins in close contact with
lactylglutathione (LGSH) [37]. In the present experiments, L-
lactate, D-lactate, and DL-lactate were added to the chon-
drocyte medium; however, only the addition of L-lactate pro-
moted the occurrence of histone lactylation in chondrocytes.
On the basis of the above studies, all the lactylation modifi-
cations studied herein, particularly histone lysine lactylation,
refer to the L-lactylation modification induced by L-lactate.

Through HPLC-MS analysis, we precisely identified the
lysine (K) residue in the peptide sequence corresponding to the
57th amino acid of Histone H3. Considering the methionine
(M) translated by the start codon AUG as the initiation point
and excluding it from the ordinal number of amino acids, we
confirmed that the identified lysine is the 56th amino acid
on Histone H3. In addition, the molecular weight of lysine
calculated according to the molecular formula C¢H14N>O> is
146 Da, while the average molecular weights of amino acids
after dehydration synthesis are reduced by ~18 Da, and there
may be isotopic molecules under the actual conditions. The
average molecular weight of the lysine in the identified peptide
was 128.1742 Da; similarly, the average molecular weight of
the lactyl group was 72.02113 Da.

Posttranslational modifications of proteins in mammalian
cells vary spatially and temporally across cell states. This
study confirmed that H3K56 is the main site of lactyla-
tion in the nucleus of chondrocytes. However, whether other
modification sites are present in chondrocytes and how these
modification sites are related to each other need to be further
explored.

HDAGC: function as lactylation erasers [37], but they lack
specificity because they are also methylation and acetylation
erasers [38, 39]. Therefore, adding HDACs to chondrocytes
for inhibition of lactylation inadvertently affects other acy-
lation modifications, including methylation and acetylation.
This broad impact could cloud the interpretability of the
results. To specifically inhibit lactylation modifications, we
employed the LDHA-specific inhibitor FX-11 and conducted
knockdown experiments on HIF 1a. These targeted interven-
tions, combined with other experiments, elucidated the phys-
iological relevance of lactylation in chondrocytes. Notably,
the current study has definite methodological limitations.
Specifically, site-directed mutagenesis of K56 is needed in
future investigations to conclusively elucidate the regulatory
mechanism of H3K56la. Regrettably, such experiments were
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Figure 6. H3K56 lactylation in chondrocytes preserves cartilage matrix in mouse knee joints. (a) Immunohistochemistry of Col2a1, aggrecan, ADAMTSS5,
and MMP 13 in mouse knee joint (red arrow indicates the typically positive area, scale bar =100 um, n =5). (b) Relative positive area of Col2a1,
aggrecan, ADAMTS5, and MMP 13 per section. Significance was determined by one-way ANOVA with Dunnett's multiple comparison test (b). Data are
mean + SD from at least five experiments. ADAMTS5 a Disintegrin and Metalloproteinase with Thrombospondin motifs 5, MMP 13 matrix
metalloproteinase 13, H3K56la histone H3 lysine 56 lactylation
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subchondral bone

not feasible under our current technological constraints.
Furthermore, the clinical relevance of these findings could
be substantially increased through subsequent studies
incorporating human osteoarthritis-derived articular cartilage
specimens, particularly those obtained during arthroplasty
procedures at different disease stages.

Our study demonstrated that exposure to high concen-
trations of lactate—exceeding physiological levels—induced
detachment, inhibited growth, and, in severe cases, led to the
death of chondrocytes. In contrast, a low-lactate environment,
with lactate concentrations similar to those found under
physiological conditions, was favorable for the lactylation of
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H3K56 in chondrocytes and facilitated the expression of the
transcription factor HIF 1a. HIF la, in turn, promoted the
synthesis of type II collagen by binding to the promoter region
of the Col2a1 gene. These findings indicate that varying con-
centrations of lactate can produce distinct biological effects
depending on the cellular state. Furthermore, the transport
of lactate into and out of chondrocytes is regulated by the
intracellular and extracellular redox gradient. This relation-
ship offers a novel perspective for artificially modulating
glycolytic lactate transport within chondrocytes. Compared
to the exogenous addition of lactate, such an intervention
strategy avoids the complications associated with high lactate
concentrations and the challenges of controlling its regulatory
outcomes.

The protective mechanism of H3K56la in articular
cartilage extended beyond the activation of the glycolytic
lactate/H3K56la/HIF 1« positive regulatory axis, which
primarily governs collagen II synthesis. In addition, H3K56la
alleviated chondrocyte apoptosis. As discussed in previous
studies, HIF 1o also regulates the expression of BMP2, Sox9,
Runx2 and other genes [40]. These genes, including Runx2,
are also involved in other bone-related diseases [41]. However,
it can be concluded that the activation of this positive
regulatory axis further promotes collagen II synthesis through
the binding of the transcription factor HIF 1« to the Col2al
gene promoter. Moreover, we observed the binding between
HIF 1a and LDHA by co-IP, and the precise mechanism
remains to be studied. A glycolytic lactate/H3K56la/HIF
la positive feedback loop may exist in chondrocytes.
Promoting the activation of this positive feedback loop is
a potential protective strategy for osteoarthritic articular
chondrocytes. This is one of the main goals of our future
research.

Earlier studies suggested that lactylation might be a nonen-
zymatic reaction [42], and our current study confirmed that
lactate accumulation and catalysis by the acetyltransferase
P300 are integral events during the induction of lactylation,
at least in primary mouse chondrocytes. It is not possible
to simply assume that the accumulation of lactate is good
or bad or to simply draw the conclusion that lactylation
is friend or foe without considering the cell type and its
pathophysiological state. It is certain that the production of
lactate via glycolysis in mammalian cells inevitably alters
intracellular acid-base homoeostasis and that the presence
of lactate promotes lactylation to some extent. Therefore,
lactate acts as a signalling molecule. Understanding how
lactate further influences gene expression, posttranslational
modifications, and cellular physiological activities requires
further investigation. While the changes in the extracellular
matrix (ECM) of cartilage associated with the pathogenesis
of osteoarthritis are well understood, it is now increasingly
clear that in many cases, the pathogenesis of the disease may
initially be manifested in the region of the matrix that directly
surrounds the chondrocytes, known as the pericellular matrix
(PCM) [43]. The PCM acts as a key transducer or “filter’ for
chondrocyte-derived biochemical and biomechanical signals,
helping to regulate the homoeostatic balance of chondrocyte
metabolic activity in response to environmental stimulus-
related signals. Type II collagen is relatively specific to hyaline
cartilage, and disruption of type II collagen is considered a
potential biomarker for osteoarthritis. In other words, an
imbalance between the synthesis and degradation of type
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II collagen, which causes chondrocyte destruction, may be
important for the pathogenesis of osteoarthritis.

The roles of «KG as an antioxidant and in the alleviation
of osteoarthritis has been reported several times [15, 44].
Unlike N-acetylcysteine (NAC), which directly scavenges ROS
through thiol group donation, «KG participates in dual mech-
anisms by fundamentally altering the cellular redox archi-
tecture. Our data revealed that «KG increases the levels of
NADH and NADPH, sustaining the antioxidant capacity.
More importantly, «KG-mediated metabolic reprogramming
facilitates lactate influx, unlike NAC, thereby coupling redox
homoeostasis with epigenetic regulation. TBHP was applied
to chondrocytes in an in vitro experiment to simulate intracel-
lular oxidative stress. After screening via a CCK8 assay, a con-
centration of 20 uM was determined to produce a relatively
oxidative state in chondrocytes. Stimulation with TBHP at
this concentration did not fully mimic the osteoarthritic state
of articular chondrocytes, which was not the original goal
of the in vitro experiments. We performed these experiments
to verify that altering the intracellular redox state affects
the expression of Col2al in chondrocytes following lactate
shuttling and the occurrence of lactylation. These findings
lay the foundation for exploring strategies for chondrocyte
protection and osteoarthritis therapy.

In contrast, in the iz vivo experiments with ACLT models,
in which articular chondrocytes were subjected to mechanical
stress, a cascade of pathological changes related to chondro-
cyte destruction was inevitably triggered, involving patho-
physiological processes such as oxidative stress and inflam-
mation; thus, the origins of the pathological changes observed
in the animal sections and other experimental indicators were
not limited to alterations in Col2al expression. Therefore,
in subsequent iz vivo experiments, the expression of Col2al
in particular chondrocytes was also regulated to a certain
extent after the redox status of the chondrocytes was altered,
and the indices associated with these pathological changes
also changed accordingly, thus delaying the progression of
osteoarthritis but not completely curing the disease or revers-
ing all the pathological changes.

Conclusions

In this study, we investigated the interaction between histone
lactylation and HIF 1, uncovering that the glycolytic
lactate/H3K56la/HIF 1a regulatory axis plays a positive
regulatory role in the synthesis of type II collagen in
chondrocytes. Our findings further demonstrated that this
regulatory axis is activated through modulation of the
intracellular redox environment within chondrocytes. This
activation facilitates the transport of extracellular lactate
into the cells, enhances the expression of the Col2al gene—
which encodes type II collagen—and protects chondrocytes
against apoptosis induced by oxidative stress. Moreover,
in vivo experimental results showed that activation of this
positive regulatory axis mitigated pathological changes
associated with osteoarthritis in animal models. Collectively,
our data indicate that a reduced intracellular redox state in
chondrocytes promotes H3K56 lactylation and upregulates
HIF 1la expression, thereby regulating type II collagen
synthesis. These insights suggest that inducing such molecular
changes may represent a promising therapeutic approach for
the treatment of osteoarthritis.
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