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Abstract
Alzheimer’s disease (AD) is characterized by persistent microglial activation, yet how metabolic stress
contributes to inflammatory reprogramming remains unclear. This study investigated the role of histone
deacetylase 1 (HDAC1) lactylation in microglial inflammation. HDAC1 and global protein lactylation were
examined in human AD prefrontal cortex and 5×FAD mice, alongside human single-nucleus and spatial
transcriptomic analyses. Proteomic and lactylomic profiling of BV2 microglia exposed to hypoxia and
lipopolysaccharide (LPS-Hy) was used to characterize inflammatory reprogramming and identify
candidate HDAC1 lactylation sites, followed by molecular docking and mutagenesis. HDAC1 lactylation
and global protein lactylation signals were elevated in IBA1-positive microglia in human AD tissue and
5×FAD mice and associated with activation markers. Transcriptomic analyses revealed no corresponding
increase in HDAC1 mRNA in AD microglia, implicating post-translational modification in HDAC1-
associated inflammatory regulation. Lactylomic profiling identified K438 as a major HDAC1 lactylation
site, while molecular docking suggested structural compatibility between lactate and the HDAC1
catalytic pocket. Wild-type HDAC1 enhanced LPS-Hy-induced Il1b and Nos2 expression, whereas the
K438R mutant abolished detectable HDAC1 lactylation and lost this enhancing effect, accompanied by
altered total p65 abundance. Cross-dataset integration identified a conserved immune–metabolic
microglial module across human AD, Aβ-positive microglia, and LPS-Hy-treated BV2 cells, with HDAC1 as
a highly connected network hub. Together, these findings support a role for HDAC1 K438 lactylation in
regulating microglial inflammatory responses under metabolic and inflammatory stress, highlighting a
potential non-histone post-translational mechanism linking cellular stress to immune-metabolic
reprogramming and a candidate target for further investigation in AD.

Introduction
Alzheimer's disease (AD) involves progressive disruption of neuronal homeostasis accompanied by
persistent alterations in immune responses within the central nervous system [1]. Among brain-resident
immune cells, microglia undergo substantial functional transitions during AD progression and contribute
to chronic inflammatory responses, impaired tissue homeostasis, and neuronal dysfunction [1, 2].
Importantly, these pathological states are not merely reactive to ongoing amyloid pathology; rather, their
maintenance implies cell-intrinsic regulatory mechanisms that lock microglia into sustained activation
[1, 3]. Recent single-cell and metabolic profiling have revealed that AD-associated microglia exhibit
coordinated transcriptional and metabolic remodeling, with lactate-related pathways emerging as core
components of this dysfunctional program [4, 5]. Lactate, however, is not merely a glycolytic byproduct;
in the AD microenvironment, it acts as a signaling metabolite capable of modulating inflammatory
responses. The transduction step remains poorly defined: how a fluctuating metabolic cue is converted
into a durable molecular program that sustains microglial inflammation.

Experimental AD models and human brain analyses have consistently shown that disease-associated
microglia do not mount a transient inflammatory burst but instead undergo coordinated reprogramming
of inflammatory, phagocytic, and metabolic programs, with altered expression of inflammatory
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mediators, phagocytic regulators, and lysosomal genes reflecting adaptive responses to amyloid
pathology and neuronal injury [6, 7]. This reprogramming includes enhanced glycolytic activity, increased
lactate production, and dysregulated energy utilization, suggesting that metabolic adaptation is integral
to the microglial disease state rather than a secondary effect of inflammation [4, 5]. Beyond amyloid-
driven activation, the AD microenvironment imposes additional metabolic stress, impaired energy
homeostasis, mitochondrial dysfunction, and hypoxic insults linked to vascular abnormalities, each of
which can shape microglial functional outcomes [8–14]. Lactate, a key end-product of this glycolytic
shift, has received particular attention: it acts not only as a metabolic fuel but also as a signaling
molecule that modulates inflammatory responses [15, 12]. More recently, histone lactylation has been
identified as a mechanism linking lactate accumulation to transcriptional reprogramming in AD
microglia, with H4K12 lactylation driving a glycolysis-dependent positive feedback loop that sustains
pro-inflammatory gene expression [16]. This histone-based model, however, operates at the chromatin
level and cannot readily explain how lactate signals directly and rapidly engage cytoplasmic signaling
cascades such as NF-κB. Although initially characterized as a histone mark, lactylation has been found
to occur on non-histone proteins involved in transcriptional regulation and intracellular signaling [17–22].
This gap points to a specific unresolved issue: whether non-histone regulatory proteins undergo
functionally relevant lactylation in AD microglia, and if so, whether this modification provides a direct
route from metabolic stress to inflammatory activation.

Among the potential non-histone targets that might fill this transduction gap, histone deacetylase 1
(HDAC1) emerges as a compelling candidate. HDAC1 is a class I deacetylase with established roles in
neuroinflammation: it modulates NF-κB signaling through direct deacetylation of the p65 subunit at
Lys310, a modification that controls p65 nuclear translocation and transcriptional activity [23, 24].
Beyond this canonical deacetylase function, HDAC1 also possesses lysine delactylase activity, placing it
at the intersection of acetylation and lactylation regulatory networks [25]. In AD, however, the relationship
between HDAC1 and disease pathology is not straightforward. Postmortem studies have reported that
HDAC1 protein levels decrease in end-stage AD frontal cortex yet increase in mild cognitive impairment,
suggesting stage-dependent fluctuations rather than a monotonic decline [26, 27]. In vivo PET imaging
further revealed reduced class I HDAC availability in AD patients, correlating inversely with amyloid β
(Aβ) and tau burden [28]. Critically, single-nucleus and spatial transcriptomic analyses consistently show
that HDAC1 mRNA remains unchanged in AD microglia across cortical regions, indicating that HDAC1
dysregulation in this cell type is unlikely to be driven by transcriptional control. This transcriptional
stability, juxtaposed with stage-dependent protein changes, points to post-translational modification as a
plausible regulatory layer. Our prior lactylome profiling in BV2 microglia identified HDAC1 as a lactylated
component of the nucleosome remodeling and deacetylase (NuRD) complex, but the responsible residue
and its functional consequences for inflammatory signaling remained undefined [13]. Given that HDAC1
can be lactylated at specific lysines in other cellular contexts, a modification that alters its epigenetic
regulatory activity [29], we therefore investigated whether HDAC1 undergoes disease-associated
lactylation in AD microglia and whether this modification directly couples metabolic stress to NF-κB-
dependent inflammation.
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In the present study, we tested the hypothesis that HDAC1 lactylation at a specific lysine residue couples
metabolic stress to NF-κB-dependent microglial inflammation in AD. To address this question, we
integrated human AD transcriptomic datasets, 5×FAD mouse models, hypoxic-inflammatory microglial
activation paradigms, and quantitative lactylome profiling. Guided by our prior observation that HDAC1 is
lactylated within the NuRD complex, we performed site-directed mutagenesis to interrogate the
functional contribution of individual lactylation sites to inflammatory signaling. We predicted that
mutation of the principal lactylation-responsive residue would abrogate HDAC1-dependent enhancement
of inflammatory gene expression and disrupt the HDAC1-p65 regulatory axis. This work identifies HDAC1
K438 lactylation as a metabolically responsive post-translational modification that sustains pro-
inflammatory microglial states in AD, and positions this modification as a potential node for therapeutic
intervention in neuroinflammation.

METHODS

Participants
Postmortem frozen frontal cortex tissues from AD patients and age‑matched controls were obtained
from the National Human Brain Bank for Development and Function, Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (CAMS), which provided demographic, cognitive, and
neuropathological data for all cases. The study was approved by the Institutional Review Board of the
Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Approval No. 009‑2014 and
2022125), and written informed consent was obtained from all donors or their next of kin. Donors were
included if aged ≥ 50 years with complete clinical and neuropathological information and a postmortem
interval ≤ 24 h. Exclusion criteria comprised coexisting neurodegenerative diseases, acute
cerebrovascular death, CNS tumors or infections, severe trauma, marked autolysis or tissue artifacts,
severe small vessel disease or non-AD tauopathies as dominant pathology, and missing key clinical or
neuropathological data. Across three experimental batches, 54 control samples and 75 AD samples
were included. Subsets were used for lactate/LDH activity assays (34 control and 61 AD samples),
cytokine quantification (10 control and 9 AD samples), and immunoblotting/immunoprecipitation
(Supplementary Table 1).

Biochemical measurements of lactate levels and lactate
dehydrogenase activity
Frozen brain tissues were homogenized in cold lysis buffer and centrifuged at 12,000 × g for 30 min at
4℃; supernatants were collected for biochemical assays. Lactate concentration was measured by
endpoint colorimetry (Beyotime S0208S; A = 450 nm), and LDH activity was determined with a
commercial kit (Beyotime P0393S; A = 450 nm). All measurements were normalized to total protein
concentration, quantified by bicinchoninic acid assay (Solarbio PC0020; A = 562 nm).
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Neuropathological scoring and statistical correlation analysis
Neuropathological severity was assessed using the ABC scoring system (Braak stage and Thal phase)
according to published criteria [30]. Spearman correlation analysis was applied to lactate levels, LDH
activity, and neuropathological indices.

Enzyme-linked immunosorbent assay
Inflammatory cytokines in human brain homogenates were quantified by ELISA (R&D Systems) using the
following kits: CCL4 (DMB00), CCL5 (DY278), CXCL9 (DCX900), IL‑1β (DY201), IL‑6 (D6050B), TNF‑α
(DTA00D), and IL‑10 (D1000B). Optical density was measured on a microplate reader, and cytokine
concentrations were derived from standard curves.

Western blot and immunoprecipitation
Western blot and immunoprecipitation
Protein samples were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were
blocked and incubated with primary antibodies against IL-1β (Proteintech, 16806-1-AP), NF-κB p65
(Proteintech, 80979-1-RR), phospho-p65 Ser536 (Proteintech, 80379-2-RR), HIF-1α (Proteintech, 20960-1-
AP), β-actin (Proteintech, 66009-1-Ig), Flag (Proteintech, 66008-4-Ig), HDAC1 (Proteintech, 10197-1-AP),
and pan‑lactyl‑lysine (PTM Biolabs, PTM-1401RM), followed by HRP‑conjugated secondary antibodies
(Abbkine, A25022 and A25012). Signals were visualized by enhanced chemiluminescence. For
immunoprecipitation, brain lysates were incubated with anti‑Flag or anti‑HDAC1 antibodies overnight at
4℃, then with protein A/G agarose beads (Beyotime, P2179M). Immunoprecipitated proteins were
eluted and analyzed by immunoblotting with the indicated antibodies.

Immunofluorescence staining and image analysis
Nine‑month‑old 5×FAD mice and age‑matched C57BL/6J controls were obtained from SPF (Beijing)
Biotechnology. Animals were housed under specific pathogen‑free conditions (12 h light/dark cycle, 26
℃) with free access to food and water. For tissue collection, mice were deeply anesthetized and
perfused transcardially with ice‑cold saline followed by 4% paraformaldehyde; brains were post‑fixed,
paraffin‑embedded, and sectioned. Sections were stained with antibodies against HDAC1 (1:100),
pan‑Kla (1:50), and IBA1 (1:200) using a triple immunofluorescence kit (ImmunoWay Biotechnology).
Images were acquired on an Olympus FV1000MPE confocal microscope, and fluorescence intensity and
colocalization were quantified with FIJI software. All animal procedures were approved by the Animal
Care and Use Committee of the Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences & School of Basic Medicine, Peking Union Medical College (Approval No.
ACUC‑XMSB‑2026‑063).
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BV2 microglial cell culture and treatments
BV2 microglial cells were obtained from the National Biomedical Cell‑Line Resource and maintained in
DMEM/F12 (Gibco, 12634010) supplemented with 10% fetal bovine serum (Gibco, A5669201) at 37℃ in
5% CO₂. Cells were transfected with HDAC1 wild‑type, mutant constructs, or siRNAs (Youbio) using
Lipofectamine 3000 (Thermo Fisher Scientific, L3000001).

For hypoxic inflammatory stimulation, cells were exposed to 1% O₂ (Baker Ruskinn InvivO₂ system) in the
presence of LPS (100 ng/mL; Sigma‑Aldrich, L2630) for 24 h (LPS‑Hy model)[13]. For real‑time
impedance monitoring, cells were seeded at 5×10³ cells/mL or 1×10⁴ cells/mL and continuously tracked
on the xCELLigence RTCA system. For migration and morphological assays, the initial seeding density
was standardized at 1×10⁴ cells/mL, and all assessments were performed at 24 h post‑stimulation,
corresponding to the log‑phase growth plateau identified by RTCA. Wound closure and process
outgrowth were quantified with FIJI software.

RNA extraction and RT-qPCR
Total RNA from BV2 cells was extracted with TransZol reagent (TransGen Biotech, ET111-01-V2). RNA
was reverse‑transcribed using a cDNA synthesis kit (Vazyme, R323-01), and qPCR was run with SYBR
Green master mix (Vazyme, Q321-02) on a Bio‑Rad CFX96 system under the following conditions: 95℃
for 3 min; 39 cycles of 95℃ for 10 s and 65℃ for 33 s; 65℃ for 5 s; and 95℃ for melt‑curve analysis.
Primer sequences are provided in Supplementary Table 2. Relative gene expression was calculated by
the 2⁻ΔΔCt method.

Molecular docking of L-lactate into the HDAC1 catalytic
pocket
The predicted three‑dimensional structure of human HDAC1 (UniProt Q13547; AlphaFold
AFQ13547‑F1‑mold.pdb) was retrieved from the AlphaFold Protein Structure Database. L‑lactate was
docked into the HDAC1 catalytic domain using AlphaFold3, Boltz‑2, and Protenix‑v2 platforms. Predicted
binding poses were compared with the acetate‑bound conformation in the experimental HDAC1
structure (PDB: 4BKX).

Public dataset acquisition and preprocessing
Single‑nucleus RNA‑seq (snRNA-seq) datasets were retrieved from GEO (GSE146639) and from a
published early‑AD cortical cohort [31]. We also integrated proteomic and lactylation datasets from our
previous neuroinflammation study for multi‑omics comparison. For microglial nuclei, raw counts were
normalized using SCTransform, and batch effects across sequencing runs were corrected with Harmony.
Differential expression was called by MAST, applying a false‑discovery rate (FDR) < 0.05 and log₂
fold‑change > 0.25. For pathway‑level interrogation, we queried gene ontology (GO) and kyoto
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encyclopedia of genes and genomes (KEGG) annotations for functional enrichment and performed gene
set enrichment analysis (GSEA) using the fgsea package with an FDR threshold of 0.1. Routine
enrichment analyses were run on the Sangerbox platform (http://www.sangerbox.com/tool) [32];
visualizations were generated with ggplot2 (v3.5.0). Protein‑protein interaction networks were built with
STRING (v12.0, confidence score ≥ 0.4) and laid out in Cytoscape 3.10.3 using the force‑directed layout.
Transcription factor‑target regulatory networks were inferred from the TRRUST database to map
upstream regulators of differentially lactylated proteins. For multiple hypothesis testing, we applied the
Benjamini‑Hochberg procedure globally. All bioinformatic analyses are detailed in the figure legends and
supplementary methods.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.0, SPSS 20.0 and R 4.4.2. Data are
presented as mean ± SD. Two-group comparisons were performed using an unpaired Student’s t-test or
Mann-Whitney U test, as appropriate. Multiple-group comparisons were performed using one-way
ANOVA with post hoc tests. Correlations were assessed using Spearman’s rank correlation test. Because
age differed between the AD and control groups, ANCOVA was used to assess group differences in brain
lactate levels and LDH activity after adjustment for age. Log10-transformed values were used as the
dependent variables, with group as a fixed factor and age as a covariate. Group-by-age interactions were
first tested to assess differences in regression slopes between groups. When the interaction was not
significant, the model was refitted without the interaction term to estimate age-adjusted group
differences. A two-tailed p value < 0.05 was considered statistically significant.

RESULTS

HDAC1 K438 Lactylation Regulates NF-κB-associated
Microglial Inflammation under Metabolic Stress in
Alzheimer’s Disease
Postmortem prefrontal cortex tissues from patients with AD and controls were analyzed using
biochemical assays (Fig. 1A). Across the full cohort of 95 individuals, Spearman’s rank correlation
analysis revealed a weak positive correlation between age and brain lactate levels (r = 0.276, p = 0.007,
Fig. 1B). Lactate levels were higher in AD tissues than in controls in the unadjusted group comparison
(Fig. 1C). Given the age difference between the two groups, we performed an ANCOVA to assess the
group difference after age adjustment. The group-by-age interaction was not significant (p = 0.209),
providing no evidence of a significant difference in the age-lactate regression slopes between groups.
After adjustment for age, the difference in log10-transformed lactate levels was no longer statistically
significant (p = 0.953, Fig. 1D). These findings suggest that the higher lactate levels observed in AD
tissues may be substantially influenced by the age difference between groups, with no statistically
significant group difference remaining after age adjustment. Lactate dehydrogenase (LDH) activity
showed a decreasing trend in AD tissues compared with controls (Fig. 1E). However, after adjustment
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for age, the difference in log10-transformed LDH activity between groups was not statistically significant
(p = 0.951, Fig. 1F). ELISA analysis revealed significantly elevated levels of CCL4, CXCL9, IL-1β, IL-6, TNF-
α, and IL-10 in AD tissues, while CCL5 remained unchanged (Fig. 1G). Immunoblot analysis further
showed significant increases in IL-1β, total p65, and phospho-NF-κB p65 (Ser536) protein levels in AD
samples. In contrast, HIF-1α levels and the phospho-p65/total p65 ratio did not differ significantly
between groups (Fig. 1H). These findings support an inflammatory state in the AD prefrontal cortex,
accompanied by changes in NF-κB pathway-associated protein levels. HIF-1α showed a trend toward
increase but did not reach statistical significance in bulk AD cortical tissue (Fig. 1H), arguing against
global HIF-1α accumulation in end-stage AD cortex. This does not exclude localized, transient, or
microglia-specific HIF-1α stabilization, which bulk postmortem tissue may not resolve. We next
examined global protein lactylation and HDAC1-associated lactylation. Immunoblot analysis revealed
significantly elevated global protein lactylation (pan-Kla) in AD brains (Fig. 1I). Immunofluorescence
staining further showed enrichment of pan-Kla signals in HDAC1-positive IBA1+ microglia in AD cortex
(Fig. 1J). Consistently, immunoprecipitation of HDAC1 from brain lysates revealed increased HDAC1-
associated lactylation in AD samples compared with controls (Fig. 1K). Collectively, these findings
associate increased HDAC1 lactylation with inflammatory changes in the AD brain, although the higher
bulk tissue lactate levels observed in the unadjusted comparison did not remain significantly different
after adjustment for age.

(A) Postmortem prefrontal cortex tissues from control and AD subjects were homogenized and
centrifuged; supernatants were collected for lactate concentration and LDH activity measurements. (B)
Correlation between prefrontal cortex lactate levels and age across the entire cohort. (C) Comparison of
prefrontal cortex lactate levels between control and AD donors. (D) Age-adjusted comparison of lactate
levels between control and AD donors using ANCOVA. Data points represent estimated marginal means
(EMMs), and error bars indicate 95% confidence intervals (CIs). (E) Comparison of LDH activity between
control and AD donors. (F) Age-adjusted comparison of LDH activity between control and AD donors
using ANCOVA. Data points represent EMMs, and error bars indicate 95% CIs. (G) Quantification of
inflammatory cytokines and chemokines (CCL4, CXCL9, IL‑1β, IL‑6, TNF‑α, and IL‑10) in prefrontal cortex
homogenates from control and AD donors. (H) Representative immunoblots and densitometric analyses
of HIF‑1α, IL‑1β, phospho‑NF‑κB p65 (Ser536), and total p65 in control and AD prefrontal cortex. (I)
Representative immunoblot and quantification of global protein lactylation (pan‑Kla). (J) Representative
immunofluorescence staining of IBA1 (red), HDAC1 (yellow), pan‑Kla (green), and DAPI (blue) in control
and AD prefrontal cortex; right panels display fluorescence intensity profiles along the indicated lines. (K)
Immunoprecipitation of HDAC1 from prefrontal cortex lysates, followed by immunoblotting with anti‑Kla
antibody and densitometric quantification. Data are presented as mean ± SD, except for age-adjusted
EMMs, which are shown with 95% CIs. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

AD-associated microglia exhibit a conserved immune-
metabolic transcriptional program across cortical regions
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We integrated two independent single-cell RNA-seq datasets derived from distinct cortical areas, frontal
cortex microglia [31] and microglia from superior parietal and superior frontal regions [33], to identify
conserved disease-associated transcriptional features that persist across anatomical locations. In the
frontal cortex dataset, KEGG analysis highlighted prominent enrichment of canonical inflammatory
pathways, HIF-1 signaling, NF-κB signaling, TNF signaling, and MAPK signaling, together with innate
immune activation modules such as Toll-like receptor and NOD-like receptor signaling (Fig. 2A). GO
enrichment analyses further revealed a coordinated shift in molecular functions related to cytokine
receptor activity, NF-κB-associated transcriptional regulation, and redox-sensitive enzyme activity,
accompanied by biological processes reflecting sustained immune activation and cellular responses to
hypoxic stress (Fig. 2B). This pattern of transcriptional reprogramming was independently replicated in
the second cortical dataset, where similar enrichment of Toll-like receptor signaling, cytokine-cytokine
receptor interaction, and JAK-STAT signaling was observed (Fig. 2D-E). Differential expression analysis
across both datasets revealed broad reconfiguration of microglial gene programs in AD (Fig. 2C). Rather
than isolated gene changes, the overall expression landscape reflected a polarized state with
coordinated activation and repression of functional modules. Critically, HDAC1 expression remained
unchanged at the transcriptional level across all conditions. This transcriptional stability was confirmed
by spatial transcriptomic analysis of the human hippocampal AD dataset, which showed no significant
alteration of HDAC1 expression in hippocampal microglia (Fig. S1) [10]. Thus, while AD-associated
microglia exhibit a conserved and robust inflammatory-hypoxic transcriptional state, HDAC1
dysregulation in this cell type is not driven by changes in transcript abundance. These observations point
instead to post-translational regulation of HDAC1 as the relevant functional layer.

HDAC1 lactylation is increased in activated microglia and
associates with inflammatory programs in AD mice
Immunofluorescence staining of cortical sections from 5×FAD mice revealed increased IBA1+-pan-Kla+

microglia compared with wild-type controls. Within IBA1+ cells, HDAC1 immunoreactivity was elevated
and showed enhanced co-localization with pan-Kla signals (Fig. 3A). Quantitative fluorescence intensity
analysis confirmed increased spatial overlap between HDAC1 and pan-Kla in 5×FAD cortex, indicating
elevated HDAC1 lactylation under AD conditions. This observation was consistent in hippocampal CA1
sections from independent experimental batches (Fig. S2), supporting the robustness of the finding
across brain regions. Consistent with the transcriptional state identified in AD-associated microglia
(Fig. 2), GO and KEGG enrichment analyses of upregulated microglial genes in 5×FAD mice revealed
coordinated activation of inflammatory, immune, and stress-response programs (Fig. 3B). Biological
process terms were dominated by positive regulation of inflammatory response, leukocyte chemotaxis,
and neuroinflammatory processes; molecular function terms highlighted cytokine and chemokine
receptor binding, NF-κB-associated functions, and oxidoreductase activity; and cellular component
enrichment pointed to lysosomal, phagocytic, and mitochondrial compartments. KEGG analysis further
confirmed enrichment of Toll-like receptor, NF-κB, MAPK, JAK-STAT, TNF, and HIF-1 signaling pathways.
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Together, these data confirm that 5×FAD microglia undergo a conserved inflammatory-hypoxic activation
program that mirrors the transcriptional state observed in human AD microglia.

Hypoxic inflammatory stimulation induces AD-like
microglial proteomic reprogramming
We exposed BV2 microglia to 1% O₂ combined with LPS (LPS-Hy) to model combined inflammatory and
hypoxic/metabolic stress that microglia may encounter in the AD microenvironment. Real-time cell
impedance analysis (RTCA) revealed a dynamic increase in cell index following LPS-Hy stimulation, with
a peak at approximately 17 h post-seeding and a gradual decline thereafter (Fig. 4A). Based on these
kinetics, all morphological and migration assessments were performed at 24 h post-intervention. Under
LPS-Hy, BV2 microglia showed significantly accelerated wound closure compared with control
conditions, consistent with enhanced migratory capacity (Fig. 4B), and morphological analyses revealed
pronounced process outgrowth and elongation, indicating microglial activation (Fig. 4C).

Proteomic profiling revealed extensive remodeling of the microglial proteome under LPS-Hy stimulation.
Upregulated proteins were predominantly associated with inflammatory and innate immune activation
programs, including COX-2, Cd14, Irg1, and ADAP, reflecting enhanced prostaglandin metabolism, pattern
recognition receptor signaling, and cytoskeleton-associated immune activation. In parallel, proteins
involved in DNA replication and canonical cell-cycle regulation-Ki-67, Np95, Brip1, and related chromatin
maintenance factors-were downregulated, suggesting a reprogramming away from proliferative cell-
cycle machinery toward an activated immune effector state (Fig. 4D). Gene set enrichment analysis
(GSEA) further confirmed activation of immune and stress-response pathways, including Toll-like
receptor signaling, leukocyte transendothelial migration, NOD-like receptor signaling, VEGF signaling, and
insulin-related metabolic pathways (Fig. 4E). Functional enrichment of upregulated proteins highlighted
biological processes related to phagocytosis, response to external stimuli, and regulation of innate
immune activation, together with molecular functions such as cytokine binding, ubiquitin-like protein
binding, and receptor-mediated signaling (Fig. 4F-G). KEGG analysis pointed to enrichment of MAPK
signaling, Fc gamma R-mediated phagocytosis, endocytosis, and ubiquitin-mediated proteolysis
(Fig. 4G). Conversely, downregulated proteins were enriched in pathways associated with cell cycle
regulation, DNA replication, mismatch repair, and nucleotide metabolism, with KEGG analysis
highlighting cell cycle control, p53 signaling, and DNA repair programs (Fig. 4H-I). PPI and transcription
factor prediction analyses identified interconnected networks among these differentially expressed
proteins, linking upregulated proteins to inflammatory- and hypoxia-associated transcriptional programs
(RELA, NFKB1, HIF1A, STAT3) and downregulated proteins to cell-cycle-related regulatory networks (Fig.
S3A-B). Within this framework, HDAC1 emerged as a candidate transcription factor in the upregulated
regulatory network, consistent with its reported roles in epigenetic and inflammatory regulation.
Collectively, these analyses suggest that hypoxic-inflammatory stimulation induces coordinated
proteomic reorganization accompanied by transcriptional regulatory rewiring, in which HDAC1 may
function as a context-dependent epigenetic modulator.

Page 10/34



Lactylome profiling identifies HDAC1 K438 as a candidate
regulatory lactylation site in microglial reprogramming
We next turned to lactylome profiling of BV2 microglia following LPS-Hy stimulation to identify
lactylation-dependent regulatory remodeling. Global pathway analysis of lactylated proteins revealed
significant enrichment in processes related to ribosome biogenesis, protein translation, and cytoskeletal
organization, together with alterations in tight junction-associated pathways, whereas signaling
pathways such as Wnt and Notch were comparatively reduced (Fig. 5A-E). Functional enrichment
analysis of significantly upregulated lactylated proteins further demonstrated strong association with
chromatin organization, transcriptional regulation, histone modification complexes, RNA binding, and
chromatin-associated regulatory functions across GO biological process, molecular function, and
cellular component categories (Fig. 5F-H). Pathway association analysis linked upregulated lactylated
proteins to major inflammatory and stress-response signaling cascades, including NF-κB, HIF-1, MAPK,
VEGF, Toll-like receptor, TNF, and JAK-STAT pathways (Fig. 5I). While these broad enrichments confirmed
that lactylation broadly engages inflammatory and stress-response programs in activated microglia, they
did not identify which specific lactylated proteins might serve as functional regulatory nodes. We
therefore examined lactylation events on individual proteins, focusing on HDAC1 based on its
established roles in epigenetic and inflammatory regulation. Site-specific lactylome profiling identified
multiple significantly altered lactylation sites on HDAC1 following LPS-Hy stimulation. Among the
detected lysine residues (K412, K432, K438, K444, and K473) K438 exhibited the strongest lactylation
response (Fig. 5J-K). Structural mapping placed K438 within a conserved regulatory region enriched for
post-translational modification hotspots, suggesting potential functional relevance in modulating HDAC1
activity during inflammatory stress (Fig. 5L). These data point to K438 as the principal lactylation site on
HDAC1 in this setting and set the stage for functional interrogation of this modification.

To further examine whether HDAC1 possesses a structural basis for interacting with lactate, we
performed molecular docking of L‑lactate into the HDAC1 catalytic pocket. Three independent prediction
platforms (AlphaFold3, Boltz‑2, and Protenix‑v2) converged on a consistent lactate binding pose within
the conserved catalytic pocket, with the ligand carboxyl group coordinating the catalytic Zn²⁺ ion. The
predicted lactate poses from all three models overlapped with each other and with the acetate product
position in the experimental HDAC1 structure (4BKX) (Fig. S4). This convergence across independent
models supports a structural compatibility between lactate and the HDAC1 active site.

HDAC1 K438 lactylation regulates NF-κB-mediated
inflammatory activation in microglia
To test whether K438 is functionally relevant for HDAC1-mediated inflammatory regulation, we first
knocked down endogenous HDAC1 in BV2 microglia under LPS-Hy conditions (Fig. S5A-B). HDAC1
depletion produced a bifurcated transcriptional response: Il1b, Il6 and Nos2 (also known as Nos2) mRNA
rose sharply, whereas Ccl4 and Ccl5 mRNA dropped; Tnf mRNA was unaffected (Fig. 6A). This pattern
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implies that endogenous HDAC1 exerts gene-specific, rather than global, suppression of inflammatory
programs. Wild type HDAC1 (wt-HDAC1) overexpression recapitulated the pro-inflammatory effect on
Il1b and Nos2. Critically, the K438R mutant ablated this induction, Il1b and Nos2s mRNA fell back to near-
vector-control levels, while Tnf, Ccl4, and Ccl5 mRNA rebounded significantly above wild type-
overexpressing cells (Fig. 6B). Thus, K438 is dispensable for basal HDAC1 expression but obligatory for
its enhancing effect on a specific NF-κB-related transcriptional cluster (Il1b/ Nos2 mRNA), and its
mutation paradoxically relieves repression on chemokine genes.

At the signaling level, wt-HDAC1 overexpression did not alter total p65 abundance, whereas K438R
increased total p65 protein without affecting phospho-p65 occupancy (Fig. 6C). This unexpected
observation suggests that the K438R mutation may affect p65 stability rather than its phosphorylation
state. Immunoprecipitation of Flag-tagged HDAC1 confirmed that LPS-Hy-induced lactylation was robust
on wild type but nearly undetectable on K438R (Fig. 6D), formally linking the K438 residue to the bulk of
HDAC1-associated lactylation in this setting. Together, these data demonstrate that K438 is required for
HDAC1's enhancing effect on Il1b and Nos2 mRNA expression and that its loss does not simply
eliminate HDAC1 activity but may reroute it toward alternative transcriptional outputs.

Conserved microglial module with HDAC1-linked
regulation in AD and inflammatory stress
We therefore integrated three complementary datasets, single-cell RNA-seq from AD-associated
microglia (AD-MG) [33] and Aβ-positive microglia (Aβ⁺-MG) [31], together with proteomic profiling of BV2
microglia exposed to LPS-Hy, to identify cross-species molecular programs shared across human AD
and experimental inflammatory stress. Cross-modal integration revealed eight robustly conserved
factors across species: ATP1B3, ATP6V1E1, CD9, GPNMB, LGALS3, PFKP, STAT1, and 14-3-3 epsilon
(Fig. 7A). This minimal core module was consistently observed across human disease states and
experimental conditions, suggesting a fundamental microglial adaptation program. These core genes
exhibited coordinated regulation across transcriptomic and proteomic layers (Fig. 7B). To examine
whether HDAC1 participates in the conserved module's interaction network, we performed a STRING-
based PPI expansion using the eight core genes as seeds to retrieve experimentally supported
interactors. Within this extended network, cytoHubba topological ranking identified STAT1, EGFR, and
ANXA5 as top core factors, depicted as green nodes (Fig. 7C). Notably, without any prior weighting,
HDAC1 naturally arose as a highly connected hub, bridging metabolic and inflammatory signaling
components. Edge thickness and color in the network reflect experimentally determined interaction
confidence, providing a stringent measure of physical connectivity (Fig. 7C). This emergent connectivity
places HDAC1 within a cross-species conserved microglial adaptation network rather than an isolated
axis, consistent with its functional role in inflammatory reprogramming demonstrated earlier. Together,
these data identify a cross-species conserved microglial core module that links inflammatory activation
and metabolic adaptation across human AD pathology and experimental inflammatory stress, and
position HDAC1 as a context-integrated regulatory component within this network.
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DISCUSSION
Our data support a model in which HDAC1 K438 lactylation, characterized in LPS-Hy microglia, may
contribute to NF-κB-associated inflammatory activation in AD, while human AD tissue shows elevated
HDAC1-associated lactylation. This finding addresses a specific mechanistic gap identified in our
introduction: lactate as the transduction step by which a fluctuating metabolic cue is converted into a
durable pro-inflammatory program. Prior work established that histone H4K12 lactylation drives
glycolytic gene expression in AD microglia, but that mechanism operates at the chromatin level and
cannot readily explain how metabolic signals directly engage cytoplasmic inflammatory cascades. In
LPS-Hy BV2 microglia, K438 was the principal HDAC1 lactylation site and was required for HDAC1-
enhanced Il1b and Nos2 expression, accompanied by altered p65 abundance. Human AD tissue showed
increased HDAC1-associated lactylation without a corresponding increase in HDAC1 mRNA. This
mechanism is conceptually distinct from histone-based lactylation: rather than reprogramming the
metabolic transcriptome, HDAC1 K438 lactylation directly tunes the activity of an inflammatory signaling
node, providing a rapid and metabolically responsive route from lactate accumulation to sustained
microglial activation.

HDAC1 expression levels in the frontal cortex are decreased in advanced AD, but increased in mild
cognitive impairment [26, 27]. The stage-dependent fluctuations, together with PET evidence showing
reduced class I HDAC availability that correlates inversely with Aβ and tau burden [28], suggest that
HDAC1 dysregulation follows a dynamic trajectory rather than a monotonic loss. This trajectory raises
the possibility that HDAC1 may exert opposing effects at different disease stages, consistent with the
context-dependent functions of class I HDACs in microglia [40]. Adding to this complexity,
transcriptomic network analyses have positioned HDAC1 as a hub gene in AD-associated co-expression
modules [41–44]. These observations share a common limitation: they focus on HDAC1 abundance or
net availability, neither of which captures the functional state of the enzyme. In this study, HDAC1 mRNA
remained unchanged in AD microglia, whereas HDAC1-associated lactylation was elevated in AD cortical
tissue; in LPS-Hy-stimulated BV2 microglia, K438 was the principal lactylation-responsive site on HDAC1.
Together, these findings dissociate HDAC1 dysregulation from transcriptional control and instead link it
to metabolism-dependent post-translational modification.

Our finding that HDAC1 K438 lactylation modulates NF-κB-associated inflammatory gene expression
and p65 regulation in LPS-Hy microglia adds a new modality to the growing repertoire of functionally
relevant lactylation events in AD. Pan and colleagues showed that H4K12 lactylation is elevated in
plaque-associated microglia, where it drives a glycolysis/PKM2 positive feedback loop that sustains pro-
inflammatory activation [16]. This histone-based mechanism operates at the chromatin level to
reprogram metabolic gene expression and may act in parallel with the HDAC1 K438 pathway described
here: the former sustains the glycolytic engine, whereas the latter redirects its output toward
inflammatory effector genes. Subsequent studies have extended lactylation to non-histone substrates,
revealing substrate- and site-specific outcomes: APP K612 lactylation promotes amyloidogenic APP
trafficking toward endosomal degradation and reduces Aβ pathology [45], whereas tau K331 and K677
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lactylation have been implicated in pathogenic tau accumulation and ferritinophagy-dependent
ferroptosis [46, 47]. More recently, HDAC1 K412 lactylation was reported in colorectal cancer cells, where
it maintains deacetylase activity and confers resistance to ferroptosis [29]. In contrast, our data identify
a distinct lactylation event on the same protein. This event occurs in a different cellular context, namely
microglia under AD-relevant inflammatory-metabolic stress. It also has a different functional output.
Specifically, it is linked to NF-κB-associated inflammatory activation rather than ferroptosis resistance.
Whether this site-specific divergence reflects differential recognition by the lactylation machinery
(p300/CBP versus AARS1) or differential responsiveness to distinct metabolic cues remains an open
question [17]. Together, these observations position HDAC1 K438 lactylation as a context-specific
regulatory node that may link metabolic stress to persistent neuroinflammation, adding to a growing list
of non-histone lactylation events with substrate- and site-specific functional consequences in AD
pathophysiology.

Our data align with and extend a growing view of HDAC1 as a context-dependent regulator whose
functional output is shaped by its post-translational modification status. HDAC1 has been shown to
modulate NF-κB signaling through direct deacetylation of p65 at Lys310, reducing its transcriptional
output [34], and to regulate CREB1 activity through deacetylation at K292 [43]. In ischemic stroke, HDAC1
deficiency promotes a pro-inflammatory microglial phenotype, whereas pharmacological restoration of
HDAC1 activity attenuates NF-κB-driven neuroinflammation [34]. These observations position HDAC1 as
an endogenous modulator of inflammatory signaling beyond its canonical chromatin-remodeling
function. The contextual nature of HDAC1 function is further illustrated by SUMOylation: PIAS1-mediated
SUMOylation of HDAC1 at K444 and K476 converts it from a transcriptional repressor into a
neuroprotective molecule that promotes Mcl-1 expression and upregulates the Aβ-degrading enzyme
neprilysin [48]. Thus, the same enzyme can exert opposing effects depending on its modification status.
Our findings add lactylation to this regulatory repertoire, and specifically identify K438 lactylation as a
modification that, in the metabolically stressed AD microenvironment, tilts HDAC1 function toward NF-
κB-dependent inflammatory activation. This supports a model in which HDAC1 operates as a platform
for integrating multiple PTM inputs-acetylation, SUMOylation, and lactylation-each of which may be
engaged by distinct cellular cues to produce context-appropriate functional outcomes.

One aspect of our data warrants closer scrutiny. In BV2 microglia overexpressing the K438R mutant,
total p65 protein abundance increased without a corresponding change in p65 phosphorylation (Fig. 6C).
This finding was unexpected: if K438 lactylation simply enhanced p65-driven transcription, one would
not necessarily predict an increase in p65 protein itself. Several non-mutually exclusive interpretations
merit consideration. First, K438R mutation may alter the interaction between HDAC1 and the p65 protein,
potentially affecting p65 stability through changes in ubiquitination or proteasomal turnover. Second, the
lactylation-deficient mutant may exert a dominant-negative effect on endogenous HDAC1, indirectly
perturbing p65 homeostasis. Third, our current data do not distinguish whether K438 lactylation directly
modifies the HDAC1-p65 physical interaction or acts indirectly through conformational changes that
affect HDAC1's association with other regulatory partners. Resolving these possibilities will require
orthogonal approaches, including co-immunoprecipitation under native conditions, ubiquitin profiling,

Page 14/34



and structure-function analyses. Regardless of the precise mechanism, the functional consequence is
clear: K438 lactylation is required for HDAC1's enhancing effect on Il1b and Nos2 mRNA expression, and
its loss does not simply eliminate HDAC1 activity but may reroute it toward alternative outputs.

Despite this functional clarity, several experimental limitations should be acknowledged. They fall into
three categories: technical constraints, conceptual boundaries, and priorities for causal testing. The LPS-
Hy paradigm was used to impose a defined inflammatory-metabolic challenge for mechanistic
dissection of HDAC1 lactylation, rather than to reproduce the full metabolic complexity of human AD.
The absence of significant HIF-1α accumulation in bulk AD cortex may reflect the limited sensitivity of
postmortem bulk tissue to transient, cell-type-specific, or spatially restricted hypoxic signaling. Our
human AD cohort and the 5×FAD/BV2 models cannot fully capture the genetic and metabolic
heterogeneity of sporadic AD, particularly the age-related metabolic changes that shape microglial
phenotypes in humans. Conceptual boundaries: lactylation operates within a broader network of acyl
modifications, and we have not systematically assessed whether additional lactylated regulators
cooperate with or compensate for HDAC1 K438 in inflammatory control. The most direct test of
causality, microglia-specific knock-in of the K438R mutation in an AD mouse model, remains to be
generated. Such a model would formally establish whether ablating this single lactylation site is
sufficient to attenuate neuroinflammation and, more importantly, whether it modifies cognitive
outcomes. Priorities for future work also include spatially resolved lactylome profiling to examine
whether K438 lactylation is enriched in plaque-associated versus plaque-distant microglia, and
quantitative PTM crosstalk analysis to determine whether K438 lactylation competes with or facilitates
nearby modifications on HDAC1. These experiments are feasible and will be essential to translate our
mechanistic findings into a therapeutically tractable framework.

The emerging evidence collectively points to lactylation as both a mechanistic driver and a
pharmacologically responsive modification in neuroinflammation. In a BV2 microglial setting
comparable to this experimental system, sodium oxamate, as an inhibitor of LDHA, lowered lactate
availability, reduced global lactylation, and suppressed proinflammatory activation [49]. These
observations support the feasibility of pharmacologically intervening in the lactylation-NF‑κB cascade.
The observations summarized above integrate these findings into a mechanistic hypothesis with several
testable features (Fig. 8). Under hypoxic-inflammatory stress, microglia shift toward glycolytic
metabolism, with lactate production increasing substantially [50, 13, 51–53]. Lactate is converted to
lactyl-CoA, which serves as the acyl donor for p300/CBP-or AARS1- dependent lactylation [54–56].
Within this framework, HDAC1 undergoes lactylation at K438, and this modification, rather than merely
altering HDAC1 abundance or chromatin association, directly modulates the HDAC1-p65 interaction,
enhances p65-driven transcriptional activity, and promotes expression of pro-inflammatory mediators
[57, 34]. The consequence is a feed-forward loop: K438 lactylation reinforces inflammatory gene
expression, which in turn sustains microglial activation in the metabolically stressed AD
microenvironment. Unlike histone lactylation, which reprograms the metabolic transcriptome over longer
timescales, HDAC1 K438 lactylation provides a post-translational route that can engage inflammatory
signaling more rapidly and with site-specific precision. This model positions HDAC1 K438 lactylation as
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a molecular interface that translates metabolic alterations into a durable inflammatory program, and
identifies this modification as a potential point of intervention for disrupting the metabolic-inflammatory
axis in AD.

CONCLUSION
Our data support a model in which HDAC1 K438 lactylation acts as a metabolically responsive post-
translational modification that contributes to NF-κB-associated microglial inflammation in AD. This
mechanism may link lactate-related metabolic stress, to NF-κB-associated microglial inflammatory
activation. In human AD cortex, however, lactate and LDH differences were not significant after age
adjustment. Accordingly, this link should be interpreted as a model rather than as an established
metabolic alteration in end-stage AD. Nevertheless, these findings extend our understanding of HDAC1
regulation beyond expression-level changes. The finding that site-specific lactylation of a non-histone
regulatory protein, rather than chromatin-level histone modification, contributes to this effect identifies a
conceptually distinct route from metabolic stress to neuroinflammation. Although direct causal evidence
in vivo, particularly from microglia-specific K438R knock-in models, remains to be generated, the multi-
layered evidence presented here positions HDAC1 K438 lactylation as a candidate target for
neuroinflammatory intervention in AD.
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Figure 1

Brain lactate levels, inflammatory changes, and HDAC1 lactylation in AD prefrontal cortex.

(A) Postmortem prefrontal cortex tissues from control and AD subjects were homogenized and
centrifuged; supernatants were collected for lactate concentration and LDH activity measurements. (B)
Correlation between prefrontal cortex lactate levels and age across the entire cohort. (C) Comparison of
prefrontal cortex lactate levels between control and AD donors. (D) Age-adjusted comparison of lactate
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levels between control and AD donors using ANCOVA. Data points represent estimated marginal means
(EMMs), and error bars indicate 95% confidence intervals (CIs). (E) Comparison of LDH activity between
control and AD donors. (F) Age-adjusted comparison of LDH activity between control and AD donors
using ANCOVA. Data points represent EMMs, and error bars indicate 95% CIs. (G) Quantification of
inflammatory cytokines and chemokines (CCL4, CXCL9, IL‑1β, IL‑6, TNF‑α, and IL‑10) in prefrontal cortex
homogenates from control and AD donors. (H)Representative immunoblots and densitometric analyses
of HIF‑1α, IL‑1β, phospho‑NF‑κB p65 (Ser536), and total p65 in control and AD prefrontal cortex. (I)
Representative immunoblot and quantification of global protein lactylation (pan‑Kla). (J) Representative
immunofluorescence staining of IBA1 (red), HDAC1 (yellow), pan‑Kla (green), and DAPI (blue) in control
and AD prefrontal cortex; right panels display fluorescence intensity profiles along the indicated lines. (K)
Immunoprecipitation of HDAC1 from prefrontal cortex lysates, followed by immunoblotting with anti‑Kla
antibody and densitometric quantification. Data are presented as mean ± SD, except for age-adjusted
EMMs, which are shown with 95% CIs. *p < 0.05, **p < 0.01, ***p< 0.001; ns, not significant.
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Figure 2

AD-associated microglia exhibit a conserved immune-metabolic transcriptional program across
cortical regions. Panels A and B are derived from microglial single-cell RNA-seq data of early AD cortex
[33]; panels C-E are from independent microglial datasets of superior frontal gyrus and parietal cortex of
AD and non-demented elderly donors [31]. (A) KEGG pathway enrichment of differentially expressed
proteins in AD microglia. (B) GO enrichment of Molecular Function, Biological Process, and Cellular
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Component categories. (C) Volcano plot of differentially expressed proteins, with upregulated (red,
n=200) and downregulated (green, n=191) proteins (p < 0.05, fold change >1.5); top five upregulated and
downregulated genes are labeled. (D) KEGG enrichment of upregulated proteins. (E) Dot plot of GO
categories for upregulated proteins; bubble size represents protein count, and color represents
−log10(p).

Figure 3
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HDAC1 lactylation is increased in activated microglia and associates with inflammatory programs in AD
mice. (A) Immunofluorescence staining of IBA1 (red), HDAC1 (yellow), pan‑Kla (green), and DAPI (blue)
in cortical sections from 5×FAD and WT mice; right panels display fluorescence intensity profiles along
the indicated lines. (B)GO and KEGG enrichment analyses of upregulated microglial proteins in 5×FAD
mice show activation of inflammatory, cytokine, and chemokine signaling pathways. Data are mean ± SD;
*P < 0.05.
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Figure 4

Hypoxic inflammatory stimulation induces AD-like microglial proteomic reprogramming. (A) Real-time
impedance monitoring of BV2 microglia seeded at 5×10³ cells/mL (5K) or 1×10⁴ cells/mL (10K) under
control, LPS, hypoxia, and LPS-Hy conditions. Cell index was continuously recorded following stimulation
at 6 h post-seeding. Right panel shows cell index values at 17 h post-seeding. (B) Wound-healing assay
of BV2 microglia under control and LPS-Hy conditions. Representative images at 0 h and 24 h are shown
together with quantification of wound closure. (C) Morphological assessment of BV2 microglia under
control and LPS-Hy conditions, with representative bright-field images, traced cell processes, and
quantification of process length. (D) Volcano plot showing differentially expressed proteins in BV2
microglia following LPS-Hy stimulation; upregulated (red) and downregulated (green) proteins are
indicated. (E) GSEA of LPS-Hy-regulated proteins. (F) GO enrichment analysis of upregulated proteins,
with Biological Process, Molecular Function, and Cellular Component categories. (G) KEGG pathway
enrichment analysis of upregulated proteins. (H) GO enrichment analysis of downregulated proteins,
with Biological Process, Molecular Function, and Cellular Component categories. (I) KEGG pathway
enrichment analysis of downregulated proteins. Data are mean ± SD. Statistical significance was
determined using Student’s t-test as appropriate. ***p < 0.001.
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Figure 5

Lactylome profiling identifies HDAC1 K438 as a candidate regulatory lactylation site in microglial
reprogramming. (A-E) GSEA of lactylated proteins in BV2 microglia following LPS-Hy treatment, with
enrichment categories including ribosome biogenesis, protein translation, cytoskeletal organization, tight
junction regulation, Wnt signaling, and Notch signaling pathways. (F-H) GO enrichment analysis of
upregulated lactylated proteins. (I) KEGG pathway enrichment analysis of upregulated lactylated
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proteins. (J) Volcano plot of HDAC1 lactylated lysine residues detected in BV2 microglia following LPS-
Hy treatment; each point represents an identified lactylation site on HDAC1. (K) Quantification of HDAC1
lactylation at lysine residues K412, K432, K438, K444, and K473 in BV2 microglia following LPS-Hy
treatment; numbers above bars indicate fold change values relative to control. (L) Structural
representation of HDAC1 protein based on PhosphoSitePlus annotation, with reported post-translational
modification sites and mapped lactylation residues indicated. Data are mean ± SD; *p < 0.05, **p < 0.01,
***p < 0.001; ns, not significant.
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Figure 6

HDAC1 K438 lactylation regulates NF-κB-mediated inflammatory activation in microglia. (A)Relative
mRNA expression of Il1b, Nos2, Tnf, Il6, Ccl4, and Ccl5 in control or HDAC1‑knockdown BV2 cells
following PBS or LPS‑Hy treatment, as determined by rtPCR. (B) Relative mRNA expression of
inflammatory genes in BV2 cells expressing wild‑type HDAC1 or K438R mutant constructs following
LPS‑Hy treatment. (C) Immunoblot analysis of phosphorylated NF‑κB p65 (p‑p65) and total p65 in BV2
cells expressing wild‑type or K438R mutant HDAC1 following LPS‑Hy treatment. (D) IP of Flag‑tagged
HDAC1 from BV2 cells expressing wild‑type or K438R mutant constructs following LPS‑Hy treatment,
followed by immunoblotting with anti‑Flag and anti‑pan‑Kla antibodies. Data are mean ± SD; *p < 0.05,
**p < 0.01, ***p< 0.001; ns, not significant.
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Figure 7

Conserved microglial module with HDAC1-linked regulation in AD and inflammatory stress. (A) Venn
diagram of overlapping factors identified from AD-associated microglia (AD-MG) [33], Aβ-positive
microglia (Aβ+-MG) [31], and BV2 microglia exposed to LPS-Hy. (B) Expression patterns and annotated
biological functions of the eight intersecting genes (ATP1B3, ATP6V1E1, CD9, GPNMB, LGALS3, PFKP,
STAT1, and 14-3-3 epsilon) across Aβ⁺-MG, AD-MG, BV2 LPS-Hy proteomic dataset (LH-MS), and BV2
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lactylation dataset under LPS-Hy (LH-Kla). (C) PPI network seeded with the eight conserved core genes
and expanded via STRING. Green nodes (STAT1, EGFR, and ANXA5) denote top core factors identified by
cytoHubba in Cytoscape. HDAC1 was not pre-weighted but emerged as a highly connected node. Edge
thickness and color indicate experimentally determined interaction confidence.

Figure 8

HDAC1 K438 lactylation-mediated regulation of inflammatory microglial activation in AD. under
hypoxic-inflammatory stress, microglia undergo glycolytic activation with increased lactate production;
lactate is converted to lactyl-CoA, serving as the acyl donor for p300/CBP or AARS1-dependent
lactylation; HDAC1 undergoes K438 lactylation, which modulates HDAC1-p65 interaction, enhances p65-
driven transcriptional activity, and promotes pro-inflammatory mediator expression.
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