www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Lactate treatment improves

brain biochemistry and cognitive
function in transgenic Alzheimer’s
and wild-type mice
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Lactate, a well-known metabolite and signalling molecule, holds therapeutic potential for
neurodegenerative diseases. Here, we investigated the effects of chronic lactate treatment on
cognition and molecular biomarkers in the 5XFAD mouse model of Alzheimer’s disease (AD) and in
wild-type (WT) controls using behavioural testing alongside proteomic and transcriptomic analyses.
Mice received lactate or vehicle injections 4 days per week for 11 weeks, with behavioural testing
before and after the treatment period. Lactate improved working memory in late-treated AD mice,
without eliciting anxiety-like behaviour. At the molecular level, lactate reduced /l1b expression, and

in a sex-dependent manner, normalised NEFL, and enhanced synaptic integrity proteins (OPCML,
PPFIA2, STXBP3, SYT1, VGLUT2, VSNL1) in AD mice, while also augmenting mitochondrial regulators
(ATP5G2, GRPEL1, SLC25A23) across genotypes. Notably, lactate upregulated low-abundance
ionotropic glutamate receptor mRNAs (Grik3, Grin2c, Grid2ip) in female AD mice, indicating enhanced
glutamatergic signalling. In WT mice, lactate increased expression of neurotrophic factors (Bdnf,

Igf1, Vegfa), anti-inflammatory cytokines (/l4 and /[13), and the neuronal lactate transporter Mct2,
suggesting promoted neuronal resilience. Together, these findings indicate that lactate treatment can
mitigate cognitive decline and enhance molecular pathways of resilience in AD, warranting larger, age-
stratified studies to validate its therapeutic potential and elucidate underlying mechanisms.
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Alzheimer’s disease (AD) is the most prevalent form of dementia, imposing a significant and increasing burden
on individuals and society, particularly as life expectancy rises. Despite the growing prevalence of AD and other
neurodegenerative dementias, there are currently limited established disease-modifying treatments or effective
medications available!. In contrast, there is broad consensus that physical exercise exerts protective effects on the
brain. Numerous studies in animal models and humans demonstrate that physical activity slows progression of
AD and other neurodegenerative disorders*=. A recent population-based prospective cohort study in Norway,
known as the Trondelag Health Study (HUNT study), has provided compelling evidence that increasing cardio-
pulmonary fitness over time is associated with a substantial reduction in the risk of developing AD and in
mortality rates®®. These findings have sparked interest in lifestyle-based interventions, such as physical exercise,
even when initiated later in life.
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Our recent work” has shed light on the role of lactate, acting largely through the hydroxycarboxylic acid
receptor 1 (HCAR1), in bringing exercise-induced benefits to the brain including angiogenesis, neurogenesis and
the upregulation of growth factors. The discovery suggests that exogenous lactate could potentially complement
physical activity to maximise effects of exercise, particularly in older individuals and those with limited
mobility®®. Given the urgent need for new strategies to combat AD, understanding whether the lactate-mediated
body-brain mechanism can serve as a viable approach is paramount. Although lactate has been identified as a
key mediator of exercise-induced brain plasticity and neuroprotection through HCARI signalling, its direct
and chronic effects in AD models remain unexplored. Addressing this gap is critical, as lactate could provide a
mechanistic link between exercise and resilience to AD pathology.

Here, we hypothesised that chronic exogenous lactate administration would mitigate cognitive decline and
modulate molecular markers of neurodegeneration and inflammation in the 5XFAD mouse model of AD.
Because AD exhibits marked sex differences in prevalence and progression, sex was included as a biological
variable in the study design. Since this is the first study to test lactate treatment in this AD model, we employed a
broad exploratory approach combining behavioural, proteomic and transcriptomic analyses to capture potential
effects across multiple biological levels.

Results

Lactate administration elevates blood lactate in mice

The AD mice used were hemizygous transgenic (Tg) mice expressing mutant amyloid precursor protein (App)
and presenilin-1 (Psenl) (i.e. the 5XFAD model), along with their non-transgenic wild-type (WT) littermates.
Treatment with lactate or vehicle was administered four times weekly to mice in the designated groups, over a
duration of 11 weeks (Fig. 1a). Treatments commenced at two age intervals: early (at 1.1-2.3 months), and late
(at 2.6-3.2 months) (Fig. 1b).

Mice in the lactate-treated groups received 2 g kg1 sodium L-lactate at a concentration of 100 mg mL[J*
dissolved in 1x phosphate-buffered saline (PBS) (pH 7.4). To minimise local tissue reactions and stress while
ensuring consistent systemic exposure, injection routes alternated between intraperitoneal (IP) and subcutaneous
(SC). Our previous work has shown that these two routes yield comparable systemic lactate profiles in mice'?,
supporting their equivalence under our experimental conditions.

Blood lactate levels peaked to ~23 mM at 13 min post-injection and declined to ~15 mM at 37 min. For
comparison with our previous work’, we also tested a higher concentration (200 mg mL[1"). This pilot test
yielded blood lactate levels similar to those observed with the 100 mg mL[I* dose (Supplementary Fig. 1),
with peak levels likewise around 23 mM, but occurring earlier (at 5 min post-injection). To better characterise
clearance dynamics, the decline phase (13-37 min) was fitted to a one-phase exponential decay model
with the plateau constrained to 3 mM, corresponding to physiological baseline. This analysis yielded a rate
constant k=0.036 min[1', a time constant (1) of 27.7 min, and a half-life of ~ 19 min. Based on this fit, lactate
concentrations are projected to approach baseline after ~3 half-lives (~60 min), representing the practical
return to baseline, while the asymptotic baseline is reached after ~ 160 min. Thus, lactate elevation is transient,
with effective normalisation within ~ 1 h.

Health monitoring of the mice

The body weights of the mice were monitored over the 12-week treatment period to assess their physical health
status (Supplementary Fig. 2). As expected, body weight increased over time in all groups, with males exhibiting
significantly higher weights than females (Supplementary Fig. 2a). Tg mice displayed slightly lower body weight
than WT mice (Supplementary Fig. 2¢). Similarly, lactate-treated mice had slightly lower body weight than
vehicle-treated mice (Supplementary Fig. 2d). However, these differences were not statistically significant,
suggesting that all experimental groups were in comparable physical condition.

Lactate treatment protects against impaired cognitive performance
Working memory, assessed by spontaneous alternation in the Y-maze (Fig. 2), was significantly reduced in
vehicle-treated AD mice (p=0.0053 vs. Tg lactate; p=0.042 vs. WT vehicle), reflecting progression of cognitive
impairment, compared to AD mice treated with lactate. This protective effect of lactate was observed only in mice
with late-treatment start (Fig. 2a), and not in those treated and tested during the early phase (Fig. 2b). Because
no group differences emerged in the early-treatment cohort, testing likely preceded the onset of measurable
cognitive impairment in AD mice!"!2 Importantly, these behavioural findings support the biological distinction
between the two treatment windows. The absence of deficits or treatment effects in the early-treatment cohort is
consistent with a pre-symptomatic stage, whereas the decline observed in vehicle-treated transgenic mice in the
late-treatment cohort indicates that this window captures early pathological progression. The protective effect of
lactate was therefore detected in a context in which disease-related impairment had begun to emerge, rather than
in a fully asymptomatic state. When pre- and post-treatment performance was compared directly, late-treated
Tg mice receiving vehicle showed a significant decline (p=0.0018; Supplementary Fig. 3a). No significant pre-
post changes were observed in Tg lactate, WT lactate, or WT vehicle groups, suggesting that lactate mitigated
the decline otherwise occurring in Tg vehicle mice. In the early-treatment cohort, none of the groups showed
significant pre-post change (Supplementary Fig. 3b). When behavioural data were additionally examined by sex,
no significant sex-specific treatment effects were detected. However, these subgroup analyses were limited by
small sample sizes after stratification and were therefore interpreted cautiously.

Notably, the number of spontaneous alternations in the Y-maze was not affected by hyperactive locomotion
(Supplementary Fig. 4a-d) or by potential environmental factors drawing mice to specific maze regions
(Supplementary Fig. 4e, f).
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Schematic of APP and PS17 transgenes in the
5XFAD mouse model
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5XFAD mutations in Thy1-APP and Thy1-PS1 are indicated
by arrowheads. Thy1 exons are depicted as small gray
rectangles, while coding regions of APP and PS7 are shown
as larger colored rectangles inserted into Thy1 exon 2 of the
mouse Thy1 transgene expression cassette (Moechars et al.,
1996). The APP transgene includes the 5’ untranslated region
(5'UTR) with an IL-1B responsive translational element
(Rogers et al., 1999).

Tg: Hemizygous transgenic mice for APP and PSEN1.
WT: Non-transgenic wild-type mice.
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Fig. 1. Experimental setup and disease progression in 5XFAD mice. (a) Schematic overview of the
experimental setup and group allocation. Transgenic (Tg) 5XFAD mice, hemizygous for five familial
Alzheimer’s disease (FAD) mutations on a B6JLF1/] background, and with wild-type (WT) littermates were
divided into subgroups receiving lactate or vehicle. Treatments were administered via intraperitoneal (IP)
and subcutaneous (SC) injections four times per week for 11 weeks, yielding four experimental groups.
The schematic (upper left) illustrates insertion of amyloid precursor protein (App) and presenilin-1 (Psenl)

transgenic mutations into exon 2 of the Thyl gene in the 5XFAD mouse model. (b) Timeline of AD-like

progression in 5XFAD mice (in months), highlighting the two treatment windows: early- and late-treatment

starts, corresponding to a pre-symptomatic stage and an early pathological stage, respectively, within the

5XFAD disease trajectory. Figures created with BioRender.com.

No effect of lactate treatment on anxiety-like behaviour in the open-field test (OFT)

Lactate injections have been associated with acute anxiety attacks in susceptible human individuals!® and
experimental animals'®. In rodents, the interplay between their instinctive aversion to open areas, driven by
perceived predator exposure, and their innate curiosity to explore new territories presents a unique opportunity
to assess anxiety levels, locomotor function, and exploratory behaviour. To assess these parameters, we
conducted OFT on all experimental groups. Our findings revealed no significant differences between groups
(Supplementary Fig. 5), suggesting that lactate treatment, under our experimental conditions, did not induce
anxiety-like behaviour and thus did not confound the behavioural outcomes.

Having established that the behavioural effects of lactate were not attributable to anxiety or locomotor
confounds, we next investigated molecular correlates by performing proteomic profiling. This unbiased
approach enabled assessment of broad protein-level changes induced by lactate treatment, with particular focus
on synaptic and modulatory proteins relevant to cognition.
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Fig. 2. Lactate mitigates working memory decline in 5XFAD transgenic (Tg) mice in the Y-maze. The Y-maze
was used to assess working memory before and after treatment of the same individual mouse, expressed as
spontaneous alternation (SA) performance. Results are shown as change from baseline (%) for two treatment
schedules, assessed in Tg and wild-type (WT) mice treated with lactate or vehicle. (a) Late-treatment start
(2.6-3.2 months at the start; 5.4-6.0 months at the endpoint, both sexes): Two-way ANOVA revealed a
significant genotype X treatment interaction. Tukey’s post hoc tests showed that Tg lactate-treated mice (n=3)
had higher SA than Tg vehicle controls (n=4, p=0.0053, d=3.57). Tg vehicle mice also performed worse than
WT vehicle mice (n=3, p=0.0420, d=2.47). No differences were observed between lactate- (n=3) and vehicle-
treated WT groups. (b) Early-treatment start (1.1-2.3 months at the start; 4.0-5.0 months at the endpoint, both
sexes): No significant treatment effects were detected in Tg mice (n="7 per group) or WT mice (lactate: n=4;
vehicle: n=5). Data are presented as box-and-whisker plots (median, interquartile range, all individual data
points); dashed lines indicating baseline (0% change).

Global proteomic analyses identify differentially expressed proteins related to AD, neuronal,
mitochondrial, and metabolic processes

Proteomic analyses included samples from both early- and late-treatment cohorts. Given evidence for sex
differences in AD pathology and treatment response, male and female mice were analysed separately. Whole
brain hemisphere (hemibrain) liquid chromatography-tandem mass spectrometry (LC-MS/MS) profiling
identified 8 differentially expressed proteins (DEPs) in females, and 8 in males (Fig. 3, detailed panels in
Supplementary Fig. 7). Volcano plots for each comparison are shown in Fig. 3d-k, and the full list of DEPs is
provided in Supplementary Data (All_DEPs_MS).

Analysis revealed several key proteins related to AD pathology. Amyloid precursor protein (APP) and
apolipoprotein E (APOE) were markedly increased in Tg versus WT mice, with no significant change with
lactate treatment. Clusterin (CLU), a cytoprotective protein associated with AD and protein aggregation and
glial fibrillary acidic protein (GFAP), an astroglial marker, were significantly elevated in Tg versus WT mice.
Lactate did not significantly alter CLU or GFAP, although levels in lactate-treated Tg mice trended toward W'T.
Phospholipase D family member 3 (PLD3), an AD-risk gene product implicated in lysosomal function and
amyloid-B (AB), was increased in female Tg relative to WT and unchanged by lactate (Fig. 3¢; Supplementary
Fig. 7a-e).

Lactate also increased hyaluronan and proteoglycan link protein 4 (HAPLN4) in WT males (p=0.022)
and neurotrophic receptor tyrosine kinase 2 (NTRK2) in WT females (p=0.009) compared to vehicle controls
(Fig. 3¢; Supplementary Fig. 7f, g).

Mitochondrial proteins formed a notable subset of DEPs, being directly linked to neuronal energy metabolism
and calcium buffering—both strongly implicated in AD. In Tg females, lactate increased ATP synthase membrane
subunit ¢ locus 2 (ATP5G2) (p=0.026), a subunit of mitochondrial ATP synthase involved in neural energy
production. In males, the mitochondrial protein transporter GRPELI (p=0.009) and the mitochondrial Ca*[l-
transporter SLC25A23 (p=0.056) were upregulated by lactate in WT but not Tg mice (Fig. 3¢; Supplementary
Fig. 7h-j).

Metabolic proteins were also differentially expressed. In WT females, lactate increased apurinic/apyrimidinic
endodeoxyribonuclease 1 (APEX1) (p=0.017). Farnesyl diphosphate synthase (FDPS) showed no significant
effects of lactate, but a slight trend of reduction. In WT males, lactate reduced GDP-mannose pyrophosphorylase
B (GMPPB) (p=0.026) and 5-oxoprolinase/ATP-hydrolysing (OPLAH) (p=0.006), while in Tg males it
decreased guanylate kinase 1 (GUK1) (p=0.002; Fig. 3¢; Supplementary Fig. 7k-o).

Lactate alters AD-related synaptic vesicle and structural protein expression in a sex-
dependent manner

The proteins highlighted in Fig. 4 were selected for their established relevance to AD pathology, spanning
neuronal integrity, synaptic function, and neurodegeneration.
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Fig. 3. Global proteomic analyses and differentially expressed proteins (DEPs). Analyses were conducted in
5XFAD transgenic (Tg) and wild-type (WT) mice treated with lactate or vehicle. (a) Principal component
analysis (PCA) of proteomic profiles, showing sample distribution along the first two principal components
(PC1 and PC2), based on variance across 2,045 commonly detected proteins (unique genes). Shapes denote
sex; colours denote genotype and treatment. (b) Bar plot showing the number of DEPs identified in lactate-
treated versus vehicle-treated mice and in Tg versus W, stratified by sex (blue =males; purple =females).
DEPs were defined as proteins with adjusted p <0.05 and absolute log, fold change > 0.5. (c) Heatmaps of DEPs
grouped into four categories: AD markers (APP, APOE, CLU, GFAP, PLD3), synaptic proteins (HAPLN4,
NTRK2, VGLUT2), mitochondrial proteins (ATP5G2, GRPEL1, SLC25A23), and metabolic regulators
(APEX1, FDPS, GMPPB, GUK1, OPLAH). (d-k) Volcano plots of DEPs for pairwise comparisons: (d) male
Tg vehicle vs. Tg lactate, (e) female Tg vehicle vs. Tg lactate, (f) male WT lactate vs. Tg lactate, (g) female

WT lactate vs. Tg lactate, (h) male WT vehicle vs. Tg vehicle, (i) female WT vehicle vs. Tg vehicle, (j) male
WT vehicle vs. WT lactate, (k) female WT vehicle vs. WT lactate. Significant DEPs are highlighted in red;
dashed line indicates adjusted p =0.05. Statistical analysis was performed using Wald statistics with Benjamini-
Hochberg correction for multiple comparisons. The full protein list is provided in Supplementary Data.

Neurofilament light polypeptide (NEFL), a marker of axonal damage, was elevated in Tg females receiving
vehicle, but normalised with lactate (p <0.001 vs. Tg vehicle), whereas WT females treated with lactate showed
increased NEFL compared to their WT controls (p=0.021; Fig. 4a). Opioid-binding protein/cell adhesion
molecule like (OPCML), typically reduced in AD, was upregulated in lactate-treated versus vehicle-treated Tg
males (p=0.016), suggesting enhanced synaptic adhesion and organisation (Fig. 4b). Liprin-a2 (PPFIA2), a
presynaptic scaffold that organises neurotransmitter release, and reported reduced in AD, was increased in Tg
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Fig. 4. Lactate treatment modulates AD-related synaptic vesicle and structural proteins in a sex-dependent
manner. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) proteomics revealed changes in
proteins central to presynaptic glutamate handling, vesicle release, calcium signalling, synaptic scaffolding, and
axonal integrity in male and female mice, with early and late treatment groups combined, assessed in 5XFAD
transgenic (Tg) and wild-type (WT) mice treated with lactate or vehicle. The experimental groups consisted
of Tg mice receiving lactate (n =10, 6 females and 4 males), Tg mice receiving vehicle (n=11, 6 females and

5 males), WT mice receiving lactate (n=7, 4 females and 3 males), and WT mice receiving vehicle (n =8,

4 females and 4 males). Data are presented as box-and-whisker plots (median, interquartile range, and all
individual data points). Statistical analyses were performed using one-way ANOVA followed by Tukey’s post
hoc test; significant differences are indicated above the plots. (a) Neurofilament light polypeptide (NEFL),

a cytoskeletal marker elevated in AD biofluids and tissue, was increased in WT females (p=0.021, d=2.31)
and decreased in Tg mice treated with lactate (p <0.001, d=2.78), the latter suggesting a normalising effect

of lactate on axonal integrity. (b) Opioid-binding protein/cell adhesion molecule-like (OPCML), a synaptic
adhesion molecule, often reduced in AD, was upregulated in Tg males treated with lactate (p=0.016, d=2.42),
consistent with improved synaptic adhesion and organisation. (c) Liprin-a2 (PPFIA2), a presynaptic active-
zone scaffold that organises neurotransmitter release and is generally diminished in AD, was upregulated in
Tg females with lactate treatment (p=0.041, d=1.71), consistent with strengthened presynaptic architecture.
(d) Syntaxin-binding protein 3 (STXBP3), a regulator of SNARE-mediated vesicle release, typically reduced in
AD, was upregulated in Tg males with lactate (p=0.021, d=2.33), pointing to enhanced vesicle release capacity.
(e) Synaptotagmin-1 (SYT1), the Ca’[ sensor for vesicle fusion, frequently decreased in AD synapses, was
increased in Tg males with lactate (p=0.016, d=2.45), suggesting restoration of presynaptic release capacity.
(f) Vesicular glutamate transporter 2 (VGLUT2, also known as SLC17A6), required for loading glutamate
into synaptic vesicles, typically reduced in AD, was upregulated in WT females (p =0.034, d=2.16), WT males
(p=0.001, d=4.02), and Tg males (p=0.006, d=2.82), indicating enhanced presynaptic glutamate handling.
(g) Visinin-like protein 1 (VSNL1), a neuronal Ca*[J sensor linked to AD pathology and neuronal signalling,
was increased in Tg females with lactate (p=0.040, d=1.72), indicating lactate-linked modulation of Ca*[J
signalling.

females treated with lactate (p=0.041), indicating strengthened presynaptic architecture (Fig. 4c). Syntaxin-
binding protein 3 (STXBP3), involved in neurotransmitter release was upregulated in Tg males (p=0.021;
Fig. 4d). Synaptotagmin-1 (SYT1), a key Ca?* sensor for synaptic vesicle fusion was likewise increased by lactate
from low levels with vehicle in Tg males (p=0.016; Fig. 4e). Vesicular glutamate transporter 2 (VGLUT2, also
known as SLC17A6), a key mediator of excitatory neurotransmission, essential for brain development!>!¢,and
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downregulated in AD'7,was increased in WT females (p=0.034), WT males (p=0.001) and Tg males (p =0.006;
Figs. 3c and 4f). Finally, Visinin-like protein 1 (VSNL1), a neuronal Ca®*sensor protein linked to AD, was
increased by lactate in Tg females (p=0.040; Fig. 4g).

Sex-specific differential gene expression patterns in response to lactate treatment
RNA sequencing analyses were performed in samples from the early-treatment cohort only. To investigate
how lactate treatment influences brain transcriptional profiles, we performed RNA sequencing (RNA-seq) of
hemibrains. We identified 230 differentially expressed genes (DEGs) in females and 145 in males (Fig. 5a, full
list in Supplementary Data, All_ DEGs_RNAseq). Heatmaps in Fig. 5b—e display prioritised lactate-regulated
genes selected by largest fold-changes, multiple-testing significance, and biological relevance to AD pathways
(glutamatergic signalling, inflammation, and autophagy), shown separately for Tg and WT within each sex.
Transcriptomic analysis in female Tg mice revealed increased expression of three ionotropic glutamate
receptor-related genes: Grik3 (kainate receptor subunit; also known as Eaa5, Glr7, Glur7, Gluk3, Glur7a)
(p<0.001), Grin2c (NMDA receptor subunit; also known as Nr2c, Glun2c, Nmdar2c) (p=0.023), and Grid2ip
(glutamate receptor delta 2 interacting protein) (p=0.018; Fig. 5f-h). Gene Ontology (GO) analysis of lactate-
versus vehicle-treated female Tg mice showed significant enrichment driven by Grik3 and Grin2c (Supplementary
Fig. 6a, b). In male Tg mice, lactate-regulated DEGs were enriched in pathways related to epigenetic and
post-translational regulation of transcription (Supplementary Fig. 6¢c, d). In WT mice, RNA-seq revealed no
significant DEGs, likely due to small group sizes. However, real-time quantitative PCR (RT-qPCR) validation
confirmed that late lactate treatment significantly increased Grik3 (p=0.021) and Grin2c (p=0.015) mRNA in
female WT mice (Supplementary Fig. 8a, b).

Early administration of lactate ameliorates inflammation-associated gene expression
Motivated by proteomic pathways related to inflammation and synaptic modulation, we used targeted RT-qPCR
in the early-treated cohort to examine candidate neuroinflammatory genes. Neuroinflammation is increasingly
recognised as a driver of pathological progression in AD. As expected, the pro-inflammatory cytokine Il1b
mRNA was elevated in Tg mice compared to WT and was normalised by lactate in Tg (p=0.026; Fig. 6a). In
WT, lactate treatment also increased the expression of the primarily anti-inflammatory cytokines Il4 (p=0.036;
Fig. 6b) and Il13 (p=0.008; Fig. 6¢). When early- and late-treatment cohorts were combined, results showed
similar trends, but only /13 remained significant (p <0.001; Supplementary Fig. 9a—c).

Lactate treatment induces upregulation of lactate-handling protein mRNAs in WT mice
RT-qPCR analysis of hemibrains showed a modest, statistically non-significant increase of Hearl in WT mice
treated with lactate (Fig. 7a). However, lactate treatment significantly increased monocarboxylate transporter 2
(Mct2, Slc16a7) mRNA in WT mice (p=0.021; Fig. 7b). Stratified analyses indicated a significant effect in WT
females (p=0.009), but not WT males (Supplementary Fig. 10a, b), and in late-treated WT mice (p=0.032),
but not early-treated WT mice (Supplementary Fig. 10c, d). Both Hearl and Mct2 were detected by RNA-seq;
notably, Hearl trended upward in lactate-treated mice relative to vehicle-treated (Supplementary Fig. 11).

Lactate treatment enhances growth factor expression in WT mice

RT-qPCR of hemibrains revealed increased expression of the growth factors Bdnf (p <0.001), Igfl (p=0.033)
and Vegfa (p=0.004) in WT mice after lactate treatment (Fig. 7c-e). In Tg mice, no significant changes were
observed. These transcripts were not detected by RNA-seq in our dataset. Together these data indicate that
lactate enhances neurotrophic gene expression in WT brain, whereas the effect was not evident in Tg mice,
consistent with disease-related blunting of transcriptional responsiveness.

Discussion

Despite accumulating evidence that exercise-derived lactate contributes to brain plasticity and resilience, its
direct and chronic effects in AD models have remained largely unexplored. Here, we demonstrate for the first time
that sustained systemic lactate administration mitigates working memory decline in 5XFAD mice and induces
widespread ameliorative molecular adaptations across synaptic, cytoskeletal, inflammatory, mitochondrial, and
proteostatic pathways.

A recent study in 3xTg-AD mice, published after the completion of the present work, reported similar
findings'8,showing that IP lactate injections improved spatial working memory, increased synaptic density,
and elevated hippocampal lactate levels. These findings align with previous work in WT mice, showing that
astrocyte-derived lactate is required for long-term potentiation(LTP)!*?;that intrahippocampal lactate infusion
improves spatial memory via neuronal MCT22!, which is enriched at the postsynaptic density of hippocampal
neurons?>?%and that oral lactate administration combined with mild exercise enhances Y-maze performance?*.
Collectively, these findings support a conserved role for lactate in enhancing memory-related processes across
both healthy and disease conditions.

Mechanistically, lactate acts as both a metabolic substrate and signalling molecule. It supports neuronal
energy metabolism?®; contributes to lipid synthesis?® and tricarboxylic acid cycle replenishment?’; modulates
redox balance?;and promotes protein lactylation? linked to adult hippocampal neurogenesis®®. Lactate also
enhances N-methyl-D-aspartate (NMDA) receptor function via co-agonist D-serine®! and signals through
HCAR173%2, potentially influencing APP processing and Ap regulation®®. Lactate arising from aerobic glycolysis,
i.e. the Warburg effect, may further drive synaptic growth and remodelling*!. Together, these mechanisms link
lactate metabolism and signalling to structural plasticity, neuroprotection, and amyloid regulation.

No available animal model fully reproduces human AD pathology. The 5XFAD mouse model'? expresses
five familial AD mutations in APP and presenilin-1 (PSEN1), leading to early intraneuronal AB,, accumulation,
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Fig. 5. Sex-specific differential gene expression in response to early lactate treatment. RNA-seq analysis of
5XFAD transgenic (Tg) and wild-type (WT) mice treated with lactate or vehicle (early treatment: 1.1-2.3
months at the start, 4.0-5.0 months at the endpoint). (a) Bar plot showing the number of differentially
expressed genes (DEGs) identified in lactate- versus vehicle-treated mice and in Tg versus W, stratified by
sex (blue =males; purple =females). DEGs were defined as transcripts with adjusted p <0.05 and absolute log,
fold change > 1. (b-e) Heatmaps of log,-transformed normalised expression values for DEGs (blue =lowest,
yellow =highest), with genes ranked by log, fold change. Each group included # =2 biological replicates, except
WT male lactate (n=3). All presented genes had adjusted p <0.005. (b) DEGs regulated by lactate in female
Tg mice. (c) DEGs regulated by lactate in male Tg mice. (d) DEGs regulated by lactate in female WT mice.

(e) DEGs regulated by lactate in male WT mice. (f-h) Expression of selected glutamatergic genes significantly
upregulated in lactate-treated Tg females. Data are presented as box-and-whisker plots (median, interquartile
range, and all individual data points). (f)Grik3 (p <0.001), (g)Grin2c (p=0.023), and (h)Grid2ip (p=0.018).
Statistical analysis was performed using Wald statistics with Benjamini-Hochberg correction for multiple
comparisons. The full gene list is provided in Supplementary Data.
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Fig. 6. Early-lactate treatment reduces pro-inflammatory and enhances anti-inflammatory cytokines in
5XFAD transgenic (Tg) and wild-type (WT) mice. Early-lactate administration (1.1-2.3 months at the start,
4.0-5.0 months at the endpoint) reduced pro-inflammatory I/1b mRNA levels in Tg mice and increased anti-
inflammatory 113 and Il4 mRNA levels in WT mice, suggesting a protective effect. Relative gene expression
was quantified by RT-qPCR using the 2'#2Ct method. Data are presented as individual data points, with
males and females combined. (a)Il1b mRNA was significantly downregulated in lactate-treated Tg mice
(n=7, p=0.026, d=1.30) compared to Tg controls (n=7). (b)Il4 mRNA was significantly upregulated in
lactate-treated WT mice (n=3) compared to WT vehicle controls (n=5, p=0.036, d=1.66). A similar trend
was observed in Tg mice, but the difference was not statistically significant. (c)Il13 mRNA was significantly
increased in lactate-treated WT mice (n=2) compared to WT vehicle controls (n=3, p=0.008, d=3.08).
Statistical analyses were performed using one-way ANOVA followed by Fisher’s least significant difference test
(LSD). Results are displayed as mean + standard deviation (SD).

extracellular plaque deposition, gliosis, neuroinflammation, synaptic and neuronal loss, and memory impairment
(Fig. 1b). Phosphorylated tau aggregates have also been reported®®. Although based on artificial overexpression,
5XFAD recapitulates key pathological features of human AD and is therefore appropriate for initial testing of
lactate interventions.

Lactate treatment produced peak blood levels within the physiological range of high-intensity exercise’, and
below those seen during extreme voluntary exertion in humans ([132 mmol L{1')%. To minimise irritation
and stress, we alternated IP and SC injections. IP delivery yields rapid, transient peaks via first-pass hepatic
metabolism, whereas SC absorption is slower, but circumvents an initial liver pass; nonetheless, prior work!?
indicates broadly comparable systemic kinetics. Accordingly, daily lactate injections generated transient
physiological surges (peak within a quarter of an hour, normalization within one hour) rather than sustained
hyperlactataemia. Treatment was well tolerated, with no anxiety-like behaviour in the open-field test, in contrast
to reports of panic in susceptible human subjects'® and anxiety-like responses in rodents!?, suggesting that
anxiogenic effects are unlikely to limit clinical application.

Lactate strengthened synaptic structure and function, with context-dependent effects across genotypes and
sexes. Several proteins associated with cytoskeletal stability, vesicle release, and glutamatergic signalling were
modulated by lactate, supporting enhanced synaptic resilience. In Tg females, NEFL, a cytoskeletal protein
elevated in AD biofluids®’, was reduced by lactate, consistent with neuroprotection (Fig. 4a). In contrast, WT
females showed increased NEFL with lactate, possibly suggesting cytoskeletal remodelling in the healthy brain.
Similarly, in WT males, lactate upregulated Nefh, which encodes the heavy neurofilament subunit essential
for axonal structure, transport, and plasticity*®(Fig. 5e). These findings indicate that lactate exerts context-
dependent, bidirectional effects, enhancing structural resilience under pathological conditions while supporting
remodelling in the healthy brain.

OPCML, an IgLON family adhesion molecule that shapes synaptic organisation and is typically reduced
in AD, was restored in Tg males with lactate (Fig. 4b). This supports a role for lactate in reinforcing adhesion
and structural stability at the synapse. PPFIA2, a presynaptic active-zone scaffold that organises vesicle
release, was upregulated in Tg females (Fig. 4c). Together with STXBP3, a syntaxin-binding protein required
for SNARE-mediated vesicle fusion, and SYT1, the Ca?[] sensor for fast vesicle release, both of which were
restored in Tg males (Fig. 4d, e), these changes suggest that lactate strengthens presynaptic architecture and
neurotransmitter release capacity. VGLUT?2, the vesicular glutamate transporter required for glutamate loading
into synaptic vesicles, was also increased by lactate in WT females, WT males, and Tg males, whereas vehicle-
treated Tg mice showed reduced expression compared to WT (Fig. 4f). Beyond its canonical role, VGLUT2
also contributes to neuronal development!*!¢ and metabolic regulation®’, processes that may be compromised
in neurodegeneration. Consistent with this, VGLUT2 expression declines with ageing*® and is reduced in post-
mortem AD brain regions*!. Misfolded tau also accumulates at VGLUT2-positive terminals in the anterodorsal
thalamic nucleus, in line with the selective vulnerability of these synapses. Accordingly, ionotropic receptor
subunits are reduced in AD*?, whereas lactate upregulated ionotropic glutamate receptor transcripts from low
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Fig. 7. mRNA expression of receptor (Hcarl), transporter (Mct2, Slc16a7), and growth factors (Bdnf, Igfl,
Vegfa) following lactate treatment. Relative mRNA expression levels of hydroxycarboxylic acid receptor 1
(Hcarl), monocarboxylate transporter 2 (Mct2, Slc16a7), Vascular endothelial growth factor (Vegfa), Brain-
derived neurotrophic factor (Bdnf), and Insulin-like growth factor 1 (Igf1) were quantified by RT-qPCR using
the 222 method in 5XFAD transgenic (Tg) and wild-type (WT) mice treated with lactate or vehicle. Tg
lactate (n=10), Tg vehicle (n=11), WT lactate (n=7), and WT vehicle (n=8). Groups included both sexes and
combined early- and late-treatment start cohorts. (a)Hcarl expression showed a modest increase following
lactate treatment in W'T mice; however, no significant differences were observed in any of the groups. (b)
Lactate administration significantly increased Mct2 expression in WT mice compared to vehicle-treated
controls (p=0.021, d=1.26). No significant changes were observed in Tg mice treated with lactate versus
vehicle. (c)Bdnf expression was significantly higher in WT mice receiving lactate compared to vehicle-treated
WT controls (p<0.001, d=2.14). (d)IgfI expression was significantly upregulated in WT mice receiving
lactate compared to WT controls (p=0.033, d=1.16). (e) Vegfa expression was significantly upregulated in
lactate-treated WT mice compared to vehicle-treated WT controls (p=0.004, d=1.60). Data are presented as
individual data points, with statistical analyses performed using one-way ANOVA, followed by Fisher’s least
significant test (LSD). Results are displayed as mean + standard deviation (SD).

levels in Tg mice (Fig. 5f-h). Thus, the lactate-induced increase in VGLUT2 may contribute to preserving
synaptic integrity. Finally, VSNL1, a neuronal Ca®[J sensor of the NCS family and established AD biomarker,
was upregulated in Tg females (Fig. 4g). In clinical studies, elevated VSNLI in cerebrospinal fluid correlates with
tau pathology, brain atrophy, and cognitive decline*’. However, in our experimental context — where lactate
improved working memory and enhanced synaptic protein expression —VSNLI upregulation may instead
reflect adaptive Ca’[1-dependent signalling and neuronal resilience. This suggests that lactate not only restores
presynaptic machinery but may also reframe molecular markers of degeneration as indicators of strengthened
synaptic function.

In the perisynaptic space, HAPLN4, a hyaluronan-proteoglycan linker that stabilises perineuronal nets and
nodes of Ranvier, was increased in WT males (Fig. 3d; Supplementary Fig. 7f). At the postsynaptic density,
NTRK2, the TrkB receptor for BDNE which is critical for synaptic plasticity and neuronal survival, was
upregulated by lactate in WT females (Fig. 3¢c; Supplementary Fig. 7 g). Together, these adaptations suggest that
lactate enhances extracellular matrix stability and postsynaptic plasticity signalling in the healthy brain.

Core AD-associated proteins, APP, APOE, CLU and GFAP, were elevated in Tg mice (Fig. 3¢c; Supplementary
Fig. 7a-d), consistent with gliosis and neuroinflammation in the AD phenotype, processes recognised as
central drivers of AD pathology*. Lactate did not significantly alter these markers, although levels in lactate-
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treated Tg mice trended towards WT. Phospholipase D family member 3 (PLD3), an endolysosomal AD risk
factor, showed a similar trending pattern, but no statistically significant change with lactate (Supplementary
Fig. 7e). At the transcript level, lactate reduced the pro-inflammatory cytokine interleukin-1b (I/1b) in Tg mice
(Fig. 6a) and showed increases of anti-inflammatory interleukin-4 (I/4) and interleukin-13 (1113) in WT mice
(Fig. 6b, c). These findings indicate a modest protective inflammation- and gliosis-attenuating effect of lactate,
complementing its synaptic actions without directly altering core amyloid/glial proteins in the AD mice.

Lactate modulated proteins involved in mitochondrial energetics and cellular metabolism in a genotype-
and sex-dependent manner. ATP5G2, increased in Tg females, indicating enhanced oxidative phosphorylation;
GrpE-like 1, mitochondrial (GRPELI1), and solute carrier family 25 member 23 (SLC25A23), were upregulated
in WT males, consistent with strengthened mitochondrial protein import and Ca®[1-regulated ATP-Mg/Pi
transport (Fig. 3c; Supplementary Fig. 7h-j). Apurinic/apyrimidinic endonuclease 1 (APEX1), increased by
lactate in WT females; farnesyl diphosphate synthase (FDPS), was elevated in Tg groups irrespective of lactate
treatment; GDP-mannose pyrophosphorylase B (GMPPB), decreased in WT males; guanylate kinase 1 (GUK1),
decreased in Tg males with lactate; and 5-oxoprolinase (OPLAH), was downregulated in WT males, consistent
with reinforcement of glutathione-cycle redox control (Fig. 3¢; Supplementary Fig. 7k-o). Collectively, these
adaptations suggest that lactate augments mitochondrial energetics and import while tuning nucleotide,
sterol, and glutathione-linked redox metabolism — changes that plausibly support synaptic resilience and the
behavioural benefits observed in Tg mice.

Sex-stratified analyses revealed marked variability in both baseline differences and lactate responses,
consistent with the recognised influence of sex as a biological variable in AD. Sex differences in AD prevalence,
progression, and metabolic regulation are well documented, and may reflect differential regulation of
mitochondrial function, neuroinflammation, and synaptic plasticity between males and females®°.

In females, lactate trended to reduce AD markers (Fig. 3¢; Supplementary Fig. 7a-e), increased ionotropic
glutamate receptor transcripts in Tg mice (Grik3, Grin2c, Grid2ip; Fig. 5f-h), and elevated ATP5G2 in Tg
animals (Fig. 3c; Supplementary Fig. 7h), consistent with known sex-dependent regulation®’. These genes are
involved in glutamatergic signalling and synaptic plasticity*®*°, and together suggest that lactate enhanced
postsynaptic responsiveness in Tg females. These findings are consistent with previous reports indicating sex-
dependent responses to metabolic and neuroinflammatory stimuli, including lactate signalling and astrocyte-
neuron metabolic coupling.

In males, lactate downregulated pro-apoptotic regulators: arginine-glutamic acid dipeptide repeats (Rere) and
histone deacetylase 4 (Hdac4) (Supplementary Fig. 6¢, d), implying reduced apoptotic drive and de-repression
of myocyte enhancer factor 2 C/D (MEF2C/D) mediated transcription. Lactate also upregulated mitochondrial
proteins GRPEL1 and SLC25A23 (Fig. 3¢; Supplementary Fig. 7i, j), enhancing mitochondrial protein import
and energetics, while downregulating methylenetetrahydrofolate reductase (Mthfr), a key enzyme in folate
metabolism whose polymorphisms are linked to elevated homocysteine levels and increased AD risk®(Fig. 5e).

In Tg females, lactate upregulated autophagy-related 4 A cysteine peptidase (Atg4a), essential for
autophagosome formation®'. This is in line with the view that impaired autophagy contributes to AD
pathogenesis®® and the reported ATG4A dysregulation in neurons differentiated from AD patient derived
induced pluripotent stem cells®. Lactate also increased ubiquitin protein ligase E3 component N-recognin
2 (Ubr2), implicated in the ubiquitination of pathological AD markers®, consistent with lactate-reinforced
autophagy and proteostasis. (Fig. 5b).

Several lactate-induced changes were observed only in WT mice, including upregulation of Mct2, Bdnf, Igfl,
Vegfa, and regulations of mitochondrial proteins GRPEL1 and SLC25A23, suggesting that AD pathology may
blunt some of lactate’s actions and highlighting a preventive potential. Taken together, lactate engages divergent
sex-specific pathways strengthening glutamatergic signalling and autophagy in females, while modulating
transcriptional plasticity, mitochondrial energetics, and folate metabolism in males. These findings underscore
sex as a critical biological variable and highlight the need for precision-medicine approaches in AD. Although
molecular analyses revealed marked sex-dependent effects, sex-stratified behavioural analyses did not show
significant differences, likely due to limited statistical power after subgrouping. However, the present study was
not designed to mechanistically dissect the basis of these sex-specific differences, and further studies will be
required to determine the underlying biological drivers.

This exploratory study has several limitations that should be considered. Use of hemibrains facilitated
detection of broad molecular changes but may have masked region-selective effects. Group sizes were small
in some assays, particularly for RT-qPCR data on 114 and 1113 in WT mice (n=2-3), limiting statistical power.
Classical histopathological endpoints (e.g. AB plaque burden, microglial morphology, synaptic density) were not
assessed, restricting conclusions on disease modification. The timing of treatment initiation is another limitation.
The early-treatment cohort represents a largely pre-symptomatic stage, whereas the late-treatment cohort reflects
early pathological progression. Accordingly, the present study distinguishes preventive from early-intervention
effects, but does not address treatment at more advanced disease stages. Future studies initiating treatment at
older ages will be needed to better assess therapeutic potential. In addition, because the molecular analyses were
distributed across early-, late-, and combined-cohort contexts depending on the biological question, not all
molecular findings can be directly linked to behavioural outcomes within the same treatment window. Systemic
tolerability markers were not measured, though stable body weight and absence of anxiety-like behaviour
indicated satisfactory tolerability. Oxidative stress markers were also lacking, leaving open whether lactate-
induced mitochondrial activation has net protective or adverse redox effects. Given lactate’s role in modulating
the NADH/NAD+ ratio and mitochondrial activity, future studies should address its impact on cellular redox
balance. Finally, brain lactate was not measured directly; however, Mct2 upregulation and prior evidence of
blood-brain barrier transport support central exposure. Behavioural assessment was restricted to the Y-maze
and additional paradigms will be needed to determine whether effects generalise across cognitive domains.
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Opverall, these findings suggest that lactate exerts its neuroprotective effects through a coordinated interplay
between metabolic, synaptic, neuroinflammatory and proteostatic mechanisms. In conclusion, this study
demonstrates that repeated lactate administration mitigates working memory decline in 5XFAD mice and
beneficially modulates multiple molecular pathways associated with AD. Lactate enhanced synaptic proteins
(OPCML, PPFIA2, STXBP3,SYT1, VGLUT2, and VSNLL1), attenuated neuronal injury markers (NEFL), reduced
pro-inflammatory signalling (I1/1b), and supported mitochondrial and proteostatic factors. Notably, glutamatergic
markers typically reduced in AD were restored, suggesting enhanced synaptic efficacy and neuronal resilience.
Importantly, both lactate’s effects and the baseline Tg-WT differences varied by sex, underscoring the need for
precision medicine approaches. These findings provide convergent behavioural, proteomic, and transcriptomic
evidence of lactate’s benefits and support further mechanistic and translational studies in larger, age-stratified
cohorts.

Materials and methods

Mice

Animal experiments were conducted in accordance with national and regional ethical guidelines at the Institute
of Basic Medical Sciences, Faculty of Medicine, University of Oslo and complied with the ARRIVE guidelines
(https://arriveguidelines.org). All animal procedures were approved by the Norwegian Food Safety Authority
and the Norwegian Animal Research Authority (FOTS 13167, 15525), adhering to the standards set by the
European Union.

Mice were group-housed in Seal Safe Plus GM900 and GM500 cages (Scanbur AS, Norway), with woodchip
bedding, nesting paper, and in-cage shelters. Mice were regularly monitored for signs of aggression and those
exhibiting such signs were rehoused in smaller groups or individually, as needed, to ensure their welfare. All
mice had ad libitum access to water and a standard pellet diet (Teklad Global 18% Protein Rodent Diet (2018 S),
Envigo, UK). The housing environment was maintained at 22 + 1 °C with 55 + 5% humidity, and mice were kept
on a 12-h light/dark cycle (7 am to 7 pm). Treatments and experiments were performed during the light phase
(9 am to 5 pm), corresponding to the mice’s inactive/resting period. Light intensity ranged from 45 Ix during the
light cycle to 285 Ix during peak illumination.

5XFAD B6/SJL mice were acquired from The Jackson Laboratory (34840-JAX, USA) and bred at the Institute
of Basic Medical Sciences, University of Oslo. The 5XFAD mouse model overexpresses human APP and PSEN1
transgenes carrying five AD mutations (including Swedish, Florida, and London mutations in App and M146L
and L286V in Psenl) under the control of the thymus cell antigen 1 (Thy1) promoter, enabling targeted expression
in nervous system cells.

The AD mice used in this study were hemizygous for both App and Psenl transgenes, generated from the
5XFAD model, along with WT littermate controls. Of note, the App transgene includes the 5 untranslated
region, which contains a putative interleukin-1b (I/1b) translational enhancer element.

Genotyping was conducted on 6-8-week-old mice using ear-punch biopsy samples. DNA was isolated
using the Extract-N-Amp Tissue PCR kit (XNAT2; Sigma Aldrich, USA), followed by PCR and agarose gel
electrophoresis to identify the presence of App and Psenl transgenes (Supplementary Table 1). The experimental
design was carefully structured to ensure balanced representation of male and female mice.

Treatments

Treatments were initiated at two distinct age intervals: an early-treatment start (1.1-2.3 months old),
corresponding to a largely pre-symptomatic stage prior to substantial amyloid deposition and before measurable
cognitive impairment, and a late-treatment start (2.6-3.2 months old), corresponding to an early pathological
stage in which amyloid accumulation is present and cognitive impairment begins to emerge in the 5XFAD model
(Fig. 1b). Within each age group, mice were randomly assigned to either the vehicle group (1x PBS; 10010023,
ThermoFisher, UK) or the lactate group (Sodium L-lactate; 71718, Sigma-Aldrich, MO, USA) (Fig. 1a). Mice in
both groups received treatments four times per week for 11 weeks using 12.7 mm/29-gauge syringes (BD Micro-
Fine+1 mL Insulin). Mice in the lactate group were administered 2 g kg[1' body weight of sodium L-lactate
(18 mmol kg") dissolved in 1x PBS (pH 7.4) at 100 mg mL[1". This dose was chosen to replicate lactate levels
observed after high-intensity training” and was adjusted for long-term administration (Supplementary Fig. 1).
Peripheral lactate administration has also been shown to increase cerebral extracellular lactate, as demonstrated
by microdialysis studies in mice and humans®>*. To maintain treatment efficacy while minimising localised
tissue reactions, injection routes alternated between SC and IP'°.

Behavioural tests

OFT was used to assess anxiety-like behaviour following lactate injections'?, while the Y-maze was employed
to evaluate working memory®’. Behavioural data from both tests were analysed using BiKiPy, a Python package
specifically designed for behavioural analysis. Mouse coordinates were determined using DeepLabCut, and
the resulting data were smoothed using a Seasonal Autoregressive Integrated Moving Average with Exogenous
factors (SARIMAX) model to improve signal clarity and reduce noise.

OFT

To assess anxiety-like behaviour, mice were observed for 5 min as they explored a novel, roofless square arena
measuring 40 x40 x 34 cm, illuminated at 15 Ix. The arena was divided into two distinct zones: a central zone
(2020 cm) and a peripheral zone (a 10 cm band along the arena’s edges). To prevent confounding odours, the
arena was cleaned with 70% ethanol between trials. Behavioural data were recorded using ANY-maze tracking
software (v6.21, Stoelting Co., USA).
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For analyses, confinement in the centre across video frames was quantified by defining the centre as a
rectangular perimeter and the periphery as the coordinates outside this perimeter. Confinement within the
rectangular perimeter was subjected to tolerance modelling, yielding centre confinement (CC). By flipping the
binary values and applying tolerance modelling, periphery confinement (PC) was obtained. CC and PC are
binary sequences in which a value of 1 indicates confinement to the respective zone. To calculate the time spent
in each zone, the values in the corresponding sequences are summed and the result divided by the frame rate
(frames per second; fps). This provides the total duration, in seconds, that the animal spends in each area.

Y-maze test

The Y-maze consisted of three identical arms (35 x 8 x45 cm) arranged at 120° angles. The test was conducted
in low-light conditions, with an 8-lux light source positioned above the maze. Prior to the test, mice were
acclimatised to the testing room for 30 min. During the 6-min trial, each mouse was placed in one arm of
the maze and allowed to explore freely. An arm entry or exit was considered complete when the centre of the
animal’s body crossed the arm entrance. To control for odour cues, the maze was thoroughly cleaned with 70%
ethanol between trials.

For analyses, a reduced version of the original dataset that contains the location of the animal in every recorded
frame was used. This reduction eliminates redundant data by compressing consecutive identical locations into
single entries. A tolerance model was applied to consecutive arm entries. Area alternations were calculated as
the count of each area label in the dataset, with the results stored in a map (key: area, value: alternations). When
a mouse visits three unique arms consecutively, it’s called a triple alternation. The sum of triplet alternations is
the length of the area alternation sequence minus two. The subtraction is used to ignore length of the two initial
elements from the reduced sequence.

Spontaneous alternations (SA) are computed as follows:

SA=n/s

Where n is the total number of unique triplet alternations and s is the sum of total alternations.

Distance travelled (displacement): To get the frame-wise displacement the coordinates have their origin-
distance computed by the Euclidean norm. The finite difference of the origin-distance gives frame-wise
displacement:

Sn = |Pn+1 — Dnl me [0, k—1]

The total displacement is computed by:

_ k
Stot = i=0S5i

Where p is position; s is displacement; & is the number of frames in the video recording.

Brain tissue preparation
Following the completion of behavioural testing, mice were euthanised via cervical dislocation. Brains were
quickly dissected and hemisected. The whole-brain hemispheres were immediately frozen by placement on solid
CO, and subsequently stored at —80 °C for homogenization and extraction, as described below.

For downstream molecular analyses, proteomics included samples from both early- and late-treatment
cohorts, whereas RNA sequencing and RT-qPCR were performed in cohort-specific contexts depending on the
biological question, as indicated in the corresponding Results sections and figure legends.

Protein sample preparation and LC-MS/MS analysis

Protein pellets were precipitated using the AllPrep DNA/RNA/Protein Mini Kit (80004; Qiagen), and protein
concentrations were determined via the BCA assay (Pierce). For each replicate, 20 pg of protein was precipitated
on amine beads, following a previously described method®®. Immobilised proteins on beads were dissolved in
50 mM ammonium bicarbonate, reduced, alkylated, and digested with trypsin (1:50 enzyme ratio; Promega) at
37 °C overnight.

Peptides were loaded onto Evotips and analysed by LC-MS/MS using the Evosep One system (Evosep),
coupled with a Q Exactive HF mass spectrometer (ThermoFisher). The analysis employed an 88-min gradient
(Evosep extended method).

Raw data from the LC-MS/MS analysis were processed using MaxQuant software (v 1.6.17.0) for protein
identification and label-free quantification. Carbamidomethyl (C) was set as a fixed modification, while
N-acetylation and methionine oxidation were variable modifications. The peptide search was configured with
a first search tolerance of 20 ppm and a main search tolerance of 4.5 ppm. Trypsin (without proline restriction)
was selected as the enzyme, allowing up to two missed cleavages. The minimum requirement for unique peptides
was set to one, and the false discovery rate (FDR) was set at 1% (FDR<0.01) for both peptide and protein
identification. The UniProt mouse database was employed, and reversed sequences were generated for FDR rate
assignment. Known contaminants and reversed entries, as provided by MaxQuant and identified in the samples,
were excluded from further analysis.

The “proteinGroups.txt” file containing quantified protein data was used for downstream analysis, mainly
including differential expression analysis using the DEP R package (v 1.12.0). Briefly, the data was cleaned by
removing contaminants and reverse proteins, and proteins missing label-free quantification (LFQ intensity)
values in all replicates in at least one condition. Data normalisation used variance stabilizing transformation
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(vsn) and a limma-based model. Missing values were imputed using MinProb, suitable for “missing not at
random” (MNAR) data and random selection of minimal values from a left-shifted distribution. DEPs were
identified using the protein-wise linear model (limma package within DEP package) combined with empirical
Bayes statistics, with an adjusted p-value <0.05 and a minimum absolute log, fold change >0.5. Gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were conducted
using the clusterProfiler R package (v 3.18.1).

RNA-seq analysis

mRNA was enriched from total RNA samples using Oligo(dT) magnetic beads, followed by conversion to cDNA
via reverse transcription with an N6 primer. Adaptors were ligated to the cDNA ends, and ligation products
were amplified through PCR using two specific primers. The PCR products were denatured, and single-stranded
DNA (ssDNA) was cyclised using splint oligos and DNA ligase. The library was prepared and sequenced on an
SE50 instrument at BGI (Hong Kong, China). Raw reads underwent quality control (QC) and were filtered into
clean reads, which were aligned to the mm10/GRCm38 mouse reference genome using HISAT*(index file: h
ttps://cloud.biohpc.swmed.edu/index.php/s/grem38_tran/download; Gtf file: http://hgdownload.soe.ucsc.edu/
goldenPath/mm10/bigZips/genes/mm10.refGene.g.tf.gz). The reads alignment and transcripts assembly were
performed on a Saga clustering computer provided by UNINETT Sigma2. Aligned SAM files were sorted and
converted to BAM files using SAMtools. Transcripts were assembled with stringTie (v1.3.5) and merged using
the stringTie —merge function. Read coverage tables with normalised Fragments Per Kilobase of transcript per
Million mapped reads (FPKM) counts were generated based on merged transcripts using the stringTie —eB
function. DESeq2 (R package, v1.30.1) was employed to compare transcripts, normalise counts, and identify
DEGs. Raw counts were normalised by size factor, which is the median of ratios calculated by dividing the raw
count with the geometric mean of each gene among all samples. The differential expression was tested using
negative binomial generalised linear models. A modified t-test (Wald test) was applied for p-value analysis, and
adjusted p-values were obtained using the Benjamini-Hochberg (BH) procedure. DEGs were determined as
absolute log, fold change>1 and adjusted p-value<0.05. DEGs were further processed and visualised with R
packages, including ggplot2, tidyverse, principal component analysis (PCA), ggvenn (v0.1.9, for Venn diagram),
and pheatmap (v1.0.12). DEGs underwent Gene Ontology (GO) enrichment analysis and functional annotation
with the R package clusterProfiler (v3.18.1)%°. The overrepresentation module (enrichGO function) was used
with an adjusted p-value cutoff of 0.05 and pAdjustMethod set to “BH”. Biological process (BP), molecular
function (MF), and cellular component (CC) ontologies were analysed separately.

RNA extraction and RT-qPCR

Snap-frozen mouse hemibrains were individually homogenised using a FastPrep-24 machine at a speed of 6.5
ms[] for 45 s in 1 mL of buffer RLT. Total RNA was extracted using the RNeasy Lipid Tissue Mini Kit (QIAGEN,
Sweden) according to the manufacturer’s instructions and eluted in 30 uL of RNase-free water. RNA quality and
concentration were assessed with a Nanodrop 2000c spectrophotometer (Thermo Scientific, USA), ensuring the
samples were kept on ice during handling.

RNA concentrations were normalised to 38.2 ng/uL, and cDNA was synthesised using the Reverse
Transcriptase Core Kit (Eurogentec, RT-RTCK-05; Lot. EUK211, Belgium) to obtain a final concentration of 1.09
ng/puL. Real-time quantitative PCR (RT-qPCR) was carried out using the Takyon low ROX Probe 2X MasterMix
(dTTP blue—-750 rxn, UF-LPMT-B0701) and Tagman Gene Expression Assays (Thermo Fisher Scientific) on
an Agilent Technologies AriaMx Real-Time PCR system. Genes of interest, including Bdnf (MmO01334042_
ml), Hearl (MmO00558586_s1), Igfl (Mm00439560_m1), Il1b (Mm00434228_m]l), Il4 (Mm00445259_m1),
1113 (Mm00434204_m1), Slc16a7 (Mct2) (Mm00441442_m1), Vegfa (Mm00437306_m1), were assessed. The
reference gene Rpll3a (MmO01612986_gH) was used for normalisation, and relative expression levels were
calculated using the AACt method.

Statistical analysis

All individual measurements constitute biological replicates. Sex was included as a biological variable in all
analyses, and females and males were evaluated separately to assess potential sex-dependent effects. Groups with
n<9 were analysed using parametric tests. Groups with n>9 were first evaluated for normal distribution using
D’Agostino and Pearson’s omnibus normality test. The specific statistical approaches applied to each experiment
are detailed in the figure legends. Data are presented as box-and-whisker plots (median and interquartile range)
or as bar plots (mean + standard deviation or standard error of the mean). Statistical analyses were performed
using GraphPad Prism (v10.2.0; GraphPad Software). Given the factorial design of the behavioural experiments,
data were analysed by two-way ANOVA followed by Tukey’s post hoc test to assess group differences and
potential interactions. For molecular assays (RT-qPCR and a subset of proteomics), analyses were performed
separately within each sex using one-way ANOVA followed by Tukey’s test or Fisher’s least significant test, due
to smaller group sizes and partial factorial design. For RNA-seq and Proteomics, differential expression was
assessed using Wald statistics with Benjamini-Hochberg correction to control the false discovery rate. Effect
sizes are reported as Cohen’s d for post hoc comparisons and n* (partial n*) for ANOVA. Statistical significance
was set at p<0.05 and is indicated as follows: *p < 0.05, **p<0.01 and ***p <0.001.

Data availability

The RNA-seq data generated in this study have been deposited in the Gene Expression Omnibus (GEO) under
the accession code GSE276471. Additional data supporting the findings of this study are available from the cor-
responding author upon reasonable request.

Scientific Reports |

(2026) 16:18290 | https://doi.org/10.1038/s41598-026-48154-6 nature portfolio


https://cloud.biohpc.swmed.edu/index.php/s/grcm38_tran/download
https://cloud.biohpc.swmed.edu/index.php/s/grcm38_tran/download
http://hgdownload.soe.ucsc.edu/goldenPath/mm10/bigZips/genes/mm10.refGene.g.tf.gz
http://hgdownload.soe.ucsc.edu/goldenPath/mm10/bigZips/genes/mm10.refGene.g.tf.gz
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Received: 7 May 2025; Accepted: 6 April 2026
Published online: 14 April 2026

References

1.

Zhang, J. et al. Recent advances in Alzheimer’s disease: Mechanisms, clinical trials and new drug development strategies. Signal.
Transduct. Target. Ther. 9, 211. https://doi.org/10.1038/s41392-024-01911-3 (2024).

2. Tari, A. R. et al. Temporal changes in cardiorespiratory fitness and risk of dementia incidence and mortality: a population-based
prospective cohort study. Lancet Public Health 4, e565-e574. https://doi.org/10.1016/s2468-2667(19)30183-5 (2019).

3. Choi, S. H. et al. Combined adult neurogenesis and BDNF mimic exercise effects on cognition in an Alzheimer’s mouse model.
Science 361 https://doi.org/10.1126/science.aan8821 (2018).

4. Gaitén, J. M. et al. Effects of Aerobic Exercise Training on Systemic Biomarkers and Cognition in Late Middle-Aged Adults at Risk
for Alzheimer’s Disease. Front. Endocrinol. (Lausanne) 12, 660181. https://doi.org/10.3389/fendo.2021.660181 (2021).

5. Norevik, C. S. et al. Exercised blood plasma promotes hippocampal neurogenesis in the Alzheimer’s disease rat brain. J. Sport
Health Sci. 13, 245-255. https://doi.org/10.1016/j.jshs.2023.07.003 (2024).

6. Tari, A. R. etal. Temporal changes in personal activity intelligence and the risk of incident dementia and dementia related mortality:
A prospective cohort study (HUNT). EClinicalMedicine 52, 101607. https://doi.org/10.1016/j.eclinm.2022.101607 (2022).

7. Morland, C. et al. Exercise induces cerebral VEGF and angiogenesis via the lactate receptor HCAR1. Nat. Commun. 8, 15557.
https://doi.org/10.1038/ncomms15557 (2017).

8. Bergersen, L. H. Lactate Transport and Signaling in the Brain: Potential Therapeutic Targets and Roles in Body—Brain Interaction.
J. Cereb. Blood Flow Metab. 35, 176-185. https://doi.org/10.1038/jcbfm.2014.206 (2015).

9. Magistretti, P. J. & Allaman, I. Lactate in the brain: from metabolic end-product to signalling molecule. Nat. Rev. Neurosci. 19,
235-249. https://doi.org/10.1038/nrn.2018.19 (2018).

10. Haugen, @. P. et al. Blood lactate dynamics in awake and anaesthetized mice after intraperitoneal and subcutaneous injections of
lactate - Sex matters. Peer/ 8, e8328. https://doi.org/10.7717/peer;j.8328 (2020).

11. Padua, M. S., Guil-Guerrero, J. L. & Lopes, P. A. Behaviour hallmarks in Alzheimer’s disease 5XFAD mouse model. Int. ]. Mol. Sci.
https://doi.org/10.3390/ijms25126766 (2024).

12. Oakley, H. et al. Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial
Alzheimer’s disease mutations: potential factors in amyloid plaque formation. J. Neurosci. 26, 10129-10140. https://doi.org/10.152
3/jneurosci.1202-06.2006 (2006).

13. Pitts, E N.Jr. & McClure, J. N. Jr. Lactate metabolism in anxiety neurosis. N. Engl. J. Med. 277, 1329-1336. https://doi.org/10.1056
/nejm196712212772502 (1967).

14. Bergold, P. ]. et al. Production of panic-like symptoms by lactate is associated with increased neural firing and oxidation of brain
redox in the rat hippocampus. Neurosci. Lett. 453, 219-224. https://doi.org/10.1016/j.neulet.2009.02.041 (2009).

15. Fremeau, R. T. Jr. et al. Vesicular glutamate transporters 1 and 2 target to functionally distinct synaptic release sites. Science 304,
1815-1819. https://doi.org/10.1126/science.1097468 (2004).

16. Fremeau, R. T. Jr. et al. The expression of vesicular glutamate transporters defines two classes of excitatory synapse. Neuron 31,
247-260. https://doi.org/10.1016/s0896-6273(01)00344-0 (2001).

17. Hosseinpouri, A., Sadegh, K., Zarei-Behjani, Z., Dehghan, Z. & Karbalaei, R. Identification of critical genes and drug repurposing
targets in entorhinal cortex of Alzheimer’s disease. Neurogenetics 26, 27. https://doi.org/10.1007/s10048-025-00806-x (2025).

18. Wang, Y., Zhao, J. & Zhao, L. L-lactate administration improved synaptic plasticity and cognition in early 3xTg-AD mice. Int. J.
Mol. Sci. https://doi.org/10.3390/ijms26041486 (2025).

19. Suzuki, A. et al. Astrocyte-neuron lactate transport is required for long-term memory formation. Cell 144, 810-823. https://doi.or
€/10.1016/j.cell.2011.02.018 (2011).

20. Minhas, P. S. et al. Restoring hippocampal glucose metabolism rescues cognition across Alzheimer’s disease pathologies.. Science
385, eabm6131. https://doi.org/10.1126/science.abm6131 (2024).

21. Wu, Y. Hippocampal lactate-infusion enhances spatial memory correlated with monocarboxylate transporter 2 and lactylation.
Brain Sci. https://doi.org/10.3390/brainsci14040327 (2024).

22. Bergersen, L. et al. A novel postsynaptic density protein: The monocarboxylate transporter MCT2 is co-localized with §-glutamate
receptors in postsynaptic densities of parallel fiber-Purkinje cell synapses. Exp. Brain Res. 136, 523-534. https://doi.org/10.1007/s
002210000600 (2001).

23. Bergersen, L. H., Magistretti, P. ]. & Pellerin, L. Selective postsynaptic co-localization of MCT2 with AMPA receptor GluR2/3
subunits at excitatory synapses exhibiting AMPA receptor trafficking.. Cereb. Cortex 15, 361-370. https://doi.org/10.1093/cercor/
bhh138 (2005).

24. Hwang, D. et al. Exogenous lactate augments exercise-induced improvement in memory but not in hippocampal neurogenesis..
Sci. Rep. 13, 5838. https://doi.org/10.1038/s41598-023-33017-1 (2023).

25. van Hall, G. et al. Blood lactate is an important energy source for the human brain.. J. Cereb. Blood Flow Metab. 29, 1121-1129.
https://doi.org/10.1038/jcbfm.2009.35 (2009).

26. Tabernero, A., Bolafios, J. P. & Medina, J. M. Lipogenesis from lactate in rat neurons and astrocytes in primary culture.. Biochem.
J. 294(Pt 3), 635-638. https://doi.org/10.1042/bj2940635 (1993).

27. Sonnewald, U. Glutamate synthesis has to be matched by its degradation - Where do all the carbons go?. J. Neurochem. 131,
399-406. https://doi.org/10.1111/jnc.12812 (2014).

28. Ido, Y., Chang, K. & Williamson, J. R. NADH augments blood flow in physiologically activated retina and visual cortex.. Proc. Natl.
Acad. Sci. U. S. A. 101, 653-658. https://doi.org/10.1073/pnas.0307458100 (2004).

29. Li, R. et al. Lactate and lactylation in the brain: Current progress and perspectives. Cell. Mol. Neurobiol. 43, 2541-2555. https://do
i.org/10.1007/s10571-023-01335-7 (2023).

30. Li, Z. et al. Lactate shuttling links histone lactylation to adult hippocampal neurogenesis in mice. Dev. Cell https://doi.org/10.1016
/j.devcel.2024.12.021 (2025).

31. Fernandez-Moncada, L. et al. A lactate-dependent shift of glycolysis mediates synaptic and cognitive processes in male mice. Nat.
Commun. 15, 6842. https://doi.org/10.1038/s41467-024-51008-2 (2024).

32. Briquet, M. et al. Activation of lactate receptor HCAR1 down-modulates neuronal activity in rodent and human brain tissue. J.
Cereb. Blood Flow Metab. 42, 1650-1665. https://doi.org/10.1177/0271678x221080324 (2022).

33. Moberg, L. et al. Lactate increases ADAM10 activity and reduces BACEI activity in mouse brain. J. Physiol. 602, 5217-5228. https
://doi.org/10.1113/jp286962 (2024).

34. Goyal, M. S., Hawrylycz, M., Miller, J. A, Snyder, A. Z. & Raichle, M. E. Aerobic glycolysis in the human brain is associated with
development and neotenous gene expression. Cell. Metab. 19, 49-57. https://doi.org/10.1016/j.cmet.2013.11.020 (2014).

35. Shin, J., Park, S., Lee, H. & Kim, Y. Thioflavin-positive tau aggregates complicating quantification of amyloid plaques in the brain
of 5XFAD transgenic mouse model. Sci. Rep. 11, 1617. https://doi.org/10.1038/s41598-021-81304-6 (2021).

36. Osnes, J. B. & Hermansen, L. Acid-base balance after maximal exercise of short duration. J. Appl. Physiol. 32, 59-63. https://doi.or
¢/10.1152/jappl.1972.32.1.59 (1972).

37. Gaetani, L. et al. Neurofilament light chain as a biomarker in neurological disorders. J. Neurol. Neurosurg. Psychiatry 90, 870-881.
https://doi.org/10.1136/jnnp-2018-320106 (2019).

Scientific Reports|  (2026) 16:18290 | https://doi.org/10.1038/s41598-026-48154-6 nature portfolio


https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1016/s2468-2667(19)30183-5
https://doi.org/10.1126/science.aan8821
https://doi.org/10.3389/fendo.2021.660181
https://doi.org/10.1016/j.jshs.2023.07.003
https://doi.org/10.1016/j.eclinm.2022.101607
https://doi.org/10.1038/ncomms15557
https://doi.org/10.1038/jcbfm.2014.206
https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.7717/peerj.8328
https://doi.org/10.3390/ijms25126766
https://doi.org/10.1523/jneurosci.1202-06.2006
https://doi.org/10.1523/jneurosci.1202-06.2006
https://doi.org/10.1056/nejm196712212772502
https://doi.org/10.1056/nejm196712212772502
https://doi.org/10.1016/j.neulet.2009.02.041
https://doi.org/10.1126/science.1097468
https://doi.org/10.1016/s0896-6273(01)00344-0
https://doi.org/10.1007/s10048-025-00806-x
https://doi.org/10.3390/ijms26041486
https://doi.org/10.1016/j.cell.2011.02.018
https://doi.org/10.1016/j.cell.2011.02.018
https://doi.org/10.1126/science.abm6131
https://doi.org/10.3390/brainsci14040327
https://doi.org/10.1007/s002210000600
https://doi.org/10.1007/s002210000600
https://doi.org/10.1093/cercor/bhh138
https://doi.org/10.1093/cercor/bhh138
https://doi.org/10.1038/s41598-023-33017-1
https://doi.org/10.1038/jcbfm.2009.35
https://doi.org/10.1042/bj2940635
https://doi.org/10.1111/jnc.12812
https://doi.org/10.1073/pnas.0307458100
https://doi.org/10.1007/s10571-023-01335-7
https://doi.org/10.1007/s10571-023-01335-7
https://doi.org/10.1016/j.devcel.2024.12.021
https://doi.org/10.1016/j.devcel.2024.12.021
https://doi.org/10.1038/s41467-024-51008-2
https://doi.org/10.1177/0271678x221080324
https://doi.org/10.1113/jp286962
https://doi.org/10.1113/jp286962
https://doi.org/10.1016/j.cmet.2013.11.020
https://doi.org/10.1038/s41598-021-81304-6
https://doi.org/10.1152/jappl.1972.32.1.59
https://doi.org/10.1152/jappl.1972.32.1.59
https://doi.org/10.1136/jnnp-2018-320106
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

38. Yuan, A, Rao, M. V,, Nixon, R. A. & Veeranna & Neurofilaments and Neurofilament Proteins in Health and Disease. Cold Spring
Harb Perspect. Biol. 9 https://doi.org/10.1101/cshperspect.a018309 (2017).

39. Takamori, S., Rhee, J. S., Rosenmund, C. & Jahn, R. Identification of differentiation-associated brain-specific phosphate transporter
as a second vesicular glutamate transporter (VGLUT2). J. Neurosci. 21, Rc182. https://doi.org/10.1523/J]NEUROSCI.21-22-j0002.
2001 (2001).

40. Jung, H. Y. et al. Age-dependent changes in vesicular glutamate transporter 1 and 2 expression in the gerbil hippocampus. Mol.
Med. Rep. 17, 6465-6471. https://doi.org/10.3892/mmr.2018.8705 (2018).

41. Wood, O. W. G. et al. Alzheimer’s disease-associated region-specific decrease of vesicular glutamate transporter immunoreactivity
inthe medial temporal lobe and superior temporal gyrus. Neuroscience 546, 75-87. https://doi.org/10.1016/j.neuroscience.2024.03
027 (2024).

42. Sarkany, B. et al. Early and selective localization of tau filaments to glutamatergic subcellular domains within the human
anterodorsal thalamus. Acta Neuropathol. 147, 98. https://doi.org/10.1007/s00401-024-02749-3 (2024).

43. Soares, C. et al. The glutamatergic system in Alzheimer’s disease: A systematic review with meta-analysis. Mol. Psychiatry https://d
0i.0rg/10.1038/s41380-024-02473-0 (2024).

44. Mroczko, B. et al. Evaluation of visinin-like protein 1 concentrations in the cerebrospinal fluid of patients with mild cognitive
impairment as a dynamic biomarker of Alzheimer’s disease. J. Alzheimers Dis. 43, 1031-1037. https://doi.org/10.3233/jad-141050
(2015).

45. Li, C. et al. The role of IL-1 family of cytokines in the pathogenesis and therapy of Alzheimer’s disease. Inflammopharmacology
https://doi.org/10.1007/s10787-024-01534-8 (2024).

46. Lopez-Lee, C., Torres, E. R. S., Carling, G. & Gan, L. Mechanisms of sex differences in Alzheimer’s disease. Neuron 112, 1208-1221.
https://doi.org/10.1016/j.neuron.2024.01.024 (2024).

47. King, D. E. et al. Sex-specific DNA methylation and associations with in utero tobacco smoke exposure at nuclear-encoded
mitochondrial genes. Epigenetics 17, 1573-1589. https://doi.org/10.1080/15592294.2022.2043591 (2022).

48. Liischer, C. & Malenka, R. C. NMDA receptor-dependent long-term potentiation and long-term depression (LTP/LTD). Cold
Spring Harb. Perspect. Biol. https://doi.org/10.1101/cshperspect.a005710 (2012).

49. Mothet, J. P. et al. D-serine is an endogenous ligand for the glycine site of the N-methyl-D-aspartate receptor. Proc. Natl. Acad. Sci.
U. S. A. 97, 4926-4931. https://doi.org/10.1073/pnas.97.9.4926 (2000).

50. Hua, Y., Zhao, H., Kong, Y. & Ye, M. Association between the MTHFR gene and Alzheimer’s disease: A meta-analysis. Int. J.
Neurosci. 121, 462-471. https://doi.org/10.3109/00207454.2011.578778 (2011).

51. Agrotis, A, Pengo, N., Burden, J. ]. & Ketteler, R. Redundancy of human ATG4 protease isoforms in autophagy and LC3/GABARAP
processing revealed in cells. Autophagy 15, 976-997. https://doi.org/10.1080/15548627.2019.1569925 (2019).

52. Hou, Y. et al. Urolithin A improves Alzheimer’s disease cognition and restores mitophagy and lysosomal functions. Alzheimer’s ¢~
Dementia 20, 4212-4233. https://doi.org/10.1002/alz.13847 (2024).

53. Shirotani, K. et al. Alterations of ATG4A and LC3B in neurons derived from Alzheimer’s disease patients. Genes Cells 28, 319-325.
https://doi.org/10.1111/gtc.13010 (2023).

54. Kumar, D. & Kumar, P. AB, Tau, and a-Synuclein aggregation and integrated role of PARK2 in the regulation and clearance of toxic
peptides. Neuropeptides 78, 101971. https://doi.org/10.1016/j.npep.2019.101971 (2019).

55. Carrard, A. et al. Peripheral administration of lactate produces antidepressant-like effects. Mol. Psychiatry 23, 392-399. https://do
i.org/10.1038/mp.2016.179 (2018).

56. Carteron, L. et al. Hypertonic lactate to improve cerebral perfusion and glucose availability after acute brain injury. Crit. Care Med.
46, 1649-1655. https://doi.org/10.1097/ccm.0000000000003274 (2018).

57. Miedel, C. J., Patton, J. M., Miedel, A. N., Miedel, E. S. & Levenson, J. M. Assessment of Spontaneous Alternation, Novel Object
Recognition and Limb Clasping in Transgenic Mouse Models of Amyloid- and Tau Neuropathology. J. Vis. Exp. https://doi.org/1
0.3791/55523 (2017).

58. Batth, T. S. et al. Protein aggregation capture on microparticles enables multipurpose proteomics sample preparation. Mol. Cell.
Proteomics. 18, 1027-1035. https://doi.org/10.1074/mcp.TIR118.001270 (2019).

59. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 12, 357-360.
https://doi.org/10.1038/nmeth.3317 (2015).

60. Yu, G., Wang, L. G,, Han, Y. & He, Q. Y. ClusterProfiler: An R package for comparing biological themes among gene clusters.
OMICS 16, 284-287. https://doi.org/10.1089/0mi.2011.0118 (2012).

Acknowledgements

The proteomic analyses, employing mass spectrometry, were conducted at the Proteomics Core Facility, De-
partment of Immunology, University of Oslo/Oslo University Hospital. We would like to acknowledge the sup-
port received from the Core Facilities program of the South-Eastern Norway Regional Health Authority, which
has greatly contributed to the success of this research endeavour. We are also grateful for the affiliation of this
core facility with the National Network of Advanced Proteomics Infrastructure (NAPI), funded by the Research
Council of Norway’s INFRASTRUKTUR-program (project number: 295910).

Author contributions

IB, IA, JSM, and LB contributed to the conception and design of the study. IB, IA, HMW, and EMV conducted
the experiments. IB and IA were responsible for data collection and analysis. CHT developed the behavioural
data analysis software, while MY performed the RNA-seq and proteomic data analyses. MB provided funding
for the study, and FAC supplied the mouse line. IB, IA, JSM, and LB co-wrote and revised the manuscript. All
authors reviewed and approved the final version of the manuscript.

Funding

Open access funding provided by NTNU Norwegian University of Science and Technology (incl St. Olavs Hos-
pital - Trondheim University Hospital)

Declarations

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2026) 16:18290 | https://doi.org/10.1038/s41598-026-48154-6 nature portfolio


https://doi.org/10.1101/cshperspect.a018309
https://doi.org/10.1523/JNEUROSCI.21-22-j0002.2001
https://doi.org/10.1523/JNEUROSCI.21-22-j0002.2001
https://doi.org/10.3892/mmr.2018.8705
https://doi.org/10.1016/j.neuroscience.2024.03.027
https://doi.org/10.1016/j.neuroscience.2024.03.027
https://doi.org/10.1007/s00401-024-02749-3
https://doi.org/10.1038/s41380-024-02473-0
https://doi.org/10.1038/s41380-024-02473-0
https://doi.org/10.3233/jad-141050
https://doi.org/10.1007/s10787-024-01534-8
https://doi.org/10.1016/j.neuron.2024.01.024
https://doi.org/10.1080/15592294.2022.2043591
https://doi.org/10.1101/cshperspect.a005710
https://doi.org/10.1073/pnas.97.9.4926
https://doi.org/10.3109/00207454.2011.578778
https://doi.org/10.1080/15548627.2019.1569925
https://doi.org/10.1002/alz.13847
https://doi.org/10.1111/gtc.13010
https://doi.org/10.1016/j.npep.2019.101971
https://doi.org/10.1038/mp.2016.179
https://doi.org/10.1038/mp.2016.179
https://doi.org/10.1097/ccm.0000000000003274
https://doi.org/10.3791/55523
https://doi.org/10.3791/55523
https://doi.org/10.1074/mcp.TIR118.001270
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1089/omi.2011.0118
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-026-48154-6.

Correspondence and requests for materials should be addressed to L.B. or LA.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:18290 | https://doi.org/10.1038/s41598-026-48154-6 nature portfolio


https://doi.org/10.1038/s41598-026-48154-6
https://doi.org/10.1038/s41598-026-48154-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Lactate treatment improves brain biochemistry and cognitive function in transgenic Alzheimer’s and wild-type mice
	﻿Results
	﻿Lactate administration elevates blood lactate in mice
	﻿Health monitoring of the mice
	﻿Lactate treatment protects against impaired cognitive performance
	﻿No effect of lactate treatment on anxiety-like behaviour in the open-field test (OFT)
	﻿Global proteomic analyses identify differentially expressed proteins related to AD, neuronal, mitochondrial, and metabolic processes
	﻿Lactate alters AD-related synaptic vesicle and structural protein expression in a sex-dependent manner
	﻿Sex-specific differential gene expression patterns in response to lactate treatment
	﻿Early administration of lactate ameliorates inflammation-associated gene expression
	﻿Lactate treatment induces upregulation of lactate-handling protein mRNAs in WT mice
	﻿Lactate treatment enhances growth factor expression in WT mice

	﻿Discussion
	﻿Materials and methods
	﻿Mice
	﻿Treatments
	﻿Behavioural tests
	﻿OFT
	﻿Y-maze test
	﻿Brain tissue preparation
	﻿Protein sample preparation and LC-MS/MS analysis
	﻿RNA-seq analysis
	﻿RNA extraction and RT-qPCR
	﻿Statistical analysis

	﻿References


