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1. Introduction

The prevalence of age-related cognitive decline and neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease is expected to rise dramatically with global
population aging. Aging is accompanied by mitochondrial dysfunction, oxidative stress,
impaired autophagy, chronic neuroinflammation, and diminished neurogenesis, all
contributing to memory deficits and reduced brain plasticity. Thus, developing

interventions to mitigate brain aging is a major biomedical priority.

Exercise has consistently been demonstrated to protect the brain, improving cognitive
performance and neuroplasticity through induction of neurotrophic (e.g., brain-derived
neurotrophic factor, BDNF), angiogenic (e.g., vascular endothelial growth factor, VEGF),
and metabolic (e.g., sirtuins, PGC-1a) signaling pathways. Endurance and resistance
exercise are known to slow down age-associated decline, but high-intensity interval
training (HIIT) has recently emerged as a time-efficient and potent modality to enhance

maximal oxygen uptake, mitochondrial biogenesis, and brain-derived signaling.

Beyond oxygen delivery and mechanical stimulation, exercise substantially alters
systemic metabolism. Lactate, once regarded merely as a metabolic byproduct, is now
recognized as an essential exerkine—a metabolite with signaling functions. Lactate
crosses the blood-brain barrier via monocarboxylate transporters (MCT1/2), activates
hydroxycarboxylic acid receptor 1 (HCARI1/GPRS81), and has been implicated in
neurogenesis, angiogenesis, and memory regulation. Evidence shows that lactate
administration can reproduce some exercise-induced benefits, partly via the SIRT1-PGC-

1o—FNDC5-BDNF axis.

However, critical gaps remain: (i) most lactate studies have been performed in adult rather
than aged animals, (ii) dose-dependent effects of chronic lactate exposure are poorly
defined, and (iii) direct comparisons between lactate and exercise in aged brain are
lacking. Moreover, while acute lactate can induce protein lactylation, the role of long-
term lactate exposure in histone or non-histone lactylation within aged hippocampus

remains uncertain.

This thesis addresses these gaps by systematically testing dose-dependent lactate effects

in aged mice, and by performing a head-to-head comparison of long-term lactate versus



HIIT on behavior, angiogenesis, neurotrophic pathways, mitochondrial markers, and

hippocampal protein lactylation.



2. Objectives
2.1 Overall aim

To determine how long-term lactate administration compares with HIIT in modulating

neuroplasticity and behavior in aged mice.
2.2 Specific Objectives

Dose-finding (20-22 months): Establish a tolerated lactate dose that elevates

hippocampal pro-angiogenic signaling (AKT/eNOS/VEGF) without adverse effects.

Efficacy comparison (25-27 months): Compare low-dose lactate with HIIT across:
(1) Behavior: open-field exploration, novel object recognition (recognition index), and
passive-avoidance memory (latency).
(i) Angiogenesis signaling: p/t-AKT (Ser473), eNOS, and VEGF abundance in
hippocampus.

(iii)  Neurotrophic and metabolic pathways: PGC-la, SIRTI, BDNF,

mitochondrial/energetic markers, and tissue lactate/pyruvate content.
2.3 Hypotheses
HIIT would improve cognition and activate angiogenic pathways in aged mice.

Chronic lactate administration would stimulate angiogenic and neurotrophic signaling but

may not fully replicate exercise-induced behavioral improvements.



3. Methods
3.1 Animals, Ethics, and Housing

Wild-type male mice were studied in two age windows: aging (20-22 months;
dose-finding) and aged (25-27 months; efficacy). Animals were housed under standard
conditions (12-h light/dark, temperature-controlled rooms), with ad libitum access to

chow and water.
3.2 Experimental Design

Experiment 1 (dose-finding, aging mice): Groups (n=4/group): Control (PBS), HIIT,
high-dose lactate, medium-dose lactate, low-dose lactate. Endpoints: behavior,

hippocampal angiogenic markers.

Experiment 2 (efficacy, aged mice): Groups (n=7/group): Control (PBS), HIIT, low-dose
lactate (dose selected from Experiment 1). Endpoints: behavior, hippocampal

angiogenesis and neurotrophic signaling, metabolites.
3.3 Interventions

Lactate administration: Sodium lactate was injected intraperitoneally 5x/week for 67
weeks (depending on experiment). In Experiment 1, three doses (500/1000/2000 mg/kg)

were used; in Experiment 2, the 500 mg/kg was used.

HIIT protocol: Treadmill running at 10% incline, following an individualized
familiarization and speed calibration. Each HIIT session comprised 3-min intervals
(~85% of the calibrated maximum speed) alternating with 2-min recovery (~45%),

repeated for 10 cycles after warm-up, 5x/week for 6-7 weeks.
3.4 Behavioral Testing

Open Field Test: Exploration and anxiety-like behavior assessed via center-zone time and

locomotion.

Novel Object Recognition: Memory performance measured by recognition index after

24-h retention.
Passive Avoidance: Retention latency used as a marker of aversive memory.

3.5 Tissue Collection and Molecular Assays



Mice were euthanized 48 h after the final session to avoid acute exercise effects.
Hippocampus were dissected, snap-frozen, and processed for Western blot. Targets
included angiogenic (p/tAKT, eNOS, VEGF), neurotrophic/metabolic (PGC-1a, SIRT1,
BDNF, FNDCS5), mitochondrial (SDHA, CS, LDH, SIRT3, NAMPT), and signaling
proteins (p/tCREB, p/tHSL). Band intensities were normalized to appropriate loading

controls and expressed relative to Control.
3.6 Metabolite Assays

Tissue lactate and pyruvate were quantified using enzymatic colorimetric/fluorometric
assays according to manufacturer instructions. The lactate/pyruvate (L/P) ratio was

calculated as an index of cytosolic redox state.
3.7 Statistics

Data are presented as mean = SD. Group differences were analyzed using one-way
ANOVA followed by Dunnett’s post-hoc test against Control. Significance was set at
p=0.05.



4. Results
4.1 Pilot Study

Blood lactate kinetics: Lactate rose dose-dependently with peaks at ~10 min post-
injection (Lac-L ~4.7 mmol/L; Lac-M ~7.2; Lac-H ~13.9). Recovery time ranged from
~20 min (low) to ~180 min (high). Transient lethargy was observed at the highest dose.

Behavior: HIIT significantly improved NOR performance; no significant behavioral

changes were seen with lactate.

Signaling: VEGF and AKT increased at Lac-L and Lac-H. Based on efficacy and safety,
500 mg/kg was chosen for the main study.

4.2 Efficacy Study

Behavioral outcomes: HIIT significantly improved Open Field Test center time, Novel
Object Recognition recognition index, and Passive Avoidance retention latency. Lactate

did not significantly alter behavioral performance.

Angiogenesis signaling: Both HIIT and lactate increased p/t AKT, eNOS, and VEGF,

while mTOR remained unchanged.

Neurotrophic pathways: Lactate significantly increased BDNF, PGC-10a, and SIRT1, with
FNDCS5 trending upward. HIIT increased SIRT1 but had modest effects on BDNF and
PGC-1loa.

Mitochondrial markers: Both interventions upregulated SDHA and LDH; CS, SIRT3, and
NAMPT remained unchanged.

Metabolites: Lactate increased hippocampal lactate and pyruvate concentrations but did

not alter the lactate/pyruvate ratio.

Pan-lactylation: No significant changes were detected in hippocampal pan-lysine

lactylation across groups.



S. Conclusion

In summary, our study provides evidence that both long-term exercise and lactate
interventions provide beneficial effects to brain health in aging rodents. Through an
analysis of various biomarkers and behavior tests, we observed distinct yet

complementary impacts of these two interventions on the aging brain.

Firstly, the exercise group exhibited better cognitive performance in novel object
recognition tests and passive avoidance tests, indicative of enhanced learning and
memory abilities. This improvement was accompanied by upregulated angiogenesis
signaling and improved mitochondrial biomarkers in the hippocampus, suggesting a

multifaceted enhancement of brain health through exercise.

Conversely, lactate intervention yielded its own array of positive effects on brain
function. While not as pronounced in behavior tests compared to exercise, lactate
intervention significantly improved angiogenesis signaling, BDNF signaling,
mitochondrial biomarkers, and metabolic content and signaling in the hippocampus of
aged mice. These findings highlight the potential of lactate as a therapeutic agent for
addressing neurodegenerative diseases, particularly given its ability to modulate critical

pathways involved in brain health and function.

Nevertheless, it's important to mention the limitations of this study, including the need
for further investigation into the long-term effects of lactate intervention and its potential
interactions with other physiological processes. Additionally, future research should
investigate the specific mechanisms underlying lactate's effects on brain function,
including its role in epigenetic modifications such as lactylation of histone lysine

residues.

In conclusion, our study underscores the promising potential of both exercise and lactate
interventions in preserving brain health during aging. These findings suggest that lactate
and HIIT may contribute to promoting brain health during aging. However, further
research is necessary to fully understand the underlying mechanisms and to explore the

potential therapeutic applications of lactate in neurodegenerative diseases.
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