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ABSTRACT 
Multimodal neurorehabilitation, driven by biomarkers, is an important step towards treating 
Alzheimer's disease, as it overcomes the weaknesses of single-target therapy. This integrative approach is 
based on molecular priming, metabolic optimization, and precision-based rehabilitation to boost 
neuroplasticity and functional recovery. The main focus of this plan is the regulation of the IDOL-
LRP1 system, which promotes amyloid-beta clearance and synaptic integrity, and the application of 
GLP-1 receptor agonists in order to normalize cerebral energy metabolism and mitochondrial activity. 
Neural priming is a critical notion, since it equips the biological substrate to react more favourably to 
the rehabilitative interventions. Planned protocols that involve high-intensity interval training and robot-
assisted gait training also enhance synaptic remodelling and integration of motor pathways. Moreover, 
bio-digital integration with wearable sensors and adaptive feedback systems will provide an opportunity 
to monitor patient performance in real-time, as well as constantly adjust the intensity of the therapy. 
This individual treatment means that rehabilitation is related to biological readiness of the patient and 
offers the maximum of therapeutic effects. All in all, these strategies are not only able to maximize quick 
recovery, but also long-term sustainability of cognitive and motor improvements, which is a promising 
trend in future neurorestorative therapies. 
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INTRODUCTION 
By 2026, therapeutic provision of the Alzheimer 
disease (AD) has experienced a significant change 
whereby the use of single pharmacological agents 
is no longer seen as a viable option, but integrated, 
multimodal bio-rehabilitative models are being the 
preferred choice. The decades of therapeutic 
approaches were more or less dedicated to the 
specific pathological hallmarks, i.e., amyloid-2 
plaques and tau protein tangles .z{Abe, 2019 #50} 
Although these methods have been useful in 
understanding disease pathobiology, their clinical 
utility has been low, and they have typically only 
shown a moderate effect with regards to 
symptomatic relief, but not much effect with 
regards to disease pathogenesis. The restriction has 
strengthened the knowledge that Alzheimer 
disease is a multifactorial disease that comprises 
multifaceted interactions between 
neuroinflammation, synaptic dysfunction, 
mitochondrial dysfunction, vascular abnormalities 
and systemic metabolic imbalances. Consequently, 
modern strategies have taken on a systems-based 
view that incorporates a combination of 
therapeutic modalities to re-establish functional 
capacity as opposed to focusing on discrete events 
at a molecular scale (Samanta et al., 2022). 
This paradigm shift is based upon the fact that 
brain has some plasticity even when 
neurodegeneration occurs. Multimodal bio-
rehabilitative models seek to exploit such residual 
plasticity through the integration of 
pharmacological, physical, cognitive, nutritional 
and neuromodulator technologies. In this regard, 
pharmacological agents are no longer considered 
as isolated therapeutic agents but as modifiers, 
which make the brain more responsive to 
behavioural and environmental stimuli. The 
progress in the field have artificial intelligence and 
multi-omics technologies has additionally made it 
possible to develop individualized treatment plans 
and customize interventions depending on a 
genetic, metabolic, and neurophysiological profile 
of a person. This combined strategy aims at not 
only reducing the progression of the disease but 
also enhancing the functional outcomes and 
quality of life (Clemente-Suárez et al., 2023). 

In this changing paradigm, physical activity has 
come out as a pillar of non-pharmacological 
intervention. Exercise has been well known to 
enhance blood flow in the brain, release of 
neurotrophic factors like brain-derived 
neurotrophic factor (BDNF), and synaptic 
plasticity. These effects have been linked to 
cognitive, mood, and overall brain enhancements 
in early stages of the Alzheimer disease or in 
people at risk. A paradox however is seen when 
exercising is used at the late stages of the disease. 
Physical rehabilitation is usually associated with 
inconsistent or insignificant results in severely 
neuro degenerated patients despite its well-
established advantages (Della Guardia, 2024). 
It is possible to explain this paradox by the 
impaired integrity of neural substrate in severe 
Alzheimer disease. Massive neuron destruction, 
synaptic decline and neural network perturbation 
considerably impair the brain adaptive plasticity. 
The molecular pathways involved in activity-
dependent synaptic strengthening, such as NMDA 
receptor signalling, regulation of calcium and 
mitochondrial energy production, are frequently 
defective. In turn, the resulting physiological 
stimuli of exercise might not cause the required 
neuroadaptive changes. In other instances, 
improperly calibrated or overexercise can actually 
cause a worsening of the stress pathways, amplify 
the oxidative stress and cause additional neuronal 
damage (Rajan, 2025). 
This situation is further complicated by chronic 
neuroinflammation that forms an unfavourable 
microenvironment that suppresses neurogenesis 
and synaptic repair. Recruitment of microglia and 
an increase in pro-inflammatory cytokines like 
interleukin-1B and tumour necrosis factor-A 
disrupt neurotrophic signalling pathways, thus 
reducing the positive effects of exercise. Also, 
vascular impairment and decreased cerebral 
perfusion restricts oxygen and other necessary 
nutrients needed to sustain exercise-induced 
neuroplasticity. There are also behavioural and 
psychological issues, which result in the decreased 
effectiveness of exercise at advanced stages. 
Patients often lack interest, are hyperactive or lack 
motor control, and their cognitive function is 
impaired, so they are unable to engage in 
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rehabilitation programs or follow structured 
exercise programs (Crisci, 2021). 
Such constraints have motivated the development 
of the idea of priming, which is an essential 
breakthrough in the development of multimodal 
approaches to therapy. Priming is a technique that 
involves the preparation of the neural substrate by 
means of specific interventions, prior to the active 
use of behavioural therapy, which can be either 
exercise or cognitive training. The goal is to 
become more receptive to the external stimuli, and 
to increase the chances of making functional 
improvements meaningful, by optimising the 
internal environment of the brain (Stoykov & 
Madhavan, 2015). The method recognizes the 
ineffectiveness of rehabilitation in every situation 
and that the biological condition of the brain 
contributes a role in dictating the success of the 
therapy (Table 1). 
Priming may be attained by a combination of 
pharmacological and biological medications 
designed to regulate major pathways that are used 
in the synaptic functioning, metabolism and 
inflammatory control. As an example, medications 
that augment cholinergic communication or 
stabilize glutamatergic signalling may augment 
synaptic performance, thus maximizing the 
outcome of the ensuing rehabilitative endeavours 
(Yap et al., 2013). It is possible to mitigate 
microglial activation and cytokines production 
with the use of anti-inflammatory agents, which 
would help to reestablish the microenvironment 
in which neurons can repair and be plastic. On the 
same note, cellular energy availability can be 
enhanced by interventions that aid the work of 
mitochondria and lower the amount of oxidative 
stress, which is critical to maintaining the 
neuroplastic process (Van Hasselt & Iyengar, 
2019). 
BDNF and nerve growth factor are neurotrophic 
factors that are central to priming of neurons, 

which are involved in survival, synaptic 
development and neurogenesis. The ability of the 
brain to respond to environmental changes can be 
greatly promoted by strategies that increase these 
either by pharmacological agents, nutritional 
supplementation or gene-based strategies. Besides 
biochemical interventions, non-invasive 
neuromodulation methods like transcranial 
magnetic stimulation and transcranial direct 
current stimulation have demonstrated potential 
to enhance cortical excitability and network 
connectivity (Skaper, 2017). These methods when 
administered before rehabilitation can enhance 
physical and cognitive training responsiveness of 
the brain. 
Priming as part of multimodal bio-rehabilitative is 
the change of reactive to proactive modes of 
therapy. Instead of attempting to rehabilitate using 
a degraded neural environment, clinicians have 
the ability to first maximize the biological 
conditions of plasticity, thus enhancing the of 
successful outcomes. This practice is consistent 
with the tenets of systems medicine that focus on 
the effects of targeting interconnected pathways, 
and no single targets. Through a combination of 
pharmacological priming with structured exercise, 
cognitive training and nutritional support, 
synergistic effects can be attained in the overall 
therapeutic efficacy (Cramer et al., 2011). 
This review addresses the changing paradigm of 
multimodal bio-rehabilitative approaches in the 
Alzheimer disease, the paradox of inefficacy of 
exercise in later stages of the disease, and the 
importance of neural priming. We point out the 
advantages of neuroplasticity and the effectiveness 
of further behavioural and rehabilitative 
interventions through pharmacological and 
biological preconditioning strategies (Onose et al., 
2021). 
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Table 1: Overview of multimodal bio-rehabilitative strategies and priming approaches in Alzheimer’s 
disease. 

Component Mechanism of 
Action 

Key 
Interventio
ns 

Target 
Pathways 

Clinical 
Benefits 

Limitatio
ns 

Reference
s 

Pharmacologic
al Priming 

Enhances 
neurotransmissi
on and 
stabilizes 
synaptic activity 

Cholinester
ase 
inhibitors, 
NMDA 
receptor 
modulators 

Cholinergic 
and 
glutamatergi
c systems 

Improved 
responsivenes
s to 
rehabilitation 

Side 
effects, 
limited 
long-term 
efficacy 

(Murali 
Doraiswa
my, 2002) 

Anti-
inflammatory 
Modulation 

Reduces 
neuroinflamma
tion and 
cytokine 
burden 

NSAIDs, 
cytokine 
inhibitors 

Microglial 
activation, 
IL-1β, TNF-
α 

Restores 
neuroplastic 
environment 

Variable 
efficacy 

(Ajmone-
Cat et al., 
2010) 

Neurotrophic 
Enhancement 

Promotes 
neurogenesis 
and synaptic 
growth 

BDNF 
enhancers, 
growth 
factor 
therapies 

Synaptic 
plasticity 
pathways 

Improved 
learning and 
memory 

Delivery 
and 
stability 
issues 

(Lee & 
Son, 
2009) 

Mitochondrial 
Support 

Enhances 
cellular energy 
production 

Coenzyme 
Q10, 
metabolic 
modulators 

ATP 
synthesis, 
oxidative 
stress 

Increased 
neuronal 
resilience 

Limited 
clinical 
validatio
n 

(Madiredd
y & 
Madiredd
y, 2023) 

Physical 
Exercise 

Stimulates 
neuroplasticity 
and flow 

Aerobic 
and 
resistance 
training 

BDNF 
signalling, 
vascular 
function 

Cognitive 
and motor 
improvement
s 

Reduced 
efficacy 
in 
advanced 
AD 

(Du et al., 
2021) 

Cognitive 
Training 

Strengthens 
neural circuits 

Memory 
tasks, digital 
therapies 

Cortical 
connectivity 

Improved 
executive 
function 

Requires 
patient 
complian
ce 

(Robledo-
Castro et 
al., 2023) 

Neuromodulat
ion 

Enhances 
cortical 
excitability 

TMS, tDCS Network 
synchronizat
ion 

Improved 
cognition 

Cost and 
accessibil
ity 

(To et al., 
2018) 

Nutritional 
Therapy 

Supports brain 
metabolism and 
reduces 
inflammation 

Omega-3 
fatty acids, 
ketogenic 
diet 

Metabolic 
and 
inflammator
y pathways 

Neuroprotect
ion 

Adheren
ce 
challenge
s 

(Pietrzak 
et al., 
2022) 

AI-driven 
Personalizatio
n 

Optimizes 
therapy 
selection 

Multi-omics 
and 
predictive 
modelling 

Systems 
biology 
networks 

Precision 
treatment 

Data 
complexi
ty 

(Ali, 2023) 

Behavioural 
Support 

Enhances 
engagement 
and adherence 

Caregiver 
training, 

Psychologica
l pathways 

Improved 
outcomes 

Resource-
intensive 

(RJ et al., 
2025) 
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behavioural 
therapy 

 
2.The Molecular Gatekeeper—The IDOL-LRP1 
Pathway 
2.1. IDOL as an E3 Ubiquitin Ligase: How IDOL 
can Degradate Receptors 
IDOL (also called MYLIP, Myosin Regulatory 
Light Chain Interacting Protein) is an E3 
ubiquitin ligase that is crucial in the regulation of 
lipid metabolism and receptor homeostasis in the 
peripheral tissues and in the central nervous 
system. Liver X receptors (LXRs) transcriptionally 
regulate IDOL and are activated by high levels of 
intracellular cholesterol. When activated, IDOL 
facilitates the ubiquitination of certain cell surface 
receptors, but most prominently the members of 
the low-density lipoprotein receptor (LDLR) 
family, and their lysosomal degradation (Laskar & 
Laskar). 
The molecular pathway includes the recognition 
of conserved intracellular motifs of the 
cytoplasmic tails of the LDLR and LDL receptor-
related protein 1 (LRP1) by IDOL. IDOL binds 
directly to these receptors by the physical action of 
its FERM (band 4.1, ezrin, radixin, moesin) 
domain, which promotes the exchange of 
ubiquitin moieties of E2 conjugating enzymes on 
to lysine residues on the receptor proteins. This 
ubiquitination identifies the endocytosis and 
degradation receptors of the receptors and in 
effect lowers the surface expression of the 
receptors (Zhang et al., 2012). 
This regulatory axis has far-reaching consequences 
in the context of the Alzheimer disease. LRP1, in 
its turn, is a multifunctional receptor that plays a 
role in lipid transport, endocytosis, and amyloid-
beta (A) clearance. The IDOL indirectly affects the 
capability of the brain to eliminate neurotoxic 
peptides by enhancing the degradation of LRP1. 
In this way, IDOL is a molecular gatekeeper which 
regulates the presence of receptors required to 
ensure neuronal and vascular homeostasis (Figure 
1). 
Critically, it has been found that dysregulation of 
the LXR–IDOL pathway occurs in pathological 
conditions such as neuroinflammation and 
metabolic stress. High levels of expression of 

IDOL may enhance the area of receptor loss that, 
in turn, weakens neuronal performance and leads 
to the development of the disease. This has made 
IDOL a potential therapeutic target with its 
inhibition potentially recovering levels of the 
receptors and enhancing cellular resilience 
(Toader et al., 2024). 
 
2.1. LRP1 and the Peripheral Sink Effect an 
Amyloid-Beta Clearance Dynamics 
One of the main pathological processes of the 
Alzheimer disease is the accumulation of amyloid-
beta, which occurs due to an imbalance between 
its synthesis and clearance. The LRP1-mediated 
blood-brain barrier (BBB) transport is one of the 
most important among various routes involved in 
A beta clearance. LRP1 is abundantly expressed on 
the abluminal side of brain endothelial cells, and 
it helps the brain to transport ABB out of the 
interstitial fluid into the systemic circulation 
(Ramanathan et al., 2015). 
The principle of the peripheral sink effect is that 
decreasing the amount of circulating A2 can 
stimulate its exit into the brain, thus reducing the 
amyloid burden in the brain. LRP1 is a key factor 
in this process as it can bind A across BBB to 
Apolipoprotein E (ApoE) carrier proteins and 
therefore transcytosis can occur. After getting into 
the periphery, A2 is further broken down by 
hepatic and renal systems (Ramanathan et al., 
2015). 
But this clearance pathway is perturbed by the 
degradation of LRP1 via IDOL. A decrease in the 
surface expression of LRP1 at the BBB decreases A 
β efflux, resulting in its build-up in the brain 
parenchyma and the formation of plaques. This 
does not only worsen neurotoxicity, but also 
facilitates a cascade of downstream, such as 
oxidative stress, synaptic dysfunction and 
neuroinflammation (Yang et al., 2025). 
IDOL inhibition of LRP1 is an amyloid clearance. 
The maintenance of LRP1 allows restoring the 
effect of efficient A -hydro ferry across the BBB, 
thus improving the peripheral sink effect. 
Experimental research has shown that up-
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regulation of LRP1 is associated with lesser 
amyloid load and enhanced cognitive performance 
in animals. In addition, LRP1 is also implicated 
with other clearance pathways, such as enzymatic 
degradation pathways with neprilysin and insulin-
degrading enzyme, which its position as a core 
regulator of amyloid homeostasis (Erickson, 
2012). 

It is also interesting that a reduction in LRP1 
expression is linked with aging and to which 
further exacerbates the impacts of IDOL activity. 
Thus, therapeutic interventions targeting the 
control of the IDOL-LRP1 axis can offer two-fold 
advantages since they can not only restore the 
receptors but also eliminate the age-related 
impairments in amyloid clearance (Sharma, 2025). 

 

 
Figure 1: The Molecular Gatekeeper—The IDOL-LRP1 Pathway 

 
2.3. Synaptic Organization: The Inhibition and 
Preservation of Reelin Receptors by IDOL 
In addition to its involvement in lipid metabolism 
and amyloid clearance, the IDOL pathway has 
important consequences on the organization and 
plasticity of the synapses. Reelin is a glycoprotein 
that binds to the members of the LDLR family 
such as ApoE receptor 2 (ApoER2) and very-low-
density lipoprotein receptor (VLDLR) and 
controls neuronal migration, dendritic spine 
growth, and synaptic strength. Reelin signalling 
plays a critical role in supporting synaptic 
architecture and various processes including 
learning and memory (Herz & Chen, 2006). 

As with LDLR and LRP1, IDOL targets ApoER2 
and VLDLR to be ubiquitinated and degraded. 
Increased IDOL activity, in turn, results in a drop 
in Reelin receptor availability that disrupts 
downstream signalling pathways that play a vital 
role in supporting synaptic activity. These involve 
perturbation of Dab1 (Disabled-1) 
phosphorylation cascade, regulating cytoskeletal 
dynamic and synaptic plasticity (Hong et al., 
2010). 
Reelin signalling is of utmost importance in 
Alzheimer disease in which synapse loss is a 
significant correlate of cognitive impairment. The 
results indicate that ApoER2 and VLDLR levels 
can be stabilized by preventing IDOL, thus 
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preserving Reelin-mediated signalling pathways. 
This has been linked to a better synaptic integrity, 
a better long-term potentiation (LTP) and a better 
in learning and memory tasks in experimental 
models (Lane-Donovan & Herz, 2017). 
Additionally, Reelin signalling has been 
demonstrated to prevent of the harmful outcomes 
of amyloid-beta such as tau hyperphosphorylation 
and synaptic toxicity. IDOL inhibition can offer a 
protective mechanism beyond structural 
maintenance into functional resilience by 
maintenance of Reelin receptors. This is especially 
applicable to the scenario of motor learning and 
coordination; wherein cerebellar and cortical 
loops are largely dependent on Reelin-dependent 
(Singh et al., 2024). 
The second critical factor is the interaction 
between lipid metabolism and synaptic functions. 
The main lipid carrier in the brain ApoE combines 
with ApoER2 and VLDLR to control the 
cholesterol that is delivered to neurons. 
Cholesterol plays a crucial role in synapses and 
membrane stability, and dysregulation may lead to 
neurotransmission problems. This can be achieved 
by inhibiting the degradation of these receptors by 
the action of IDOL and thereby maintain a 
healthy lipid and healthy synapses (Lane-Donovan 
& Herz, 2017). 
 
3.Fueling the Plasticity—Metabolic Flux & GLP-
1 Agonism 
3.1. Cerebral Hypometabolism: Type 3 Diabetes 
of the Alzheimer Disease 
One of the most constant and initial pathological 
characteristics of Alzheimer disease is cerebral 
hypometabolism. Neuroimaging, especially 
fluorodeoxyglucose positron emission 
tomography, demonstrates that there is a 
significant decrease in glucose uptake and 
metabolism in the central areas of the brain such 
as hippocampus, temporal and motor cortices. 
Since glucose is the main energy source of 
neurons, the deficit in glucose metabolism causes 
the lack of activities of synapses, transmission of 
signals, and general neuronal activity (Daulatzai, 
2017). 
This form of metabolic dysfunction has resulted in 
the conceptualization of Alzheimer disease as 

“Type 3 Diabetes of the brain that is a state of 
insulin resistance in the brain. There is a lowered 
insulin signalling response on neurons which is 
necessary to control glucose transport and cellular 
metabolism. Consequently, there is a reduction in 
the expression of glucose transporters, which 
restricts the supply of glucose in the cell and thus, 
energy production is impaired. Insulin signalling 
is also vital to synaptic plasticity, learning and 
memory therefore its impairment is an aspect that 
leads to cognitive and motor impairment 
(Benarroch, 2014). 
Cerebral hypometabolism in the motor cortex is a 
major challenge to successful rehabilitation. 
Activity-dependent remodelling of synapses is a 
process involved in motor learning and functional 
recovery, and thus it demands a lot of energy. The 
lack of energy will lead to neurons being unable to 
support the biochemical mechanisms behind 
synaptic strengthening and network 
reorganization. This causes discrepancy between 
energy requirements of rehabilitation and the 
metabolic capacity of the brain, and results in 
inconsistent therapy (Li & Sheng, 2022). 
This is aggravated by mitochondrial dysfunction. 
Mitochondria in Alzheimer disease are less 
efficient in oxidative phosphorylation, with the 
result that there is a decrease in adenosine 
triphosphate production, and an increase in the 
production of reactive oxygen species. Such 
alterations not only reduce the energy supply, but 
also cause oxidative damage, which further 
deteriorates neuronal performance. Also, 
mitochondrial dynamics, modified fission and 
fusion processes, are part of the factors that lead to 
cellular instability and decreased resilience 
(Sheeran & Pepe, 2006). 
In this condition the metabolic coupling between 
astrocytes and neurons also is influenced. In 
normal conditions, the astrocytes aid in the 
neuronal functioning by supplying lactate as an 
alternative energy source during the times of 
increased demand. But, when glucose metabolism 
is impaired, the process is destabilized, and the 
brain capacity to sustain energy demand in the 
process of rehabilitation is further diminished. All 
these elements make cerebral hypometabolism a 
serious impediment to neuroplasticity and 
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functional recovery in Alzheimer disease 
(Bonvento & Bolanos, 2021). 
 
3.2.GLP-1 Receptor Agonists as Biocatalysts: 
Increasing Energy and Mitochondrial activity 
The glucagon-like peptide-1 receptor agonists are 
becoming promising therapeutic agents to treat 
the metabolic dysfunction in Alzheimer disease. 
Initially created to be used in the management of 
type 2 diabetes mellitus, these drugs, such as 
liraglutide, semaglutide, and exenatide, have 
shown considerable neuroprotective and 
metabolic results. They can cross the blood-brain 
barrier and hence have a direct action with cells of 
the central nervous system, such as neurons and 
glial cells. The GLP-1 receptors are ubiquitous in 
the brain, and they play a role in controlling 
cellular metabolism, survival and plasticity. The 
stimulation of these receptors leads to intracellular 
signalling pathways that include cyclic adenosine 
monophosphate, protein kinase A and 
phosphoinositide 3-kinase/protein kinase B. 
These pathways contribute to the increase in 
glucose uptake, enhance insulin sensitivity, and 
neuronal survival (Dong et al., 2022). 
Among the most significant implications of GLP-
1 receptor agonists, the improvement of the 
mitochondrial functions and energy generation 
should be mentioned. These agents stimulate 
major regulators of mitochondrial biogenesis, such 
as, AMP-activated protein kinase and peroxisome 
proliferator-activated receptor gamma coactivator-
1 alpha. This causes the increase of mitochondrial 
number and efficiency of oxidative 
phosphorylation causing elevated adenosine 
triphosphate levels. GLP-1 agonists directly treat 
the metabolic impairments that are presented by 
Alzheimer disease by restoring the generation of 
cellular energy (Reznick & Shulman, 2006). 
Besides increasing energy metabolism, GLP-1 
receptor agonists also decrease oxidative stress 
through augmenting antioxidant defences and 
lowering the generation of reactive oxygen species. 
They are also involved in stabilizing mitochondrial 
membranes, calcium homeostasis, which is crucial 
in keeping neurons excited and avoiding cell 
death. All these effects result in a more desirable 

intracellular environment to enable neuronal 
functioning and plasticity (Houldsworth, 2024). 
The anti-inflammatory effects are also observed 
with the activation of GLP-1 receptors. It 
suppresses the activation of microglial and the 
discharge of pro-inflammatory cytokines, 
improving the chronic neuroinflammatory 
situation in Alzheimer disease. This decreased 
inflammation also helps in metabolic recovery and 
an increase in the response to the rehabilitative 
interventions of the brain. Via clinical and 
preclinical research, GLP-1 receptor agonists have 
demonstrated the capability to enhance cognitive 
function, decrease amyloid pathology, and 
enhance synaptic integrity (Wang et al., 2015). 
 
3.3. Pharmacological Synergy: Metabolic Flux: 
The Energy of Synaptogenesis 
The creation of new synaptic connections 
(synaptogenesis) is a very energy-intensive process 
and needs a large volume of adenosine 
triphosphate. The brain tries to restructure its 
neural networks in the process of rehabilitation, 
particularly in motor and cognitive training, using 
activity-based plasticity. This would entail 
cytoskeletal remodelling, protein synthesis, vesicle 
transport and membrane expansion and require 
large amounts of metabolic resources (Arora, 
2025). 
The rate of processing energy substrates through 
the metabolic pathways to produce energy and 
vital biomolecules is known as metabolic flux. 
Increasing metabolic flux also makes sure that 
neurons receive an unlimited and adequate source 
of energy to aid in the formation of synapses and 
network adjustment. In Alzheimer disease, 
plasticity is restricted by impaired metabolic flux 
and thereby decreases the effectiveness of 
rehabilitation (Błaszczyk, 2025). 
GLP-1 receptor agonists stimulate the metabolic 
flux through augmentation of glucose uptake and 
mitochondrial efficiency. This two-fold effect will 
make sure that the production of energy is equal 
to the enhanced demand created when 
rehabilitative activities are taking place. Due to 
this, the neurons will be in a better position to 
maintain the mechanisms needed to strengthen 
synapses and reorganize the networks. 
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Pharmacological synergy- This is the concept that 
is created when metabolic enhancement is used 
along with behavioural interventions. 
Physiological activity and mental training raise the 
activity of the neurons and energy. With this 
demand backed by enhanced availability of energy, 
then there are high chances of successful synaptic 
remodelling occurring. Conversely, in its absence, 
the same interventions might not yield significant 
results because of inadequate metabolic support 
(Clemente-Suárez et al., 2025). 
Increased metabolic flux also aids in the making of 
vital biomolecules needed to develop synapses, 
such as neurotransmitters, structural proteins and 
membrane lipids. It also mediates the activation of 
plasticity-related signalling pathways like the 
mechanistic target of rapamycin and cyclic 
adenosine monophosphate response element-
binding protein pathways. These pathways control 
expression of genes related to learning, memory 
and growth of the neurons (Caroni et al., 2012). 
 
4.The "Biomarker-Primed" Clinical Protocol 
The idea of a biomarker-primed clinical protocol 
is a significant development in the treatment of 
neurodegenerative diseases, especially Alzheimer, 
to match the treatment strategies with the 
biological preparedness of the patient. This 
approach does not follow a standard form of 
rehabilitation but instead, through the use of 
molecular indicators, the brain is most likely to 
respond to the intervention, which is why this 
approach will maximize the efficacy of any 
therapeutic intervention. In the first step, the 
biological optimization is a preparatory step in 
which key biomarkers like phosphorylated tau (p-
Tau 217) and amyloid-beta ratios (A2/40) are 
measured to determine a readiness score. The level 
of underlying pathology, vulnerability of synapses, 
and competency of metabolism, which are 
reflected in this score, can be used by the clinicians 
to design interventions. Higher p-Tau 217 
correlates well with tau pathology, 
neurodegeneration, whereas changes in A2 ratios 
of A242/40 are indicative of amyloid load and 
impaired clearance mechanisms (Table2). 
Combined, these biomarkers offer a quantitative 
model of assessing the presence of a neural 

environment allowing plasticity (Dal Bello-Haas, 
2002). In this lead-in period, the pharmacological 
approach based on the inflammatory, metabolic, 
and receptor stabilization is introduced to enhance 
the internal environment of the brain. This can 
consist of mitochondrial functional improvement 
interventions, neurotrophic factor availability, and 
receptor system stabilization of neurotransmitter 
signalling. The aim is to decrease the pathological 
load and at the same time increase the biological 
substrate necessary to rehabilitate (Lukyanova & 
Kirova, 2015). 
When the readiness score shows an ideal window, 
the protocol changes to the functional motor 
rehabilitation stage whereby behavioural and 
physical interventions are implemented in a very 
organized and focused way. High-Intensity Interval 
Training (HIIT) is a key factor in this stage because 
of the powerful impact on neuroplasticity and 
metabolic activation. HIIT is exercise where brief 
periods of intense exercise are separated by 
intervals of rest, and which stimulates the release 
of brain-derived neurotrophic factor (BDNF), a 
mediator of synaptic growth and plasticity. HIIT is 
even more effective, when used in combination 
with pre-pharmacological priming, which 
increases the sensitivity of BDNF to the receptor, 
to induce synaptic remodelling and functional 
recovery. The greater need caused by HIIT is 
facilitated by enhanced metabolic flux, making 
neurons able to maintain the processes of 
cytoskeletal reorganization, neurotransmitter 
production, and expansion of the membrane, 
required. This symbiosis of metabolic 
preparedness and physical activity allows an 
environment where neural networks can be 
restructured more effectively (Jiménez-Maldonado 
et al., 2018). 
Simultaneously, Robot-Assisted Gait Training 
(RAGT) is a technologically advanced platform of 
strengthening motor pathways and enhancing 
coordination. RAGT systems provide repetitive, 
accurate and adaptive movement patterns to 
promote motor learning and the integration of 
neural pathways. The efficiency of this method is 
also increased by stabilization of receptor systems 
like LRP1 and Reelin receptors which are key in 
synaptic organization and neuronal 
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communication. The brain will be in a better 
position to combine sensory and motor 
information during training by maintaining these 
receptor pathways during previous priming 
interventions. This results in better gait, balance 
and motor functionality. Also, RAGT enables a 
regular intensity and progression of which can be 
challenging to attain using traditional forms of 
rehabilitation, especially in cognitively impaired 
patients (Alrasheed et al., 2024). 
The last step of the protocol is cantered on the 
maintenance, which is critical in maintaining the 
gains realized in the rehabilitation process and 
avoiding relapse. The problem of washout (initial 
improvement over time) is one of the most 
significant problems of neurorehabilitation 
because of the progressive character of the disease, 
as well as the discontinuation of intensive 
interventions. To deal with this, the maintenance 
stage focuses on the of metabolic maintenance and 
moderate exercise to maintain synaptic stability 
and network integrity. Ongoing administration of 
metabolic stimulants, including those that aid 
mitochondrial activity and glucose metabolism, 

can sustain sufficient energy need in neuronal 
functions. Meanwhile, frequent low- to moderate-
intensity physical activity, as well as cognitive 
involvement, keeps neural networks active and 
flexible. Biomarker monitoring can also be carried 
on throughout this stage to identify the initial 
signs of deterioration and intervene with a 
necessary adjustment of intervention (Moss & 
Cook, 2012). 
This is a biomarker-directed process that will be a 
transition to precision rehabilitation, wherein 
interventions are brought dynamically into 
harmony with the biological condition of the 
patient. Through the combination of molecular 
diagnostics and specific therapeutic approaches, 
the treatment results can be made more effective 
and lasting. The protocol does not only tackle the 
underlying pathology but also takes advantage of 
the plasticity of the brain in a controlled and 
optimized way. Consequently, it can provide an 
overall approach to enhancing both cognitive and 
motor ability in neurodegenerative patients 
(Martino et al., 2011). 

 
Table 2: Biomarker-Primed Clinical Protocol in Neurorehabilitation 

P
ha
se 

Stage 
Name 

Primary 
Objectiv
e 

Key 
Bioma
rkers / 
Inputs 

Core 
Interve
ntions 

Molecu
lar & 
Cellula
r 
Mecha
nisms 

Neura
l 
Syste
ms 
Target
ed 

Functio
nal 
Outcom
es 

Clinic
al 
Monit
oring 
Tools 

Transl
ational 
Signifi
cance 

Refer
ences 

Ph
as
e 
A 

Biologi
cal 
Optimi
zation 
(Lead-
In) 

Establish 
neural 
readiness 
for 
rehabilit
ation 

p-Tau 
217, 
Aβ42/
40 
ratio, 
neurof
ilamen
t light 
chain, 
inflam
matory 
cytoki
nes 

Anti-
inflam
matory 
therapy
, 
metabo
lic 
enhanc
ers, 
recepto
r 
stabiliza
tion 
agents 

Reducti
on of 
tau 
phosph
orylatio
n, 
improv
ed 
amyloid 
clearanc
e, 
stabiliza
tion of 
membr
ane 
recepto

Hippo
campu
s, 
cortica
l 
associa
tion 
areas, 
BBB 
endot
helial 
interfa
ce 

Improve
d 
synaptic 
baseline 
stability, 
reduced 
neurotox
icity, 
enhance
d 
plasticity 
potential 

CSF 
biomar
ker 
profili
ng, 
blood 
plasma 
assays, 
PET 
imagin
g 

Create
s 
biologi
cally 
permis
sive 
enviro
nment 
for 
neuro
plastici
ty 

(Virk, 
2022) 
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rs, 
mitoch
ondrial 
efficien
cy 
enhanc
ement 

Ph
as
e 
A 

Readin
ess 
Scoring 
System 

Quantify 
rehabilit
ation 
eligibility 

Comp
osite 
bioma
rker 
index 
(tau 
burde
n, 
amyloi
d 
ratio, 
metab
olic 
status) 

AI-
driven 
biomar
ker 
integrat
ion 
models 

Multiva
riate 
normali
zation 
of 
disease 
load 
and 
metabol
ic 
capacity 

Whole
-brain 
networ
k 
assess
ment 

Personal
ized 
therapy 
timing 
and 
stratifica
tion 

Machi
ne 
learnin
g 
predict
ive 
models 

Enable
s 
precisi
on 
rehabil
itation 
initiati
on 

(Saliev
, 
2025) 

Ph
as
e 
A 

Metabo
lic 
Precon
ditioni
ng 

Restore 
energy 
homeost
asis 

Gluco
se 
uptake 
rate, 
insulin 
signalli
ng 
marke
rs, 
ATP 
levels 

GLP-1 
recepto
r 
agonist
s, 
insulin 
sensitiz
ers 

Activati
on of 
AMPK, 
PGC-
1α 
pathway
s, 
improv
ed 
mitoch
ondrial 
biogene
sis 

Cortic
al 
motor 
networ
ks, 
basal 
ganglia 

Enhance
d 
neuronal 
energy 
availabili
ty 

FDG-
PET 
imagin
g, 
mitoch
ondria
l assays 

Remov
es 
metab
olic 
bottle
neck 
for 
plastici
ty 

(Chen 
et al., 
2025) 

Ph
as
e 
A 

Recept
or 
Stabiliz
ation 
Modul
e 

Preserve 
synaptic 
receptor 
integrity 

LRP1, 
LDLR, 
ApoE
R2 
expres
sion 
levels 

IDOL 
inhibiti
on 
strategi
es, lipid 
regulati
on 
therapy 

Reduce
d 
ubiquiti
nation 
of 
LDLR 
family 
recepto
rs, 
increase
d 
recepto
r 

BBB 
transp
ort 
system
s, 
synapti
c 
memb
ranes 

Improve
d 
amyloid 
clearanc
e, 
synaptic 
signallin
g 
preservat
ion 

Molec
ular 
recept
or 
imagin
g, 
proteo
mic 
profili
ng 

Enhan
ces 
cleara
nce 
and 
synapti
c 
signalli
ng 
capacit
y 

(Yu et 
al., 
2021) 
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recyclin
g 

Ph
as
e 
B 

Functio
nal 
Activati
on 
(HIIT 
Phase) 

Induce 
neuropla
sticity via 
high 
energy 
demand 

BDNF 
levels, 
lactate 
conce
ntratio
n, 
cortiso
l 
respon
se 

High-
Intensit
y 
Interval 
Trainin
g 
(HIIT), 
resistan
ce 
trainin
g 

Increase
d 
BDNF 
secretio
n, 
synaptic 
potenti
ation, 
calcium
-
depend
ent 
signalli
ng 
activati
on 

Motor 
cortex, 
cerebel
lum, 
hippoc
ampal 
circuit
s 

Improve
d 
memory, 
motor 
strength, 
executive 
function 

VO₂ 
max 
testing, 
wearab
le 
biosen
sors, 
cogniti
ve 
scales 

Conve
rts 
metab
olic 
readin
ess 
into 
functi
onal 
gains 

(Di 
Liegro 
et al., 
2019) 

Ph
as
e 
B 

Synapti
c 
Remod
elling 
Phase 

Strength
en neural 
connecti
vity 

Synapt
ic 
densit
y 
marke
rs, 
PSD-
95, 
synapt
ophysi
n 

Combi
ned 
exercise 
+ 
cognitiv
e 
trainin
g 

Activity-
depend
ent 
synapto
genesis, 
dendriti
c spine 
growth 

Cortic
o-
hippoc
ampal 
networ
ks 

Enhance
d 
learning 
capacity, 
improve
d recall 

EEG 
connec
tivity 
mappi
ng, 
fMRI 

Reinfo
rces 
long-
term 
circuit 
restruc
turing 

(Barra
ntes, 
2024) 

Ph
as
e 
B 

Robot-
Assiste
d Gait 
Trainin
g 
(RAGT
) 

Restore 
motor 
coordina
tion and 
gait 
stability 

LRP1-
Reelin 
axis 
marke
rs, 
motor 
evoked 
potent
ials 

Roboti
c 
exoskel
eton 
gait 
trainin
g 

Reelin-
Dab1 
signalli
ng 
preserva
tion, 
motor 
pathway 
reinforc
ement 

Spinal 
locom
otor 
circuit
s, 
motor 
cortex, 
cerebel
lum 

Improve
d gait 
symmetr
y, 
balance, 
reduced 
fall risk 

Motio
n 
captur
e 
system
s, gait 
kinem
atics 

Enhan
ces 
precisi
on 
motor 
rehabil
itation 

(Shish
i et al., 
2024) 

Ph
as
e 
B 

Neurov
ascular 
Coupli
ng 
Enhanc
ement 

Improve 
blood 
flow and 
oxygen 
delivery 

Cerebr
al 
blood 
flow 
velocit
y, 
endot
helial 
nitric 

Aerobic 
exercise
, 
vascula
r 
modula
tion 
drugs 

Improv
ed 
endoth
elial 
functio
n, 
increase
d 

Cortic
al and 
subcor
tical 
vascula
r 
networ
ks 

Enhance
d 
enduran
ce, 
reduced 
fatigue 

Doppl
er 
ultraso
und, 
MRI 
perfusi
on 
imagin
g 

Suppo
rts 
sustain
ed 
neuro
plastic 
activity 

(Zhon
g et 
al., 
2025) 
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oxide 
levels 

perfusio
n 

Ph
as
e 
B 

Neurot
rophic 
Sensitiz
ation 

Amplify 
response 
to 
growth 
factors 

BDNF 
recept
or 
sensiti
vity, 
TrkB 
activat
ion 
levels 

Pharma
cologic
al 
primin
g + 
exercise 
synergy 

Upregu
lation 
of TrkB 
signalli
ng, 
CREB 
activati
on 

Hippo
campu
s, 
prefro
ntal 
cortex 

Improve
d 
learning 
and 
memory 
consolid
ation 

Molec
ular 
recept
or 
assays 

Maxim
izes 
rehabil
itation 
efficie
ncy 

(Li et 
al., 
2025) 

Ph
as
e 
B 

Cogniti
ve-
Motor 
Integra
tion 

Synchro
nize 
motor 
and 
cognitive 
systems 

EEG 
cohere
nce, 
task-
based 
activat
ion 
patter
ns 

Dual-
task 
trainin
g, 
virtual 
reality 
therapy 

Networ
k 
reorgan
ization 
across 
cognitiv
e-motor 
loops 

Fronto
-
parieta
l 
networ
ks 

Improve
d 
multitas
king, 
coordina
tion 

EEG, 
VR 
perfor
mance 
metric
s 

Enhan
ces 
real-
world 
functi
onal 
adapta
tion 

(Bona
nno et 
al., 
2025) 

Ph
as
e 
C 

Mainte
nance 
Phase 
(Stabili
ty 
Phase) 

Sustain 
function
al gains 

Synapt
ic 
stabilit
y 
marke
rs, 
metab
olic 
rate, 
inflam
matory 
indices 

Modera
te 
exercise
, dietary 
regulati
on, 
metabo
lic 
support 

Mainte
nance 
of 
mitoch
ondrial 
efficien
cy, 
suppres
sion of 
chronic 
inflam
mation 

Global 
brain 
networ
ks 

Long-
term 
cognitive 
stability 

Period
ic 
biomar
ker 
reasses
sment 

Preven
ts 
relapse 
and 
functi
onal 
declin
e 

(Kong 
et al., 
2025) 

Ph
as
e 
C 

Metabo
lic Flux 
Preserv
ation 

Prevent 
energy 
decline 
post-
rehabilit
ation 

Gluco
se 
metab
olism 
rate, 
ATP 
turnov
er 

Contin
ued 
GLP-1 
agonist 
therapy
, 
nutritio
nal 
optimiz
ation 

Sustain
ed 
AMPK 
activati
on, 
mitoch
ondrial 
mainte
nance 

Cortic
al and 
subcor
tical 
circuit
s 

Maintai
ned 
cognitive 
and 
motor 
perform
ance 

Metab
olic 
imagin
g, 
blood 
assays 

Ensure
s 
durabi
lity of 
therap
eutic 
gains 

(Pingu
e et 
al., 
2025) 

Ph
as
e 
C 

Anti-
Inflam
matory 
Mainte
nance 

Control 
chronic 
neuroinfl
ammatio
n 

IL-6, 
TNF-
α, 
microg
lial 
activat

Low-
dose 
anti-
inflam
matory 

Microgl
ial 
quiesce
nce, 
cytokin
e 

Limbic 
system
, 
cortica
l 
immu

Reduced 
neurode
generati
on rate 

Cytoki
ne 
profili
ng 

Slows 
disease 
progre
ssion 

(Zhan
g et 
al., 
2026) 
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ion 
marke
rs 

strategi
es 

suppres
sion 

ne 
interfa
ces 

Ph
as
e 
C 

Synapti
c 
Preserv
ation 
Strateg
y 

Maintain 
connecti
vity 
integrity 

Synapt
ic 
densit
y, 
dendri
tic 
spine 
stabilit
y 

Cogniti
ve 
engage
ment, 
stimula
tion 
therapy 

Prevent
ion of 
synaptic 
pruning 
and loss 

Cortic
al 
associa
tion 
networ
ks 

Sustaine
d 
cognitive 
function 

Neuroi
magin
g, 
cogniti
ve 
batteri
es 

Maint
ains 
functi
onal 
archite
cture 

(Barra
ntes, 
2024) 

Ph
as
e 
C 

Lifestyl
e 
Reinfor
cement 
Modul
e 

Long-
term 
behaviou
ral 
stabilizati
on 

Physic
al 
activity 
indices
, sleep 
quality 
metric
s 

Structu
red 
lifestyle 
progra
ms 

Circadi
an 
regulati
on, 
stress 
reducti
on 

Whole
-brain 
regulat
ion 
system
s 

Improve
d daily 
function
ing 

Weara
ble 
trackin
g 
devices 

Enhan
ces 
long-
term 
adhere
nce 

(Gerh
ardsso
n et 
al., 
2022) 

Ph
as
e 
C 

Washo
ut 
Prevent
ion 
Strateg
y 

Prevent 
loss of 
rehabilit
ation 
gains 

Functi
onal 
declin
e 
marke
rs, 
activity 
levels 

Booster 
rehabili
tation 
sessions 

Reinfor
cement 
of 
synaptic 
plasticit
y cycles 

Motor 
and 
cogniti
ve 
networ
ks 

Sustaine
d 
indepen
dence 

Longit
udinal 
functio
nal 
assess
ment 

Ensure
s 
contin
uity of 
benefit 

(Pater
no, 
2026) 

Ph
as
e 
C 

AI-
Guided 
Adapti
ve 
Monito
ring 

Dynamic 
adjustme
nt of 
therapy 

Multi
modal 
data 
integra
tion 
(bioma
rkers, 
imagin
g, 
behavi
our) 

Machin
e 
learnin
g-
guided 
treatme
nt 
modific
ation 

Predicti
ve 
modelli
ng of 
decline 
and 
respons
e 

Whole
-brain 
conne
ctome 

Personal
ized 
long-
term 
optimiza
tion 

Digital 
health 
platfor
ms 

Enable
s 
precisi
on 
long-
term 
care 

(Onci
ul et 
al., 
2025) 

 
5.Clinical Implementation: Strategic Protocols 
for Functional Motor Restoration 
5.1. The Chronobiological Approach 
After biological priming has been done 
successfully, the time of rehabilitation turns out to 
be a crucial factor in a therapeutic outcome. The 
chronobiological approach aims at timing the 
highest intensity motor training sessions with 

those intervals when physiological readiness is at 
its highest levels, especially at times when the GLP-
1 plasma levels and metabolic rate are high. This 
timing match makes sure that the neurons are 
optimally energized and receptor sensitive in the 
time of training. Clinicians can optimize the 
synaptic responsiveness and efficiency of 
neuroplastic processes by exploiting circadian 
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rhythms and pharmacokinetic of metabolite 
agents. The use of these peak windows during 
training enhances energy use, helps to maintain 
neuronal firing, and improve chances of lasting 
functional gains (TAKI & AKDAĞ ). 
 
5.2. Precision Neuromotor Training 
After the neural base is stabilized, rehabilitation 
techniques are presented which are precision 
based and are introduced to actively stimulate and 
strengthen motor circuits. Robot-Assisted Gait 
Training (RAGT) offers a pattern of movement 
which is structured, repetitive and adaptive and 
reinforces motor learning and pathway 

integration. This is complemented with 
exergaming platforms, which combines physical 
activity with a cognitive challenge to activate more 
than one neural net at a time. These therapeutic 
mechanisms have a specific effect on 
synaptophysin-linked synaptic vesicle activity, and 
LRP1-linked signalling pathways, which are 
important in efficient neurotransmission and 
circuit stability (Figure2). Precision neuromotor 
training fosters neural coordination, balance, and 
motor planning, and long-term neural adaptation 
by increasing variability, and progressing with 
difficulty (Esquenazi & Packel, 2012). 

 

 
Figure 2: Clinical Implementation: Strategic Protocols for Functional Motor Restoration 

 
5.3. Neurotrophic Amplification 
Rehabilitation based on aerobic exercises is an 
effective enhancer of neuroplasticity since it is a 
secondary stimulus to release brain-derived 
neurotrophic factor. This second-hit effect is a 
continuation of earlier pharmacological priming 
which has an additional effect of increasing 
synaptic growth and stabilization. Enhanced 
BDNF levels aid the formation of dendritic spines, 
reinforcement of synapses and long-term 
potentiation. Aerobic exercise when coupled with 
metabolically optimized conditions, provides a 
synergistic environment to hasten functional 
recovery and consolidate motor learning 
(Ambrogio, 2024). 

6.The Future of Neuro restoration: Bio-Digital 
Integration and Adaptive Rehabilitation 
6.1. Wearable Biomarker Feedback Loops 
There is a redefinition of the monitoring of the 
rehabilitation results in real time due to bio-digital 
technologies integration. Wearable sensors that 
can monitor gait symmetry, stride length and 
walking velocity can give unremitting and non-
invasive data that can be used to measure motor 
performance. These digital measures are 
functional proxies of underlying biological 
functions, including amyloid clearance, synaptic 
efficiency and metabolic state. The association of 
movement patterns with a physiological data will 
allow clinicians to make inferences about whether 
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neuroplastic processes are successfully invoked. 
This feedback loop makes it possible to make 
necessary changes in the therapy instantly, so that 
rehabilitation is not out of step with the changing 
biological status of the patient. Such systems allow 
predictive models to be created over time and 
predict when the decline or improvement will 
occur, thus turning rehabilitation into a proactive 
and responsive process (Palumbo et al., 2021). 
 
6.2. The “Rehabilitation Prescription” 
One significant change in clinical practice is to 
make rehabilitation a movable, data-based 
prescription and not a set of instructions. The 
intensity, duration and modality of therapy in this 
model is modified on a daily basis depending on 
the score of proteomic and metabolic readiness of 
the patient. These are the scores based on 
combination of biomarker profiles such as 
indicators of inflammation, energy metabolism 
and synaptic activity. Interventions can be 
modified to the current state of the patient 
biologically; thus, clinicians can prevent 
overtraining at optimal times and overloading 
patients during vulnerable times. This accuracy 
model guarantees every rehabilitation session is 
performed at the optimal intensity to optimize the 
results and reduce fatigue and risk (Lanotte et al., 
2023). 
 
6.3. Sustainability of Gains 
The motor skills that are retained over the long 
term is one of the key indicators of the success of 
rehabilitation. There is some evidence that 
indicates that patients who experience biologically 
primed rehabilitation have a higher functional 
improvement that is more durable than their 
counterparts who receive normal care. The long-
term metabolic support and continuous adaptive 
training can maintain synaptic integrity and avoid 
regression. This will not only increase the recovery 
in the short term but also the long-term 
independence and quality of life (Musicco et al., 
2003). 
 
7.Conclusion 
To sum up, the new paradigm of biomarker-
primed, multimodal neurorehabilitation is a 

groundbreaking development in the process of 
Alzheimer disease and other neurodegenerative 
disorders treatment. This method combines 
molecular priming, metabolic optimization and 
precision-guided rehabilitation to stimulate 
neuroplasticity and functional recovery by going 
beyond isolated therapeutic strategies. At the 
centre of this structure is the acknowledgement 
that successful rehabilitation requires neural 
substrate biological preparedness, which can be 
adjusted by applying specific interventions: 
stabilization of the IDOL-LRP1 pathway and 
enhancement of the metabolic condition under 
the influence of the GLP-1. Real-time monitoring 
and individualized changes in the treatment can 
also be facilitated by the introduction of 
sophisticated technologies, such as wearable 
sensors and adaptive feedback systems. Notably, 
this approach does not just enhance short-term 
rehabilitation but also sustainability of motor and 
cognitive improvements in the long term. With 
the development of the sphere, the overlap of bio-
digital tools, systems biology, and personalized 
medicine is likely to streamline these protocols, 
make them more accessible and efficient. Finally, 
the integrative solution has a great potential of 
redefining neuro restoration and enhancing 
quality of life in patients with neurodegenerative 
diseases. 
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