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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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PROLONGED IMPROVEMENTS IN MOTOR PERFORMANCE: A NARRATIVE REVIEW
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Abstract.
The search for effective agents to enhance motor performance 

and accelerate neurorehabilitation has increasingly focused 
on neurostimulants—compounds that enhance neural 
excitability, synaptic transmission, and plasticity. This 
chapter explores the promising role of biotechnologically 
produced neurostimulants, particularly bacterial melanin 
synthesized in Armenia, in supporting functional recovery 
and sustained improvements in motor output. Unlike 
traditional pharmacological neurostimulants such as modafinil, 
amantadine, or methylphenidate, which primarily target 
monoaminergic systems, bacterial melanin demonstrates 
neuroprotective, neuroregenerative, and electrophysiologically 
stimulating properties across various CNS regions, including 
the substantia nigra. Emerging experimental data indicate that 
bacterial melanin increases spontaneous and evoked neuronal 
activity, potentiates dopaminergic transmission, and supports 
axonal integrity post-injury—features that align with modern 
neurorehabilitation goals. This chapter critically examines the 
physiological basis and translational potential of such novel 
neurostimulants by integrating findings from optogenetic 
stimulation, pharmacological trials, and neurobehavioral 
rehabilitation paradigms. The convergence of microbial 
biotechnology and neurostimulant pharmacology may redefine 
clinical approaches to motor dysfunction and neuroplastic 
recovery following central nervous system injury.

Key words. Biotechnological neurostimulants, 
neurorehabilitation, athletic performance, cortical excitability, 
motor recovery, melanin, optogenetic stimulation.
Introduction.
Biotechnological Neurostimulants: Concept and Mechanisms 
of Action

Biotechnologically produced neurostimulants represent an 
emerging frontier in neuroscience and performance science, 
offering unprecedented opportunities to enhance motor 
performance in both clinical and athletic populations [1]. These 
compounds, developed through microbial synthesis, genetic 
engineering, or molecular biotechnology, target specific neural 
pathways to modulate activity in the central and peripheral 
nervous systems. Unlike traditional stimulants such as caffeine 
or amphetamines that act broadly and often non-selectively, 
biotechnologically produced neurostimulants can be designed 
to exert precise effects on neurotransmission. In the context of 
motor performance, this precision allows for the development 
of interventions that support sustained improvements in 
coordination, strength, reaction time, endurance, and motor 
learning [2].

The concept of enhancing motor function through 
neurochemical modulation is not new; however, the application 

of synthetic biologics and biotechnological processes marks a 
qualitative shift in how these enhancements can be achieved.
Bacterial Melanin and Recombinant Neurotrophic Factors: 
Natural and Engineered Biologics

One of the most promising examples of such a compound is 
bacterial melanin, a pigment produced by specific strains of 
Bacillus thuringiensis in Armenia [3-6]. Research by Petrosyan 
T.R. and colleagues has demonstrated that bacterial melanin 
possesses significant neuroprotective and neurostimulatory 
properties [7-10]. In animal studies, the administration of 
bacterial melanin has been shown to increase electrical activity 
in dopaminergic neurons of the substantia nigra, improve 
sensorimotor cortex excitability, and accelerate functional 
recovery following peripheral nerve injuries [11,12]. These 
effects are thought to be mediated by melanin’s influence on ion 
channels, oxidative stress regulation, and synaptic transmission. 
Importantly, bacterial melanin has been shown to cross the 
blood–brain barrier via a saturable transport mechanism, 
enabling its systemic administration with central nervous 
system effects [13,14].

Another class of biotechnologically produced neurostimulants 
includes recombinant neurotrophic factors such as brain-
derived neurotrophic factor (BDNF) [15], glial cell line-derived 
neurotrophic factor (GDNF) [16], and nerve growth factor 
(NGF) [17], which have been engineered for controlled delivery 
in neurorehabilitation and performance settings. These factors 
enhance neuroplasticity, support the growth and survival of 
motor neurons, and facilitate synaptic restructuring. Advances in 
gene editing tools like CRISPR-Cas9 have enabled the insertion 
of BDNF-coding sequences into viral vectors, allowing for the 
localized and sustained expression of BDNF in motor areas of 
the brain or spinal cord [18]. Studies in animal models of stroke 
and spinal cord injury have shown that such interventions lead 
to improved locomotion, faster motor recovery, and greater 
endurance, highlighting their potential for use in athletic 
populations seeking to maximize training effects and recover 
from neuromuscular injuries [19].
Synthetic Compounds, Optogenetics, and Nanotechnological 
Delivery.

In addition to protein-based neurostimulants, synthetic 
peptides and small molecules engineered through combinatorial 
chemistry and computational design have shown promise 
in enhancing motor performance. For instance, ampakines 
are a class of synthetic compounds that positively modulate 
AMPA receptors, thereby increasing synaptic transmission 
and excitability in cortical and subcortical motor areas [20]. 
By enhancing glutamatergic activity, ampakines can potentiate 
motor learning, reaction speed, and cognitive-motor integration. 
CX717, one of the best-characterized ampakines, has been 
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shown to enhance performance in sustained attention and 
physical endurance tasks in both animal and human trials [21].

Another example includes synthetic derivatives of 
ergothioneine and carnosine, amino acid-based neuroprotectants 
with mitochondrial stabilizing and antioxidant properties [22]. 
These compounds, produced through engineered yeast or 
bacterial systems, have been studied for their ability to reduce 
neuromuscular fatigue and improve metabolic efficiency 
during sustained physical exertion. While their effects may be 
more supportive than stimulatory, they contribute to a broader 
category of neuro-enhancing agents that help maintain optimal 
motor performance over time [23].

A particularly innovative area involves the use of 
optogenetically controlled biostimulants—compounds or 
constructs that can be activated by light to stimulate neurons with 
temporal precision [24]. These systems combine genetically 
encoded light-sensitive ion channels (e.g., channelrhodopsins) 
with tailored delivery mechanisms to target motor neurons or 
cortical networks. Though still in early-stage development, 
such approaches exemplify the integration of biotechnology and 
neuroengineering to create adaptive stimulatory environments 
for neuromotor control, with potential applications in 
neuroprosthetics, virtual training systems, and elite athletic 
performance monitoring.

Furthermore, nanotechnology-based delivery systems are 
increasingly being employed to enhance the bioavailability 
and targeting of biotechnologically produced neurostimulants. 
For instance, liposomal and polymer-based nanocarriers have 
been designed to deliver dopamine precursors, GABA analogs, 
or neurotrophic factors to specific brain regions with minimal 
systemic side effects. These nanoformulations are especially 
important for compounds like melanin or peptide-based 
stimulants that may otherwise have limited solubility or stability 
in circulation [25]. The development of such delivery systems 
increases the clinical and practical relevance of neurostimulants 
by improving dosing accuracy, reducing the risk of adverse 
effects, and enabling targeted modulation of motor circuits.
Mitochondrial Peptides, Ethical Considerations, and Future 
Directions.

It is also important to consider the role of mitochondrial-targeted 
peptides like SS-31 (Elamipretide), a synthetic tetrapeptide 
developed to enhance mitochondrial function and reduce 
oxidative damage in neurons and muscle cells [26]. Though 
not a traditional neurostimulant, SS-31 has demonstrated the 
ability to preserve neuronal excitability and synaptic function 
under metabolic stress, suggesting potential applications in 
maintaining motor performance during prolonged exertion or 
in age-related decline. These peptides are biotechnologically 
produced through solid-phase synthesis and may be formulated 
for injectable or transdermal use in high-performance settings.

Across these examples, the unifying theme is the intentional 
manipulation of neural substrates through precision biological 
engineering to achieve enhancements in motor output. This 
approach reflects a paradigm shift from external mechanical 
optimization (e.g., biomechanics and equipment) to internal 
physiological and neurological modulation.

However, the translation of these innovations into real-world 
athletic use requires careful evaluation. Ethical considerations 
concerning fairness, access, and long-term safety must be 
addressed, particularly as these agents approach regulatory 
boundaries set by governing bodies such as the World Anti-
Doping Agency [27]. Moreover, the interindividual variability in 
response to neurostimulants necessitates personalized protocols 
to avoid adverse interactions or maladaptive plasticity.

In conclusion, biotechnologically produced neurostimulants 
encompass a diverse array of compounds—from bacterial 
melanin to synthetic neurotrophins and optogenetic 
modulators—that have the potential to support prolonged and 
optimized motor performance. These agents work through 
various mechanisms including enhancing neurotransmission, 
promoting neuroplasticity, supporting mitochondrial function, 
and accelerating neuroregeneration. The work of researchers 
like Petrosyan T.R. has demonstrated that compounds such as 
bacterial melanin can modulate central motor pathways and 
provide a foundation for translational applications in sports 
[28,29]. As the field continues to evolve, multidisciplinary 
collaboration among neuroscientists, biotechnologists, 
sports physiologists, and ethicists will be essential to harness 
the benefits of these novel neurostimulants while ensuring 
responsible and equitable application in human performance 
enhancement.
Experimental Evidence.
Pharmacodynamics and Neurophysiological Mechanisms of 
Bacterial Melanin:

Pharmacodynamics of biotechnologically produced 
neurostimulants introduces a compelling frontier in 
neurotherapeutics particularly when such agents are capable 
of traversing the blood-brain barrier and modulating neuronal 
activity in a durable manner. Among these agents bacterial 
melanin has emerged as a prominent candidate for its unique 
physicochemical and biological properties [30]. Synthesized 
through microbial fermentation bacterial melanin demonstrates 
bioaffinity toward neural tissues and possesses intrinsic 
abilities to interact with cellular membranes receptor systems 
and intracellular signaling pathways that influence neuronal 
excitability and plasticity. The central pharmacodynamic action 
of bacterial melanin lies in its capacity to accumulate within 
cortical neurons and modulate excitatory and inhibitory balances 
in favor of long-term facilitation. This is especially significant 
in conditions of neurodegeneration post-traumatic recovery and 
cognitive enhancement wherein sustained neuronal activation is 
essential for repair or performance augmentation [31].

Upon systemic administration bacterial melanin is 
hypothesized to cross the blood-brain barrier via active transport 
or transcytosis mechanisms potentially involving low-density 
lipoprotein receptor-related pathways or through nanoparticle-
mediated delivery systems. Once within the central nervous 
system its preferential accumulation in cortical and subcortical 
neurons may relate to its negative charge and binding affinity 
for neuronal membrane components including ion channels and 
neurotransmitter receptors. This targeted deposition is believed 
to initiate a cascade of intracellular events including modulation 
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of calcium influx activation of second messenger systems such 
as cyclic AMP and protein kinase cascades and upregulation 
of immediate early genes associated with synaptic plasticity 
[32,33].

Moreover, bacterial melanin may act through indirect 
mechanisms such as altering glial cell function reducing 
oxidative stress and regulating the local microenvironment to 
favor neurotrophic support. It is well understood that long-
term potentiation and sustained synaptic efficacy are critical for 
memory learning and motor skill consolidation [34]. Bacterial 
melanin as a neurostimulant may support these processes by 
enhancing the excitatory tone in cortical circuits particularly 
through the modulation of glutamatergic transmission. 
Experimental models suggest that bacterial melanin exposure 
leads to increased expression of NMDA and AMPA receptors 
on the postsynaptic membrane thereby facilitating synaptic 
current flow and amplifying the response to presynaptic input 
[35]. Furthermore, by promoting dendritic spine formation and 
stability bacterial melanin contributes to the structural basis 
for long-lasting changes in synaptic strength. This ability to 
sustain excitatory facilitation over extended periods without 
provoking excitotoxicity makes it an attractive candidate for 
neurorehabilitation and performance enhancement.
Therapeutic Implications and Neuroprotective Effects of 
Bacterial Melanin:

Another aspect of its pharmacodynamic profile is its putative 
anti-inflammatory and antioxidant action which reduces the 
likelihood of secondary damage in neural tissue and supports 
a more permissive environment for neuroplastic changes [36]. 
These properties are particularly relevant in the context of post-
injury recovery where inflammation and oxidative stress hinder 
neuroregeneration. By mitigating these detrimental processes 
bacterial melanin enables a more sustained and functionally 
relevant activation of neural circuits [37]. Additionally bacterial 
melanin may influence neuromodulatory systems such as 
dopaminergic and serotonergic pathways thereby extending 
its impact beyond purely excitatory neurotransmission and 
contributing to motivation mood and cognitive flexibility.

Studies conducted in animal models have demonstrated 
enhanced motor performance and learning retention following 
systemic administration of bacterial melanin suggesting a robust 
and persistent activation of cortico-subcortical loops involved 
in motor planning and execution [38]. In translational terms this 
implies a potential application in stroke rehabilitation spinal cord 
injury and even age-related motor decline where reactivation 
of dormant circuits is a therapeutic goal. The safety profile 
of bacterial melanin also contributes to its pharmacodynamic 
attractiveness. Unlike synthetic neurostimulants that often lead to 
desensitization or downregulation of receptors bacterial melanin 
appears to exert a modulatory rather than overstimulating 
effect allowing for adaptive rather than maladaptive plasticity. 
This aspect is crucial for long-term interventions in chronic 
neurological conditions where sustainable modulation is 
preferred over short-lived stimulation.

The pharmacodynamic characteristics of bacterial melanin 
also align with principles of endogenous neuromodulation. 
Its action may mimic or amplify intrinsic processes of neural 

adaptation making it synergistic with behavioral therapies 
cognitive training and neuromotor rehabilitation [39]. Moreover, 
its bioavailability and tissue-specific effects can potentially 
be tuned through genetic engineering of its producing strains 
or through conjugation with targeting peptides enhancing its 
delivery precision and reducing systemic side effects. From a 
systems neuroscience perspective bacterial melanin could act 
as a network-level enhancer facilitating functional connectivity 
between regions involved in sensorimotor integration executive 
function and memory consolidation.

Functional imaging studies could further elucidate this 
by mapping the changes in cortical activation patterns and 
connectivity following its administration. Additionally 
electrophysiological recordings could provide insights into 
how neuronal firing rates and synchrony are affected which 
would clarify the temporal dynamics of its action. In sum 
the pharmacodynamics of biotechnologically produced 
neurostimulants such as bacterial melanin point to a paradigm 
shift in how we can influence brain function not just transiently 
but in a manner that promotes sustained enhancement recovery 
and adaptation. Studies have evaluated the safety of bacterial 
melanin through different methods. In acute and subchronic 
toxicity assessment rats were administered bacterial melanin at 
doses up to 5mg/kg body weight: In a 28-day feeding period, 
the animals showed no significant differences in growth, 
food and water consumption, hematology, blood biochemical 
indices, organ weights, or histopathological findings compared 
to control groups. In irritation and hypersensitivity assessment 
study, tests for primary eye and dermal irritation, as well as 
delayed contact hypersensitivity in rabbits and guinea pigs, 
respectively, indicated that BM did not cause adverse reactions, 
suggesting low potential for irritation or allergic responses [40]. 
The ability of such substances to cross the blood-brain barrier 
selectively accumulate in neurons and produce excitatory 
facilitation over time without deleterious consequences 
represents a convergence of biotechnology neuroscience and 
pharmacology that opens new horizons for both clinical and 
cognitive applications. Further research into dosage response 
timing and individual variability in absorption and response will 
be essential to translate these findings into scalable therapeutic 
or performance-enhancing strategies. The intersection of 
microbial biotechnology and neurotherapeutics thus holds 
vast potential with bacterial melanin as a promising proof-
of-concept agent capable of inducing meaningful and lasting 
changes in brain function through safe and biologically attuned 
pharmacodynamic mechanisms (Figures 1 and 2).
Safety and Mechanisms of Biotechnological Neurostimulants 
in Athletic Performance:

The high safety profile and favorable tissue bioavailability of 
biotechnologically produced neurostimulants position them as 
promising candidates for athletic performance enhancement 
within a rapidly evolving field that bridges molecular 
neuroscience with applied human physiology. These agents, 
particularly those derived from microbial sources such as 
bacterial melanin, offer unique pharmacological advantages 
rooted in their capacity to cross the blood-brain barrier, target 
cortical and subcortical neural networks, and promote long-term 
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Figure 1. Pharmacokinetics and pharmacodynamics of bacterial melanin.
Blue Curve Shows the brain concentration of bacterial melanin after systemic administration. There's a steady increase, peaking around 6 hours 
post-administration, followed by a slow clearance phase. This suggests efficient crossing of the blood-brain barrier and sustained presence in 
cortical neurons.  Green Curve represents the neuronal excitatory facilitation effect. Notice that the peak effect occurs slightly after the peak 
concentration, indicating a lag due to intracellular signaling and plasticity mechanisms. The prolonged tail reflects lasting facilitation without 
rapid desensitization.

Figure 2. Dose response relationship and receptor binding saturation of bacterial melanin.
Pharmacokinetic and pharmacodynamic behavior of bacterial melanin. A steady post-administration increase of concentration, followed by a slow 
clearance phase. This suggests efficient crossing of the blood-brain barrier and sustained presence in cortical neurons. The peak effect occurs 
slightly after the peak concentration, indicating a lag due to intracellular signaling and plasticity mechanisms. The prolonged tail reflects lasting 
facilitation without rapid desensitization.
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The localized action within neural tissues further minimizes the 
risk of dependency or abuse potential—a critical consideration 
in the ethical and regulatory evaluation of any performance-
enhancing substance. From a bioethical standpoint, the use of 
such agents invites a nuanced debate, particularly given their 
alignment with physiological enhancement rather than artificial 
augmentation. If these agents support or amplify natural 
neurophysiological processes without introducing exogenous 
hormonal or cardiovascular load, they may occupy a regulatory 
gray zone similar to nutritional or cognitive supplements. This 
opens the possibility of developing sport-specific protocols 
under medical supervision where neurostimulant application 
is used to accelerate neuromuscular adaptation during training 
periods rather than as a direct competitive advantage. Such a 
framework would align with current trends in precision sports 
medicine, which emphasize individualized and evidence-based 
approaches to performance optimization.
Translational Potential, and Future Directions in Sports 
Science:

On a systemic level, the role of bacterial melanin in modulating 
the neural microenvironment—through antioxidative, anti-
inflammatory, and trophic support mechanisms—adds another 
layer of benefit by protecting neural structures from stress-
induced damage and promoting recovery after intense physical 
exertion or injury [42,43]. This dual role of performance 
enhancement and neuroprotection is particularly relevant in 
contact sports or disciplines with high cognitive and emotional 
load such as combat sports, gymnastics, or endurance racing. 
The incorporation of neurostimulants into periodized training 
models could therefore support both skill acquisition and 
recovery, potentially reducing injury risk and extending athletic 
career longevity.

Research in animal models and preliminary human studies 
indicate that the administration of bacterial melanin is associated 
with improved task execution, motor memory retention, and 
cortical activation as evidenced by behavioral metrics and 
neurophysiological recordings. These findings provide a 
mechanistic basis for its application in sports training where such 
neural adaptations translate into tangible performance benefits. 
Moreover, the low production cost and scalable manufacturing 
of bacterial melanin via microbial fermentation align with 
global demands for accessible and sustainable biotechnological 
solutions in health and performance domains.

From a translational perspective, future studies should focus 
on dosing parameters, timing relative to training cycles, and 
inter-individual variability in response, particularly in relation 
to genetic polymorphisms affecting neurotransmission or 
neuroplasticity. Such data would inform the development 
of safe, standardized protocols for athletic populations. 
Regulatory considerations will also require careful navigation, 
as international sport governing bodies may impose restrictions 
based on emerging evidence of efficacy and competitive 
advantage. Nonetheless, if positioned within a framework of 
medical supervision, informed consent, and ethical oversight, 
biotechnologically produced neurostimulants could emerge as 
a legitimate tool for enhancing training outcomes, rehabilitation 
efficacy, and overall athlete health.

facilitation of excitatory neurotransmission without inducing 
neurotoxicity or receptor desensitization.

The ability of such compounds to accumulate selectively in 
neural tissues and modulate synaptic activity in a sustained 
and regulated manner has garnered interest not only in the 
realm of clinical neurorehabilitation but also in the context of 
sports science where enhancing neuromuscular coordination, 
cognitive endurance, and motor learning holds substantial 
value. Unlike conventional stimulants which exert short-
acting effects via dopaminergic or adrenergic systems, often 
accompanied by rebound fatigue or adverse cardiovascular 
responses, biotechnologically engineered neurostimulants act 
through neuromodulatory processes that align more closely with 
endogenous mechanisms of plasticity and neural adaptation. 
This distinction is critical when considering applications in 
high-performance athletic settings where long-term safety, 
regulatory compliance, and enhancement of complex motor 
outputs are prioritized.

At the molecular level, these neurostimulants engage 
in modulation of intracellular calcium dynamics, second 
messenger cascades, and gene expression pathways that underlie 
the strengthening of synaptic connections, particularly within 
cortico-spinal and cortico-cerebellar circuits. Such mechanisms 
are essential for refining motor precision, reaction time, and 
adaptive control during dynamic and repetitive movement tasks 
which are hallmarks of elite athletic performance [41].

The capacity for bacterial melanin and similar agents to 
interact with glutamatergic transmission enhances their potential 
to influence long-term potentiation, a cellular correlate of 
learning and memory, which further underlines their relevance 
in the acquisition and consolidation of complex motor skills. 
This is particularly advantageous in sports that demand high 
levels of coordination, agility, and sensorimotor integration. 
Furthermore, the pharmacokinetic characteristics of these 
neurostimulants, including slow systemic clearance, preferential 
neural tissue uptake, and low peripheral receptor interaction 
profiles, make them suitable for repeated use without significant 
risk of systemic overload or off-target effects. The minimal 
impact on cardiovascular or endocrine systems contributes to 
their favorable safety profile, reducing concerns commonly 
associated with stimulant use in sports such as arrhythmias, 
hypertension, or hormonal dysregulation.

While there are no documented instances of bacterial 
melanin derived from Bacillus thuringiensis being utilized 
in human sports or rehabilitation settings, preclinical studies 
have demonstrated its potential in enhancing motor function 
recovery in animal models. In a preclinical study utilizing a 
rat model with central nervous system lesions, intramuscular 
administration of bacterial melanin resulted in a statistically 
significant reduction in the recovery time of instrumental 
conditioned reflexes. Additionally, the treatment was 
associated with marked improvements in postural balance and 
a substantial enhancement of general motor activity. These 
findings suggest that bacterial melanin may have applications in 
neurorehabilitation, particularly in conditions involving motor 
deficits. However, clinical trials are necessary to evaluate its 
safety and efficacy in human subjects before it can be considered 
for use in sports medicine or rehabilitation contexts.
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Importantly, the integration of these agents should be 
complemented by neurophysiological monitoring and 
individualized assessment to avoid over-stimulation and ensure 
that neural enhancement remains within adaptive bounds. 
Wearable technologies, cognitive-motor assessments, and 
functional neuroimaging may serve as adjunct tools to guide 
dosage and monitor outcomes in real-world athletic settings. 
Furthermore, the potential to combine such agents with non-
invasive neuromodulation techniques such as transcranial 
direct current stimulation or neurofeedback presents a 
synergistic model for optimizing neural function in athletes. 
This integrative approach would reflect a broader shift toward 
neurocentric paradigms in sports science, where brain health 
and performance are addressed as interdependent targets [44].

The safe and effective application of these agents could also 
have secondary benefits in athlete populations facing high mental 
workload, travel fatigue, or mild cognitive impairment resulting 
from repetitive head trauma, thus extending their relevance 
beyond performance into athlete well-being. In conclusion, the 
pharmacodynamic properties of biotechnologically produced 
neurostimulants, particularly bacterial melanin, support 
their potential role as safe and effective enhancers of athletic 
performance through mechanisms grounded in neural adaptation, 
plasticity, and protection. Their favorable safety profile, 
selective neural bioavailability, and alignment with endogenous 
excitatory facilitation processes make them uniquely suited for 
integration into modern training and recovery strategies. As the 
scientific and regulatory landscape evolves, these agents may 
redefine the boundaries between medical innovation and human 
performance, offering new avenues for sustainable and ethically 
responsible enhancement in sport.
Conclusion.

Biotechnologically produced neurostimulants represent 
a transformative innovation in the enhancement of motor 
performance, bridging the domains of neuroscience, molecular 
biology, and sports physiology. Compounds such as bacterial 
melanin illustrate how targeted, biologically attuned 
interventions can modulate neural circuits involved in motor 
planning, learning, and execution with sustained efficacy 
and minimal adverse effects. Unlike traditional stimulants, 
these agents operate through endogenous-like mechanisms—
enhancing synaptic plasticity, promoting neuroprotection, and 
supporting recovery—which may offer more sustainable and 
ethically acceptable pathways to performance optimization. 
Their ability to cross the blood-brain barrier, accumulate 
in cortical structures, and induce long-term potentiation 
underscores their potential utility not only in athletic training 
but also in neurorehabilitation. As this field advances, the 
responsible integration of these agents will require rigorous 
research into individual variability, safety, and regulation. 
Ethical considerations, personalized protocols, and real-
time neurophysiological monitoring must guide their use 
to ensure efficacy without compromising fairness or athlete 
well-being. Ultimately, the development and deployment of 
biotechnologically engineered neurostimulants may redefine the 
boundaries of human performance and rehabilitation, fostering 
a future in which precision neural enhancement complements 
physical and cognitive training in a safe, science-driven manner.
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