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The Role of Probiotics in Neurological Recovery: Implications for Neurosurgery


Abstract
Summary of Key Insights
Probiotics have shown significant potential in enhancing neurological recovery post-neurosurgery by modulating the gut-brain axis (GBA). This modulation can lead to reduced neuroinflammation, improved cognitive function, and better overall mental health outcomes. Probiotics have been particularly effective in reducing surgical complications, such as infection rates and inflammatory responses, which are critical in post-surgical recovery.
Implications for Practice
The integration of microbiome-targeted interventions into neurosurgical care could revolutionize patient outcomes. By incorporating probiotics and synbiotics, which combine probiotics with prebiotics, into treatment plans, healthcare providers can enhance immune responses and reduce postoperative complications. This approach is supported by evidence showing decreased inflammatory markers and improved clinical outcomes in neurosurgical patients.
Closing Thoughts
Probiotics represent a promising avenue for improving neurosurgical outcomes through the modulation of the gut-brain axis. While the current findings are encouraging, further well-designed clinical trials are necessary to fully understand the strain-specific and disease-specific effects of probiotics. As research progresses, probiotics could become a standard component of neurosurgical care, offering a novel strategy to enhance recovery and improve quality of life for patients.
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Introduction
Probiotics are improving outcomes in neurosurgery by positively influencing neurological recovery through the GBA. This axis facilitates bidirectional communication between central nervous system (CNS) and microbiota of gut, for maintaining neurological health. Disruptions in CNS-gut axis have often seen in neurosurgical patients, which lead to dysbiosis and hamper the patient recovery. Probiotics can modulate the microbiota of gut, thereby reducing inflammation and infection rates, which are critical in spinal surgery and post-traumatic brain injury recovery (1). In traumatic brain injury (TBI), probiotics have been effective in reducing intestinal inflammation and improving clinical outcomes, such as increasing the Glasgow Coma Scale score and reducing mortality and infection rates (2,3). Furthermore, probiotics have been recognized for their role in neurodegenerative disorders, where they can alter neuroimmune responses, reduce neuroinflammation, and improve gut microbiota composition, potentially alleviating symptoms of diseases like  Parkinson's and Alzheimer's(4,5). These effects are attributed to probiotics' ability to produce short-chain fatty acids (SCFAs) and neurotransmitters, important for CNS function (5). 

The increasing recognition of the GBA in neurological health underscores its potential relevance to neurosurgery, as it represents a complex communication network between gut and CNS through neural, immune, and endocrine pathways. This axis is crucial in the management and pathogenesis of neurological disorders such as Parkinson's disease, Alzheimer's disease, and autism spectrum disorder, as alterations in gut microbiota, or dysbiosis, can lead to neuroinflammation and microglial activation, impacting neuronal health and cognitive functions (6–8). The gut microbiota influences the CNS by producing neurotransmitters and neuroactive compounds, such as SCFAs, which are essential for CNS homeostasis(6). Probiotics, live bacteria that provide health benefits when consumed in adequate amounts, are a key component of this axis. They can modulate the gut environment, potentially alleviating psychiatric disorders and neuropathic pain by enhancing gut-brain communication (9). Probiotics, along with prebiotics and synbiotics, have shown promise in improving cognitive functions and mood, particularly in individuals with mild cognitive impairment and Alzheimer's disease, although responses can vary based on individual health circumstances (10). The therapeutic potential of GBA targeting through dietary interventions, including probiotics, is being explored as a novel approach in neurosurgery to manage and potentially mitigate the progression of neurodegenerative diseases (6,7).  

GBA and Neurological Health
GBA maintaining both physical and mental health, as it orchestrates various physiological processes, including digestion, metabolism, mood, cognition, and behavior (11,12). The vagus nerve and enteric nervous system are key neural components facilitating this communication, while gut hormones and neurotransmitters helps in endocrine signaling (11). By production of metabolites like SCFAs, gut microbiota further influences the GBA by regulating inflammatory cytokines and neurotransmitter expression (12). Disruptions in the GBA have been linked to mental health disorders, obesity, and neurological diseases and multiple sclerosis(11,13,14). Increased gut permeability and dysbiosis can exacerbate neuroinflammation, contributing to these conditions through pathways like the kynurenine pathway, which produces neurotoxic metabolites (14). Dietary interventions, like low-FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides, and polyols) diet, have shown potential in modulating the GBA, particularly in managing anxiety and depression associated with disorders of gut-brain interaction (15). Comprehending the complex mechanisms of the GBA presents promising opportunities for the formulation of targeted therapeutic approaches, encompassing microbial-based interventions and alterations in lifestyle, aimed at enhancing health outcomes (12,13).  
The gut microbiota influencing neuroinflammation, neurotransmitter production, and neuroplasticity through the microbiota- GBA, a complex bidirectional communication system (16–18). Dysbiosis, gut microbial ecology, are linked to various neurological disorders, like neurodevelopmental, neurodegenerative, and mood disorders, thus highlighting the microbiota's role in neuroinflammation and disease pathogenesis (19). The gut microbiota influences neurotransmitter production by interacting with the cAMP-PKA signaling pathway, which affects neurotransmitter release and behavioral traits (16). Additionally, specific microbial metabolites, such as tryptophan derivatives and SCFAs, are known to regulate neuroinflammation and neuroplasticity, further emphasizing the microbiota's role in brain health (18). Animal studies have provided foundational insights into these mechanisms, demonstrating the microbiota's influence on neuroimmunology, neurotransmission, and neuroplasticity, which are now being translated into human studies to develop precision health approaches for psychiatric and neurological disorders (20). 
Dysbiosis, effects neurological disorders relevant to neurosurgery, such as TBI, stroke, and neurodegenerative diseases. TBI, for instance, disrupts this axis, leading to gut dysbiosis characterized by mucosal damage, intestinal barrier disintegration, and increased systemic immune cell infiltration, which exacerbate neuroinflammation and neurodegeneration (21). This dysbiosis is not only a consequence but also a contributor to the progression of brain diseases, as alterations in gut microbiota have been linked to the pathogenesis of neurodegenerative and neuropsychiatric disorders (22). The systemic inflammation and metabolic dysregulation following TBI further complicate the condition, with oxidative stress and reactive oxygen species contributing to neurodegeneration (23). Moreover, the gut microbiota's role as a potential diagnostic biomarker and therapeutic target is gaining attention, with interventions like probiotics and antibiotics showing promise in restoring microbial balance and mitigating inflammation (22,24). These therapeutic strategies aim to enhance neurocognitive outcomes by targeting the dysregulated inflammatory response along the brain-gut axis (21). 


Probiotics in Neurological Recovery
Probiotics have emerged as promising agents in modulating neuroinflammation, a key factor in neurological recovery and management of neurodegenerative disorders. The GBA is important in this process, with probiotics influencing neuroinflammatory pathways and cognitive health by altering gut microbiota composition and function (18,25). Specific strains, such as those from the Bifidobacterium and Lactobacillus genera, have demonstrated efficacy in reducing neuroinflammatory markers, thereby enhancing neurogenesis and improving cognitive outcomes (25,26). These probiotics modulate the neuroimmune response, reduce oxidative stress, and influence neurotransmitter production, which collectively contribute to their neuroprotective effects (4). For instance, the novel probiotic formula BLLL, comprising Bifidobacterium breve and various Lactobacillus strains, has been shown to ameliorate depression-like behaviors in mice by reducing neuroinflammation and increasing neurotrophic factors such as brain-derived neurotrophic factor (BDNF). This reduction in neuroinflammation has been achieved through the suppression of pro-inflammatory cytokines like,  IL-1β, TNF-α, IL-6 and the enhancement of anti-inflammatory cytokines like IL-10 and IL-4(27,28). 
Probiotics agents in neurological recovery, particularly through their role in neurotransmitter production, such as serotonin and gamma-aminobutyric acid (GABA). The GBA, a bidirectional communication system, is central to this process, with probiotics influencing gut microbiota to regulate brain function and behavior (4,29). Probiotics can produce neurotransmitters directly or influence their synthesis, thereby impacting mood and cognitive functions. For instance, serotonin, a key neurotransmitter in mood regulation, is significantly produced in the gut, and probiotics can enhance its production, potentially alleviating symptoms of depression and anxiety (5,30). Similarly, GABA, an inhibitory neurotransmitter, is modulated by gut microbiota, with probiotics contributing to its synthesis, which may help in reducing anxiety and promoting relaxation (29). The therapeutic potential of probiotics extends to neurodegenerative and neuropsychiatric disorders, where they can reduce neuroinflammation and oxidative stress, thereby offering a novel approach to managing these conditions. Despite these promising findings, further research is needed to identify specific probiotic strains and dosages that maximize these neuroprotective effects, as well as to translate these findings from animal models to human applications (4,30,31). 
Also, probiotics in neurological recovery, through the reduction of oxidative stress, which is a key factor in neurodegenerative diseases and brain injuries. The GBA plays a crucial role in this process, as probiotics can modulate gut microbiota, thereby influencing neuroimmune responses and reducing neuroinflammation and oxidative stress (4,32). In experimental models, such as traumatic brain injury in rats, probiotic treatment has been shown to significantly decrease oxidative stress markers, apoptosis, and gliosis, while enhancing vascularization, as evidenced by histological and electroencephalographic data (33). Specific probiotic strains like Limosilactobacillusreuteri have been demonstrated to counteract diet-induced brain dysfunction by modulating the Nrf2 pathway, which is crucial for maintaining redox homeostasis and reducing oxidative damage in the brain (34). Probiotics have also contributed to cognitive health by improving mitochondrial function and neurotransmitter levels, which are often compromised in neurodegenerative conditions (25).[image: ]
Figure 1: Mechanisms of Probiotics in Neurological Recovery via the Gut-Brain Axis

Probiotics have been recognized as a potentially effective therapeutic strategy for enhancing blood-brain barrier (BBB) integrity, which is crucial in neurological recovery mechanisms. The GBA, with probiotics influencing the gut microbiota to modulate immune responses and reduce inflammation, thereby impacting BBB function. For instance, specific strains like Lacticaseibacillusparacasei GMNL-133 and Lactobacillus reuteri GMNL-89 have been shown to decrease BBB permeability and attenuate inflammatory responses in ischemic stroke models, suggesting their potential in preserving BBB integrity (35). SCFAs produced by gut microbiota, such as propionate, butyrate, and acetate, are critical in maintaining BBB integrity by reducing paracellular permeability and restoring junctional complex proteins (28,36). Probiotics like Lactobacillus plantarum IS-10506 have also demonstrated the ability to ameliorate BBB disruption by upregulating proteins essential for endothelial integrity (37). Furthermore, probiotics can modulate the GBA through various pathways, including endocrine and neuronal mechanisms, which are vital for maintaining BBB structure and function (38). 
Preclinical investigations have substantiated the efficacy of probiotics in aiding neurological recovery following brain injuries such as stroke and TBI. Probiotics, particularly strains like Lactobacillus and Bifidobacterium, have demonstrated potential in modulating GBA, in neuroprotection and cognitive recovery. In TBI models, probiotics have been shown to improve memory and counteract neuroplasticity deficits by modulating gut microbiota and hepatic lipid profiles, although they do not significantly affect pro-inflammatory markers like IL1-β and TNF-α(39). Flow Diagram shown in figure 1 about the mechanisms of Probiotics in Neurological Recovery via the Gut-Brain Axis. Furthermore, probiotics have been reported to reduce neuroinflammatory markers and improve neurogenesis in the hippocampus, which is crucial for cognitive function (25). These findings suggest that probiotics can influence the gut-spleen-brain axis and the gut-brain-liver microbiota axis, offering a novel therapeutic approach for brain injury recovery by modulating immune responses and maintaining gut microbiota balance (2,4). Table 1 discusses various probiotic strains (e.g., Lactobacillus, Bifidobacterium) and their specific effects on neurological recovery, such as reducing neuroinflammation, improving cognitive function, and decreasing infection rates.
	Probiotic Strain
	Mechanism of Action
	Neurological Outcome
	Context/Application
	Reference

	Bifidobacterium breve (BLLL formula)
	Reduces pro-inflammatory cytokines (IL-1β, TNF-α, IL-6), increases neurotrophic factors (BDNF)
	Ameliorates depression-like behaviors, enhances neurogenesis
	Depression, neurodegenerative disorders
	-27

	Lactobacillus reuteri
	Modulates Nrf2 pathway, reduces oxidative stress
	Counteracts diet-induced brain dysfunction
	Stroke, cognitive impairment
	-34

	Lacticaseibacillus paracasei GMNL-133
	Decreases BBB permeability, attenuates inflammatory responses
	Preserves BBB integrity, reduces inflammation
	Ischemic stroke
	-35

	Lactobacillus plantarum IS-10506
	Upregulates endothelial integrity proteins, reduces BBB disruption
	Improves BBB function, enhances cognitive health
	TBI, neurodegenerative disorders
	-37

	Lactobacillus rhamnosus GG
	Reduces TNF-α, TGF-β, VEGF, enhances wound healing
	Accelerates wound healing, reduces inflammation
	Post-surgical recovery, wound healing
	-45

	Bifidobacterium animalis subsp. lactis BB-12
	Reduces IL-6, promotes granulation tissue formation, increases collagen deposition
	Enhances wound healing, reduces infection rates
	Post-surgical recovery, wound healing
	-45


Table 1 : Effects of Probiotic Strains in Neurological Recovery 
Probiotics, an adjunctive therapy in neurological recovery, particularly in neurosurgical contexts, due to their influence on the GBA. Clinical studies have demonstrated that probiotics can reduce inflammatory responses, improve gastrointestinal mobility, and lower infection rates in patients undergoing neurosurgical procedures, such as spinal surgery and post-traumatic brain injury(1). Probiotics have shown potential in enhancing cognitive function and reducing stress, with evidence suggesting improvements in neuropsychological test outcomes, mood states, and overall mental health (40). The therapeutic effects of probiotics extend to neurodegenerative disorders, where they may reduce neuroinflammation and oxidative stress, thereby offering neuroprotective benefits in conditions like Parkinson's diseases and Alzheimer's(4). Probiotics also interact with the gut microbiota to modulate GBA, which is crucial for managing neuropsychiatric disorders, including anxiety and depression (31). Despite these promising findings, the complexity of GBA necessitates further research to determine the specific strains, dosages, and mechanisms of action that optimize neurological recovery (41). Probiotics present a novel and promising approach to supporting neurological health, particularly in neurosurgical and neurodegenerative contexts, more well-designed clinical trials are needed to fully understand their potential and limitations (1,4).  

Probiotics as an Adjunct in Neurosurgery
Probiotics have shown potential as an adjunct therapy in neurosurgery by modulating the immune system to reduce surgical complications. The gut microbiota-brain axis helps in neurological health, and probiotics can support this axis, particularly in neurosurgical contexts such as trauma and spinal surgery. Clinical trials have demonstrated that probiotics can reduce inflammatory responses, improve gastrointestinal mobility, and lower infection rates, including modulation of inflammatory cytokines and antibiotic-associated diarrhea, which are critical in post-surgical recovery (1). A systematic review and meta-analysis have confirmed that probiotics and synbiotics significantly reduce surgical site infections and other surgery-related complications by decreasing inflammatory markers like Interleukin-6 (IL-6) and C-reactive protein (CRP), and increasing beneficial SCFAs(42). Synbiotics, have been particularly effective in enhancing immune responses and reducing postoperative complications, as evidenced in studies involving pancreatic ductal adenocarcinoma patients, where synbiotics increased CD8+ T cell infiltration and decreased inflammatory cytokines (43). Additionally, probiotics have been explored in head and neck cancer treatments to prevent complications such as radiation-induced oral mucositis, highlighting their broader potential in surgical settings (44). While probiotics offer promising benefits in reducing surgical complications through immune modulation, further meticulously structured experimental trials are imperative to comprehensively elucidate their strain-specific and disease-specific impacts.
Probiotics has been studied an adjunct thearpy in neurosurgery postoperative recovery by promoting faster wound healing through their anti-inflammatory effects. The application of probiotics such as Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp. lactis BB-12 has been demonstrated to accelerate wound healing by modulating the wound microenvironment, enhancing granulation tissue formation, and increasing collagen deposition. These probiotics effectively reduce neutrophil infiltration and decrease the expression of pro-inflammatory cytokines like TNF-α and IL-6, with BB-12 notably reducing IL-6 levels and LGG significantly lowering TNF-α, TGF-β, and VEGF (45). Despite these promising findings, the overall impact of probiotics on postoperative wound healing remains inconclusive, as highlighted by mixed results from clinical studies. Some randomized controlled trials have shown significant benefits, while others have not, suggesting that factors such as probiotic strain, dosage, and administration duration may influence outcomes (46). Probiotics are recognized for their antibiofilm, anti-pathogenic, and immunomodulatory effects, which contribute to their ability to promote healing and combat infections(47). The development of probiotic-based wound dressings and the exploration of bacteriotherapy further underscore the potential of probiotics in wound management (48,49). 
Probiotics has great help in reducing infection rates and enhancing cognitive and motor recovery. The GBA plays a crucial role in neurological health, and probiotics can modulate this axis to improve outcomes in neurosurgical patients. Studies have demonstrated that probiotics can significantly reduce infection rates and mitigate antibiotic-associated diarrhea in post-traumatic brain injury and spinal surgery patients, suggesting a beneficial role in postoperative recovery (1). In traumatic brain injury (TBI) cases, probiotics have been effective in reducing inflammation and infection rates, as well as decreasing the time spent in intensive care, highlighting their potential to improve clinical outcomes (2). Animal studies further support these findings, showing that probiotics can counteract neuroplasticity deficits and memory impairment by modulating the gut microbiome and altering hepatic lipid profiles (39). Clinical trials reported that therapy of probiotic can lower the risk of infection and mortality in TBI patients, although it did not significantly affect the length of intensive care unit stays (3). Additionally, probiotics have been shown to reduce inflammatory markers such as TNF-α and IL-1β, and improve cellular immunity, which may contribute to enhanced cognitive and motor recovery in severe TBI patients (50). 
Lactobacillus and Bifidobacterium genera, have shown promising results in neurosurgery due to their neurological benefits. These probiotics have ability to modulate GBA, in managing neurodegenerative disorders and other neurological conditions. The gut microbiome's dysbiosis is linked to neuro-inflammatory processes and cognitive impairments, suggesting that probiotics could play a role in restoring balance and promoting neuroprotection (26,51). Lactiplantibacillus plantarum (LBP) strains, for instance, have been highlighted for their psychobiotic properties, which include promoting eubiosis, enhancing the production of beneficial metabolites like SCFAs, and supporting neurotransmitter production, thereby maintaining GBA homeostasis (51). Lactic acid bacteria (LAB) have demonstrated neuroprotective effects through antioxidant and anti-inflammatory pathways, improving memory and cognitive performance in both human and animal studies (52). The therapeutic potential of probiotics extends to influencing mental health outcomes such as anxiety, depression, and stress responses, with psychobiotics emerging as a novel approach for treating these conditions (53). The growing interest in probiotics is reflected in the increasing number of patents and clinical trials, particularly in the context of neuropsychological and neurodegenerative disorders, indicating a significant potential for these microorganisms as clinical modalities for brain-gut-microbiota axis-associated disorders (54). Despite these promising findings, further research is necessary to fully understand the synergistic effects, efficacy, and optimal dosages of probiotics in neurological applications (52). 

Challenges
Probiotics have emerged as a promising adjunct in neurosurgery, particularly due to their potential to modulate GBA, in neurological health and recovery. The efficacy of probiotics is highly strain-specific, with certain strains from the Lactobacillus and Bifidobacterium genera showing significant benefits in reducing inflammation and improving gastrointestinal function, which are critical in neurosurgical contexts such as traumatic brain injury (TBI) and spinal surgery (1,26). However, the variability in individual gut microbiota can lead to different outcomes, necessitating personalized approaches to probiotic therapy (55). Translating preclinical findings to human applications presents challenges, as the complex interactions between probiotics and the central nervous system (CNS) are not fully understood, and current studies often yield conflicting results (1,32). Safety concerns are paramount, especially in immunocompromised neurosurgical patients, where the risk of infections or adverse effects from probiotics must be carefully managed(2). Additionally, the lack of standardized formulations and dosing regimens complicates the regulatory landscape,  further hindering the clinical translation of probiotic therapies (32). Despite these challenges, the potential of probiotics to enhance recovery and mitigate complications in neurosurgical patients remains significant, underscoring the need for well-designed clinical trials to establish effective and safe therapeutic protocols(1,2).  

Future Directions
Integrative therapies that combine probiotics with other neurotherapeutic strategies and personalized medicine approaches are gaining traction, particularly in the context of tailoring treatments based on microbiome profiling. The gut microbiome act as key factor in health, influencing metabolic, nutritional, and immune functions, and its composition can significantly impact neurological conditions through the GBA(56,57). Personalized medicine leverages this by tailoring probiotic treatments to individual microbiome profiles, which can enhance therapeutic outcomes. For instance, in aging populations, specific Lactobacillus and Bifidobacterium signatures have been identified, suggesting that tailored probiotic supplements could mitigate age-related diseases and cognitive decline (56). Similarly, in neurological disorders such as Parkinson's disease, microbiome-based biomarkers can guide personalized therapies, ensuring that treatments are matched to the individual's specific dysbiotic features (58). The integration of probiotics with dietary interventions also shows promise in managing neurodevelopmental disorders by modulating the GBA, highlighting the potential of precision nutrition models to predict diet responses based on microbiome signatures (59). Advances in metagenomics and sequencing technologies facilitate these personalized approaches, enabling the development of synbiotics that combine probiotics and prebiotics to restore microbiome balance and enhance health outcomes (60). Overall, the integration of microbiome profiling into personalized medicine offers a promising avenue for developing targeted therapies that address the complex interplay between microbiota,diet, and neurological health, although further research is needed to refine these strategies and validate their efficacy across diverse populations (56,59).  

The need for large-scale, randomized clinical trials in neurosurgical contexts is underscored by the current limitations in trial design and execution, which often result in low statistical power and inadequate reporting, as highlighted by Haines (61). Neurosurgical trials face unique challenges, including issues with blinding, recruitment, and ethical considerations, which complicate the implementation of randomized controlled trials (RCTs) (62). Despite these challenges, the potential benefits of interventions such as postbiotics and synbiotics in neurosurgical settings are promising. Synbiotics, have been shown to reduce surgical related complications by modulating the gut-immune response and increasing the production of beneficial SCFAs(42).Probiotics have potential in reducing inflammatory responses, improving gastrointestinal mobility, and lowering infection rates, particularly in post-traumatic brain injury and spinal surgery. However, the complex interactions between CNS and microbiota of gut necessitate well-designed RCTs to accurately assess the efficacy of these interventions. The current evidence suggests that while probiotics and synbiotics offer promising adjunctive therapies, further research through robust, large-scale RCTs is essential to confirm their efficacy and elucidate the mechanisms by which they may benefit neurosurgical patients (1). 

Conclusion
Probiotics have emerged as a promising adjunctive therapy in neurosurgical recovery, primarily through their influence on GBA, complex network of communication between gut and CNS, involving neural, immune, and endocrine pathways. Probiotics can modulate the gut microbiota, which plays a crucial role in reducing neuroinflammation and improving clinical outcomes in conditions like traumatic brain injury and neurodegenerative diseases. By producing neurotransmitters and SCFAs, probiotics help maintain CNS homeostasis and enhance neurological recovery. The integration of probiotics into neurosurgical care could potentially reduce infection rates and improve gastrointestinal mobility, thereby enhancing patient outcomes post-surgery. However, the need for well-designed clinical trials remains to fully understand the specific effects of different probiotic strains in various neurosurgical contexts. As research advances, probiotics could become a standard component of neurosurgical treatment plans, offering a novel strategy to improve recovery and quality of life for patients.
List of abbreviation
· TBI: Traumatic Brain Injury.
· CNS: Central Nervous System.
· BBB: Blood-Brain Barrier.
· SCFAs: Short-Chain Fatty Acids.
· SSIs: Surgical Site Infections.
· SRCs: Surgery-Related Complications.
· CRP: C-Reactive Protein.
· FODMAP: fermentable oligosaccharides, disaccharides, monosaccharides, and polyols
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