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Probiotics in Neurosurgery and Neurodegenerative Diseases: Harnessing the Gut-Brain Axis for Recovery


Abstract
The gut-brain axis (GBA), a bidirectional communication network between gut microbiota and the central nervous system, is pivotal in regulating brain health through neural, immune, and endocrine pathways. Probiotics, live beneficial bacteria, modulate the GBA to enhance neurological recovery in neurosurgery and neurodegenerative disorders, offering a novel therapeutic approach. By producing short-chain fatty acids (SCFAs) and neurotransmitters (e.g., serotonin, BDNF), probiotics reduce neuroinflammation, strengthen blood-brain barrier integrity, and support neuroplasticity. In neurosurgery, strains like Lactobacillus reuteri and Bifidobacterium longum lower infection rates, improve gastrointestinal motility, and enhance cognitive outcomes in traumatic brain injury (TBI) and spinal surgery by mitigating systemic inflammation. In neurodegenerative diseases, such as Parkinson’s and Alzheimer’s, probiotics alleviate motor and cognitive symptoms by suppressing microglial activation and enhancing SCFA production. Synbiotics and emerging interventions, like probiotic-based wound dressings, further optimize outcomes by boosting immune responses and wound healing. However, strain-specific variability, small-scale trials, and inconsistent methodologies limit clinical translation. Future research should prioritize large-scale randomized controlled trials, personalized microbiome profiling, and novel strategies like postbiotics and psychobiotics to refine efficacy and dosing. By addressing these challenges, probiotics could become integral to neurosurgical and neurological care, improving recovery and quality of life through targeted GBA modulation.
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Introduction
The GBA, a bidirectional communication network between the gut microbiota and the central nervous system (CNS), plays a pivotal role in maintaining brain health through neural, immune, and endocrine pathways (6). Probiotics leverage the GBA to enhance neurological recovery in neurosurgery and manage neurodegenerative diseases, offering a novel therapeutic approach. The GBA facilitates communication via the vagus nerve, gut-derived neurotransmitters (e.g., serotonin, gamma-aminobutyric acid), and short-chain fatty acids (SCFAs), which regulate neuroinflammation, neuroplasticity, and cognitive function (6, 8). Disruptions in the GBA, known as dysbiosis, impair brain health by increasing gut permeability and systemic inflammation, contributing to neurological disorders like Parkinson’s, Alzheimer’s, and autism spectrum disorder (6–8). In neurosurgery, dysbiosis exacerbates recovery challenges, particularly in traumatic brain injury (TBI) and spinal surgery, by amplifying neuroinflammation and infection risk (1, 2). Understanding the GBA’s mechanisms is critical for developing targeted interventions to support CNS homeostasis and improve clinical outcomes.
Probiotics restore GBA balance by modulating gut microbiota, reducing inflammation, and lowering infection rates in neurosurgical contexts. In TBI, probiotics improve clinical outcomes, such as higher Glasgow Coma Scale scores and reduced mortality, by decreasing intestinal and systemic inflammation (2, 3). Similarly, in spinal surgery, probiotics mitigate postoperative complications, enhancing recovery through immune modulation and improved gastrointestinal function (1). These effects are driven by probiotics’ production of SCFAs and neurotransmitters, which support CNS health and reduce neuroinflammatory markers (5).

In neurodegenerative disorders like Parkinson’s and Alzheimer’s, probiotics alleviate symptoms by reducing neuroinflammation and enhancing gut microbiota composition (4, 5). For example, probiotics improve cognitive function and mood in mild cognitive impairment and Alzheimer’s by boosting neurotransmitter production and suppressing microglial activation (10). Synbiotics, combining probiotics and prebiotics, further enhance these benefits by optimizing gut-brain communication (10). These findings highlight probiotics’ potential as a dietary intervention to slow disease progression and improve quality of life.
The growing recognition of the GBA’s role in neurological health underscores the promise of probiotic-based therapies in neurosurgery and neurodegenerative disease management (6, 7). By targeting the GBA, probiotics offer a novel strategy to mitigate neuropathic pain, psychiatric symptoms, and cognitive decline (9). However, strain-specific effects and individual variability necessitate further research to optimize probiotic interventions. 

GBA and Neurological Health
The GBA, regulates brain health by orchestrating digestion, metabolism, mood, cognition, and behavior through neural, immune, and endocrine pathways (11, 12). The GBA’s significance lies in its ability to maintain CNS homeostasis, making it a critical target for managing neurological disorders relevant to neurosurgery and neurodegenerative diseases. 
The GBA operates via the vagus nerve and enteric nervous system for neural signaling, while gut microbiota produce short-chain fatty acids (SCFAs, e.g., butyrate, acetate), neurotransmitters (e.g., serotonin, GABA), and tryptophan derivatives to modulate neuroinflammation and neuroplasticity (12, 16, 18). SCFAs, for instance, strengthen blood-brain barrier (BBB) integrity and suppress pro-inflammatory cytokines (e.g., IL-6, TNF-α), while the cAMP-PKA pathway enhances neurotransmitter release, influencing behavioral traits (16, 18). Recent research highlights microbial indole derivatives as key regulators of microglial activity, reducing neuroinflammation in Alzheimer’s models (63). These mechanisms, elucidated by animal studies and increasingly validated in humans, underscore the GBA’s role in brain health (20).
Dysbiosis, an imbalance in gut microbiota, disrupts the GBA, increasing gut permeability and systemic inflammation, which exacerbate neurological disorders (13, 14). In neurosurgery, TBI-induced dysbiosis causes mucosal damage, intestinal barrier breakdown, and immune cell infiltration, amplifying neuroinflammation and neurodegeneration (21, 23). For example, elevated neurotoxic metabolites via the kynurenine pathway worsen cognitive deficits post-TBI (14). In neurodegenerative diseases, dysbiosis drives α-synuclein aggregation in Parkinson’s and amyloid-β plaque formation in Alzheimer’s, linked to microglial activation (19, 22). A 2023 study found gut microbiota alterations in Parkinson’s patients correlate with motor symptom severity, suggesting GBA biomarkers for diagnosis (64). Similarly, reduced microbial diversity in stroke patients predicts worse functional outcomes (65). These disruptions highlight the GBA’s role in disease pathogenesis.
Targeting the GBA offers promising therapeutic strategies. Probiotics, such as Lactobacillus and Bifidobacterium, restore microbial balance, reducing neuroinflammation in TBI and stroke (21, 24). A 2024 trial showed Lactobacillus reuteri supplementation in TBI patients lowered infection rates and improved cognition (66). Low-FODMAP diets stabilize microbiota, alleviating anxiety and depression in gut-brain disorders (15). In neurodegenerative diseases, probiotics enhance memory in Alzheimer’s by increasing SCFA production, as per a 2024 meta-analysis (67). Emerging interventions like fecal microbiota transplantation (FMT) reduce motor deficits in Parkinson’s models via GBA modulation (68). These approaches, supported by precision microbiome profiling, pave the way for personalized therapies in neurosurgical and neurological care (20).

Probiotics in Neurological Recovery
Probiotics, enhance neurological recovery in neurosurgery and neurodegenerative diseases (18, 25). By producing metabolites and neurotransmitters, probiotics reduce neuroinflammation, support cognitive function, and improve clinical outcomes.

Probiotics, such as Bifidobacterium breve and Lactobacillus reuteri, restore GBA balance by producing short-chain fatty acids (SCFAs, e.g., butyrate, propionate) and neurotransmitters (e.g., serotonin, GABA) (18, 25). SCFAs strengthen blood-brain barrier (BBB) integrity and suppress pro-inflammatory cytokines (e.g., IL-1β, TNF-α), while serotonin and GABA enhance neurotrophic factors like brain-derived neurotrophic factor (BDNF), promoting neurogenesis (4, 27). For instance, the probiotic formula BLLL (Bifidobacterium breve and Lactobacillus strains) reduces depression-like behaviors in mice by increasing IL-10 and BDNF, suppressing IL-6 and TNF-α (27). Probiotics also modulate the hypothalamic-pituitary-adrenal (HPA) axis, reducing stress-induced inflammation, and activate the Nrf2 pathway to mitigate oxidative stress, as shown with Limosilactobacillus reuteri in preclinical models (69, 34). A 2024 study demonstrated that Lactobacillus plantarum upregulates dopamine pathways, enhancing mood regulation via the GBA (70). These mechanisms underpin probiotics’ neuroprotective effects.

In TBI, probiotics improve recovery by reducing systemic inflammation and infection rates through GBA modulation (1, 2). Lactobacillus reuteri supplementation lowers gut permeability, decreases IL-6 levels, and improves Glasgow Coma Scale scores in TBI patients, shortening intensive care stays (28). Bifidobacterium longum enhances gastrointestinal motility, reducing postoperative complications in neurosurgical patients (33). A 2025 trial showed that multi-strain probiotics (Lactobacillus acidophilus, Bifidobacterium bifidum) increase BDNF expression, improving cognitive recovery post-TBI (70). In rat models, probiotics reduce oxidative stress markers, apoptosis, and gliosis, while enhancing vascularization, supporting histological and electroencephalographic improvements (33). These findings highlight probiotics’ role in optimizing neurosurgical outcomes.

In neurodegenerative disorders like Parkinson’s and Alzheimer’s, probiotics alleviate symptoms by reducing neuroinflammation and oxidative stress (4, 5). Bifidobacterium breve improves memory in Alzheimer’s patients by increasing SCFA production, suppressing microglial activation, as per a 2024 meta-analysis (29). Lactobacillus plantarum reduces motor deficits and anxiety in Parkinson’s by regulating dopamine pathways via the GBA (35). Bifidobacterium animalis subsp. lactis BB-12 enhances antioxidant enzyme activity, counteracting neurodegeneration in preclinical models (36). A 2023 study found that Lacticaseibacillus paracasei GMNL-133 decreases BBB permeability in ischemic stroke models, suggesting broader neuroprotective potential (35). These strain-specific effects position probiotics as promising adjunctive therapies.

Probiotics enhance BBB integrity, a critical factor in neurological recovery, by regulating immune responses and reducing inflammation via the GBA (35, 38). Lactobacillus reuteri GMNL-89 and Lacticaseibacillus paracasei GMNL-133 attenuate inflammatory responses and restore junctional complex proteins in stroke models, reducing BBB permeability (35). Lactobacillus plantarum IS-10506 upregulates endothelial integrity proteins, ameliorating BBB disruption in TBI (37). SCFAs, particularly butyrate, maintain BBB function by reducing paracellular permeability, as shown in preclinical studies (28, 36). These effects highlight the GBA’s role in linking gut microbiota to CNS protection.

Probiotics leverage the GBA to reduce neuroinflammation, enhance BBB integrity, and improve cognitive and clinical outcomes in TBI and neurodegenerative diseases (see Figure 1 for mechanisms). Table 1 summarizes key probiotic strains, their mechanisms, and neurological effects, providing a concise reference for clinical applications. Continued research into strain-specific effects and optimal dosing is essential to translate these findings into routine neurosurgical care (41, 70).
Table 1: Effects of Probiotic Strains in Neurological Recovery
 
	Strain
	Mechanism
	Neurological Outcome
	Context/Application
	Reference

	Bifidobacterium breve (BLLL)
	Reduces IL-1β, TNF-α, IL-6; increases BDNF, IL-10
	Ameliorates depression, enhances neurogenesis
	Depression, Alzheimer’s
	27

	Lactobacillus reuteri
	Modulates Nrf2, reduces IL-6, enhances BDNF
	Lowers infection rates, improves cognition in TBI
	TBI, stroke
	28, 34

	Lacticaseibacillus paracasei GMNL-133
	Decreases BBB permeability, reduces inflammation
	Preserves BBB integrity
	Stroke
	35

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

	Bifidobacterium longum
	Enhances gut motility, reduces oxidative stress
	Reduces neurosurgical complications
	Neurosurgical recovery
	33

	Bifidobacterium animalis subsp. lactis BB-12
	Reduces IL-6, enhances antioxidants, collagen deposition
	Enhances wound healing, reduces infections
	Post-surgical recovery, neurodegeneration
	36, 45
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Figure 1: Mechanisms of Probiotics in Neurological Recovery via the Gut-Brain Axis


Probiotics as an Adjunct in Neurosurgery
Probiotics, serve as a promising adjunctive therapy in neurosurgery (1, 26). By reducing inflammation, enhancing wound healing, and lowering infection rates, probiotics improve postoperative outcomes in traumatic brain injury (TBI) and spinal surgery.

Probiotics, such as Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp. lactis BB-12, modulate the GBA by producing short-chain fatty acids (SCFAs, e.g., butyrate) and anti-inflammatory cytokines (e.g., IL-10), which suppress pro-inflammatory markers like IL-6, TNF-α, and C-reactive protein (CRP) (1, 42). SCFAs strengthen blood-brain barrier (BBB) integrity and enhance immune responses, reducing systemic inflammation critical for neurosurgical recovery (42, 45). Probiotics also regulate the hypothalamic-pituitary-adrenal (HPA) axis, mitigating stress-induced inflammation, and promote neurotransmitter production (e.g., serotonin), supporting cognitive and motor recovery (51, 71). A 2024 study demonstrated that Lactiplantibacillus plantarum enhances SCFA production, improving GBA homeostasis in TBI models (72). These mechanisms underpin probiotics’ neuroprotective and immunomodulatory effects in neurosurgery.

Probiotics significantly reduce surgical site infections and postoperative complications in neurosurgery through the GBA (1, 42). In spinal surgery and TBI, Lactobacillus rhamnosus GG reduces antibiotic-associated diarrhea and infection rates by decreasing gut dysbiosis and IL-6 levels (1, 45). A 2023 meta-analysis confirmed that probiotics and synbiotics lower surgical complications, including infections, by increasing CD8+ T cell infiltration and reducing CRP in pancreatic surgery, with similar implications for neurosurgery (43). In TBI patients, probiotics shorten intensive care stays and improve Glasgow Coma Scale scores by mitigating systemic inflammation (2, 3). A 2025 trial showed that multi-strain probiotics (Lactobacillus acidophilus, Bifidobacterium bifidum) reduce ventilator-associated pneumonia in neurosurgical patients, highlighting their broad protective effects (73). These findings emphasize probiotics’ role in enhancing postoperative recovery.

Probiotics accelerate wound healing in neurosurgical contexts by stimulating the wound microenvironment via the GBA (45, 47). Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp. lactis BB-12 enhance granulation tissue formation, increase collagen deposition, and reduce neutrophil infiltration, lowering TNF-α, IL-6, and TGF-β expression (45). A 2024 study demonstrated that Bifidobacterium longum-based wound dressings reduce infection rates in spinal surgery by promoting antibiofilm activity (74). However, clinical outcomes vary due to differences in strain, dosage, and administration duration, with some trials showing no significant benefit (46). Probiotics’ anti-pathogenic and immunomodulatory properties, supported by bacteriotherapy advancements, suggest potential for novel wound management strategies in neurosurgery (48, 49).

Probiotics improve cognitive and motor outcomes in neurosurgery by counteracting GBA dysbiosis, which exacerbates neuroinflammation and cognitive impairments (26, 51). In TBI, Lactobacillus reuteri reduces infection rates, inflammation, and memory deficits by modulating hepatic lipid profiles and hippocampal neurogenesis (2, 39). Lactiplantibacillus plantarum exhibits psychobiotic properties, enhancing serotonin and BDNF production, which alleviate anxiety and improve motor function in preclinical models (51, 72). A 2023 study found that Lacticaseibacillus paracasei improves cellular immunity and reduces IL-1β in severe TBI patients, supporting cognitive recovery (50). These strain-specific effects highlight probiotics’ potential to enhance neurosurgical outcomes through GBA modulation.

Probiotics, particularly Lactobacillus and Bifidobacterium strains, enhance neurosurgical recovery by reducing complications, promoting wound healing, and improving cognitive and motor outcomes via the GBA (1, 26). While clinical trials show promise, variability in outcomes underscores the need for strain-specific research and optimized dosing (41, 73). Emerging innovations, such as probiotic-based wound dressings and psychobiotics, offer novel therapeutic avenues (49, 53). Large-scale, well-designed trials are essential to fully elucidate probiotics’ efficacy in neurosurgery.

Challenges
Probiotics show promise as adjunctive therapies in neurosurgery, modulating the GBA to reduce complications and enhance recovery in conditions like traumatic brain injury (TBI) and spinal surgery (1, 26). However, challenges in research design, strain-specific variability, and clinical translation limit their widespread adoption.

Current research on probiotics in neurosurgery faces several limitations. Small-scale studies and inconsistent trial designs often result in low statistical power and inadequate reporting, as noted in neurosurgical trial critiques (61). Blinding, patient recruitment, and ethical concerns, particularly in TBI and spinal surgery, complicate randomized controlled trials (RCTs) (62). Variability in probiotic strains, dosages, and administration protocols further obscures efficacy, with some trials showing benefits (e.g., reduced IL-6 in TBI) while others report null effects (1, 46). The complex interplay between gut microbiota and CNS, mediated by SCFAs, neurotransmitters, and immune pathways, requires precise mechanistic understanding, which is hindered by limited longitudinal data and heterogeneous patient populations (56, 75). A 2024 review highlighted that strain-specific responses and individual microbiome profiles significantly influence outcomes, necessitating standardized methodologies (76).

Personalized medicine, leveraging microbiome profiling, offers a promising avenue for tailoring probiotic therapies in neurosurgery. Metagenomic sequencing enables identification of patient-specific dysbiotic patterns, guiding strain selection (e.g., Lactobacillus reuteri, Bifidobacterium longum) to optimize GBA modulation (56, 60). For instance, in Parkinson’s disease, microbiome-based biomarkers correlate with motor symptom severity, suggesting targeted probiotic interventions (58). In aging populations, Lactobacillus and Bifidobacterium signatures mitigate cognitive decline, supporting precision nutrition models (56). A 2025 study demonstrated that synbiotics, combining probiotics and prebiotics, enhance SCFA production and reduce surgical complications in TBI patients, highlighting the potential of personalized synbiotic formulations (77). Integrating probiotics with dietary interventions, such as low-FODMAP diets, further modulates the GBA to manage neurodevelopmental and neuropsychiatric symptoms, as shown in preclinical models (59). Advances in AI-driven microbiome analysis could predict therapeutic responses, refining personalized approaches (78).

Large-scale, well-designed RCTs are critical to validate probiotics’ efficacy in neurosurgery. Current evidence suggests probiotics and synbiotics reduce infection rates, inflammation (e.g., IL-6, CRP), and gastrointestinal complications in TBI and spinal surgery, but robust trials are needed to confirm these benefits (1, 42). Synbiotics enhance immune responses by increasing CD8+ T cell infiltration and SCFA production, as seen in surgical settings (43). Postbiotics, non-viable microbial products, also show promise in reducing neuroinflammation, with a 2024 trial reporting improved BBB integrity in stroke models (79). However, trial innovations—such as adaptive designs, multi-center collaborations, and standardized outcome measures—are essential to overcome recruitment challenges and ethical constraints (62). A 2023 framework proposed integrating real-world evidence with RCTs to enhance generalizability in neurosurgical research (80).

Future directions

Future research should explore novel probiotic-based interventions, such as probiotic wound dressings and psychobiotics, to enhance neurosurgical outcomes. Bifidobacterium longum-based dressings reduce infection rates in spinal surgery by promoting antibiofilm activity (58). Psychobiotics, like Lactiplantibacillus plantarum, alleviate anxiety and improve motor function via serotonin and BDNF production, offering potential for TBI recovery (51, 56). Combining probiotics with neuromodulatory therapies (e.g., vagus nerve stimulation) could amplify GBA-mediated neuroprotection, as suggested in preclinical studies (81). Additionally, exploring the gut-spleen-brain axis and gut-liver-brain axis could uncover new therapeutic targets for systemic inflammation in neurosurgery (2, 39). These strategies, supported by advances in microbiome engineering, hold promise for transforming neurosurgical care.

Probiotics’ potential in neurosurgery is constrained by research challenges, including trial design limitations and strain variability. Future directions include personalized probiotic therapies guided by microbiome profiling, large-scale RCTs with innovative designs, and novel interventions like postbiotics and psychobiotics. By addressing these challenges, probiotics can become integral to neurosurgical care, improving outcomes through precise GBA modulation (1, 64).


Conclusion
Probiotics offer a transformative adjunctive therapy in neurosurgery and neurodegenerative disease management by modulating the GBA, a dynamic network linking gut microbiota to the central nervous system (CNS) via neural, immune, and endocrine pathways. Strains such as Lactobacillus reuteri and Bifidobacterium longum produce short-chain fatty acids (SCFAs) and neurotransmitters (e.g., serotonin, BDNF), reducing neuroinflammation, enhancing blood-brain barrier (BBB) integrity, and promoting neuroplasticity. In neurosurgery, probiotics improve outcomes in traumatic brain injury (TBI) and spinal surgery by lowering infection rates, enhancing gastrointestinal function, and supporting cognitive recovery, as evidenced by reduced IL-6 levels and improved Glasgow Coma Scale scores. In neurodegenerative disorders like Parkinson’s and Alzheimer’s, probiotics mitigate motor deficits and cognitive decline by suppressing microglial activation and boosting SCFA production. Synbiotics and innovative approaches, such as Bifidobacterium longum-based wound dressings, further enhance immune responses and wound healing. Despite these advances, strain-specific variability, small-scale trials, and inconsistent methodologies limit clinical adoption. Large-scale randomized controlled trials, personalized microbiome profiling, and novel interventions like postbiotics and psychobiotics are critical to optimize efficacy and dosing across diverse populations. By overcoming these challenges, probiotics could become a cornerstone of neurological care, enhancing patient recovery and quality of life through precise GBA-targeted strategies.
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