REVIEWS

https://doi.org/10.15407/microbiolj88.03.101
S$.0. STAROVOITOVAL%, T.V. ZHYLIKHOVSKA?

! National University of Food Technologies,
68 Volodymyrska Str., Kyiv, 01601, Ukraine

2 Zabolotny Institute of Microbiology and Virology, NAS of Ukraine,
154 Akademika Zabolotnoho Str., Kyiv, 03143, Ukraine

* Author for correspondence; e-mail: svetik_2014@ukr.net

PROBIOTICS’ NEUROTRANSMITTERS
IN PAIN REGULATION

Pain, affecting over one-fifth of the global population, remains a major medical and social challenge that necessitates
the development of safe and effective strategies for its prevention and management. Recent studies highlight the pivotal
role of the gut microbiota and probiotics in modulating pain through neurochemical, immune, and metabolic pathways
along the gut—brain axis. Probiotics can synthesize key neurotransmitters—including y-aminobutyric acid (GABA),
serotonin (5-HT), dopamine, glutamate, and acetylcholine—thereby influencing neuronal excitability, neuroinflamma-
tion, and pain perception. GABA-producing lactic acid bacteria, particularly representatives of the genera Lactobacillus,
Bifidobacterium, and Levilactobacillus brevis, are successfully employed in the biotechnological production of func-
tional foods such as GABA-enriched yogurt, soy milk, and rice vinegar etc. These strains contribute to analgesic effects
through inhibition of neuronal hyperexcitability, cytokine suppression, and enhancement of endogenous pain inhibi-
tion mechanisms. Similarly, probiotic modulation of serotonergic signaling involves increased tryptophan hydroxylase
(TPH1) expression, regulation of the serotonin transporter (SERT), and activation of 5-HT receptors, thereby reducing
visceral hypersensitivity and pain transmission. Probiotic species such as Enterococcus faecium and Lactiplantibacillus
plantarum influence dopaminergic pathways by converting L-DOPA to dopamine, modulating gut—brain signaling and
neuroinflammation relevant to chronic pain and neurodegenerative disorders. Moreovet, glutamate metabolism by pro-
biotic strains helps maintain the excitatory/inhibitory neurotransmitter balance via glutamate decarboxylase activity,
contributing to neuroprotection and attenuation of excitotoxicity. Acetylcholine-producing probiotics activate the cholin-
ergic anti-inflammatory pathway, reduce systemic inflammation, and modulate sensory signaling along the enteric and
central nervous systems. Altogether, these findings demonstrate that neurotransmitter-producing probiotics represent a
promising frontier for microbiota-based strategies in chronic pain management. By integrating food biotechnology, neu-
robiology, and microbial endocrinology, future probiotic formulations could offer natural, safe, and effective therapeutic
approaches for modulating pain perception through the gut—brain axis.
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Pain affects more than 20% of the global popu-
lation, posing substantial health burdens (Cao et
al., 2024). Effective pain management remains es-
sential for improving the quality of life in affected
individuals. Human progress has long been inter-
twined with efforts to comprehend and manage
pain, as the quest to alleviate suffering has ac-
companied humankind throughout its evolution
(Fig. 1) (Cao et al., 2024). Associations between
the microbiota and pain were recognized long
ago. However, it was traditionally believed that
the microbiota influenced nociceptors primarily
by inducing inflammatory responses or secreting
specific metabolites. A seminal study published
in 2013 demonstrated that gut microbiota can
directly activate nociceptor (pain receptor) neu-
rons and elicit pain sensations (Chiu et al, 2013).
This discovery fundamentally altered previous
conceptions in the field and marked a pivotal
milestone in microbiota—pain research.
Actually, in 1958, fecal microbiota transplan-
tation (FMT) was first introduced into clinical
practice, marking the beginning of a new era
in the study of microbiota functions related to
pain. Subsequent investigations into the analge-
sic potential of probiotics further advanced this
research field. Entering the 21st century, stud-
ies on the microbiota—pain axis have rapidly
progressed, with accumulating evidence dem-
onstrating bidirectional interactions between
the microbiota and the nervous system in pain
modulation. The integration of modern technol-
ogies — such as artificial intelligence, bioengi-
neering, and multi-omics analyses — has signifi-
cantly accelerated these developments, leading
to the emergence of novel microbiota-based
therapeutic strategies for pain management. The
major historical milestones in this research tra-
jectory are summarized below (Fig. 2).
Microbiota, as well as probiotics, influence
neurotransmitter production relevant to pain
modulation primarily through their effects on
the gut-brain axis, impacting both neuronal and
immune signaling involved in pain perception.
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Probiotics modulate neurotransmitter produc-
tion central to pain pathways—most notably
y-aminobutyric acid (GABA) and serotonin—
while also producing bioactive metabolites (like
Short-chain fatty acid (SCFAs)) and influencing
the immune and ion channel function. This com-
plex, bidirectionally signaling in the gut-brain
axis underlies their role in pain modulation and
highlights their therapeutic potential for man-
aging chronic pain conditions (Rajanala et al.,
2021; Zhao et al., 2025; Aghamohammad et al,,
2023; Starovoitova & Spivak, 2025). The principal
mechanisms include the following.

a) Direct synthesis of neurotransmitters.
Certain gut bacteria, including such probiot-
ics as Lactobacillus and Bifidobacterium species,
can synthesize neurotransmitters such as GABA,
serotonin, dopamine, and acetylcholine. For ex-
ample, L. rhamnosus modulates GABA levels via
vagal nerve pathways, influencing brain regions
critical for mood and pain processing (Rajanala
etal., 2021; Ansari et al., 2023). Increased GABA
can suppress neuronal excitability and pain sig-
naling in the central nervous system.

b) Modulation of tryptophan metabolism.
Probiotics influence the metabolism of trypto-
phan—an amino acid precursor for serotonin. By
enhancing the serotonin production pathway, cer-
tain probiotics increase central serotonin levels,
which not only improves mood but also modulates
pain sensitivity, as serotonin is a key neurotrans-
mitter in pain inhibition (Rajanala et al., 2021).

¢) Production of microbial metabolites. Pro-
biotics facilitate the production of SCFAs such
as butyrate, propionate, and acetate during fiber
fermentation. These metabolites modulate pain
through several routes: firs route — SCFAs inter-
act with free fatty acid receptors (FFAR2/3) on
immune and nerve cells, influencing cytokine
release (e.g., interleukin-6 (IL-6), tumor necrosis
factor-a (TNF-a)), which can reduce inflamma-
tion and alter peripheral pain sensitization; sec-
ond route — butyrate acts as a histone deacety-
lase (HDAC) inhibitor, suppressing TNF-a and
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Fig. 2. Evolutionary timeline of research on the roles of microbiota in pain

thereby attenuating pain in nerve injury models
(Zhao et al., 2025).

d) Modulation of pain-related ion channels.
Probiotic-induced changes in gut microbial me-
tabolites affect the activity of transient receptor
potential (TRP) channels—key players in noci-
ception. SCFAs and tryptophan metabolites (e.g.,
indole derivatives) can activate or sensitize TRP
channels (such as transient receptor potential
vanilloid 1 TRPV1 and transient receptor poten-
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tial ankyrin 1 TRPA1), altering neuronal excit-
ability and pain transmission (Zhao et al., 2025).
e) Immune system interaction. Probiotics
modulate immune responses by shifting the bal-
ance of pro- and anti-inflammatory cytokines,
reducing the peripheral and central inflamma-
tion associated with chronic pain conditions
(Zhao et al., 2025; Nazemian et al., 2016; Mishra
et al.,, 2023). Lowered inflammation in neural
tissues correlates with reduced pain signaling.
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f) Enhanced endogenous pain inhibition.
Some microbial metabolites, such as secondary
bile acids produced under probiotic influence,
can activate receptors (e.g., the G protein-coupled
bile acid receptor (TGR5)) that trigger the release
of endogenous opioids by immune cells, contrib-
uting to analgesic effects (Zhao et al., 2025).

The principal probiotic neurotransmitters
and their mechanisms underlying the modula-
tion of pain perception in the host are summa-
rized below.

y-Aminobutyric acid

Probiotic GABA modulates pain perception
in the host, primarily through the gut-brain
axis, affecting neurotransmitter levels, neuro-
inflammation, and immune responses. Gut mi-
crobiota and GABA-producing probiotics influ-
ence pain perception by regulating both central
and peripheral sensitization through metabolite
production, immune modulation, and neural
signaling. GABA is a key inhibitory neurotrans-
mitter that reduces neuronal excitability and
pain signals. GABA affects vagal signaling and
neurotransmission, leading to a reduction in
anxiety, pain, and neuroinflammation (Jiang et
al., 2025; Zhao et al., 2025; Latif et al., 2023; Cor-
riero et al., 2024).

According to current scientific data, the main
mechanisms of GABA pain modulation include
the following.

1. Neurotransmitter regulation. GABA modu-
lates the balance of excitatory and inhibitory
neurotransmitters in the central and peripheral
nervous systems. It inhibits nociceptive (pain)
signaling pathways, thereby reducing pain sensi-
tivity (Zhao et al., 2025; Lin et al., 2020).

2. Immune modulation. GABA, like other pro-
biotic metabolites, can suppress pro-inflammato-
ry cytokines (such as IL-1p and TNF-a) and pro-
mote anti-inflammatory cytokines, mitigating
neuroinflammation associated with pain condi-
tions (Zhao et al., 2025; Corriero et al., 2024).

3. Epigenetic and receptor-mediated effects. SC-
FAs, which are products of probiotic flora metab-
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olism, interact with GABA signaling to modulate
pain through histone acetylation and membrane
receptor pathways, such as GPR109A, thereby
attenuating neuroinflammation and central sen-
sitization (Zhao et al., 2025).

4. Peripheral and central sensitization. GABA
acts by inhibiting the hyperexcitability of sen-
sory neurons and glial cells involved in pain pro-
cessing, preventing the amplification of pain sig-
nals in neuropathic and chronic pain conditions
(Zhao et al., 2025; Lin et al., 2020).

In the biosynthetic process, GABA is generated
from glutamate through the action of glutamate
decarboxylase (GAD). GAD (l-glutamate-1-car-
boxylase; EC 4.1.1.15) is a pyridoxal-5’-phos-
phate-dependent enzyme that catalyzes the irre-
versible a-decarboxylation of 1-glutamic acid to
GABA and CO, (Yogeswara et al, 2020). Several
gastrointestinal bacteria contain the gene encod-
ing GAD, which is responsible for GABA pro-
duction. Within the human microbiota, Bifido-
bacterium, Lactobacillus, and Bacteroides are the
most well-known GABA producers (Otaru et al.,
2021; Braga etal., 2024). GABA can be biosynthe-
sized by various lactic acid bacteria (LAB) strains
mainly belonging to the genera of Lactobacillus,
Lactococcus, Pediococcus, Leuconostoc, Enterococ-
cus, Streptococcus, Weissella, Lacticaseibacillus,
Lactiplantibacillus, and recently reported Levilac-
tobacillus and Secundilactobacillus (Iorizzo et al.,
2024). Moreover, GABA production using mi-
croorganisms is safe and eco-friendly compared
to chemical methods (Sahab et al., 2020).

GABA biosynthesis is achieved through the
decarboxylation of glutamate in the cytoplasm,
a process that consumes intracellular protons.
Consequently, the GAD system helps maintain
intracellular pH homeostasis and plays a critical
role in bacterial acid resistance (Feehily & Karat-
zas, 2013). The metabolic pathway of GABA pro-
duction is shown in Figure 3.

Some GABA-producing probiotic strains list-
ed in Table 1 highlight the feasibility of develop-
ing food supplements, probiotics, and postbiot-
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ics with an expanded spectrum of therapeutic
effects, including modulation of pain perception.

Currently, there are already scientific develop-
ments for the production of naturally GABA-
enriched yogurt using Levilactobacillus brevis
CGMCC 1306 (GABA yield of 75.3 mg/100 g)
(Zhu et al., 2024). Designed rice vinegar with up to
21.48 g/L of food-grade GABA was obtained when
the encapsulated GadB (L. plantarum Y11.03) gel-
lan beads were added (Yao et al., 2021). The feasi-
bility of obtaining fermented soy milk with a high
GABA yield was demonstrated using Lactiplan-
tibacillus plantarum Lp3 and Streptococcus ther-
mophilus at a 2:1 ratio, with 0.4% monosodium
glutamate, a fermentation time of 10 h, and a fer-
mentation temperature of 35 °C. The final GABA
yield reached 0.552 mg/mL (Wang et al., 2024).

Abundant resources of GABA-producing LAB
hold significant potential for the development of
naturally fermented functional foods. In LAB,
GABA synthesis has been linked to acid resis-
tance, and it exerts notable effects on cellular
physiology (Cui et al., 2020).

Serotonin 23

Serotonin (5-hydroxytryptamine, 5-HT) is
a biogenic amine that functions as a key neu-
rotransmitter and peripheral signaling molecule.
It is synthesized from the amino acid L-trypto-
phan and is widely distributed in both the central
(CNS) and peripheral (PNS) nervous systems.
Beyond its well-established neuromodulatory
roles, serotonin also acts as a hormone stored in
platelets, influencing vascular tone, hemostasis,
and gastrointestinal motility. Serotonin modu-
lates pain perception and nociceptive processing
at multiple levels within the central and periph-
eral nervous systems (Akram et al., 2023).

The influence of probiotics on 5-HT signaling
within the gut—brain axis is mediated by a range
of complex mechanisms that regulate serotonin
biosynthesis, metabolism, and receptor inter-
actions. The main mechanisms through which
probiotics enhance serotonergic signaling and
pain modulation include the following:
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Fig. 3. GABA shunt (Sahab et al.,, 2020). GDH — glu-
tamic acid dehydrogenase; GABA-T — y-aminobutyric
acid aminotransferase; SSADH — succinic semialde-
hyde dehydrogenase

1. Regulation of serotonin production in the gut

Approximately 90—95% of the body’s se-
rotonin is located in the gastrointestinal tract
(GIT), where it is primarily produced by entero-
chromaffin (EC) cells (Akram et al., 2023; Yag-
houbfar et al., 2020). Probiotics influence this
process through several pathways:

» Modulation of EC cell activity. The gut mi-
crobiota can regulate 5-HT generation by EC
cells (Engevik et al., 2021a). Indigenous spore-
forming bacteria from the microbiota have been
shown to promote 5-HT biosynthesis in colonic
EC cells (Yano et al., 2015).

» Influence through SCFAs. Gut bacteria fer-
ment dietary fibers to produce SCFAs such as
butyrate, propionate, and acetate. SCFAs have
been found to enhance the transcription of
TPHI (tryptophan hydroxylase 1), a key enzyme
responsible for serotonin synthesis in peripheral
tissues (Chen et al., 2021). Thus, the microbiota,
acting via SCFAs, significantly affects serotonin
synthesis and homeostasis in the gut.

» Action of bacterial metabolites. Bifidobacteri-
um dentium and its metabolite acetate can regu-
late key components of the serotonergic system
in various host tissues and modulate adult be-
havioral functions. B. dentium metabolites also
influence 5-HT production by enterochromattin
cells (Engevik et al., 2021a).
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Table 1. GABA-producing probiotic strains

Concentration
Probiotic strain Growth medium (g/L) of viable cells
(CFU/mL)
Probiotic
L. brevis MRS broth with glutamic acid (GA) concentration 650 mmol ND’
L. brevis K203 Fermentation medium: modified MRS medium 6 % (w/v) ND”
L-glutamic acid, 4 % maltose, 2 % yeast extract, 1 % NaCl,
1 % (w/v) CaCl2, 2 g Tween 80/L, and 0.02 mM pyridoxal
50-phosphate
Bacillus subtilis ATCC 6051 Inoculum medium: LB medium 6.8 x 108
Fermentation medium: potato starch — 11.481; peptone —
60; NaCl — 5; K,HPO, —2.5; sodium L-glutamate — 11.825
L. brevis NCL912 Fermentation medium: glucose — 50; soya peptone — 25; ND'
MnSO,-4H,0 — 0.01; Tween 80 — 2 mL/L.
Lactococcus lactis L-571 Inoculum medium: M17 broth with 10% lactose solution ND’
Fermentation medium: reconstituted commercial semi-
skimmed milk 10% w/v; glutamate — 3; pyridoxal 5'-phos-
phate (PLP) — 100 uM
Levilactobacillus sp. LB-2 Inoculum medium: MRS liquid medium ND'
Fermentation medium: modified MRS medium: L-mono-
sodium glutamate — 2.5; sucrose —32.7; peptone — 30.7;
beef extract — 10; yeast extract — 5; K,HPO,-3H,0 — 2;
C.H,,N;0, — 2; CH,COON — 5; tween 80 — ImL/L;
MgSO,-7H,0 — 0.58; MnSO,- H,0 — 0.25
Lactiplantibacillus plantarum K16 | Fermentation medium: modified MRS medium: glucose — ND'
25; monosodium glutamate — 500 mM; yeast extract — 12.
Capable of producing GABA in media based on agri-food
by-products (e.g., tomato or green pepper)
Immobilized glutamate decar
L. plantarum WCFS1 0.5M monosodium glutamate (MSG) ND’
L. plantarum Y11.03 MSG reaction system ND'

“ND — not defined.

» Regulation of serotonergic genes. Certain pro-
biotic strains and their metabolites are capable of
regulating key components of the serotonergic sys-
tem. For example, Akkermansia muciniphila and
Faecalibacterium prausnitzii, with their extracellular
vesicles, contribute to improving serotonin balance
in the gut through the regulation of serotonergic
genes (Yaghoubfar et al., 2020; Yaghoubfar et al.,
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2021). Escherichia coli Nissle 1917 modulates sero-
tonin-related genes via extracellular vesicles in the
interleukin-1p-induced inflammation model of in-
testinal epithelial cells (Olivo-Martinez et al., 2024).

= Tryptophan metabolism. Gut bacteria me-
tabolize tryptophan (TRP) into various com-
pounds, some of which may promote serotonin
production (Yano et al., 2015).
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Concentration

of GABA Cultivation conditions Reference

(g/L)
strains
19.96 Temperature 34.09 °C, pH 4.65, and time 96 h Sharafi et al., 2020
44.4 Initial pH 5.25 and 37°C. Time cultivation 72 h. Conversion rate | Binh et al., 2014
99.7 %, based on the amount (6 %) of L-glutamic acid added

19.74 Optimal temperature 30 °C and initial pH 8.0. Optimal concen- | Wang et al., 2018

1095.63 + 61.03 mM

tration of sodium L-glutamate 11.825 g/L, added into the medi-
um after 48 h. Time of cultivation 120 h.

Fed-batch fermentation. Initial sodium L-glutamate concentra-
tion in the medium 400 mM. pH 5.0 (10 N H,SO,), 100 rpm,
32 °C, fermentation time 60 h. 280.70 g and 224.56 g of glutamate
were fed into the bioreactor at 12 h and 24 h, respectively.

Lietal., 2010

1153.1 £13.5mg/L | Incubated for 48 h at 37 °C

49.42

2115.7 mg/L

boxylase from probiotic strains

41.7 Immobilized enzyme to porous silica beads by covalent coupling.
Enzymatic conversion of 0.5M MSG in packed-bed reactor under
pH 5.0 (sodium acetate buffer), 37 °C for 20 min.

21.48

37°C

Inoculation amount 3%; 37 °C, pH 4.5, for 24 h.

Inoculation amount was 1.2%; 34 °C, pH 5.5, for 96 h.

Immobilized enzyme in gellan gum beads. pH 4.7 — 30 min at

Santos-Espinosa et al.,
2020

Lietal., 2023

Diez-Gutierrez et al.,
2022

Lee at al.,, 2015

Yao et al,, 2021

2. Modulation of the serotonin transporter
(SERT)

Probiotics affect SERT, a protein responsible
for the reuptake of serotonin from the extracel-
lular space back into neuronal and enterochro-
maffin cells. Alterations in SERT activity or
expression influence serotonin levels in the syn-
aptic cleft (in the nervous system) or the inter-

ISSN 1028-0987. Microbiological Journal. 2026. (3)

stitial space (Cao et al., 2018). In the context of
pain, this refers to the interaction with afferent
Sensory neurons:

= Influence on nociceptive reflexes. ECs release
5-HT in response to mechanical or chemical
stimuli, initiating peristaltic, secretory, vasodila-
tory, vagal, and nociceptive (pain) reflexes. Thus,
changes in serotonin levels induced by probiot-
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ics or the microbiota directly affect pain percep-
tion (Pretorius & Smith, 2020).

» Modulation of visceral pain via transient re-
ceptor potential vanilloid 4 (TRPV4). Serotonin
can modulate visceral pain perception through
the activation of the TRPV4 receptor. Probiotics,
by influencing serotonin levels, may indirectly af-
fect TRPV4 activation (Lagomarsino et al., 2020).

= Influence on 5-HT receptors. Alterations in
the microbiota may be associated with abnor-
mal expression of 5-HT receptors. For instance,
patients with irritable bowel syndrome (IBS) ex-
hibit excessive expression of 5-HT, receptors in
colonic tissue, which increases neuronal sensi-
tivity to serotonin and contributes to symptoms
such as pain and diarrhea. By modulating the
microbiota balance, probiotics may influence
this receptor expression (Merecz et al., 2023).

» Upregulation of SERT expression. Multiple
studies have demonstrated that certain probi-
otic strains are associated with increased SERT
concentrations in the intestine (Engevik et al.,
2021b). Supernatants of Lactobacillus acidophi-
lus and Bifidobacterium longum enhance SERT
expression in intestinal epithelial cells (Cao et al.,
2018). Metabolites of Limosilactobacillus reuteri
ATCC 6475 upregulate SERT in the intestinal
epithelium (Engevik et al., 2021b). The probiotic
yeast Saccharomyces boulardii inhibits intestinal
motility by upregulating intestinal SERT (Gu
et al., 2022). Strains such as Lacticaseibacillus
rhamnosus and Limosilactobacillus reuteri are as-
sociated with elevated SERT concentrations (En-
gevik et al., 2021b).

3. General mechanisms within the gut—
brain axis

Probiotics contribute to serotonergic signaling
by modulating the gut—brain axis itself through
the following:

» Modulation of neurotransmitter receptors.
The probiotic-mediated enhancement of sero-
tonergic signaling involves modulation of neu-
rotransmitter receptors. For example, studies in
rats have shown that probiotics strengthen the
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crosstalk between serotonergic receptors and the
gut (Yaghoubfar et al., 2020).

» Communication via the vagus nerve. The gut
microbiota can affect serotonin levels and neu-
rotransmission through the vagus nerve signal-
ing (Akram et al., 2023).

= [nteraction with the immune system. The in-
teraction between the gut microbiota and the
immune system also serves as a mechanism
through which serotonin neurotransmission is
influenced (Xu & Lu, 2025).

» Improved brain signaling. Probiotics can mod-
ulate serotonin signaling, leading to the ameliora-
tion of pathophysiological disorders. For example,
Streptococcus and Lactobacillus strains have been
shown in rats to alleviate memory deficits and
increase serotonin receptor levels (Beilharz et al.,
2018). Lactobacillus plantarum PS128 enhances
serotonin signaling and improves mental health
(Chen et al., 2022).

» [BS and 5-HT signaling. IBS is characterized
by altered 5-HT signaling. Serotonin plays a key
role in gastrointestinal pain perception. Disrupt-
ed 5-HT homeostasis in the mucosa contributes
to the manifestation of IBS symptoms (Pretorius
& Smith, 2020).

» Maintenance of homeostasis. Modifying the
gut microbiota with probiotics can help main-
tain serotonergic system homeostasis, thereby
preventing pathophysiological disorders (Ferrari
et al., 2024).

Li et al (2022) genetically engineered probi-
otic E. coli Nissle 1917 (EcN-5-HT) for synthe-
sizing 5-HT in situ. EcCN-5-HT improved GI
motility and ameliorated behavior disorder in a
loperamide-induced constipation mouse model.
EcN-5-HT increased the concentration of 5-HT
in the colon and activated 5-HT receptors, trig-
gering the peristaltic reflex in the gastrointesti-
nal tract and promoting GI motility.

Thus, probiotics influence pain modulation,
primarily visceral pain, by regulating serotonin
synthesis through SCFA metabolites and TPH1
expression in ECs, as well as by modulating
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SERT and its interactions with receptors (5-
HT;R, TRPV4) on nociceptive neurons inner-
vating the gut.

Dopamine

Dopamine is a key neurotransmitter that ex-
erts essential functions in both the central and
peripheral nervous systems, regulating cogni-
tion, reward processing, satiety, voluntary motor
control, pleasure, and motivation. Adequate do-
pamine bioavailability is crucial for maintaining
normal brain activity and preventing the onset
of neurological disorders. Increasing evidence
indicates that the gut microbiota plays a pivotal
role in sustaining appropriate dopamine levels
through a complex, bidirectional communica-
tion network — the microbiota—gut—brain
axis. This interconnection is mediated by sev-
eral pathways, including the vagus nerve, im-
mune system, hypothalamic—pituitary—adre-
nal axis, and a variety of microbial metabolites.
Moreover, gut microorganisms possess intrinsic
enzymatic capacities that participate directly in
dopamine metabolism, contributing to its both
biosynthesis and degradation of metabolic inter-
mediates (Lyte et al., 2025; Hamamabh et al., 2022;
Sathiyaseelan & Wang, 2023; Kumar et al., 2024).
Probiotics, particularly certain strains, have the
ability to influence dopamine levels through pre-
cursors and enzymes, which is a key aspect for
treatment of diseases such as Parkinson’s disease
(PD), where pain is one of the non-motor symp-
toms (Kroker Kimber & Tremblay, 2025; Patel et
al., 2025; Sun et al., 2022; Aghamohammad et al.,
2023; Tan et al., 2021).

Key probiotic genera such as Lactobacillus,
Bifidobacterium, Enterococcus, and Clostridium
have been shown to influence dopamine metab-
olism and availability both locally in the gut and
systemically, potentially impacting neurological
functions and disorders (Hamamah et al., 2022;
Villageliti & Lyte, 2018). Enterococcus spp. (for in-
stance, E. faecium) can efficiently convert the pre-
cursor L-DOPA (L-3,4-dihydroxyphenylalanine)
into dopamine through the activity of the enzyme
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DOPA decarboxylase (also known as aromatic L-
amino acid decarboxylase) (Lyte et al., 2025). E.
faecium ML1082 demonstrated a high efficiency
of L-DOPA to dopamine conversion, achieving a
yield of 96% (Lyte & Villageliu, 2019). L. planta-
rum PS128 has been shown to enhance dopamine
metabolism and attenuate neuroinflammation in
animal models of Parkinson’s disease, suggesting a
direct modulatory influence on dopaminergic sig-
naling pathways. Clostridium species, through the
production of SCFAs such as butyrate and their
diverse enzymatic activities, can elevate the lev-
els of free biologically active dopamine in the gut,
thereby modulating brain function through the
gut—brain axis (Hamamah et al., 2022). Various
Bacillus species and Escherichia spp. are capable of
producing dopamine and norepinephrine, which
have been reported to exert antinociceptive effects
on visceral sensitivity (Morreale et al., 2022).

Dopamine-producing probiotics may also
participate in immune modulation and regula-
tion of intestinal inflammation, representing a
microbial endocrinology-based strategy within
probiotic therapy (Lyte et al., 2025).

Glutamate

Glutamate, a major excitatory neurotransmit-
ter in the central nervous system, can be modu-
lated by the gut microbiota, including certain
probiotic strains. L-glutamate is a specific precur-
sor for amino acids (arginine and proline), bio-
logically active molecules (GABA and biological
molecules (glutathione, adrenaline, and acetyl-
choline) (Ghazanfari et al., 2023). Probiotics may
influence glutamate-related pathways involved
in pain perception by producing or converting
glutamate and its metabolites, such as GABA, or
by altering the expression of glutamate receptors
along the gut—brain axis. This modulation affects
both peripheral and central pain mechanisms,
including visceral sensitivity, neuropathic pain
(Morreale et al., 2022; Zhao et al., 2025; Ali et al.,
2026; Bin-Khattaf et al., 2022) and fibromyalgia
(Clos-Garcia et al., 2019). Glutamate is the prin-
cipal excitatory neurotransmitter, whereas GABA
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serves as the main inhibitory neurotransmitter in
the CNS. Glutamate acts as an important precur-
sor of GABA, and the metabolism of both neu-
rotransmitters is strongly influenced by the gut
microbiota (Qu et al., 2024). Research indicates
that gut dysbiosis and probiotic intervention can
influence ionotropic (N-methyl-D-aspartate re-
ceptors (NMDA), a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptors (AMPA))
and metabotropic glutamate receptors within
the gut—brain axis, which play key roles in pain
processing and stress-related responses (Zhao et
al., 2025). Probiotics may contribute to maintain-
ing the balance between glutamate and GABA by
converting glutamate to GABA through GAD ac-
tivity in probiotic bacteria. This conversion helps
reduce excitotoxicity and has been associated
with neuroprotective and analgesic effects (Al et
al., 2026; Qu et al., 2024).

Clostridium butyricumm MIYAIRI 588, used
as an adjunctive therapy for treatment-resistant
major depression, is hypothesized to exert its
effects through a neuroprotective mechanism,
particularly via anti-glutamatergic excitotoxicity
(Qu et al., 2024).

The mechanisms by which glutamate influ-
ences pain perception are multifaceted and in-
volve complex interactions among receptors,
transporters, and neurotransmitters within the
nervous system. The glutamatergic system, com-
prising neurons, receptors, and transporters,
plays a crucial role in pain processing. In chronic
pain conditions, such as neuropathic pain, dys-
regulation of glutamate receptor and transporter
expression occurs (Temmermand et al., 2022;
Lin et al., 2020).

Current evidence indicates that the primary
mechanisms of pain modulation involving glu-
tamate as a probiotic-associated neurotransmit-
ter include:

= Alterations in glutamate receptor expression
and activity associated with increased pain sen-
sitivity in models of chronic visceral pain (e.g.,
IBS). Blockade of AMPA receptors was shown to
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reduce visceral pain in animal models, suggest-
ing that probiotics capable of modulating this
pathway may attenuate pain signaling (Morreale
etal.,, 2022; Qu et al., 2024);

» Metabolites produced by the gut microbiota
influence neuroinflammation and synaptic plas-
ticity, both of which are critical in the sensitiza-
tion of neuropathic and inflammatory pain, me-
diated in part through glutamatergic signaling
(Zhao et al., 2025);

» Probiotics enhance glutamine and glutathi-
one levels while modulating glutamatergic path-
ways, thereby supporting antioxidant defense
and maintaining neurochemical balance under
pain conditions (Bin-Khattaf et al., 2022). Lacto-
bacillus and Bifidobacterium species are capable
of producing GABA from glutamate. In particu-
lar, Bifidobacterium strains have been identified
as the most efficient GABA producers utilizing
glutamate as a substrate. This supports the notion
that probiotics can metabolize glutamate to syn-
thesize GABA, thereby contributing to the resto-
ration of the excitatory/inhibitory (E/I) balance
(Duranti et al., 2020; Bin-Khattaf et al., 2022).

Acetylcholine

The neurotransmitter acetylcholine (ACh) has
attracted considerable attention due to its crucial
role in both the central and peripheral nervous
systems, particularly in cognitive functions such
as memory, attention, and learning. In fact, ACh
is a ubiquitous signaling molecule produced by
numerous non-neuronal cell types and even by
some single-celled organisms (Lotfy et al., 2025;
Cox et al., 2020). ACh can be produced by cer-
tain probiotic strains, such as Lactiplantibacillus
plantarum AM?2 (with an experimental yield of
495.8 pg/mL). Probiotic-derived ACh partici-
pates in the modulation of the gut—brain axis
and may contribute to pain regulation. The pro-
duction of ACh by this strain can be enhanced
by optimizing growth medium components,
supporting its potential application in functional
symbiotic formulations targeting the gut—brain
axis (Lotfy et al., 2025).
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Probiotics that produce ACh can potentially
modulate neurological functions influencing
pain perception through neurotransmitter path-
ways (Morealle et al., 2022; Kumar et al., 2024;
Guo et al,, 2019). Mechanistic insights into the
role of probiotic-derived acetylcholine in pain
regulation are as follows.

= Probiotic-derived ACh can activate the cho-
linergic anti-inflammatory pathway, thereby
reducing systemic and local inflammation that
contributes to pain hypersensitivity;

» ACh modulates neurotransmission within
the enteric nervous system and central pain-
processing regions, influencing sensory signal-
ing along the gut—brain axis;

» Probiotics producing ACh, together with
other neurotransmitters like GABA and sero-
tonin, may synergistically modulate neuronal
excitability and pain thresholds (Aghamoham-
mad et al., 2023; Ren et al., 2025; Rajanala et al.,
2021; Fyntanidou et al., 2023).

In conclusion, Table 2 summarizes the main
neurotransmitters produced by probiotics that
are implicated in pain modulation and their pro-
posed mechanisms of action.

Conclusions. Pain remains a significant glob-
al health concern, affecting over one-fifth of the
world’s population. The evolution of pain man-
agement has mirrored advances in our under-
standing of physiological and molecular mech-
anisms underlying nociception. Over recent
decades, the discovery of the microbiota—pain
axis has transformed this field, revealing that gut
microorganisms not only influence inflamma-
tion but can directly modulate neuronal activity
and pain perception.

Probiotics and commensal bacteria exert their
analgesic effects through multiple interrelated
pathways, including the synthesis of neurotrans-
mitters such as GABA, serotonin, dopamine,
and acetylcholine; regulation of tryptophan me-
tabolism; production of bioactive metabolites
like short-chain fatty acids; modulation of pain-
related ion channels; and immune system regu-
lation. These interactions collectively contribute
to reduced inflammation, altered neuronal ex-
citability, and enhanced endogenous pain inhi-
bition. Gut-derived neurotransmitters modulate
central pain circuits primarily through the gut-
brain axis, a complex bidirectional communica-

Table 2. The summary of main probiotics’ neurotransmitters involved in pain sensation

Hokkk

Dopamine | D1-D5 receptors

cortex,
system)
ACh Nicotinic
including a7), Mus- |nal cord), PNS
carinic (mAChR)

trell\rllilrlrﬁ)t:cer Receptor Distribution Function References

GABA GABA,, GABA, CNS, PNS Inhibitory Zhao et al., 2025

Glutamate | NMDAR", AMPAR™, | CNS, PNS Excitatory Cao et al., 2024
mGIuR™

5-HT 5-HT1-4,7 CNS, PNS Dependent on 5-HT receptors Merecz et al, 2023;

CNS (striatum, | Modulatory; can be excitatory or inhib- | Bhatia et al., 2023
limbic | itory in pain circuits; regulates motiva-
tional and affective dimensions of pain
(nAChR, | CNS (brain, spi- | Modulatory; inhibits neuroinflamma- | Zhou et al,
tion, modulates pain signals, can be | Naser & Kuner, 2018;
both excitatory and inhibitory via dif- | Ren et al., 2025

ferent receptors

Cao et al,, 2024; Li et
al., 2022

2022;

" — N-methyl-D-aspartate receptor (NMDAR); " — a-amino-3-hydroxy-5- methylisoxazole-4-propionate receptor

(AMPAR); ™" — metabotropic glutamate receptor (mGluR);

okt

— five main receptors (D1, D2, D3, D4, D5), widely

expressed in CNS, notably in basal ganglia, limbic, and cortical areas.
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tion system involving neural, immune, and en-
docrine pathways.

The integration of advanced technologies,
such as multi-omics, bioengineering, and arti-
ficial intelligence, continues to deepen insights
into microbiota-mediated pain modulation

and accelerates the development of microbi-
ota-based therapeutic strategies. Altogether,
growing evidence positions the gut microbiota
and probiotics as promising targets for novel,
safe, and effective interventions in chronic pain
management.
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HEVMPOMEJIIATOPU ITPOBIOTUYHNMX MIKPOOPTAHI3MIB Y PETY/IALIIT BOJTIO

Binp, 110 Bpakae IMOHAJ, ATy YaCTUHY HAceTIeHHA CBIiTY, 3aMMIIA€TCA CEPITO3HOI0 MEJVYHOI0 Ta COIialbHOIO
Ipo6/1eMoI0, 1[0 3YMOBIIOE HEOOXIAHICTH PO3poOKM 6GesmedHrx i epeKTMBHUX CTPATeriil Oro mpoQimakTUKm
ta KoHTponmo. CydacHi HOCIPKEHHs MiKPeC/IIOnTh KIOYOBY POIb KMUIIKOBOI MiKpo6ioTn Ta mpobioTHKiB y
Mopy/sLii 60bOBUX BIAYYTTIB Yepe3 HelfpoxXiMivHi, iIMyHHI Ta MeTaboMivHi IUIAX) B3a€MOZII B3JOBXK OCI «KHIIIed-
HUK—MO30K». [Tpo6ioTiyHi MikpoopraHisMu 3JaTHi CMHTe3yBaTy OCHOBHI HellpoMeniaTopu — y-aMiHOMACTISIHY
kucnory (FTAMK), cepotonin (5-HT), fodamin, rmyramar i aljeTUIXOMH — TUM CaMMM BIUIMBAIOYM Ha HEJPOHHY
30yaIuBicTb, Helipo3amanbHi Ipolecu Ta cnpuilHATTA 6omo. TAMK-mponykyroui MomowHokmcai 6Gakrepii,
30KpeMa IpefcTaBHMKM pofiB Lactobacillus, Bifidobacterium ta Levilactobacillus brevis, ycIilHO 3aCTOCOBYIOTBCA
B OioTexHO/MOriYHOMY BMPOOHMITBI (YHKIIOHAJIBHUX IpPOAYKTIB Xap4yBaHHA — TaKMX fAK 30aradeHui
T'AMK JtorypT, coeBe MOJIOKO Ta PUCOBUIT OLeT, Towjo. Lli mTamMu CIOpUAIOTD aHANITeTUYHOMY eeKTy NUIA-
XOM iHTiOyBaHHA HeVIPOHHOI Tilep30yaIMBOCTI, IIPUTHIYeHHA UNTOKIHIB 1 IIOCM/ICHHA eHJOreHHNX MeXaHi3MiB
raJibMyBaHHsA 60/I10. AHAJIOT{YHO, IPOGIOTUYHA MORY/IALS CEpPOTOHIHEPriYHOI CHCTEMM BK/IIOYAE IiJIBUIEHHS
excrpecii Tpuntodanrigpoxcunasu (TPH1), perynsuito Tpancnoprepa cepotoniny (SERT) ta akTuBariito peren-
topiB 5-HT, 1o sHIDKye BicliepanbHy TilepYyTaUBICTD i Mepesady 601b0Bux iMnynbcis. [TpobioTnyni Bupn, Taki
Ak Enterococcus faecium i Lactiplantibacillus plantarum, BrinuBaoTbh Ha fodaMiHepriuHi MIIAXM, epeTBOPIOIOYN
L-DOPA na godamiH, 110 MOAY/II0€ CUTHAIbHI IPOLIECH II0 OCi KMIIeYHVK—MO30K i Hellpo3alaieHH:, [10B’ sA3aHi
3 XpOHIUYHMM 60JIeM Ta HelipofereHepaTMBHUMY posdntafamiu. KpiM Toro, MetabomisM rnyramMary IpoOioTHYHUMY
IITaMaMJ CIIpUAE TifTPYMaHHI0 6amaHcy MK 30y[KyBalbHVMMM Ta TalbMiBHMMIM HeifpoMeniaTopamMm depes
aKTMBHICTb I/yTaMaT/ieKapOOKCHIa3y, 3a0esledyiodn HelpONpPOTEeKIil0 Ta 3MEHIIEHHA eKCailTOTOKCHYHOCTI.
[Tpob6ioTuki, 3HaTHI MPOAYKYBATH Al[eTUIXO/IH, aKTUBYIOTh XO/IiHEPTiYHMII IPOTU3ANaIbHUI LUIAX, 3HIDKYIOTh
CUCTEMHE 3allaj/ieHHsA Ta PEryaloloThb CEHCOPHY Ilepefady CUTHA/IB y €HTEpUYHili Ta IeHTPajbHili HEPBOBUX
cucremax. TakuM 4MHOM, IPOOIOTMKM — HMPORYLIEHTU HelIPOMeJiaTOpiB — CTaHOBIATD MEPCIEKTUBHNIT HAIPSAM
MiKpo6ioTa-OpieHTOBaHMX CTpaTeriit KOHTPOJIIO XPOHIYHOTO 60TI0. [HTerpallis JOCATHeHb XapuoBoi 610TeXHOOT1,
Helipobiornorii Ta MiKpoOHOI eHIOKPMHOIOTII BiIKpMBa€e MOX/IMBOCTI CTBOPEHHS HOBUX NIPUPORHUX, Oe3IeYHNX i
eeKTUBHMX IPOOIOTNYHNX ITpenaparis I pery/aLil 00Ib0BOI 4y TIMBOCTI Yepe3 Bich KMIIEYHNK—MO30K.

Knwouosi cnosa: npobiomuku, nocmoéiomuxu, kuuikosa mikpobioma, 6inv, Hetipomediamopu, cepomoHin, y-amino-
MACTARA KUCIOma, 00Pamin, 2ymamam, auermuaxomniq.
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