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ABSTRACT

Neuropathic pain (NP) is a chronic pain disor-
der arising from somatosensory nervous system
impairment. Extensive evidence supports the
notion that the gut microbiota (GM) is crucial
in maintaining human health by performing
vital tasks. At the same time, its disruption has
been linked to the emergence and advancement
of an expanding range of disorders, including
NP, in which GM could play a role in its
pathophysiology. The crosstalk between the
nervous system and GM happens through
immune mediators, metabolites, and nervous
structures and involves both central and
peripheral nervous systems. This literature

review aims to thoroughly investigate the
function of modulating GM in the treatment of
NP. It will achieve this by integrating existing
knowledge, identifying underlying mecha-
nisms, and evaluating the possible clinical
consequences of exploiting the gut–brain axis.
We will cover the main therapeutic applications
of the described GM-modulators, such as pro-
biotics, faecal microbiota transplantation, diet-
ary supplements and emotional support, to the
main kinds of NP in which any evidence, even if
only pre-clinical, has been unravelled in recent
years. The explored NP areas include
chemotherapy-induced peripheral neuropathy,
diabetic neuropathy, trauma-induced neuro-
pathic pain, trigeminal neuralgia, postherpetic
neuralgia and low back pain.
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Key Summary Points

Intricate networks of neural dysfunction,
maladaptive plasticity, and immune
responses characterize the
pathophysiology of Neuropathic pain
(NP).

The connection between the gut
microbiota (GM) and the nervous system
might represent a novel treatment for NP
by affecting immune mediators,
metabolites and nervous structures
involved in this communication.

The gut–brain axis mediators include
short-chain fatty acids,
lipopolysaccharide, lipoteichoic acid,
tryptophan metabolites, serotonin,
gamma-aminobutyric acid, bile acids,
cocaine-amphetamine regulated
transcript, substance P and calcitonin
gene-regulated peptide.

This review aims to provide an overview of
the potential strategies to treat NP by GM
modulation, such as probiotics, faecal
microbiota transplantation and diet
supplements.

The precise mechanisms by which GM
influence NP are complex and
multifaceted, necessitating additional
research.

INTRODUCTION

Scientists have been fascinated by the delicate
interplay between the human body and its res-
ident microbial populations for decades. The
human gut hosts its residential population,

which we call gut microbiota (GM). It has been
estimated that the GM is composed of more
than 1014 microorganisms, comprising the
three main domains of life: bacteria, eukarya
and archaea. Among these, the bacterial
domain is the most represented [1, 2]. There are
six different phyla of bacteria that are currently
recognized. The most numerous are the Firmi-
cutes and Bacteroidetes, followed by Actinobacte-
ria and Proteobacteria [3]. The composition of
the GM is unique. It varies from individual to
individual, changing continuously dynamically
throughout life under the influence of different
factors intrinsically, such as genetic patterns
and extrinsically, such as diet, medical and
environmental influence in general [4].

The GM carries out numerous activities in a
healthy individual, including:

(1) Metabolic activities such as vitamin syn-
thesis and production of short-chain fatty
acids (SCFAs) [5].

(2) Antimicrobial activities through competi-
tion for nutrients with pathogens and
production of antimicrobial peptides (bac-
teriocins) and antibiotic substances [5].

(3) Modulation activities of gene expression
in intestinal epithelial cells, which allows
the creation of favourable habitats for
resident microorganisms [5, 6].

The GM has been recognized as a main actor
shaping different physiological processes that
go beyond the boundaries of the gastrointesti-
nal tract, developing further links to the rest of
the body along the so-called gut-organ axis [7].
It is common knowledge that dysbiosis of the
GM, which is an alteration in the amount,
composition and diversity of microbiota [8],
and the host can play a role in developing var-
ious illnesses. These diseases include different
conditions ranging from metabolic [9] to car-
diovascular [10], neurological [11], gastroin-
testinal [12] and renal abnormalities [13]. The
gut–brain axis is one of these axes and broadly
addresses all the connections between the GM
and the nervous system centrally and periph-
erally [14]. This very axis embracing the realm
of neurobiology has sparked unprecedented
interest, and the literature is thriving with data,
primarily pre-clinical, that tries to study how
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this link between the GM and, more broadly,
the gut and the nervous system works [15–19].

According to the latest definition by the
International Association for the Study of Pain
(IASP), neuropathic pain (NP) is caused by a
lesion or disease of the somatosensory nervous
system [11]. Its pathophysiology is character-
ized by intricate networks of neural dysfunc-
tion, maladaptive plasticity, and intricate
immune responses [20]. NP is often described as
‘‘pricking pain’’ associated with electrical shock
and numbness [21], and when autonomic ner-
vous system pathways are affected, autonomic
symptoms may appear [22]. NP is a considerable
medical challenge affecting patient quality of
life. The limited efficacy and often significant
side effects of current therapeutic interventions
have spurred the exploration of novel strategies,
drawing inspiration from interdisciplinary per-
spectives. The gut microbiota modulation could
represent a potential new strategy to treat NP.

This literature review embarks on a compre-
hensive exploration of the role of GM modula-
tion in treating NP by synthesizing current
knowledge, identifying underlying mechanistic
insights, and evaluating the potential clinical
implications of harnessing the gut–brain axis
for NP management.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

THE INTERPLAY BETWEEN GUT
MICROBIOTA AND NERVOUS
SYSTEM: NOT SIMPLY
A GUT–BRAIN AXIS

It is established that there is an intricate bidi-
rectional communication between the gut
microbiota and the nervous system through
various signalling mechanisms, such as the
vagus nerve [23], immune mediators [24], and
metabolites [25]. This underscores the pivotal
role of the gut–brain axis, where complex
microbial communities in the gastrointestinal
tract profoundly influence neural functions and
vice versa. The connection involves the central

and peripheral nervous systems, as portrayed in
Fig. 1.

The Gut Microbiota and the Central
Nervous System

The GM can create and release active metabo-
lites that may function as neuromodulators,
interacting with the CNS [26] and influencing
the neural system. The primary bacterial com-
pounds impacting the brain include SCFAs,
aromatic amino acids, and bile acids. SCFAs are
mostly composed of acetate, butyrate, and pro-
pionate, which may be the byproducts of bac-
terial carbohydrate fermentation. These
interactions with the gut may be mediated via
binding to G-protein-coupled receptors [27].
Moreover, SCFAs can indirectly impact the
gut–brain axis by stimulating the secretion of
certain gut hormones, including glucagon-like
peptide-1 (GLP-1) and leptin, via enteroen-
docrine cells. These enteric hormones can
potentially engage with the vagus nerve and
receptors in the brain [28, 29].

Neurotransmitters and their precursors gen-
erated in the gut by bacteria belonging to Lac-
tobacillus, Bifidobacteria, Enterococcus, and
Streptococcus species may also influence their
levels in the brain. These include acetylcholine,
serotonin and gamma-aminobutyric acid
(GABA) [19].

Serotonin and serotonin receptors are
essential in coordinating virtually every brain
function, so it is widely used in psychiatry and
neurology [30]. Its functions are numerous as
serotonin is involved in a variety of biological
processes, including cardiovascular function,
bowel motility, ejaculatory latency, bladder
control, and platelet aggregation, apart from
well-known functions within the central ner-
vous system (CNS) such as regulation of sleep,
mood, and behaviour. It is then almost sur-
prising to know that 95% of serotonin is not
produced in the brain but rather in our second
brain, the gut, by its microbial residents [31].

How does serotonin or its precursors as
tryptophan reach the brain? Research shows
that the humoral route might be one pathway
by which GM products influence serotonergic
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neurotransmission [32]. Once it reaches the
nervous system, tryptophan or serotonin serve
their purpose differently. For example, sero-
tonin binds to 5-HT receptors on microglia,
leading to the release of cytokine-carrying exo-
somes. Tryptophan binds to an aryl hydrocar-
bon receptor that leads to microglial activation
and influences the transcriptional program of
astrocytes [32]. The tryptophan–kynurenine
pathway is responsible for metabolizing about
95% of tryptophan, resulting in the synthesis of
diverse bioactive metabolites, including neuro-
protective antioxidants, neuroprotectants, toxic
oxidants, neurotoxins, and immunomodulators
[33]. A known association exists between the
disruption of kynurenine metabolites and vari-
ous medical conditions, including immunolog-
ical disorders, malignancies, neurodegenerative
illnesses, psychiatric disorders and distal NP in
people with HIV [34]. The latter may be
explained by the known association between
NP in patients with HIV and the presence of gut
dysbiosis, characterized by a decrease in

microbial diversity and an increase in the ratios
of Blautia and Clostridium to Lachnospira [35].

The inflammasome is another bridge that
links the GM with the CNS. The inflammasome
is a complex belonging to innate immunity
formed when pathogens or specific signals
activate them, which can happen in the gut and
CNS. Inflammasome’s structure is made up of
three main components, which are a receptor
protein such as TLRs (toll-like receptors), an
adaptor molecule called apoptosis-associated
speck-like protein, and the effector molecule,
which is the enzyme pro-caspase-1 [31]. The
latter activates interleukin-1-b and IL-18, two
proinflammatory cytokines involved in differ-
ent processes in CNS, such as neuroim-
munomodulation, neuroinflammation and
neurodegeneration [24]. Moreover, inflamma-
some activation can lead to pyroptosis, a critical
inflammatory mode of regulated cell death that
evolved to remove intracellular pathogens. It
has a distinct morphology dependent on

Fig. 1 The interconnection between the nervous system
and the gut microbiota. The neuroepithelial unit is the
starting point of the cross talk where different mediators

cross the epithelial barrier and through different routes as
explained in the text interact with the peripheral and
central nervous system. SCFA short chain fatty acids
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forming plasma membrane pores, resulting in
cell explosion [36].

The first link between the inflammasome
and the microbiota is a receptor protein with an
affinity for distinct molecular patterns, known
as pathogen-associated molecular patterns
(PAMPs) or danger-associated molecular pat-
terns (DAMPs), carried by various microbes
inside the gastrointestinal tract. Therefore, it is
plausible that an alteration in GM could
potentially induce excessive activation of the
inflammasome, thereby compromising the
blood–brain barrier (BBB) and allowing inter-
leukin-1-b and IL-18 to enter the CNS and exert
their proinflammatory effects. These effects
have been primarily associated with neuroin-
flammatory conditions, which may contribute
to the development of diseases such as Multiple
Sclerosis [37], Alzheimer’s Disease [38], Parkin-
son’s Disease [39], and various neuropsychiatric
disorders [40]. Notably, Kiger et al. demon-
strated that pre-injury gut dysbiosis in mice
with spinal cord injury exacerbated neurologi-
cal impairment, slowing its recovery. Con-
versely, mice supported by probiotics to
modulate GM showed an improved locomote
recovery [41].

It is postulated that in many disorders, the
variation of GM may serve as the primary driver.
However, further research is necessary to
determine if certain variations of GM are the
underlying cause or a consequence of the
pathophysiology of the disease.

The Gut Microbiota and the Peripheral
Nervous System

The peripheral nervous system (PNS) encom-
passes the neural pathways that emanate from
the CNS. These nerves constitute the neural
network that facilitates communication
between the CNS and the many anatomical
components of the body. Overall, the PNS
includes the cranial nerves, the spinal nerves
with their roots, the peripheral nerves and the
peripheral components of the autonomic ner-
vous system (ANS), the sympathetic, parasym-
pathetic and enteric divisions [42]. Indeed, the
PNS can be further divided into the somatic

nervous system (SNS) and the autonomic ner-
vous system.

Recent pre-clinical evidence has proven that
the different components of PNS serve as a
highway connecting the CNS on one side and
the gut with the other organs on the other side
and are directly influenced by GM’s products
[43–45].

Recent studies in mice have suggested that
GM could be essential in regenerating damaged
somatic nerves. For instance, Liu et al. investi-
gated regeneration following corneal nerve
injury caused by epithelial abrasion. They dis-
covered that oral antibiotics inhibit regenera-
tion of the corneal branch of the trigeminal
nerve after injury. This impairment could be
reverted by performing faecal microbiota
transplantation (FMT) [46]. The recovery effect
of GM modulation was also demonstrated in
another dysbiosis-induced mice model by
Rodenhouse et al., in which an eight-stain
probiotic preparation could counteract
impaired nerve regeneration after traumatic
sciatic nerve injury [45].

Intermittent fasting (IF) is another GM
modulator. A recent study showed that IF has
the potential to improve nerve regeneration
and support the formation of dorsal root gan-
glion neurites following a sciatic nerve com-
pression injury [43].

SCFAs also directly affect the PNS as free fatty
acid receptor 3, a SCFA receptor, is expressed by
Schwann cells and dorsal root ganglia [44]. An
in vitro study reported that when subjected to
oxidative stress and treated with propionate,
Schwann cells and dorsal root ganglia exhibited
enhanced protection against oxidative damage.
Additionally, propionate treatment was found
to promote greater axon outgrowth in dorsal
root ganglia, accompanied by increased
expression of the growth-associated protein 43
[44].

Finally, the enteric nervous system (ENS) and
the vagus nerve play a major in the intercon-
nection between the GM and the rest of the
PNS. The evidence that GM influenced the ENS
was discovered in 1965 in germ-free (GF) mice
by noticing an anomaly in Auerbach’s plexus
development compared to control [47]. The GM
communicate with the ENS through several

Pain Ther (2024) 13:33–51 37



mediators. Among these: SCFAs, lipopolysac-
charide (LPS) and Lipoteichoic Acid (LTA),
tryptophan metabolites, serotonin, GABA, bile
acids, cocaine-amphetamine regulated tran-
script (CART), substance P and calcitonin gene-
regulated peptide (CGRP) [48].

The vagus nerve plays a double role: on the
one hand, it provides the direct connection
between the GM and the brain, acting as a car-
rier for all the mediators previously mentioned
[49]. On the other hand, vagal signalling itself is
a crucial regulator of peripheral immune
responses, as demonstrated in patients who
underwent vagotomy [50].

POTENTIAL THERAPEUTIC
STRATEGIES

Among the many GM modulators thriving in
recent years, a few could also find their target in
treating or alleviating NP (Fig. 2). By GM mod-
ulators, we refer to potential tools that can
change GM composition in number and diver-
sity and, therefore, affect the GM-organ axis
[51].

Probiotics are living microorganisms that,
when supplemented in adequate amounts, give
health benefits to the host [52]. One of the main
functions of probiotics is to create an environ-
ment that inhibits the growth of harmful bac-
teria in the gut, thus contributing to a
strengthened immune system and reduced risk
of gastrointestinal infections [53, 54]. Addi-
tionally, probiotics assist in breaking down
complex carbohydrates and fibre that the
human body cannot digest on its own, leading
to improved digestion [55]. They also produce
essential vitamins and SCFAs [56, 57]. There-
fore, probiotics’ immunomodulation function
could help treat NP, as further explained.

FMT is a medical procedure in which stool
containing a mixture of beneficial bacteria and
microorganisms is collected from a healthy
donor and transferred into the gastrointestinal
tract of a patient with suspected GM dysbiosis
[58]. This transplantation is typically performed
to restore or rebalance the GM, especially when
it has been disrupted due to various factors like
infections, antibiotic treatments, or certain

medical conditions. FMT aims to introduce a
diverse community of beneficial microbes into
the recipient’s gut, thereby addressing gas-
trointestinal infections, inflammatory bowel
diseases, or even certain metabolic disorders.
The procedure can be administered through
various methods, including colonoscopy,
enema, or capsules containing freeze-dried fae-
cal material [58].

Dietary quantity, quality, fibre content, and
nutrition patterns influence the abundance and
diversity of GM [59, 60]. A specific diet called
low-FODMAP (fermentable oligosaccharides,
disaccharides, monosaccharides, and polyols)
may decrease SCFAs production in the gut [61],
which in turn might reduce abdominal hyper-
sensitivity as it has been demonstrated in an
animal model [62]. Dietary supplements like
vitamin D could also alter GM, thus influencing
NP [63]. For instance, pre-clinical data showed
that mice with a deficiency in vitamin D had a
lower microbial diversity (an increase in Firmi-
cutes and a decrease in Verrucomicrobia and
Bacteroidetes) and exhibited tactile allodynia,
which was accompanied by increased neuronal
excitability and changes in components of the
endocannabinoid system inside the spinal cord.
Alterations in endocannabinoid concentra-
tions, specifically anandamide and 2-arachi-
donoylglycerol, were additionally seen in the
duodenum and colon [64]. The same impair-
ment of the endocannabinoid system was also
observed when mice GM underwent antibiotic
treatment [65].

Finally, psychological issues may take their
toll on NP pathophysiology [61] on one hand
and GM on the other hand [66]. Therefore,
managing these psychological issues may affect
NP also through the GM’s mediation.

In the next paragraphs, we will cover the
main therapeutic applications of the described
GM modulators to the main kinds of NP in
which any evidence, even if only pre-clinical,
has been unravelled in recent years.
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Chemotherapy-Induced Peripheral
Neuropathy

Chemotherapy-induced peripheral neuropathy
(CIPN) is a common side effect arising from
treatment with many commonly used anti-
cancer medications that harm patient outcomes
and significantly diminish the quality of life of
patients and also of cancer survivors [67]. It is
distinguished by diverse symptoms, encom-
passing muscle twitching, discomfort, muscular
weakness, numbness, burning and tingling
sensations, with a typical ‘‘glove and stocking’’
distribution [68]. Regrettably, many patients
exhibit suboptimal responses to standard
chemotherapy-induced peripheral neuropathy
(CIPN) treatments, leading to the need to
reduce the dosages of anti-cancer drugs, ulti-
mately impacting overall survival rates [69]. To
date, there is no treatment to prevent CIPN [70].

GM’s modulation could be a novel way to
address CIPN, although most data come from
pre-clinical fields.

In 2017, Shen et al. explored in mice the
effect of oxaliplatin [71], a chemotherapy agent
used to treat colorectal cancer. They found that

mechanical hyperalgesia generated by oxali-
platin was diminished in GF mice and mice pre-
treated with antibiotics. The restoration of the
microbiota in GF mice nullified the protection.
This led the researchers to conclude that GM
was a key promoter of oxaliplatin-induced
hyperalgesia [72]. Moreover, the study showed
that the inflammatory response of the dorsal
root ganglion (DRG) to the chemotherapeutic
drug was attenuated when a complete GM was
not present, mostly through the lipopolysac-
charide (LPS) Toll-like receptor 4 (TLR4) path-
way. After oxaliplatin treatment, the DRG of
mice treated with antibiotics exhibited a
reduction in the presence of infiltrating mac-
rophages and inflammatory cytokines (IL-6 and
TNF-a) compared to the DRG of mice fed with
water. The re-establishment of the inflamma-
tory response following the introduction of
exogenous LPS, along with the confirmation
that the targeted removal of TLR4 on
hematopoietic cells alone was enough to repli-
cate the eradication of GM, provides evidence
for the involvement of GM-released LPS in
enhancing and amplifying the proinflamma-
tory reaction of macrophages against oxali-
platin [72]. Another study provided additional

Fig. 2 The main potential strategies to treat neuropathic
pain by gut microbiota modulation. They consist primarily
of probiotics, faecal microbiota transplantation, diet and

supplements like vitamins and emotional support. Neuro-
pathic pain may arise from peripheral, central, or both
damage to the nervous system
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confirmation on the role of the LPS-TLR4
pathway in the development of chemotherapy-
induced pain as administration of irinotecan in
mice increased the permeability of the intesti-
nal barrier, which in turn facilitated the release
of LPS from GM, leading to the development of
NP associated with astrogliosis in the spinal
cord. Strikingly, mice lacking the TLR-4 gene,
which received the same treatment, developed
less NP [73]. In another study in mice, it was
proven that diosgenin, a steroid sapogenin
found in fenugreek seeds and yam, could exert
an analgesic effect in oxaliplatin-induced pain.
The analgesic effect can be attributed to its
influence on the TLR-4/NF-jB inflammatory
signalling pathway [74].

Later on, Ramakrishna et al. conducted a
similar pre-clinical study in mice studying the
effect of paclitaxel, a chemotherapy medication
used to treat, among many, ovarian cancer,
oesophageal cancer and breast cancer [75]. The
authors compared two mice models, wild type
B6 and 129, in their response to paclitaxel,
finding that B6 mice developed mechanical and
cold allodynia and heat hyperalgesia. In con-
trast, B129 did not develop any of this [76].
Somehow 129 mice were resistant to NP. When
B6 mice were treated with antibiotics that
depleted their GM, the NP development was
also impaired, clearly pointing to the major role
of GM in mediating CIPN. Both mice models
were treated with reciprocal FMT to corroborate
this finding, revealing that paclitaxel-induced
pain developed only in mice that hosted the
GM transplanted by B6, not vice-versa. Further
analysis suggested a causal relationship between
spinal microgliosis and the development of pain
generated by paclitaxel, as microglial expansion
was reduced in 129 mice [76]. Regarding the
variations in GM composition, the authors
found in the B6 group, a reduction of A. muci-
niphila, a bacterium whose importance in pro-
moting gut barrier integrity, has been
consolidated in the last years [77]. Thus, CIPN
pathophysiology might also be mediated by the
decrease of this bacterium, which decreases pain
levels.

In this light, a probiotic formulation DSF
(DeSimoneformulation), which is a high-con-
centration probiotic formulation with 450

billion bacteria per sachet, has been successfully
used in an vitro experiment of DRG neurons to
mitigate paclitaxel-induced neurotoxicity by
modulating the inflammatory response [78]. A
further step in this direction was achieved by
Cuozzo et al., who were able to prevent pacli-
taxel-induced neuropathy in mice when using
another probiotic formulation called SLAB51
[79].

FMT also alleviated Paclitaxel-Induced
Peripheral neuropathy in rats by interfering
with the TLR4 pathway [80].

Translating these findings from bench to
bedside might pose a complex challenge, but
probiotics supplementation and FMT could
represent a therapeutic approach to mitigate
CIPN.

Diabetic Neuropathic Pain

Diabetic neuropathy (DN) is a common com-
plication of type 2 diabetes that affects the
peripheral nerves and can cause pain, numb-
ness, and loss of sensation in the extremities
[81]. It is characterized by a decline in periph-
eral innervations, increased neuronal inflam-
mation, demyelination, axonal atrophy, and
decreased neuronal regenerative capacity [82].
DN is present in approximately fifty per cent of
patients with diabetes and affects numerous
organs, leading to various complications,
including cardiovascular damage with symp-
toms of tachycardia, orthostatic hypotension,
impaired intestinal transit, profuse sweating,
hormonal imbalance and gastric emptying [83].
Insulin resistance plays a major role in the
pathogenesis of type 2 diabetes [84] and is
intricately interconnected with DN. This con-
nection is due to the damaging effects of pro-
longed high blood sugar levels on nerve cells
and the surrounding microenvironment, lead-
ing to inflammation and oxidative stress, ulti-
mately disrupting nerve conduction [85, 86].

Unfortunately, DN’s pathogenesis is not yet
fully known, which equals no option to prevent
or counteract this complication effectively.

The first clue that connected GM to the
development of DN came from the evidence in
clinical trials that the GM population from
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patients with DN varied significantly compared
to the GM from diabetic patients without DN or
healthy patients [87]. Notably, the authors
found that Firmicutes and Actinobacteria were
more abundant at the phylum level in the DN
group, while Bacteroidetes were less abundant. At
the genus level, Bacteroides and Faecalibacterium
were considerably less abundant in the DPN
group, whereas Escherichia-Shigella, Lachno-
clostridium, Blautia, Megasphaera, and
Ruminococcus were significantly more abundant
[87]. Could a higher insulin resistance be a
pathway harmful microorganisms use to lead to
pain? Megasphera positively correlated with a
higher HOMA Index, a mathematical model
used to calculate insulin resistance. Conversely,
there is a favourable correlation between the
presence of Parabacteroidetes and the levels of
both C-reactive protein and tauroursodeoxy-
cholic acid. This correlation is connected with
the improvement of metabolic illnesses [87].
Taken together, these findings indicate that
insulin resistance could be related to DN.

GM modulation may be used to treat insulin
resistance and DN. For instance, in 2012, Vrieze
et al. demonstrated that FMT from lean donors
to individuals with metabolic syndrome
increased insulin sensitivity in these patients
[88]. A similar result by using probiotics was
achieved by Sabico et al., who found that
patients with type 2 diabetes who took a multi-
strain probiotic supplement with Bifidobacteria
and Lactobacillus for six months as monother-
apy had a substantial reduction in their HOMA
index, with the probiotic treatment group
demonstrating both lower inflammation and a
better cardiometabolic profile [89].

Regarding DN specifically, a pre-clinical
study in mice demonstrated that modulating
GM by using antibiotics may improve diabetes
and its correlated neuropathic pain, supporting
the hypothesis that when the harmful bacteria
are removed or replaced by beneficial ones, the
clinical condition of DN improves [90]. Fur-
thermore, another pre-clinical study showed
that FMT from lean to obese, insulin-resistant
neuropathic mice on a Western diet prevented
mechanical allodynia and thermal hyperalgesia
and reduced the loss of nerve fibres [91]. Most of
the pain alleviation was accomplished by a

process known as FMT-mediated reduction of
DRG neuronal hyperexcitability, which was the
direct result of a decrease in Ryanodine receptor
2-dependent Ca2 ? release from the endoplas-
mic reticulum [91].

Unfortunately, there is a lack of human
clinical studies targeting the DN by microbiota
modulation, let alone from a single case report
in 2018 where an obese type II diabetic woman
who received FMT for 3 months achieved
remission of a painful DN [92]. Overall, the
modulation of the GM holds promise as a
therapeutic strategy for DN. By targeting the
GM, it may be possible to improve insulin
resistance, reduce inflammation, and alleviate
symptoms associated with diabetic neuropathy.
However, further research is needed to fully
understand the mechanisms underlying GM
modulation’s effects on DN and optimize
treatment strategies.

Trauma-Induced Neuropathic Pain

Trauma-induced neuropathic pain (TINP),
referred to as traumatic neuropathy or nerve
injury pain, is a chronic pain disorder that arises
from nervous system impairment caused by
physical trauma. This injury may occur due to
various traumatic incidents, including acci-
dents, falls, sports-related injuries, surgical pro-
cedures, or other physical trauma [93].
Numerous pathophysiological mechanisms
have been proposed as potential explanations
for TINP, but the first step lies in initiating
spontaneous or ectopic activity within damaged
sensory neurons. Most of this activity occurs
within a 20-h timeframe following peripheral
nerve injury, with a particular emphasis on its
detection in myelinated fibres type A. Ectopic
discharge has been observed to potentially start
within the wounded region of the axonal seg-
ment of damaged nerves [94, 95]. However, it is
more commonly observed to originate within
the soma of sensory neurons in the DRG [96].
Ion channels are appealing targets in the study
of neuronal excitability control. One example is
sodium channels, which play a significant role
in maintaining NP behaviours and abnormal
nerve activity. Additionally, certain subtypes of
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potassium channels are strongly influenced by
traumatic injury, which may account for alter-
ations in the excitability of myelinated fibres
and the development of pain-related character-
istics [97].

How could the GM be linked to TINP? Pre-
clinical data in mice with chronic constriction
injury (CCI) points to a different GM composi-
tion compared to sham rats. CCI of the sciatic
nerve has been extensively employed to induce
NP in rodents after peripheral nerve injury [98].
Notably, there was a large rise in Helicobacter,
Phascolarctobacterium, Christensenella, Blautia,
Streptococcus, Rothia, and Lactobacillus at the
genus level. Conversely, there was a significant
drop in Ignatzschineria, Butyricimonas, Escher-
ichia, AF12, and Corynebacterium. Furthermore,
72 blood metabolites and 17 spinal cord
metabolites exhibited important differential
expression between the rats with CCI and the
sham rats [99]. Another study in mice reported
that GM depletion by pretreatment with a
mixture of 4 antibiotics [vancomycin (0.5g/L),
ampicillin (1g/L), neomycin (1g/L) and
metronidazole (1g/L)] which would therefore
target different kinds of bacteria, could reduce
thermal hyperalgesia and inhibit spinal glial cell
activations in animals with nerve damage [90].
Akkermansia, Bacteroides, and Desulfovibrionaceae
phyla were the most abundant in the feces of
CCI mice, possibly indicating a key role for
these specific strains in the pathophysiology of
TIPN. To further verify the role of GM in the
development of pain in CCI mice, FMT from
control to antibiotic-treated mice restored NP
with thermal hyperalgesia [90]. A similar result
using the antibiotics mentioned above in the
same mice model (C57BL/6) was observed by
Ding et al., who reported an amelioration of
CCI NP in the antibiotic-pre-treated group
[100].

Strikingly, in a transition from pre-clinical to
clinical, an opposite result was reported in a
large case–control study in which exposure to
oral fluoroquinolone or amoxicillin-clavulanate
therapy correlated with an increased incidence
of peripheral neuropathy [101].

This data seems contradictory, but it is not if
it is considered that there is a different mixture
of antibiotics implied and that antibiotics

themselves might alter the GM of different
animals in another way.

Future research using standardized animal
models to help the transition to the clinical side
could push the usage of GM modulators in the
context of the multidisciplinary approach
required to address and manage TINP.

Trigeminal Neuralgia

Trigeminal neuralgia (TN) is an infrequent
occurrence of facial pain that manifests unilat-
erally, resembling electric shock sensations, and
is triggered by gentle tactile stimulation. Ini-
tially, it is frequently misinterpreted as a dental
issue due to its manifestation in the mandibular
divisions of the trigeminal nerve [102]. Classi-
cally TN’s pathophysiology is caused by neu-
rovascular compression in the trigeminal root
entry zone, which can result in demyelination
and dysregulation of voltage-gated sodium
channel expression in the membrane. These
alterations may be liable for TN patients’ pain
attacks [reviewed in [103]].

Palmatine is an alkaloid derived from dried
rhizomes, a Chinese plant. It was shown in a
pre-clinical study to improve TN’s pain effec-
tively [96]. Specifically, healthy Sprague–Daw-
ley rats underwent surgery to expose the right
infraorbital nerve and ligate it through a specific
method loosely; this would constitute the TN
group. Within 14 days of surgery, the TN group
had a substantially lower mechanical allodynia
threshold than the sham group. In contrast, the
TN ? palmatine group had a higher mechanical
pain sensitivity threshold than the TN group.
Furthermore, real-time quantitative PCR,
immunohistochemistry, and immunofluores-
cence demonstrated that brain-derived neu-
rotrophic factor (BDNF) and tropomyosin
receptor kinase B (TRKB) expression was higher
in the TN group than in the sham group. Con-
versely, palmatine treatment was able to rectify
these changes. Therefore, the BDNF/TRKB
pathway may be the target of the palmatine
treatment, allowing pain mitigation in TN
[104].

BDNF/TRKB pathway may not be the only
cornerstone of palmatine action. Indeed, In
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another study in mice, experimental colitis
induced by dextran sulfate sodium was amelio-
rated by palmatine, which improved mucosal
integrity and inhibition of cell apoptosis. In
addition, analysis of the gastrointestinal
microbiota of mice treated with palmatine
revealed an increase in the relative abundance
of Bacteroidetes and Firmicutes but a decrease in
Proteobacteria, preventing GM dysbiosis [105].

We hypothesize that palmatine’s modula-
tion on GM could be another potential thera-
peutic pathway implied in TN worthy of being
explored in future research.

Postherpetic Neuralgia

Postherpetic neuralgia (PHN) is a frequently
encountered NP condition characterized by its
persistence for one month or longer following
the resolution of the herpes zoster rash. PHN is
the most commonly observed consequence of
herpes zoster infection. Clinically, this condi-
tion is distinguished by enduring pain, fre-
quently accompanied by sensory abnormalities,
sleep disturbances, and emotional comorbidi-
ties [106]. The pathogenesis comprises the
impairment of peripheral and central neurons,
which can potentially result from the
immunological and inflammatory response
associated with the reactivation and migration
of the varicella-zoster virus. When damaged,
both peripheral and central nerve fibres can
reduce the threshold for action potentials,
leading to spontaneous discharge and display-
ing exaggerated reactions to stimuli. This can
give rise to peripheral sensitization and allody-
nia [107].

A recent cross-sectional study on a cohort of
27 patients diagnosed with PHN vs. 27 healthy
controls revealed a preliminary connection
between PNH and GM [108]. The GM analysis
from stool samples showed that despite similar
levels of bacterial richness and diversity in the
GM of PHN and healthy individuals, there was a
notable disparity in 37 genera between the two
groups. Specifically, patients with PHN have
higher Escherichia-Shigella, Streptococcus, Ligilac-
tobacillus, and Clostridia than healthy controls
but lower Eubacterium, Butyricicoccus, Tyzzerella,

Dorea, Parasutterella, Romboutsia, Megamonas,
and Agathobactergenera. Moreover, strong links
between different GM and diverse clinical
manifestations were reported, suggesting that
GM dysbiosis could be important to PHN aeti-
ology [108]. Despite being a preprint, currently,
this study is the only paper that paves the way
to further research for targeting GM as a new
approach to treating PNH.

Low Back Pain

Low back pain (LBP) is defined as a pain located
inferior to the costal margins and superior to
the inferior gluteal folds, with or without
accompanying leg pain [109]. When LBP lasts
more than 12 weeks, it is considered chronic
LBP [110]. Chronic LBP is a multifaceted and
diverse illness characterized by the potential
involvement of both nociceptive and neuro-
pathic pain processes [111]. Neuropathic back
pain refers to the sensation of pain that arises
from injury or disease that directly affects the
nerve roots responsible for providing sensory
and motor innervation to the spine and lower
limbs. It can also be caused by the abnormal
growth of nerve fibres into the injured inter-
vertebral lumbar discs (ILD) [111].

What is the link between GM and ILD in the
pathogenesis of LBP? The starting point of our
analysis revolves around the new concept that
physiologically ILDs are not sterile but contain
microbes [112]. Specifically, 355 bacterial spe-
cies were identified, and 32 were exclusive to
normal ILD. Moreover, when healthy ILD were
compared to diseased ones, it was noted that
protective microorganisms like Firmicutes and
Actinobacteria (for example, Saccharopolyspora,
an Actinobaterium competitor of harmful bac-
teria) were plentiful in normal discs. In contrast,
harmful bacteria abounded in the others [112].
The interaction between GM and ILD’s micro-
biota, which constitutes the gut-disc-spine axis,
is hypothesized through one of the following
events: (1) bacterial translocation past the gut-
epithelial barrier and into the ILD due to lack of
immune guard at the blood-disc barrier; (2)
control of the mucosal and systemic immune
systems; (3) balancing nutritional absorption
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and metabolite production in the gut epithe-
lium with its subsequent diffusion into the ILD
[113].

This hypothesis paves the way to research
the implications of GM modulation to treat
LBP.

For instance, a pre-clinical study analyzed
the potential benefits of a specific probiotic,
Lactobacillus paracasei S16, on the symptoms of
lumbar disc herniation (LDH) using a mouse
model of LDH. The findings indicated that the
administration of L. paracasei S16 enhanced
behavioural outcomes, heightened cell prolif-
eration, and reduced apoptosis in mice with
LDH. Additionally, the administration of L.
paracasei S16 mitigated the abnormal inflam-
matory response observed in LDH animals. This
reaction is characterized by a reduction in anti-
inflammatory cytokines, an increase in proin-
flammatory cytokines, a drop in the percentage
of Th1 and Th2 cells, and a decrease in the
Th17/Treg ratio [114].

Shifting to the clinical side, another study
reported a slight improvement in patients with
chronic LBP type 1 or mixed Modic changes by
1 year supplementation of Lactobacillus Rham-
nosus GG [115], possibly hinting to a dampened
inflammation as the mechanism implicated in
modulation by probiotics. Inflammation was
considered the cornerstone of GM modulation
in LBP in a cohort study [116] where researchers
investigated the connection between LBP, GM
composition, and metabolic factors. The study
involved 36 overweight or obese individuals,
some with back pain and some without. The
participants were assessed for various health
markers. Interestingly, those with LBP had
higher levels of specific gut bacteria, including
Adlercreutzia, Roseburia, and Uncl. Christensenel-
laceae, thus resulting in dysbiosis. These differ-
ences persisted over different timeframes and
were linked to factors like BMI, serum adipsin,
and serum leptin [116].

Finally, a recent case report showed that FMT
could ease pain in a patient with refractory
ankylosing spondylitis, a condition associated
with LBP [117].

The findings from the previous studies
[112, 114–116] suggest that altered GM, poten-
tially leading to increased inflammation, might

play a role in LBP. Indeed, mucosal inflamma-
tion gut dysbiosis might provoke simultaneous
autoimmune responses at different sites,
including ILD, constituting the potential
mechanism for LBP in patients with altered GM.

CONCLUSIONS

The emerging body of research on the connec-
tion between GM and NP highlights the intri-
cate interplay between the gut and the nervous
system. The bidirectional interplay happens
through the vagus nerve, immune mediators
such as the inflammasome, and metabolites
such as SCFAs, aromatic amino acids, bile acids
and even neurotransmitters. A potential way to
harness GM to treat NP may be in probiotics,
FMT, diet and supplements such as vitamin D
and palmatine. CIPN, DN, TINP, TN, PHN and
LBP are potential fields of GM modulation
application in the NP context.

Although the findings are encouraging, it is
essential to recognize that the field is still in its
infancy and that many questions remain
unanswered, mainly because most of our data
come from pre-clinical models and are biased by
high heterogeneity. The precise mechanisms by
which GM influence neuropathic pain are
complex and multifaceted, necessitating addi-
tional research.

The translation from bench to bedside has
not happened yet. It will require standardized
approaches to overcome the principal limit of
animal models, which is the limited resem-
blance between various experimental models
and the human organism. Future research
should compare NP development and associ-
ated parameter values in long-term stable GF
animals to animals with the same genetic
background but harbouring a complex GM.
This would enhance the reproducibility and
clarify whether there is a verifiable causal rela-
tionship between GM composition and the
prevalence of the development of NP due to
various inducing conditions.

Overall, the evolving insights into the GM
impact on NP open up exciting avenues for
future research and therapeutic interventions in
the realm of chronic pain management. The
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collaboration among pain therapists, neurosci-
entists, gastroenterologists, and other pertinent
disciplines will play a pivotal role in compre-
hending the intricacies of this association and
effectively applying the knowledge gained to
provide practical advantages for patients afflic-
ted by NP.
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