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Abstract: Chronic pain affects almost 20% of the European adult population and it significantly reduces patients’ quality of life.
Chronic pain is considered a multidimensional experience determined by the interaction of several genetic and environmental factors.
The effect of specific genetic contributions is often unclear, and the interpretation of the results from studies focused on genetic
influences on pain has been complicated by the existence of multiple pain phenotypes. A step forward from genetics could be given by
the application of metabolomics and microbiomics tools. Metabolomics is a powerful approach for hypothesis generation in biology,
and it aims to analyze low molecular weight compounds, either metabolic intermediates or metabolic end-products, resulting from
human or microbial metabolism. Microbiomics is a fast-growing field in which all the microbes are examined together, and as a result,
its perturbation may indicate the development of chronic diseases. By applying these methodologies for the study of chronic pain,
several differences have been identified. The alteration of the choline-PAF pathway is an intriguing finding recognized by several
groups. In our opinion, metabolomics and microbiomics techniques will allow significant progress into the medical field. Patients may
benefit from the possibility of being stratified and classified based on their metabolic and microbial profile, which, in the next future,
may lead to personalized therapy.
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Definition and Classification of Pain

Pain has always been part of the human experience despite not being recognized by the scientific world apart from the
recent past. During the evolution of superior organisms, pain had a fundamental role as a physiological message to
undertake a reaction for maintaining physical integrity; however, when it loses this protective function, it leads to
maladaptive responses that ultimately damage the host, a pathological condition named pain syndrome.' Its definition
dates back to 1979 when the International Association for the Study of Pain (IASP) defined pain as “unpleasant sensory
and emotional experience associated with a real or a potential tissue damage” that leads to a diminished quality of life by
producing a negative emotional state.”* A slight revision was carried out in 2018 by the IASP that formed a task force to
evaluate this classification, which became “An unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage”.*

By definition, pain is categorized into two main types: nociceptive and neuropathic. Nociceptive pain occurs when the
somatic or visceral tissue is threatened or damaged by noxious stimuli through the activation of specific pain receptors
called nociceptors. Neuropathic pain is caused by structural damage and dysfunction affecting the somatosensory neural
pathways in the peripheral or central nervous system (CNS).® Pain is further classified according to its duration: acute
pain has a clear temporal and qualitative relationship with the noxious stimulus, it is perceived immediately after an
injury, while chronic pain is continuous or recurrent and persists beyond the average expected period of healing, and for
classification purposes, this time window has been set at three months.® Chronic pain is considered a multidimensional
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experience determined by the interaction of several factors such as somatosensory, social-emotional, and motivational,
whose pathophysiological mechanisms are not fully understood. The Global Burden of Disease reviews have recently
named it one of the most prominent causes of disability worldwide.” The lack of knowledge has limited the development
of effective therapeutic options, constraining patients to use drug therapies characterized by significant adverse effects
and, in some cases, poor therapeutic relief.

Furthermore, chronic pain is increasing proportionally with the age of subjects ranging from 14.3% in 18-25-year-
olds to 62% in the over 75 age group.® The number of subjects with chronic pain in the USA is calculated to be close to
100 million, with an annual expenditure near to $635 million.” These numbers are likely to increase further due to aging
people and better treatment of long-term conditions such as stroke and cancer.

Nowadays, it is essential to emphasize that the management of this condition is affected by at least two significant
gaps of knowledge: 1) an objective measure of the intensity of pain, 2) a univocal identification of the molecular basis
and pathways of chronic pain. The former is still performed by applying standard tools to interview the patient about the
intensity, quality, and duration of the sensation. Everyone reacts uniquely to a given painful stimulus, based on
experience and what is called his/her own “pain threshold”, and each person can assess, according to its parameter,
how severe pain is affecting him or herself. Measurement tools in pain medicine range from unidimensional intensity-
oriented tools to multidimensional questionnaire, such that they provide useful hints for recognizing the different pain
phenotypes and assess therapy.

The most used pain scale is called Visual Analogue Scale (VAS). VAS is a one-dimensional approach that consists of
a 10 cm horizontal or vertical line with the two extreme values labelled as “No pain” and “worst possible pain”. In this
case, the patient is asked to place a mark on the line where the level corresponds to the perceived intensity of pain. The
distance in centimeters from the lower end of the line to the patient’s sign is used as a numerical index of pain intensity.'
A more sophisticated evaluation method is the McGill Pain Questionnaire (MPQ) which represents a multidimensional
feeling that includes different sensations of pain such as quantitative, qualitative, and unpleasantness of pain.'!

Undoubtedly, the subjectivity of pain experience precludes the possibility of a true measure. For this reason, it is
crucial to introduce and develop new methods for identifying molecular and biochemical alterations induced by pain. In
this regard, genomics approaches led to the discovery of heritability features, which mainly were characteristic of rare
human pain disorders.'?

Chronic Pain: From Genes to Metabolites

Over 350 genes have been reported to be relevant to pain and analgesia in the last two decades.'® The most common
genetic variations, which can affect several aspects of this experience, are caused by changes in a single nucleotide
sequence (SNP).'13

One of the first pain conditions described by a genetic defect was the rare mutation of the voltage-gated sodium
channels (VGSC), causing “Erythromelalgia”.'® SCN9A is the gene encoding the human voltage-gated sodium channel
type 9 subunit alpha, and the protein translated from the gene is called Navl.7. Following this discovery, several
mutations of Navl.7 resulting in both exaggeration or absence of pain have been described and linked to human
monogenic pain syndromes. Among them, the SNPs Argl150Trp and rs6746030 have been associated with an enhanced
excitation of dorsal root ganglia.

Similarly, variations have been found in three intron SNPs rs4820242, rs2284015, and rs2284017 of the CACNG2
gene, which encodes a type 1 transmembrane a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPA)
regulatory peptide that increased susceptibility to chronic pain after nerve injury in mastectomy patients.'” Other SNPs
were also associated with a significant reduction of chronic pain. For example, the minor allele of the SNP Alal073Val;
1s6795970 in SCN10A was significantly involved in visceral pain perception causing a shift in channel activation, thus
reducing repetitive firing of dorsal root ganglion neurons and attenuating mechanical pain sensitivity.'® The identification
of these mutations was, in principle, crucial for addressing personalized pharmacotherapy. Regrettably, the biology of
pain is more complex and heterogeneous, so these findings should be considered just a small piece of the big puzzle, to
which post-transcriptional, post-translational, and epigenetic modifications should be added.'® As an example, recent
work by Agarwal et al showed that post-translational modification of SUMO conjugation of proteins (Covalent
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modification by small ubiquitin-related modifier polypeptides named SUMOylation) is also involved in chronic pain, in a
particular condition named diabetic peripheral neuropathy (DPN). DPN affects approximately 21% of patients with
diabetes, and authors identified a channel TRPV1, novel molecular targets of SUMOylation that critically regulated its
activity. In particular, the function resulted impaired by diabetes-induced de-SUMOylation and metabolic imbalance
eliciting neuropathy and sensory loss. Authors suggested that modulation of the SUMOylation status of specific
molecular targets may yield new strategies for treatment and reversal of chronic pain.”® A way to bridge the gap between
post-translational, epigenetic modifications and biomarkers identification is metabolomics, which provides a compre-
hensive snapshot of physiological processes offering insights into the regulatory networks that influence cellular
processes.

For this reason, the number of studies that aimed to identify an altered metabolic profile characterizing chronic pain
patients has increased significantly in the last few years.

A typical metabolic profile is achieved by measuring a panel of metabolites. Usually, several hundred, produced in
response to several stimuli. The development of specialized analytical platforms such as Nuclear Magnetic Resonance
("H-NMR) spectroscopy, gas chromatography (GC), and liquid chromatography (LC) coupled with mass spectrometry
(MS) are useful to provide a comprehensive metabolic fingerprint. Data analysis is also crucial to determine the number
of relationships between grouping and feature variables and determine and facilitate discrimination among groups. As
demonstrated by a constant increase of MEDLINE PubMed records related to the topic of metabolomics of pain in both
animal and human subjects, this approach is gaining wider interest in the academic community and the most relevant
findings are discussed in this review.

An intriguing study about the application of metabolomics as a tool for biomarker discovery in pain syndrome was
published by Patti et al, who used the tibial nerve transection (TNT) on Sprague-Dawley rat as a model of neuropathic
pain.?! TNT rat induces allodynia, a condition in which generally innocuous stimuli elicit a pain response that persists for
at least nine weeks post-surgery. Tissues from dorsal horn, dorsal root ganglia (DRG), tibial nerve, and plasma samples
were collected from these rats, in which the lipid content was analyzed by mass spectrometry technique. The metabolic
content from TNT rats was compared with that of a sham surgery group resulting in an alteration of hundreds of
molecules, 94% of which came from ipsilateral dorsal horn tissue samples. Among the important metabolites, TNT
animals were characterized by upregulation of ceramide (d18:1:16:0), phosphatidylcholines, platelet activation factor
(PAF), N, N-dimethyl sphingosine (DMS), and downregulation of several diacylglycerols.

The increase of PAF can be considered of extreme interest because of its role in the pathophysiology of pain. PAF is a
potent phospholipid activator and mediator of inflammation, mediated through a G-protein-linked receptor named PAFr.
PAFr is expressed on the surface of various cells and tissues, and the PAF/PAFr system seems to play an essential role in
modulating pain signaling.*'

In line with Patti G., a study published by Motoyama et al has indirectly identified PAF as a crucial pain mediator.**
The authors studied the efficacy of PAF antagonists, namely CV-309, BN 50739, and WEB 2086, administered to mice
suffering from neuropathic pain caused by peripheral nerve injury. Interestingly, by administering PAF antagonists and
intravenous and oral administration, the authors demonstrated a potent and long-lasting anti-allodynic effect, providing
new insights into the PAF/PAFr interaction. Further support to this hypothesis was provided by our group that studied the
lipid profile of patients affected by fibromyalgia, a disorder characterized by chronic pain and fatigue. By analyzing the
plasma metabolomic profile, two molecules resulted significantly different between the patients and the healthy controls:
1-tetradecanoyl-sn-glycerol-3-phosphocholine  [PC(14:0/0:0)] and 1-hexadecanoyl-sn-glycero-3-phosphocholine[PC
(16:0/0:0)].%* Interestingly, these metabolites had a chemical structure very similar to the physiological PAF, holding
therefore high probability to interact with PAFr and a role in pain perception. Another piece supporting this theory has
been highlighted by Morita et al, who performed an intrathecal administration of PAF in mice producing neuropathic pain
characterized by severe tactile allodynia.>**> In addition, in our last experiment conducted on plasma samples collected
from fibromyalgia patients, we identified the molecule choline, which was also identified in our first experiment
conducted in patients affected by nociceptive or neuropathic pain.”®?’ Considering all these results together, it seems
that the choline-PAF pathway is highly involved in the activation and propagation of pain, and in our opinion, deserves a
more in-depth study. A simplified schematic representation of this hypothesis is indicated in Figure 1.
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Figure | A simplified schematic representation of the hypothesized Platelet-activating factor (PAF) pathway in chronic pain syndrome.

Other researchers focused their attention on the polar metabolites that also appeared to play a role in chronic pain.

Among them, Fais et al studied 22 subjects with fibromyalgia compared to a controls group.”® These patients displayed

high levels of inosine, hypoxanthine, xanthine, and a low level of adenosine. In agreement with Fais et al was the study
performed by Sawynok et al, who showed that fibromyalgia patients had an excessive conversion of adenosine to

inosine.>” A shared explanation was the increase of the enzyme adenosine deaminase, which led to an impairment of the

purine pathway in chronic pain patients.

A Cutting-Edge Topic for Chronic Pain Research: The Gut Microbiota

A new area of research focused on the analysis of the microbiome (genome) or/and the microbiota (microorganisms) is
emerging in the medical field, being driven by an interest on the way bacteria and host interact in health and diseases. To
date, only a tiny percentage of the bacteria that comprise the human microbiome have been isolated, identified, and

studied. However, recent technological advances have made it feasible to be entirely analyzed.
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The application of cutting-edge technologies, such as metagenomics, and metabolomics, have provided significant
insight into the complexity of relationships between the microbiome and the host. Identifying microbial homeostasis and/
or its alteration, named eubiosis/dysbiosis, is considered the new Rosetta Stone of medicine since it may help to unlock
the obscure signs of several diseases. In particular, the role of bacteria seems to be essential for the exacerbation of many
neurological diseases, including Alzheimer’s disease, Parkinson’s disease, autism spectrum disorder, traumatic brain
injury, and chronic pain syndromes.>***

Although, the study of microbiota has been relegated for many years to an inconspicuous role and an uncertain
meaning, nowadays, it is one of the most promising fields of medicine. There are about 100 trillion microbes that make
up the human microbiota, a number that is ten times higher than that of eukaryotic cells of the whole body, with an
estimated weight of about 1.5-2 kg.>>~°

Considering pain syndromes, some studies have examined the fecal content of microorganisms, while others were
focused on the microbial molecules released by microorganisms in the circulatory system and eventually eliminated by
the kidney. Malatji et al performed urine metabolomics analysis in 18 fibromyalgia patients compared to a control group.
Hippuric, succinic, and lactic acids resulted significantly increased in those patients suggesting a metabolic shift towards
anaplerosis and alteration of the microbiota.*”*®

Fibromyalgia was investigated by Clos-Garcia et al, who studied the serum metabolome and the fecal microbiome of
105 fibromyalgia patients and 54 healthy controls.>® The serum analysis revealed elevated levels of glutamate, while the
microbiome composition resulted in a reduction in bacteria from Bifidobacterium and Lactobacillus genera, which
transform glutamate into GABA. According to the authors, this could explain the elevation of glutamate serum levels in
fibromyalgia.

Likewise, Minerbi et al studied the alterations of the microbial content of fibromyalgia patients compared to a control
group by using 16S rRNA gene amplification, whole-genome sequencing, and targeted metabolomics.*” By using
different variance abundance analyses, significant differences were identified in 19 bacterial taxa. Faecalibacterium
prausnitzii and Bacteroides uniformis were found in lower relative abundance in fibromyalgia patients, whereas higher
relative abundance was observed for Intestinimonas butyriciproducens, Flavonifractor plautii, Butyricoccus desmolans,
Eisenbergiella tayi, and FEisenbergiella massiliensis. In particular, authors focused their attention on the role of
Faecalibacterium prausnitzii, which had a lower abundance than healthy controls. The authors hypothesized that since
they were less represented, the production of the metabolite butyrate, a well-known anti-inflammatory agent, was also
reduced, leading to a pro-inflammatory and pro-nociceptive effect. According to the authors, these results demonstrated a
dysbiotic profile in these patients that might be related to the chronic pain syndrome.

It is essential to highlight how several authors reported the role of some small microbial metabolites, including
acetate, butyrate, and propionate (SCFAs), showing immunomodulatory and anti-inflammatory properties in the intestine
with beneficial effects in diseases such as chronic pain, neurodegenerative diseases, and depression.*' ** These metabo-
lites are produced by the microbiota and, due to their potential anti-inflammatory effects, appear to play an important role
in the pathogenesis of chronic pain. It has been reported that SCFAs may affect the central nervous system by modulating
energy metabolism, neuroinflammation, and the blood-brain barrier. Different receptors for SCFA have been discovered
in different types of cells, including neuronal ones.*’

Tryptophan is also considered an important molecule in pain syndrome being a precursor of the neuromodulator
serotonin.*® It is an essential amino acid yielded through dietary supplementation, its deficiency has been considered the
major mechanism underlying the comorbidity of chronic pain.*”*® Its effect is modulated by the gut microflora, in turn,
producing tryptophan derivatives that seem to have a role in modulating inflammation, neurotransmission, and immune
response and therefore, promoting the progression of pain. A possible explanation regards the ability of gut bacteria to
metabolize tryptophan into indole and its derivatives, which are ligands for AhR receptor playing an important role in
maintaining intestinal homeostasis by the modulation of barrier integrity and inflammatory response.*’ A recent study has
shown that oral supplementation of tryptophan or AhR ligand-producing Lactobacillus spp. (eubiosis) can ameliorate
colitis symptoms, suggesting that tryptophan metabolites have an important role in mucosal immune homeostasis and

chronic pain.
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An intriguing topic is the modulation of microbiota, which may help restore or maintain a favorable balance in the
ecosystem, improving human health. In particular, probiotics that are selected live strains microorganisms that confer a health
benefit on the host might influence the systemic health. For example, a recent study has demonstrated that using a specific
probiotic strain was able to ameliorate visceral pain. This study was carried out by Savino et al, who performed a randomized,
blinded, placebo-controlled clinical trial to study intestinal colic of infants.’® The enrolled children were divided into two
groups. The intervention group was treated with the probiotic Lactobacillus Reuteri DSM 17938. Urine samples were
collected from each subject before starting the supplementation and at the end of the study period. The metabolomics analysis
indicated that the Lactobacillus reuteri group had a different pattern of metabolites for the class of nutrients (sugars, amino
acids, carboxylic acids) that resulted in more abundance after the study period with a significant reduction of pain. In light of
these promising results, and although the mechanisms underlying the effects of the microbiota modulation on visceral pain
perception remain to be elucidated, authors suggested expanding the cohort and including other kinds of pain syndrome.

A possible explanation regards the bidirectional communication between the gut and the brain named the gut-brain
axis (GBA) which it is thought to regulate the brain homeostasis including emotional functions. In particular, microbial
metabolites serve as messengers capable of crossing the brain membrane and acting as neuromodulators, which regulate
the functioning of brain circuits. Dysregulation of the gut microbiome-metabolome and the ensuing disruption of the
GBA are thought to contribute to the pathogenesis of chronic pain.”’

A summary of principal metabolites, their corresponding bacterial sources, and their potential role are reported in
Table 1.

Table | Metabolites, Their Corresponding Bacterial Sources and Potential Roles

Metabolites Microbial Sources | Potential Roles

3-Indoleacetic Clostridia sp. Effects on gut microbial composition, microbial metabolism, the host’s immune system, the host-
acid®? microbiome interface, and host immune system—intestinal microbiota interactions.
3-Indolepropionic Clostridium botulinum

acid®*** Clostridium sporogenes

3-Methylindole®*® | Clostridium sp.
Lactobacillus sp.

Acetic acid®”>® Enterobacter sp. It regulates growth hormone, immune response, lipolysis, renal function, heart rate, blood pressure
Bifidobacterium sp.

59,60

Acetylcholine Lactobacillus sp. It acts on numerous physiological functions, such as regulating cardiac contractions and blood

pressure, intestinal peristalsis, glandular secretion, and brain function

Aminobutyric acid Lactobacillus sp. Primary inhibitory neurotransmitter in the brain and a major inhibitory neurotransmitter in the
(GABA)®'42 Bifidobacterium sp. spinal cord
Epinephrine® Escherichia coli It regulates heart rate, blood pressure, glucose levels, attention/focus
Bacillus sp.
Indole-3- Lactobacillus sp. Ligand of AhR and subsequently activate AhR-dependent IL-22 transcription
aldehyde“"i‘5
Norepinephrine‘s6 Escherichia coli It regulates heart rate, blood pressure, glucose levels, attention/focus
Phenylpropionic Clostridium difficile It regulates growth hormone, immune response, lipolysis, renal function, heart rate, blood pressure
acid®”¢® Clostridium sporogenes
Serotonin®®7° Escherichia coli It regulates mood, appetite, sleep, Gut-intestinal motility, bone mass

Enterococcus sp.

71,72

Tryptamine Clostridium sporogenes | It regulates Gut-intestinal motility

Ruminococcus gnavus
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Conclusions, Limitations and Challenge

Chronic pain management remains challenging; so far, omics technologies such as metabolomics and microbiomics offer
a new way to classify chronic pain syndromes. By understanding the pathways involved in the development of chronic
pain, new therapeutic targets may be discovered, and patients can be stratified based on their metabolic profile. Of course,
it must be mentioned that the bench-to-bedside route of the patient in omics studies of chronic pain syndromes is still far
away. The idea of performing metabolomics and microbiomics analysis in each patient is also unaffordable since these
techniques are laborious and expensive, and unsuitable for screening vast populations. Of course, once a series of
biomarkers are discovered and validated, these patterns of metabolites may become analytical kits routinely used for
detection and quantification.

In addition, limitations of metabolomics and microbiomics should be mentioned.

Metabolomics studies are sensitive to various environmental stimuli, including diet, stress, drugs, lifestyle, and
disease, therefore a particular caution during experimental design should be made.

A technical limitation of metabolomics is that a comprehensive view of all the metabolites present in a sample is still
not possible due to the considerable differences in terms of concentrations, ranging between the picomolar to the
micromolar.

While, concerning microbiomics, pioneering papers have shown correlations between diseases with shifts in the
microbiota at the phylum level (ie, in the Firmicutes/Bacteroidetes ratio). Today, a limitation step regards the compre-
hension of the metabolic capacity of the intestinal microbiota, which has not been fully understood.

Of course, a definitive test for a causative effect of dysbiosis could be provided by prospective studies where
microbiota composition is regularly established for all participants before the development of a certain disease.
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