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Abstract

Botulinum toxin type A (BoNT) has emerged as a potential alternative to conventional therapies to many debilitating chronic
diseases characterised by inflammatory states. However, the biological rationale remains ambiguous. Our review aimed to
systematically assessed which biochemical biomarkers have been reported in clinical research to evaluate BoONT analgesic
and mood-lifting effects in head and neck chronic conditions related to inflammation. We searched databases and registries
between inception and September 29, 2023. Of the nine included studies, there were concerns about risk of bias for six stud-
ies. The leading biomarker with five studies was the calcitonin gene-related peptide (CGRP), followed by serotonin with two
studies. Oxidative stress biomarkers were only reported in one study. Several important players in inflammatory processes
and different immune cell classes have been evaluated in four studies. There was only one trial measuring changes in beta
Tubulin and SNAP-25, and another study evaluating cutaneous neuropeptide substance-P. After BoNT, a significant effect
was reported in six studies, including decrease in plasma levels of CGRP in chronic migraine and trigeminal neuralgia;
serotonin decrease when collected from human tears in refractory intractable dry eye disease and increase in peripheral blood
platelets in painful cervical dystonia associated to depression and anxiety; decrease in plasma concentration of markers of
oxidative damage to proteins and increase in biomarkers for antioxidant power; decrease in expression of gene sets involved
in inflammatory pathways and immune cells classes in the periosteum and metalloproteinase-9 molecule in the tears. BONT
seems to affect some biomarkers present in chronic inflammatory conditions. However, the certainty evidence found was
very low to moderate. This study is registered on PROSPERO (CRD42023432131).
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Introduction

The definition of inflammation is broad and continuously
evolving (Charles et al. 2021), encompassing the response
of living tissues to noxious stimulus, which entails a com-
plex biological interplay of the immune, somatosensory,
autonomic, and vascular systems (Matsuda et al. 2019).
Currently, the term inflammation is used to describe three
different types, namely traditional inflammation, neuro-
genic inflammation, and neuroinflammation (Charles et al.
2021; Matsuda et al. 2019).

The main signs characterising “traditional or classic”
inflammation include redness, heat, swelling, pain, and
the loss of function (Charles et al. 2021), with a repertoire
of molecular, chemical, and cellular mediators of inflam-
mation (e.g., histamine, cytokines, prostaglandins, and
chemokines) (Charles et al. 2021; Matsuda et al. 2019).
“Neurogenic inflammation” is triggered by the activation
of the peripheral nervous system (PNS) c-fibres neurons
(Charles et al. 2021; Marek-Jozefowicz et al. 2023). The
neuronal activity results in the release of neuropeptides
mainly including substance P (SP), calcitonin gene-related
peptide (CGRP), and glutamate from peripheral nerves at
different sites from the original stimulus (Matsuda et al.
2019). In addition, neurogenic inflammation may also be
initiated by local inflammation events or by the orthograde
or anterograde neuronal activation resulting in dorsal root
reflex and the activation of the central nervous system
(CNS) (Matsuda et al. 2019), which leads to functional
changes such as increased vascular permeability and vaso-
dilation (Charles et al. 2021). Lastly, “neuroinflammation”
is described as a localised defence mechanism to injury,
infection and trauma involving changes in cellular gene
expression, and occasional in morphology, within neural
tissue (Charles et al. 2021). Characteristic features include
the activation of glial cells in dorsal root ganglia (DRG),
spinal cord, and brain (Charles et al. 2021; Matsuda et al.
2019). In addition, neuroinflammation involve increased
vascular permeability, leukocyte infiltration, increased
production and release of inflammatory mediators includ-
ing cytokines, chemokines, inducible nitric oxide synthase
(INOS), as well as reactive oxygen species (ROS), in both
PNS and CNS (Matsuda et al. 2019; Fang et al. 2023).

The different types of inflammation play active roles in
chronic conditions affecting a growing number of patients
worldwide (Matsuda et al. 2019). So far, chronic inflam-
mation has been implicated in a wide spectrum of diseases
including metabolic disorders, allergies and respiratory
diseases, cardiovascular diseases, arthritis and joint dis-
eases, neurodegenerative disorders, and cancer (Mapunda
et al. 2022). In particularly, neurogenic inflammation
has been found to be strongly involved in scenarios of
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chronic pain such as migraine, and inflammatory condi-
tions including psoriasis and asthma (Matsuda et al. 2019).
Also, it has been suggested by compelling evidence that
chronic neuroinflammation is a key pathological driver of
many psychiatric illnesses, neurological diseases, chronic
pain conditions, and traumatic brain injury (Corrigan et al.
2016).

Conventional treatment options to nonresolving inflam-
mation are limited, often ineffective, and the required
long-term challenging care contributes to the financial bur-
den of chronic diseases (Fang et al. 2023). Therefore, the
development of effective approaches for the prevention and
treatment of inflammation-associated chronic conditions is
urgent and it may need to target specific mechanisms within
the different types of inflammation (Charles et al. 2021; Mat-
suda et al. 2019).

Botulinum toxin type A (BoNT) has showed great value
in reducing headaches, inflammatory pain, and bacterial
infection (Matsuda et al. 2019; Becker 2020). The BoNT
ability to inhibit neurogenic inflammation by cleaving
SNAP-25 (synaptosomal-associated protein of 25 kDa) and
blocking the release of CGRP and other neuropeptides from
peripheral C-fibre nerve endings is thought to have a critical
therapeutic role in chronic migraine (Becker 2020). Other
mechanisms that may also be important include the dimi-
nution of neurotransmitter and neuropeptide release in the
trigeminal ganglion (potentially in the central terminals of
the peripheral sensory neurons), the modulation of expres-
sion of certain receptors or ion channels (e.g., transient
receptor potential vanilloid 1 (TRPV1), calcium (Ca**),
sodium (Na™)) in nociceptor cell membranes, and the regula-
tion of pathways that mediate pain via gamma-aminobutyric
acid (GABA) and opioid systems (Becker 2020; Hajj and
Haddad 2021). In addition, the International Association for
the Study of Pain (IASP) proposed BoNT as a third-line
treatment for managing neuropathic pain (Finnerup et al.
2015). Although the IASP recommendations were consid-
ered weak, recent findings supported that BONT suppressed
the activation of microglia in the CNS on neuropathic pain
(Li et al. 2021). The modulation of the development of neu-
roinflammation by inhibiting the overexpression of micro-
glia-derived pro-inflammatory factors was also suggested to
be involved in the reported therapeutic effects of BoNT on
depression (Li et al. 2021).

In this direction, both clinical and preclinical trials have
demonstrated that BoNT has analgesic, anti-inflammatory
and mood lifting effects, mainly independent of its motor
effect. However, the quality of evidence is not yet high
enough to provide categorical assurance of the efficacy of
BoNT therapy in specific chronic conditions (Finzi and
Rosenthal 2014; Shi et al. 2020). Additionally, literature has
shown BoNT mechanisms likely to be involved in inflam-
matory-associated chronic conditions, focusing on BoNT
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actions at the level of PNS, but also confirming indirect and
direct effects on the CNS [Luvisetto 2021]. However, the
biological rational of BoNT therapy remains ambiguous and
further objective investigations are needed to improve our
knowledge (Hajj and Haddad 2021).

Biomarkers are crucial to the rational development
of diagnostics and therapeutics, although basic concepts
regarding their use in research and clinical practice remains
challenging to define, especially in the context of chronic
diseases (Califf 2018; FDA-NIH Biomarker Working Group
2016). Noteworthy that the standardised Initiative on Meth-
ods, Measurement, and Pain Assessment in Clinical Tri-
als (IMMPACT) recognised the importance of identifying
valid and reliable biomarkers (Smith et al. 2017). Therefore,
knowing which biomarkers have been used in available clini-
cal studies, and BoNT effects, may serve as a useful starting
point to promote a more coherent manner for measuring the
therapeutic effects of BoNT in future research and pave the
way to expand its clinical applications.

In this context, the aim of this systematic review was to
identify and critically appraise which biomarkers have been
reported in clinical research evaluating BoNT effects in each
specific chronic condition associated to different types of
inflammation. We have therefore focused on monitoring and
pharmacodynamic/response classes of biochemical biomark-
ers and their level of changes in response to BONT adminis-
tration to detect evidence of its possible therapeutic effects.

Methods

This study is registered on PROSPERO, number
CRD42023432131 (Pereira. 2023). The Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines was followed for reporting this review (see Online
Resource 1 for PRISMA 2020 checklist) (Page et al. 2020).
The PICO framework was used to structure the reporting of
eligibility criteria:

(P) Population—adult patients with head and neck
chronic conditions related to classic inflammation and/or
neurogenic inflammation and/or neuroinflammation; (I)
Intervention—botulinum toxin (BoNT); (C) Comparisons:
comparisons will be made regarding which biochemical
biomarkers and biological sampling have been evaluated
according to each specific chronic condition; (O) Outcome
—key effect of BONT on each biochemical biomarker, i.e.,
change in biomarkers level (increase, decrease or no change)
following BoNT administration.

Eligibility criteria

We included all published clinical studies either with a con-
trol group or without one and regardless of the sample size.

All editorials, conferences abstracts, letters, review articles
and systematic reviews and meta-analysis were excluded but
have been screened for single eligible studies. There were
no language restrictions, nor did we exclude studies based
on the journal and date of publication.

The eligible studies had to meet all the following cri-
teria: (1) Studies performed on human adults and without
gender restrictions, (2) Studies on head and neck chronic
conditions (migraine, arthritis, herpetic neuralgia, trigeminal
neuralgia, temporomandibular joint pain, myofascial pain,
keloids or hypertrophic scars, periodontitis, anxiety, chronic
stress, depression, traumatic brain injury, intractable dry eye
disease, ocular pain, rosacea, psoriasis, dermatitis, cephala-
lgia, and alopecia) that have been linked to inflammation,
and/or neurogenic inflammation, and/or neuroinflammation,
(3) Studies on BoNT (any dose, formulation, administration
technique and injection-site) which involved biochemical
biomarkers to evaluate outcomes.

We excluded studies on animals, in vitro and in silico
disease models, studies evaluating BoNT effects and mecha-
nisms in healthy individuals, or on acute conditions, stud-
ies related to muscles and glands hyperactivity rather than
inflammation, on other body parts below head and neck,
evaluating combined therapies or other interventions rather
than BoNT, studies evaluating BoNT effects based solely on
other tools/assessments rather than biochemical biomarkers,
or when biomarker assessments were not reported following
BoNT administration.

Information sources and search strategy

For this systematic review we searched PubMed, Scopus,
Web of Science databases. We searched US National Insti-
tutes of Health Ongoing Trials Register ClinicalTrials.gov
(www.clinicaltrials.gov/), and the International Prospective
Register of Systematic Reviews PROSPERO (www.crd.
york.ac.uk/prospero/). The databases and registers were last
searched on September 29, 2023. Additionally, we hand-
searched the bibliographies of included and excluded articles
to find additional studies not identified through the initial
search strategy. The full search strategies for all databases,
registers, and websites, including any filters and limits used,
as well as the date when each source was last searched by
two reviewers (INP, SD) are available on Online Resource 2.

Selection process

Two researchers (INP, SD) independently and blinded
screened titles and abstracts of all articles retrieved. In case
of disagreement, consensus on which articles to screen
full text was reached by discussion. When necessary, a
third researcher was consulted to make the final judgement
(GDC). In the second phase of the selection process, two
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researchers (INP, SD) independently screened full text arti-
cles identified as possibly relevant in the initial screening.
Again, in case of disagreement, consensus was reached on
inclusion or exclusion by open discussion and if necessary,
the third researcher (GDC) was consulted. We imported titles
and abstracts retrieved by the searches into Ryann software,
a research collaboration platform for systematic reviews.
Duplicate records were identified, manually reviewed, and
then removed using Ryann automatic de-duplication feature
(see Online Resource 3 for full Ryann report). When we
found non-English language articles, we used Google Trans-
late to determine potential eligibility.

Data collection process

We developed a standardised data extraction table, which
was pilot tested by two researchers (INP, SD) using four
randomly selected studies. Two independent team mem-
bers were involved in the data extraction. Any discrepan-
cies were resolved through consensus and, when necessary,
involved a third or fourth researcher. In cases of incomplete
data (primary objective), attempts were made to contact the
corresponding authors by web e-mail and following the pre-
defined protocol (maximum of 3 attempts, 10-day intervals).

Data was extracted on first author name, year of publica-
tion, study design with assigned level of evidence based on
those suggested by the latest Oxford Centre for Evidence-
Based Medicine ratings (OCEBM Levels of Evidence Work-
ing Group 2011). We also sought for information relating
to the characteristics of included studies and results as fol-
lows: specific population characteristics encompassing sam-
ple size (including sample size for each exposure group at
each measurement point and included in analysis; number
lost to follow up), sex distribution and age demographics,
chronic condition/inflammatory state characteristics (tests or
diagnostic criteria used, when reported), follow-up period,
which biomarkers have been tested with unit and timing of
measurement, as well as biological sampling or specimens,
and any data on key BoNT exposure (anatomical site of
intervention, toxin formulation and dose), and change in bio-
markers (baseline and outcome assessments). For outcomes,
we extracted event rates in each comparison group (dichoto-
mous outcomes) and mean differences, or mean changes in
final measurements from baseline assessments with associ-
ated standard deviations (or standard errors, 95% confidence
intervals or relevant statistics, or P values) for each compari-
son group (continuous outcomes). In addition, we extracted
data on other measurements of intervention effectiveness
and clinical effects (improvement, aggravation, or no change
in condition) and other characteristics of importance within
the context of each study. When specific data point was
entirely absent, we systematically documented and presented
as "Not Reported" (NR) in our analysis. When an outcome
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was measured at multiple sites or subclasses, data from the
site or subclass where effect is highest was included.

Study characteristics, risk of bias, and certainty
assessment

We evaluated the detailed methodology for all the included
studies using the CASP critical appraisal checklists (Check-
lists et al. 2024), employing the CASP Randomised Con-
trolled Trial (RCT) Standard Checklist and the CASP
Cohort Standard Checklist when appraising a RCT or non-
randomised study, respectively.

We assessed risk of bias of included RCTs using the
revised Cochrane “Risk of bias” tool for RCT (RoB 2.0)
(Sterne et al. 2019), employing the additional guidance and
the latest version for crossover trials. Two researchers inde-
pendently applied the RoB 2.0 official excel tool address-
ing five domains to each included RCT. The rationale for
article appraisals was recorded at each stage, and for risk
of bias assessment each domain was judged “low”, “some
concerns”, or “high”. Any disagreement was resolved by
consensus or adjudication of a third and fourth researcher.
Following guidance given for RoB 2.0, for each specific out-
come we created an overall summary “Risk of bias” judge-
ment (low; some concerns; high). For each study the overall
bias was given based on the highest bias score for each deci-
sion domain. A similar protocol was adopted to assess risk
of bias of included studies that did not use randomisation to
allocate interventions through an unofficial excel worksheet
for the implementation of the Cochrane “risk of bias tool
in non-randomised studies—of interventions” (ROBINS-I)
(Marcolino 2020). This tool addresses seven domains and,
for risk of bias assessment, each domain and overall bias
was judged “low”, “moderate”, “serious”, “critical”, or “no
information” (Sterne et al. 2016).

We used the five Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) approach con-
siderations to assess the certainty of the body of evidence
for the prespecified outcomes (which biomarkers and BoNT
key effect) (Schiinemann et al. 2023). We assessed the cer-
tainty of evidence as high, moderate, low, or very low. All
the decisions to down- or up-grade the certainty of studies
were justified and recorded manually in summary of findings
tables (Murad et al. 2017).

Effect measures and syntheses methods

In line with the review protocol, we synthetised the evidence
narratively and created tabular structures. First, we tabulated
all extracted data according with the protocol for the com-
plete and transparent reporting of the results and to provide
a summary of the findings on the developed standardised
table. Secondly, different tabular constructs were designed to
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provide studies characteristics, outcomes and a visual over-
view to compare data across studies for specific biomarkers
used, each targeted condition, as well as specific biological
sampling employed. Data was combined to try to conclude
on the eligibility for measuring quantitative analysis.

Results

We found 2114 records in databases and registers search-
ing. After duplicates removal, we screened 1531 records,
from which we sought for retrieval 175 full-text reports, and
finally included eight studies (Zhang et al. 2020; Cernuda-
Morollén et al. 2015; Dini et al. 2019; Cutrer et al. 2010;
Karakulova and Loginova 2017; Choi et al. 2019; National
Library of Medicine 2023; National Library of Medicine
(US). Identifier NCT02037425. 2023). We also searched
the bibliographies of included and excluded articles and we
found one extra article that fulfilled inclusion criteria and
two reports referring to studies already included (Gfrerer
et al. 2022; Cady et al. 2014; Cutrer and Pittelkow 2006).
Online Resource 3 displays the full Ryann report. Full list of
citations that did not meet the inclusion criteria is available

upon request. The process was schematised in the PRISMA
Flow Diagram (Fig. 1).

From the reports assessed for eligibility, we excluded
from our review 32 records requiring adjudication (Cutrer
and Pittelkow 2006; Cernuda-Morollén et al. 2014; Leira
et al. 2021; Dominguez et al. 2018; Moreno-Mayordomo
et al. 2019; Dominguez Vivero et al. 2020; Xiaoxue et al.
2014; Gauglitz et al. 2012; Xiao et al. 2010, 2011; Hao
et al. 2018; Park et al. 2019; Jeong et al. 2015; Shon et al.
2020; Zhang et al. 2020; Hubbard et al. 2016; Todberg et al.
2018; Kim et al. 2019, 2021; Bumb et al. 2013; Khatery
et al. 2022; Aschenbeck et al. 2018; Philippova et al. 2021;
Gazerani et al. 2009; Silva et al. 2014; Reyes et al. 2023;
Borodic et al. 2014; Sebastianelli et al. 2023; Valente et al.
2021; Ozarslan et al. 2022; Tommaso et al. 2016; Lee et al.
2016), and we listed the reasons for exclusion in the Online
Resource 4 tables. We have tried to contact the correspond-
ing author for the trial with the registration ClinicalTrials.
gov NCT01071096 to have more information on the reported
histological examinations (National Library of Medicine
(US). Identifier NCT01071096. 2023) Although we were
unable to confirm the location for the skin punch biopsies,
this was not a criterium for exclusion.

[ Identification of lies via datab and regi } [ Identification of studies via other methods }
—
Records identified from: Records removed before screening: (n = 583)
Databases By automation tools (Ryyan) double-checked by a human . " i
c
2o PubMed (n = 307) Duplicate records removed: (n = 235; deleted (235), resolved (52)) Records identified fr(_)m_. 5
5 _ . hand-searched bibliographies
& Scopus (n =78) Solely by automation tools (Ryyan) (n =1307)
£ Web of science (n =753) |™®| Auto-duplicates: (n = 79; 2 matches (7), 3 matches (27), 4 matches (6))
5 Registers Solely by a human - Duplicate records removed - databases vs
ke Clinicaltrials.gov (n = 435) registers (n = 269; clinicaltrials.gov (233), Prospero (36))
Prospero (n = 541)
— ¢ Records exc_luded Reports not retrieved
PR By automation tools (Ryyan) (Elou'b!’e-“c‘he.ckeyfj by a huTan . (n = 104) Reasons -
Set to extl:lude_ke’yvlqllords - “animals”, “in v’:’tr'? , “reviews”, ture review”, wrong population or
Records screened Y review”, “meta-analysis”, “rat(s)”, “rabbit(s)”, “rodents”, “mice”, wrong outcomes (not a
(n=1531) “mouse”, “equine”, “p*edlatrlc", “children”. chronic condition, not
Databases (n = 124; *1 recovered) Reports sought for head and neck, not linked
% Solely by a human retrieval + 1st to inflammation, not
Reasons - wrong study design (reviews); wrong publication (editor letters); wrong assessment > human or human disease-
© Reports sought for retrieval drug (not Botulinum Toxin); wrong pof ion or wrong (not a chroni (n=158) derived cells or tissues,
£ + 1st agsessment condition, not head and neck, not linked to inflammation, animal studies, healthy movement, or gland
& Databases (n = 56) or gland di ) )
[ Clinicaltrials.gov (n = 59) Databases (n = 648; *3 recovered) Clinicaltrials.gov (n = 143); Prospero (n=445)
] Prospero (n=60) Reports excluded:
¢ Reports not retrieved Other assessments
R - wrong (other rather than bioma ) rather than biomarkers
Reports assessed for eligibility Databases (n = 17); Clinicaltrials.gov (n = 52); Prospero (n = 0) (n= 39).
Databases (n = 39) Unpublished results
Clinicaltrials.gov (n = 6) Reports excluded: Reports assessed (n=1)
Prospero (n=60) > Unpublished results: for eligibility > Celis sgtldles
— + Clinicaltrials.gov (n = 4); Prospero (n = 53) ****60 excluded, (n =7) (n=54) ([‘ =7)
) only screened for eligible single studies Biomarkers assessed
Studies included in review Combined therapy: Databases (n = 15) solely at baseline and
o Databases (n = 6) Cells studies: Databases (n = 2)** not after intervention
3 Clinicaltrials.gov (n = 2)** Biomarkers d solely at baseline and not after intervention: (n=1) "
% hand-searched bibliographies Databases (n = 5)** Ur!clear: (n=5)
£ (n=1) Unclear: (n = 12)** Primary Outcome/
Reports of included studies Primary Outcome/Information missing***: (n = 1)** :nfor‘]n;:tlon missing™*
(n=2) P n=

*Articles Recovered for further assessment, DOI:10.3390/toxins6020592; DOI:10.1016/j.jdermsci.2018.12.004; DOI:10.1016/j.jns.2016.01.054; DOI:10.1016/j.pain.2008.10.005

**Articles requiring adjudication regarding eligibility.

***Protocol for missing information (contact 15t attempt 23/10/2023; 2" attempt 03/11/23; 3 attempt 28/11/23): DOI: org/10.3390/toxins13050332; DOI: 10.1111/jdv.14536; NCT02037425

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71.

doi: 10.1136/bmj.n71. For more information, visit: http://www.prisma-statement.org/

Fig. 1 PRISMA 2020 flow diagram
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Table 1 Summary of findings—Characteristics of the included clinical trials

CLINICAL STUDIES
n n
Author CIS Biological Study design Gender Gender Follow-up NOTES
Year sampling LOE (*OCEBM) Age(Years)/mean years+SD Age(Years)/mean yearsSD (Measure
Exposure (BoNT) Responders | Non- Intervention Control time point)
r ders (BoNT)

)i dendritic cells)

BIOMARKER: Expression of inflammatory genes - cytokine signaling,
IFNy, CXCL2, CXCL10, CXCLS, IL13, IL12, IL23), altered genes (NOD2, IRF4,

lymphocyte activation, innate immune response, TNF family signaling, TLR signaling (TLR-regulating CD45 cells
TLR2, CXCLI, CCL5, IL2RB, CD45RA, CCLS, ILIS8RAP, NOD2); Immune/Inflammatory cells - (T-cells: CD8, Th1(CD4+ T-cells), NK cells, B-cells,

capable of releasing cytokines IL1, IL6, TNF-a,

Gftrerer, 2022

Chronic bilateral occipital headache

with migraine features
(International Classification of
Headache Disorders — 3 edition)

« average of 19 ys of headache and
25 headache days/ month.
* 61% family history of migraine,

« 16/18 fulfilled criteria of migraine

or historical migraine.

* 78% reported occipital allodynia.
+ Headache/migraine history and
characteristics similar between
historical responders vs historical
non-responders

Muscle,
fascia,
periosteum
Tissues from
neck and
occiput
(occipitalis,
spenius
capitis,
semispinalis
capitis,
trapezius) -
RNA

Non-randomised clinical
trial (within-subject
follow-up design)
LOE-III*

BoNT (OnaBoNT; 40U,
5U/injection)

8 sites in one side of
occipital tissues — 4
muscles groups:
occipitalis-2, splenius
capitis-2, semispinalis
capitis-2, trapezius-2

(n=16) *2 naive to BONT
21-74ys
IM, 17F

(n=18)
scheduled to
bilateral GON
surgery

(n=7)
TF

(n=9)
M, 8F

48+6 43+19

(n=108)
samples
T NIT
n=54 | n=54
n=18 | n=18
periosteum
n=18 [ n=18
muscle

n=18 8

fascia

1 month
(30 days)

Primary funding source:
pharmaceutical.

*Historical responders: in the
absence of daily headache
diaries, self-reported/clinical
notes of clinically relevant
reduction in frequency with
BoNT in the past;

Historical non-responders:
self-reported never had
clinically relevant reduction
in frequency with BoNT —
(n=1) headache severity
decreased (not frequency),
but not clinically relevant

BIOMARKER: Oxidative stress biomarkers: AOPP
antioxidant properties; SH (umol/mL) - oppose the propagation of oxidative processes.

(nmol/mL of chloramine equivalents) - markers

of oxidative damage to proteins; FRAP (nmol/mL) - estimates antioxi

dant power and measures non-enzymatic

Dini, 2019 Chronic migraine (CM) Plasma levels | Non-randomised CM with Healthy Baseline Other clinical measurements:
(ICHD-3 diagnostic criteria) controlled trial LOE-IIT* medication individuals (blood reduction of headache
overuse matched for sample) frequency, consumption of
« with medication overuse - BoNT — PREEMPT age and sex 3 months, symptomatic drugs, fatigue -
NSAIDs and triptans. protocol 6-months FSS score; pain intensity -
« absence of preventive Tx for at (n=27) (n=27) (blood VNS score; disability - HIT-6
least 3 months. 21F, 6M 21F,6M sample) score, prospective evaluation
« all participants naive to BONT of allodynia (central
« brain MRI cleared of pathologies. 44-58; 45-59; sensitization phenomena of
average 53 average 54 tri i ular system)-
« absence of comorbid medical ASC-12 score; anxiety -
disorders/Tx chronic systemic GAD-7 score; PHQ-9 score
diseases
BIOMARKER: marker - matrix n proteinase (MMP)-9; Potential marker of corneal P - Serotonin
Choi, 2019 Refractory intractable dry eye Tear Prospective randomised, (n=30, 26 completed, 4 loss to | Baseline (Tear | One author received grant
disease (DED) double blinded, placebo- follow-up) (n=52 eyes) levels) from a pharmaceutical.
controlled RCT LOE-IT* 21F, 5M 2-weeks
« continue use of artificial tear for Mean age: 57.7 I-month (Tear | Other assessments: dry eye
cthical concerns - Frequency Subcutaneous injection BoNT Sham-Saline levels) signs - TBUT, Schirmer I
(drops/day): BoNT (6.6 £ 1.3), BoNT (NABOTA; 2.5 (0.9% NaCl) 2-months test, CFS, and symptoms -
Control (6.6 + 0.9), P=1.000. 1U/0.05ml) into medial 5% 4-months OSDI; and frequency of
« Control: (n=2) Sjogren’s part of upper and lower (n=26) eyes (n=26) eyes lubricants.
syndrome taking eyelids 11F, 2M 10F, 3M
hydroxychloroquine, (n=1) taking 34-78ys 32-73ys
prednisolone for other reasons. (60.2+12.3) (55.3+11.5)
BoNT: no one taking these drugs.
BIOMARKER: Serotonin
Karakulova, Cervical dystonia with pain in the Serum and Non-randomised (n=63) Baseline Other assessments: clinical
neck and anxiety/depression peripheral controlled trial LOE-IIT* 1 month characteristics of
(Hamilton scale, Spielberger and blood platelet BoNT Healthy group | (30 days) hyperkinesis (scale of
Khanin scale) BoNT (DYSPORT; 500- (n=48) (n=15) dystonic movements -
1000 TU) In pain (mostly), TWSTRS, pain (VAS,
« average duration of the disease: injections in ipsilateral 32F,16M NR TWSTRS subscale, chronic
8.26+6.15ys belt muscle, contralateral pain rating scale Brief Pain
* 100% of muscle spasm sternum clavicular 37-53ys NR Inventory - BPI) and
* most common provoking factor: mastoid muscle, levator (47.6£14.7) emotional status, QoL
acute or chronic stress muscle scapula, scalene
* VAS - 6,4+1,08 muscles;
(less often), in trapezius
and suboccipital muscles.
BIOMARKER: Neuropeptide: Calcitonin gene-relative peptide (CGRP,
Zhang, 2020 Classical trigeminal neuralgia (TN) | Plasma levels | Non-randomised (n=30/66.7%) | (n=15) BoNT (n=47, Healthy 1 month- Other assessments: data
(International Classification of controlled trial LOE-IIT* 45 completed, | group (n=30) | before Tx related to frequency, duration,
Headache Disorders) 2 refuse to Baseline and intensity of lancinating
Single subcutaneously draw blood) (blood test) events, the involved
« secondary TN excluded by MRT BoNT (HENGLI; 15-20 Weekly-for 2 trigeminal nerve branch, and
« mean time since diagnosis of TN: injection points, 2.5-5 NR NR 27F,18M NR months drug treatment. (VAS) score
66.90+57.62, range: 3-240 months; 1U/point) (37.5-1001U) (blood tests: to measure pain intensity.
« average episodes/day: 12.17+5.93, NR NR 36-81ys 45-74ys *responders —
medium: 11 (63.43211.55) | (59.43+8.6) immediately
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* pain intensity (VAS > 4), mean: after response | *Responders: when VAS
7.43 (1.46) confirmation; | score and number of episodes
« concomitant drugs: (n=15) *non- were reduced by at least 50%
carbamazepine; (n=39) none responder — compared with baseline data.
« number of trigeminal branches end 2 months)
involved: (n=16) 2; (n=9) 3 Mean (blood
samples):
34.30+14.99
days (range,
18-52 days
Cernuda- Chronic migraine Plasma levels | Non-randomised clinical (n=64/77%) (n=19/22.9%) | (n=83) Baseline Funding source includes a
Morollon, (IHS criteria) trial (within subject NR NR T9F 4M 1 month pharmaceutical.
2015 follow-up design) NR** NR** 20-65ys (interictal
« average time of diagnosis of CM: LOE-IIT* (44.2£12.0) blood samples | Both patients and
9.7+7.6ys; median — 7) **reported that age between —between a neurologists were blinded to
« comorbidities (anxiety, BoNT (OnaBoNT) responders and non-responders minimum of 3 | the laboratory results when
depression, fibromyalgia, vascular PREEMPT protocol (155- | was not significantly or and maximum | evaluating BoNT efficacy
risk factors) 195U,31-39 injections) numerically different. of 5 weeks)
« oral pain preventives were every 12 weeks, at least 2 *Responder: 2 endpoints met
continued. cycles in the quarter before BoNT:
« when analgesic overuse (1) according to diary,
detoxification for 1-2 months. moderate-severe headache
« brain MRI cleared of pathologies. episodes longer than 4h (or
shorter if treated with
symptomatic medication)
were <50%;
(2) subjective benefit
according to VAS recorder by
the patient as >50%
BIOMARKER: Neuronal regrowth: Beta Tublin, SNAP-25, Neuropeptide CGRP
Cady, 2016 Chronic migraine (CM) Skin Non-randomised clinical i) ii) BoNT Baseline No general publications
NCT02037425 (International Classification of trial (within subject (n=3) n=21 n=6 | (n=32,18 29 days Funded by pharmaceutical.
Headache Disorders (ICHD)-3 follow-up design) completed (biopsy)
criteria) LOE-III* other 12 weeks/day | Other assessments: SGIC,
assessments, 113 duration of BoNT over 3
« concomitant preventives and BoNT (BOTOX, 155U) — 14 completed (biopsy) Injection Cycles in all groups,
medication dosages approved by the at day 29, 113, 197 (+3 biopsy) 24 weeks Headache Days, MIDAS,
investigator days) into 31 fixed-site, 36-weeks SRRS, PGIC, BDI-II, STAI,
* naive to BoNT fixed-dose injections NR NR 31F,IM up to day-281 Sleep Quality, Acute
(84" day of Medication Usage, AE,
across 7 specific NR NR mean age: last injection Consistency of Response,
head/neck muscles 40.56+9.22 (£12-days) Duration of BoNT.
*Responders - reporting > 10
weeks of benefit.
Non-responders:
i) reporting < 10 weeks of
benefit.
ii) reporting no or minimal
benefit (<30%, 3weeks)
BIOMARKER: Neuropeptide - CGRP, Cytokines - C5/C5a, CD40 Ligand, G-CSF, GRO-a, sSICAM-1, IFN-y, IL-1a, IL-1p, IL-1ra, IL-8, IL-16, IL-17E, & IL-23, IP-10, I-TAC, MIF, Serpin E1, and RANTES
Cady, 2014 Chronic migraine (CM) Saliva Randomised, double (n=20; 1 female lost to follow-up) every month Funded by a pharmaceutical.
NCTO01071096 | (Appendix definition for CM blinded, placebo- **unusable samples and missing samples (n=10) for 7-months Focus was the relationship of
proposed by Olesen et al) controlled crossover trial 15F salivary CGRP levels and CM
RCT LOE-IT* average age: 48.5+12.87 saliva pathophysiology, not on
« at least 3.month history of CM. 1 — 3months (4 visits) collected 3 BoNT efficacy.
PREEMPT protocol BoNT BoNT BoNT Saline times/month:
(BOTOX, 155 IU) (n=7) (n=12) (n=10,9 (0.9% NaCl) a. baseline/ *Responders (=50% decrease
* Optional additional 40U | (n=5)** (n=5)** completed) (n=10) interictal in number of headache-
dosing allowed at the NR NR NR NR (lowest/ days/month from their initial
discretion of the NR NR NR NR without baseline levels)
investigator chronic pain)
Saline Saline Washup period — 30 days b. onset of **(n=19) for CGRP readings;
(n=5) (n=14) 5% visit - 4 months - crossover | headache pain | (n=10) for cytokine readings -
(n=5)** (n=5)%* (n=10) (n=9) c. 2h after only 5 Responders and 5
NR NR NR NR acute Tx Non-Responders provided
NR NR NR NR enough samples at all time
5_ 7months points for comparisons.
BIOMARKER: Neuropeptide - CGRP, SP, Epidermal nerve fibres (ENF) density, Nerve fibres morphology, Mast cells degr
Cutrer, 2010 Cephalalgia alopecia (lymphocytic | Scalp skin Single case experimental (m=1)F Biopsy Funded by a pharmaceutical
peribulbar inflammation similar to (SNP, Super- | design, within subject 34ys 1) Period of
that seen in alopecia areata) Fol, BULGE) | follow-up LOE-IIT* (n) biopsy pain and
sites alopecia (> 4
* 30-month history of daily pain, BoNT (total.100U) into months after
febrile illness with localized neck procerus, corrugator, Period 1 previous Tx)
pruritus, low-grade diffuse frontalis, temporalis, 2 1 2) Period of
headache, and extreme fatigue. splenius capitus, PA NPA improved pain
occipitalis and trapezius, Period 2 control and
* No features of psychogenic hair paraspinal muscles (sites 1 hair regrowth
pulling (trichotillomania), of neuralgiform pain) PPA 34 days after
unresponsive to multiple Tx
medication, history of BoNT Tx.
AE adverse events, AOPP advanced oxidation protein products, ASC-12 Allodynia Symptoms Checklist 12, BDI-II Beck Depression Inven-

tory II, BoNT botulinum toxin, BULGE bulge area of hair follicles, CGRP calcitonin gene-related peptide, CIS chronic inflammatory state,
CM chronic migraine, CFS corneal fluorescein staining, DED dry eye disease, ENF epidermal nerve fibre, F' Female, FRAP ferric reducing
antioxidant power, F'SS Fatigue Severity Scale, GAD-7 Generalized Anxiety Disorder, GON greater occipital nerve, GRO-a Growth Regulated
Oncogene alpha, G-CSF Granulocyte Colony Stimulating Factor, HIT-6 Headache Impact Test, [CHD-3 International Classification of Headache
Disorder 3rd edition, /FN-y Interferon gamma, /HS international headache society, /L interleukin, /P-10 Interferon Gamma-Induced Protein 10,
1Q interquartile range, IT injected tissues, I-TAC Interferon-inducible T cell-o chemoattractant, LOE level of evidence (* according to Oxford
Centre of Evidence-Based Medicine ranking), M male, MIDAS Migraine Disability Assessment Scale, MIF Macrophage Migration Inhibitory
Factor, MMP matrix metalloproteinase, MRI magnetic resonance imaging, NIT non-injected tissues, NPA no pain or alopecia, NR not reported,
NSAIDs, non-steroidal anti-inflammatory drugs, OSDI ocular surface disease index, PA pain and alopecia, PGIC Physician Global Impression of
Change, PHQ-9 Patient Health Questionnaire, PPA previous pain and alopecia, QoL quality of life, RANTES Regulated Upon Activation Nor-
mal T-cell Expressed, RCT randomised controlled trial, SD Standard deviation, SGIC Subject Global Impression of Change, SH thiolic groups,
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Table 1 (continued)

sICAM-1 Soluble Intercellular Adhesion Molecule, SNAP-25 synaptosomal-associated protein of 25 kDa, SNP subepidermal neural plexus, SP
substance-P, SRRS Social Readjustment Rating Scale, STAI State-Trait Anxiety Inventory, Super-Fol superficial dermis surrounding a hair fol-
licle, TBUT tear film break-up time, TGF-f1 transforming growth factor p1, 7N trigeminal neuralgia, TNF-a tumor necrosis factor alfa, TWSTRS
spasmodic torticollis scoring scale West Toronto, Tx treatment, U Units, VNS Verbal Numeric Scale, VAS visual analog scale, Ys Years

o= Low risk

Some concerns

. High risk

D1 Randomisation process

D2 Deviations from the intended interventions
D3 Missing outcome data

D4 Measurement of the outcome

D5 Selection of the reported result

Fig.2 RoB 2.0 tool—risk of bias for individually randomised parallel-group trial (Choi 2019)

Of the nine studies included (Zhang et al. 2020; Cernuda-
Morollén et al. 2015; Dini et al. 2019; Cutrer et al. 2010;
Karakulova and Loginova 2017; Choi et al. 2019; National
Library of Medicine (US). Identifier NCT01071096,
2023; National Library of Medicine (US). Identifier
NCT02037425. 2023; Cady et al. 2014), two were ran-
domised double blind placebo-controlled trials (Choi
et al. 2019; National Library of Medicine (US). Identifier
NCTO01071096. 2023; Cady et al. 2014), one was a sin-
gle case experimental design (Cutrer et al. 2010), and six
were non-randomised clinical trials either with a control
healthy group (Zhang et al. 2020; Dini et al. 2019; Kara-
kulova and Loginova 2017), or a “within subject” follow-
up design (Cernuda-Morollén et al. 2015; National Library
of Medicine (US). Identifier NCT02037425. 2023; Gfrerer
et al. 2022). From these, five studies generated effects for
different subgroups of responders versus non-responders
to BoNT treatment (Zhang et al. 2020; Cernuda-Morollén
et al. 2015National Library of Medicine (US). Identi-
fier NCT01071096. 2023; National Library of Medicine
(US). Identifier NCT02037425. 2023; Gfrerer et al. 2022).
Table 1 shows the characteristics of the included clini-
cal trials. These were published between 2010 and 2022,
with six out of nine studies reporting sources of funding
(Cernuda-Morollén et al. 2015; Cutrer et al. 2010; Choi
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et al. 2019; National Library of Medicine (US). Identifier
NCTO01071096. 2023; National Library of Medicine (US).
Identifier NCT02037425. 2023; Gfrerer et al. 2022). Sample-
sizes ranged from 1 to 83 among 353 participants (61 males,
233 females and 59 unknown) of varying ages between 20
to 81 years old. Inclusion criteria varied among the studies,
three studies targeted participants naive to BoNT treatments
(n=113) (Zhang et al. 2020; Dini et al. 2019; National
Library of Medicine (US). Identifier NCT02037425. 2023),
one study also reported two participants naive to BoNT
among a study sample of 18 (Gfrerer et al. 2022), while
another study included only one participant with history of
repetitive BONT treatment (Cutrer et al. 2010). OnaBoNT
formulations were the most reported (Cernuda-Moroll6n
et al. 2015; National Library of Medicine (US). Identifier
NCTO01071096. 2023, National Library of Medicine (US).
Identifier NCT02037425. 2023; Gfrerer et al. 2022), with
doses ranging from 2.5 to 195 units, depending on the tar-
geted areas. The measurement time point for the specific
biomarker used in each study ranged from 34 days to 7
months, with most studies performing the final assessment
one month following the administration of BoNT (Cernuda-
Morollén et al. 2015; Karakulova and Loginova 2017; Choi
et al. 2019; Gfrerer et al. 2022).
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D1 DS D2 D3 D4 D5 Overall
5 -l- + ‘ ! . (+) Low risk
! Some concerns
‘ High risk
D1 Randomisation process
DS Bias arising from period and carryover effects
D2 Deviations from the intended interventions
D3 Missing outcome data
D4 Measurement of the outcome
D5 Selection of the reported result
Fig.3 RoB 2.0 test version tool—risk of bias for crossover trials (Cady 2014)
Bias in selection of Bias due to deviations .
Study Bias due to participants into the Bias in classification of Somntended Bias due to missing  Biasin Bias in of the Overall Bli

confounding interventions

study
Gfrerer, 2022
Dini, 2019
Karakulova, 2017

Zhang, 2020
Cernuda-Morolion,
s

Cady, 2016

Cutrer, 2010

Low

Low

data of outcomes reported result

interventions

Low

Low

Serious Serious Serious

Low Moderate Moderate

Fig.4 Unofficial excel worksheet—ROBINS-I assessment tool for non-randomised clinical trials

Risk of bias assessment

A summary of the risk of bias assessments is provided in
Figs. 2, 3, 4. In terms of overall risk of bias, there were con-
cerns for most studies (6/9), with two of these assessed as at
high or serious risk of bias (National Library of Medicine
(US). Identifier NCT01071096. 2023; National Library of
Medicine (US). Identifier NCT02037425. 2023). Justifica-
tions for assessments were recorded in the CASP checklists,
which are available upon request. Online Resource 5 pro-
vides a shortened report.

Results of individual studies

Table 2 shows a summary of the outcomes of the included
studies regarding BoNT key effects on each reported bio-
marker. To facilitate comparisons, Table 3 illustrates data
across studies for specific biomarkers used, each targeted
condition, as well as specific biological sampling employed.

In line with what we anticipated, a meta-analysis could
not be undertaken or would result in non-informative

estimates due to the heterogeneity of chronic conditions,
study designs features, biological sampling, biomarkers
reported, and other outcome measures expressed on differ-
ent scales or units of measurement.

Results of synthesis

Several biomarkers have been identified and will be reported
as follows:

Biomarkers—(A) biological sampling, (B) BoNT key
effect, (C) bias in the results

CGRP

The leading biomarker assessed in five studies (n=192)
was the CGRP (Zhang et al. 2020; Cernuda-Morollén et al.
2015; Cutrer et al. 2010; National Library of Medicine (US).
Identifier NCT02037425. 2023; Cady et al. 2014). This neu-
ropeptide was primarily evaluated for chronic migraineurs
(n=116) treated with BoNT within three studies (Cernuda-
Morollén et al. 2015; National Library of Medicine (US).
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Table 2. Summary of findings—Outcomes of the included clinical trials

CLINICAL STUDIES

Clinical outcome assessment
Author Biomarker Measurement Intervention Control Effect estimate P value Notes
. . . Responders
Year Measurement unit time point
Non-responders
CHRONIC MIGRAINE (Chronic bilateral occipital headache with migraine features)*

Dini, 2019 | Oxidative stress (Median, IQR) | Clinically significant 1 | 258.0(192.5-373.1) an 119.1(101.3-189.2) <0.001 | *BoNT improved the
biomarkers Baseline (B) differences (p <0.001)inthe | 3 | 0.612(0.559-0.557)  (11) 0.817 (0.646-0.861) =0.005 | levels of plasma oxidative
1. AOPP CM group at T1: - and CM

3 [0297(0237-038) (1) 0.456 (0.395-0.549) <0.001 | Clinical symptoms
(nmol/mL) (--) of headache frequency, ymp .
. N 1 202.8 (87.3-253.3) (=) <0.001
2. FRAP 6 hs (T1 consumption of symp -
(nmol/mL) -months (T1) drugs, FSS score, VNS score, | 2 0.752 (0.568-0.918) () <0.001
3.SH HIT-6 score, ASC-12 score, 3 0.368 (0.272-0.460) (++) =0.023
(umol/mL) GAD-7 score. 1 202.8 (87.3-253.3) +) (B) 119.1 (101.3-189.2) NS
. 2 0.752 (0.568-0.918) (-) (B) 0.817 (0.646-0.861) NS
NS: regarding PHQ-9 score | 3 75365 (0.272-0.460) @ | (B)0.456 (0.3950.549) =0.01

Gfrerer, (RNA) Expression Periosteum Periosteum « Differential gene

2022+ of inflammatory (mean number, Historical responders | 11 by 95279 copies (mean number, 95% CI) e;fpress}i‘on ar;al}y‘se;og\?
genes 95% CI) Historical Non-Responders/ | Significant differences (‘)3;3”'53 (95% CL: 0.36 to 00 ﬁagc];fg:g&:l :: lh‘e’
Altered ) naive to BoNT | (linear mixed effect model) 93 015 periosteum, minimal in

tered genes Bascline (B) Muscle Muscle muscles, and not in fascia
« total number Historical responders | 1 by 9000 copies Effect: gene expression
Gene sets that - _ _ - and pathways activati
define well-known "f"_‘RN? 570 | Historical Non-Responders/ | No signifcan diferences []BO;;]).SS (95% CI: 0.72 to Oi: é 9| and pathways acivaton,
inflammatory copies of all 57 naive to BoNT | (linear mixed effect model) - multiple inflammatory/
pathways .p'g" . Fascia Fascia immune cells (i.e. NIT
(cytokine signalling, Int amatory Historical responders | | by 25156 copies samples)
genes of 18 Stoni : B = 1.44 (95% CI: 0.83 t 03
lymphocyte participants Historical Non-Responders/ | No significant differences g 55)] 44 (95% CI: 0.83 to 03 Periosteun:
§cllvallon, innate naive to BoNT | (linear mixed effect model) - Historical responders (--) /
immune response, Periosteum Periosteum non-responders (+)
TNF family 1month (T1) Significantly altered genes: <0.01, > 2-fold Muscle:
5¥gnall}ng, NF-kB Historical responders | 77 (), 3 (++) Historical responders
signalling, and TLR Interaction responders / IT IT: [F(1,20 246)=3494.4] <0.0001 | unidirectional down-
signalling) NIT 61% 11 that the IT NIT/IT: [B=1.61 (95%CI: '?S“lafof‘/ effects
1.56 to 1.67)] <0.0001 Historical non—rgsponders
Significantly altered genes: 20,01, > 2-fold -mixed b
205 (+4), 10 (=) (lack of) effect
Immune cells Historical Non-Responders/ | IT 80% 11 than the NIT IT/NIT: [B= 1.80 (95%CI: * All pathway scores were
Affected immune naive to BoNT | IT nearly identical to NIT of historical 1.75 to 1.85)] <0.0001 | | IT than NIT periosteum
cells were T cells responders (difference <3.4%) IT/NIT of responders: [B= of historical responders
1.03 (95%CI: 0.64 to 1.67 =0.998 and 1 in the IT than NIT
(exhausted CD8
Muscle Muscle periosteum of historical
cells, Thl cells), - non-responders.
NK cells, B cells, X X Significantly altered genes: 6 (--) <0.01, > 2-fold
neutrophils, Historical Responders |"ieraction responders / IT TT: [F(1,20 246) = 211.6] 00001 | Periosteum
macrophages and NIT 15% 11 that the IT NIT/IT: [B = 1.85 (95% CI: Linear mixed effect
dendritic cells. 0.83 t0 0.88)] <0.0001 | model:

i Historical Non responders/ | Significantly altered genes: <0.01, > 2-fold main effect to IT: [F(1,20
(immune cell type P! 2 ly g [F(
abundance scores) naive to BoNT | 10 (+). 3 () 246)=35.5, P < 0.0001]

IT 3% 1 than the NIT IT/NIT: [B =1.03 (95% CI: no effect for historical
IT nearly identical to NIT of historical 1.01 to 1.05)] <0.0005 responder [F(1,20 246)=
responders (difference <9.0%) IT/NIT of responders [B = 35.5,P<0.0001]
0.91 (95%CTI: 0.74 to 1.12)] =0.66 Muscle
Fascia Fascia Linear mixed effect
) Hismrica] Responders | No alteration of the expression of no genes with P value <0.01 :::idne]e:ffem to IT: [F(1,20
Historical Non:responders/ inflammatory genes significantly 246)=90.3, P, 0.0001],
naive to BoNT no main effect for
responder [F(1,16) = 0.15,
P=0.70]

Cady, 2014 | 1. Neuropeptide — (-) in the number of headache/ *CGRP levels did not (-) /

NCTO01071096 CGRP days for BONT and saline (--) frlom |n1(iql leve!s in
(pmol/mg total over (B) throughout active the 1* month following
protein) Mean (SD) / phases. Responders to BONT Responder Non-Responder IS“;;Z‘:;O::(‘:\;iQNT or

. Mean (SE)* ha_d better 2-hour pain relief O in bascline/interictal
2. Cytokines with acute Tx than non- saliva CGRP levels in
2.1.C5/CSa responders to BoNT or saline. BoNT group from 39.64+
2.2. CD40 Ligand (T1) 1 month* BoNT (month 1-3) & (month 5-7) 1. 39.64(7.5) 40.79(9.73) 7.5pg CGRP/mg total
2.3. G-CSF Saline (month 1-3) & (month 5-7) protein (after the 1%
2.4. GRO-a TI (B)/a ‘mean CGRP level for all subjects | 1.52.36(56.31) 29.36(32.81) 70.46(98.26) month) to 24545:4-1pg
2.5. sSICAM-1 at start (B)- headache free 32 + 3 (after the 3" month) — NS
2.6. IFN-y Tlb 1.27.94(21.85) 22.36(20.38) 36.23(33.16) E"‘Efl‘,”‘“r’;"elfi to

aseline or Saline group.
2.7.1L-1a Tlc 1. 61.55(44.82) 23.66(12.11) 39.76(54.51) The difforence at the 3.
2.8.IL-1B (T2) 2 months* ~ BoNT (month 1-3) & (month 5-7) 1. 28.37(7.07) 39.14(9.74) month narrowly missed
2.9.1L-1ra Saline (month 1-3) & (month 5-7) statistical significance.
2.10.IL-8 T2a 1. 59.89(49.27) 28.66(20.59) 44.12(49.70)
2.11.1IL-16 T2b 1. 60.14(51.18) 32.65(33.80) 33.05(30.96) +CGRP levels were not 1
2.12. IL-17E T2c 1.39.13(60.98) 22.35(19.94) 33.93(35.91) during a migraine attack
2.13.1L-23 in CM, but there was an
+13. IL-2: (T3) 3 months* _ BoNT (month 1-3) & (month 5-7) 1. 26.14(3.93) 50.63(15.04) overall (- in the

2.141P-10 Saline (month 1-3) & (month 5-7) )

Identifier NCT02037425. 2023; Cady et al. 2014). The
remaining 76 participants suffered mostly from trigeminal
neuralgia (n=45) (Zhang et al. 2020), 30 were their healthy
counterparts, and only one single case experiment reported
CGREP levels in cephalalgia alopecia with lymphocytic
peribulbar inflammation similar to that seen in alopecia
areata (Cutrer et al. 2010).

CGRP, the plasma was selected in two studies, one in
chronic migraine (n=283) (Cernuda-Morollén et al.
2015), and the other one in trigeminal neuralgia (n="75)
(Zhang et al. 2020). Other samplings used for CGRP
analysis, included saliva (n=19) (Cady et al. 2014),
skin (n=14) (National Library of Medicine (US). 2023),
and specifically the subepidermal neural plexus (SNP),
superficial dermis surrounding a hair follicle (Super-
Fol), and the bulge area of hair follicles (BULGE)
within the scalp (n=1) (Cutrer et al. 2010).

A) Overall, the most common biological sampling point
reported was the plasma (n=212) (Zhang et al. 2020;
Cernuda-Morollén et al. 2015; Dini et al. 2019). For
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Table 2. (continued)

2.15. I-TAC T3a 1.51.33(77.44) 32.61(40.13) 58.74(53.86) bascline/interictal levels
2.16. MIF T3b 1. 73.18(58.88) 30.17(38.63) 46.16(40.29) in response to BoNT.
;:; :Tr)\;:'g s] T3c 1.54.04(34.77) 19.11(13.24) 49.39(43.81) +*0nly cytokines with a
T L (T4) 4 months — washup period — crossover mean densimetric value
(F Units (T5) 5 months 1.65 times the background
FU))** e e
( (T6) 6 months NR NR NR NR NR NR | ey vale ina minimum
atients were
(T7) 7 months o7 5 panier
Fold change At B/(a) level and at onset of headache (b) - that is 1 degree worse than B/(a) level and will be treated with acute Tx Cytokine values
Mean (SD) Responders (BoNT x Saline) Non-responders (BoNT x Saline) normalized to positive
2.1. 1.38(0.23), 2.2 1.09(0.25), 2.3. 0.92(0.45), 2.4. 1.34(1.56), 2.1.1.01(0.90), 2.2. 1.26(0.99), 2.3. 0.93(0.55), 2.4. 3.18(2.20), °°“1‘(‘°1 array spots after
T1 (B/a +b) 2.5.2.60(2.32), 2.6. 1.29(0.34), 2.7. 2.30(1.86), 2.8. 1.63(0.80), 2.5.0.61(0.54), 2.6. 0.80(0.69), 2.7. 2.88(4.29), 2.8. 1.12(1.09), background subtraction.
2.9. 1.13(0.56), 2.10. 1.61(0.83), 2.11. 0.91(0.63), 2.12. 0.86(0.50), 2.9.2.02(2.66), 2.10. 1.70(2.03), 2.11. 2.07(1.63), 2.12. 1.02(0.91),
2.13.2.45(1.85), 2.14. 1.32(1.05), 2.15. 1.40(0.78), 2.16. 3.71(6.25), 2.13.1.80(1.55), 2.14. 0.95(0.17), 2.15. 0.28(0.12), 2.16.9.55(19.47), | I1] )
2.17.0.98(0.17), 2.18. 0.95(0.41) 2.17.0.70(0.53), 2.18. 0.77(0.28) Only one value available
2.1. 1.39(0.80), 2.2. 0.98(0.37), 2.3. 0.85(0.24), 2.4. 1.40(1.33), 2.1. 1.61(0.54), 2.2. 1.31(0.63), 2.3. 0.99(0.58), 2.4. 1.81(1.32), (2.28) so there is no SD
T3 a +b) 2.5.5.99(6.13), 2.6. 1.29(0.82), 2.7. 1.50(0.92), 2.8. 1.38(1.15), 2.5.2.00(1.98), 2.6. 1.92(2.95), 2.7. 2.14(3.04), 2.8. 1.03(0.43), between reported values.
2.9.0.96(0.39), 2.10. 2.71(2.29), 2.11. 0.75(0.48), 2.12. 1.59(1.79), 2.9. 1.90(1.58), 2.10. 1.22(1.24), 2.11. 1.97(1.64), 2.12. 0.42(0.13),
2.13. 1.06(0.12), 2.14. 0.86(0.52), 2.15. 1.01(0.89), 2.16. 2.71(4.50), 2.13. 1.69(1.54), 2.14. 2.76(2.23), 2.15. 0.94(0.26), 2.16. 8.66(16.79),
2.17.0.70(0.33), 2.18. 0.93(0.41) 2.17.0.90(0.82), 2.18. 0.91(0.27)
Fold change Responders (BoNT) Non-responders (BoNT)
2.1.1.03(0.57), 2.2. 0.91(0.27), 2.3. 1.07(0.74), 2.4. 1.05(0.96), 2.1.3.26(3.35), 2.2. 1.22(0.40), 2.3. 1.34(0.76), 2.4. 0.73(0.55),
TIxT3 2.5.3.99(3.22), 2.6. 0.91(0.34), 2.7. 0.86(0.60), 2.8. 1.15(0.12), 2.5.1.51(0.15), 2.6. 1.63(0.94), 2.7. 0.81(0.32), 2.8. 1.03(0.43),
(B/a+b) 2.9.0.88(0.12), 2.10. 4.38(6.98), 2.11. 0.98(0.66), 2.12. 1.28(0.85), 2.9. 1.30(0.43), 2.10. 2.28 [1], 2.11. 1.10(0.48), 2.12. 1.45(0.04),
2.13.0.93(0.01), 2.14. 1.55(1.50), 2.15. 0.67(0.27), 2.16. 0.80(0.32), 2.13.2.61(3.34), 2.14. 3.11(2.69), 2.15. 3.65(1.33), 2.16. 1.24(0.27),
2.17.0.76(0.39), 2.18. 1.14(0.21) 2.17. 3.16(3.25); 2.18. 1.24(0.26)
Cady, 2016 | Neuronal regrowth | (Mean (SD)) Comparison of neuronal regrowth with duration of benefit of BONT *No published article with
NCT02037425 1. CGRP 1 0.0 (0.0) comprehensive
i . . - . assessment; Only protocol
§~ lgﬁlli g—ébslm’ (Baseline/ Responders | 2. 0.0 (0.0) register with published
- 29 days) 3. 0.5 (0.5) results.
Biomarker change - X ) L 1.06 (1.01)
scored on a 0-3-point Non-responders i) | 2. 0.61 (0.66)
scale [0, no change 3. 1.22 (1.03
from baseline - 3, (12 weeks/ 09
significant change day 113) L 1.0 (L41)
from baselin] Non-responders ii) | 2. 1,17 (1.02)
3. 0.67 (0.47)
Cernuda- Neuropeptide — Median, range Demographics, clinical **Demographic factors,
Moroll6n, CGRP (min & max features, and comorbidities — (median difference, 95% <0.05 clinical vfe‘a‘lures, and
2015 (pg/mL) values) NS or numerically different (@) comorbidities included:
(B) 74.09, 241.0-11.4 age, duration of CM,
Baseline (B) between responders and non- history of aura, acute
responders to BoNT** medication overuse,
Responders | 76.85 an <0.001 arterial hype‘rlensiom
Non-responders | 50.45 (€13} obesity, Tx vs no-Tx with
Medians decrement: triptans, preventatives -
1 month Responders/ Non-responders | 51.89, 199.4-10.2 (=) Amedians 22.2, 95% CI <0.001 | monotherapy/polytherapy
11.05-30.54 or topiramate vs no-
topiramate.
«Interictal CGRP plasma
. . L _ levels helpful in
Responders | 52.48 () Amedians 24.4, 95% CI - =0.003 predicting response to
13.6-33.7 BoNT, correlation
between CGRP-BoNT
efficacy rate.
Non-responders | 51.89 Amedians -1.44, 95% CI - NS *BoNT effective in
15.15-25.24 reversing sensitization by
inhibiting CGRP release.
CLASSICAL TRIGEMINAL NEURALGIA
Zhang, 2020 | Neuropeptide — Age, gender, carbamazepine, *CGRP levels (--) in
CGRP number of trigeminal nerve Unadjusted odds ratios, 0.05 patients with classical TN
(pg/mL) Median [IQR] | branches involved, VAS 95% CI after Tx with BoNT.
NS influence on the median \CGRP levels in patients
difference between plasma CGRP association with Tx effect of BoNT in classical TN. 1.00 (0.97-1.02) 0.719 witk’. Clasmﬂi TNpis (TT;
CGRP concentrations. Univariable logistic regression than healthy individuals.
Responders/Non-responders | (B) 55.38 [22.59-71.67] “n (B) 20.56 [12.28— <0.001
Baseline (B) 27.56] *Plasma levels of CGRP
Responder | 50.57 [24.30-70.09] cannot be used to predict
the response to BoNT.
Non-responder NR
+The analgesic
Mean (range) Responders/Non-responders | 28.86 [14.75-61.23] “n (B) 20.56 [12.28— <0.001 | mechanism of BONT may
34.30+14.99 27.56] be related to the inhibition
(18-52 days) 28.86 [14.75-61.23] (=) <0.001 | of CGRP release.
[Within 2 Responder | 28.02 [12.78-57.28] -2 NR +Evidence is insufficient
‘months] to illustrate the effect of
BoNT on CGRP levels.
[end of 2 Non-responder NR =0.938
months] NS
CEPHALALGIA ALOPECIA
B) Two trials (n= 128 intervention, n= 30 control) reported ing measurements in trigeminal neuralgia patients and
that plasma CGRP concentration (pg/mL) significantly healthy controls demonstrated the opposite (Zhang et al.
decreased following treatment with BoNT, when 2020). In another trial (n=19), CGRP levels (pmol/
compared to healthy participants or to those with- mg total protein) were measured in saliva of chronic
out a favourable clinical response (Zhang et al. 2020; migraineurs following BoNT and saline administration
Cernuda-Morollén et al. 2015); the mean period for (Cady et al. 2014). This exploratory pilot study also
the collection of peripheral blood samples was 32.1 reported a decrease in baseline/interictal saliva CGRP
days. Of these, the study including only participants levels for participants receiving BoNT, although this
with classical chronic migraine suggested that interictal difference was only observed after the third month and
CGRP levels may be predictive of treatment response narrowly missed statistical significance when compared
(Cernuda-Morollén et al. 2015), while the study provid- to placebo-control group. The same author conducted
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Table 2. (continued)

scale) (--) (p<0.05) and the

Cutrer, 2010 | 1. Neuropeptide Number of BoNT induced remission of + Perifollicular
1.1. CGRP immunoreactive | head pain lasting + 6 weeks, innervation was also less
1.2.SP fibres. with regrowth of hair. For L |12 |2 3 4 dense than in untreated
average number of Scale bar equals | subsequent BoNT Tx, sites that lrea‘efi sites.
fibres/section (2 to 3 100 mm remissions lasted 4-12 weeks. Sweat ,gla"d,s were well
sections each 3mm Site 1 & 2 SNP | 124 15 t mmm’.‘w’ ahhough_
long) . i ' £ nerves in untreated sites
2. ENF density (B) Bascline of PA Super-Fol | 28 | 00 had thinner calibre nerve

. v Period of pain ain & fibres than those seen in

2 p p

(mm?) and alopecia alopecia) BULGE | 33 20 | 1895 V1T treated sites.

3. Nerve fibres >4 th « biopsy specimens were

morpholo > 4 months Site of NPA SNP | 30 | 05 A
phology after previous ' 012 not uniformly deep

4. Mast cells Tx) (no previous Super-Fol | 1.7 0.5 ! enough to evaluate the

degranulation x pain or - ! bulb area of the follicle.

(0-no degranulation; 1- alopecia) BULGE | 23 3.0

degranulation in dd; 2= [%(T1) Period of | Site of PPA SNP | 150 | 67 | (0 | (Mt

dei‘:""';‘m" in mid improved pain (previous

ﬁm“};;;gézr:lli::mn control and hair | pain and Super-Fol | 47 | 2.0 | 2104

4-extensive regrowth 34 alopecia) BULGE | 166 | 146 —

d ion- dermis) | days after Tx

REFRACTORY INTRACTABLE DRY EYE DISEASE (DED)

Choi, 2019 1. Inflammation Differences in BoNT Tx: TBUT (+) at 2 [Conversion rate (%)] **chi- * BoNT injection into the
marker MMP-9 MMP-9 weeks and (++) at 1-, and 2- 1. positive, n (%) positive response at (B) square medial part of eyelid
(detected levels > conversion rate, | month. Schirmer I test and 2. concentration (ng/mL) converted to a negative *paired ?‘“(1]“_0"“ dry _Cly‘:ds‘gns
40 ng/mL) serotonin level OSDI scores (+) for up to 2 response at 1 month test ;’:‘ duii?ﬁ:{"f ::kinc
2. Potential (B) Baseline months. CFS grades (--) until MMP.9 and szmmn““
marker of corneal 4‘mqnths. . 1. | 26(100.00) 26 (100.00) NR levels for 4-months.
nociceptor Significant differences BoNT-
sensitization Saline over time for Schirmer | 2. | 2.76+0.34 2.72+0.39 Intervention | _Control NR
Serotonin 1 month I test (p = 0.002), CFS (p = 76.92% (11) 38.46% —

(detected > 0.025), OSDI (p=0.020), and | 1. | 6 (23.08) 16 (61.54) 0.005%*

concentration of frequency of lubricants (p = 1.73+0.14 (B)(—) 62.68% <0.001*

0.30 ng/mL) 0.029). 2. 250£033 (B ~0.438"
CERVICAL DYSTONIA WITH PAIN IN THE NECK AND ANXIETY/DEPRESSION

Karakulova, | Monoamine Serotonin BoNT (--) (p<0.05): Serum Platelet Serum Platelet 0.05 + direct dependence of the

2017 Serotonin concentration TWSTRS, the severity of intensity of pain subscale
(ng/mL) (B) Baseline clinical manifestations, 232.25+30.01 258974482 | 25421+ | 54032+ <0.05* 1;"“15 TRS with “;“ degree

disability, soreness and BPI (NS) (L))* 92.21 45.33 NS g“ lﬁfﬁ?ﬁﬁ: 5;;2‘:;):1
1 month scale in men and women. 207.53121.77 | 455.88+113.22 <0.05 | the number of final points
(30 days) Depression level (Hamilton ) (B) +H of dystonic movements.

severity of anxiety (-).
Spielberger-Khanin test (--) in
reactive, and (-) in personal
anxiety.

On a scale [0-7] of patient
perception of changes in the
general state was (++) (n=16),
(+) (n=26, 5), no changes
(n=1), negative feedback is
not received.

An inverse relationship
between pain severity and
pain intensity subscale
TWSTRS and quantitative
serotonin content in
peripheral blood platelets.
« pain scores, anxicty and
depression have (--) and
the level of blood platelet
serotonin (++)
« BoNT in CD improves
QoL and stimulates the

i system.

1, higher; | lower; 11, significantly higher; ||, significantly lower; (4 +), increased significantly; (4) increased but not significantly; (-),
decreased significantly; (-); decreased but not significantly; i), <10 weeks of benefit; ii), no or minimal benefit (<30%, 3 weeks); a, baseline/
interictal (lowest/without chronic pain); b, onset of headache pain; ¢, 2 h after acute Tx; ¢ thin, 7 thick, f fragmented, dd deep dermis, AOPP
advanced oxidation protein products, BoNT botulinum toxin, BULGE bulge area of hair follicles, CD Cervical dystonia, CRP C-reactive protein,
CGRP calcitonin gene-related peptide, CI confidence interval, CM chronic migraine, CFS corneal fluorescein staining, DED dry eye disease,
ENF epidermal nerve fibre, F' Female, FRAP ferric reducing antioxidant power, GON greater occipital nerve, GRO-a Growth Regulated Onco-
gene-alpha, G-CSF Granulocyte-Colony Stimulating Factor, /FN-y Interferon-gamma, /L interleukin, /P-10 Interferon Gamma-Induced Pro-
tein-10, /Q/[IQR] interquartile range, IT injected tissues, I-TAC Interferon-inducible T cell-o chemoattractant, log2FC log2-fold change, M male,
MIF Macrophage Migration Inhibitory Factor, MMP matrix metalloproteinase, MRI magnetic resonance imaging, NIT non-injected tissues, NPA
no pain/alopecia, NR not reported, NS not statistically significant, NSAIDs, non-steroidal anti-inflammatory drugs, PA pain+ alopecia, PGIC
Physician Global Impression of Change, PHQ-9 Patient Health Questionnaire, PPA previous pain + alopecia, QoL quality-of-life, RANTES Reg-
ulated Upon Activation Normal T-cell Expressed, RCT randomised controlled trial, SE standard error, SD Standard deviation, SH thiolic groups,
SICAM-1 Soluble Intercellular Adhesion Molecule, SNAP-25 synaptosomal-associated protein of 25 kDa, SNP subepidermal neural plexus, SP
substance-P, Super-Fol superficial dermis surrounding hair follicle, TBUT tear film break-up time, TGF-f1 transforming growth factor-p1, TN
trigeminal neuralgia, TNF-a tumor necrosis factor-alfa, TWSTRS spasmodic torticollis scoring scale West Toronto, Tx treatment, U Units, VNS
Verbal Numeric Scale, VAS visual analog scale, Ys Years

another clinical study and reported no significant CGRP
change levels (0-3-point scale) in the skin of 14 patients
suffering from chronic migraine at 12 weeks after
BoNT treatment (National Library of Medicine (US).
2023); the biomarker change level scores were lower
for patients classified as “responders”. The last study
focusing on CGRP, calculated the average number of
fibres per section (two to three sections each 3 mm long,
per biopsy specimen) within the scalp of a single female
patient diagnosed with cephalgia alopecia (Cutrer et al.
2010). At 34 days after receiving BoNT, the number of
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immunoreactive CGRP fibres were higher, specially at
the BULGE area.

One non-randomised clinical trial and one crosso-
ver RCT evaluating CGRP in chronic migraine were
judged at low and high risk of bias, respectively (Cern-
uda-Moroll6n et al. 2015; National Library of Medi-
cine (US). Identifier NCT01071096. 2023; Cady et al.
2014). Another non-randomised clinical trial in chronic
migraine was judged at serious risk of bias, given the
lack of information on participants baseline characteris-
tics (e.g., potential comorbidities and medications used
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Table 3 Biomarkers Versus Chronic Inflammatory State Versus Biological sampling
Chronic CD + Year
Biomarker BOH + Cephalalgia neck pain + f:;e
Biological sampling CM CM DED TN alopecia anxiety/ Gender
Chronic Inflammatory State features depression LOE(OCEBM)
Follow-up
RNA expression of pro-inflammatory
genes: Cytokine signaling:
IL1,2,6 CXCL10 IL12,13  CCLS \/ Gferer.
IL2RB CXCL8 TL23 NOD2 2022 ’
TNF-a IFNy CXCL2/1 TLR2 -
(n=18)
IRES 21-74ys
RNA expression of pro-inflammatory ™ 1);F 2022
genes: Lymphocyte activation m ’ (n=18)
RNA expression of pro-inflammatory genes | | 21-74ys
and cells scores: Immune response: 1M, 17F
T-cells — CD8 Tcells, Neutrophils . LOE-III
Th1(CD4+ Teells) Macrophage fT'ss“es N Imonth
NK cells B-cells Dendritic cells rom l}ec
RNA expression of pro-inflammatory & occiput -
genes: TNF family signaling muscle,
RNA expression of pro-inflammatory fascia,
genes: TLR signaling (TLR-regulating CD45) | periosteum
Oxidative stress biomarkers N Dini, 2019 2019
AOPP (0=54) (n=54)
FRAP 44-59ys Plasma 44-59ys
SH 42F, 12M 42F, 12M
1 LOE-III
6months 6months
Inflammatory marker MMP-9 2019
v Choi, (n=26)
2019 21F, 5M
(n=26) 32-78ys
21F,5M LOE-II
32-78ys Imonth
Serotonin 1 V Karakulova, 2017 | [2017-2019]
1month — (n=89)
=63
(=69 il‘_’:i“m LOE [IL,IIT]
Tear Imonth latelef [1month]
CGRP  Cernuda-Morollén, 2015 \ Zhang, | V Cutrer, 2010 [2010-2020]
(n=83) v Cady, 2016 2020 (n=1) (n=192)
79F, 4M (n=14) (n=75) IF 20-75ys
20-65ys 31-49ys - 34ys LOE
it 1 36-81ys 11 EIZ‘IEIJ: 1
Imonth s il 34days ays-
12weeks Jmonths 7months]
v Cady, 2014 Plasma
(Srl‘; l?th gk]m Plasma Scalp skin
3561y aliva (SNP, Super-
I Fol, BULGE)
7months
Beta Tublin v Cady, 2016 2016
SNAP-25 (n=14) gr;:ig)
31-49ys Skin -49ys
il Y LOE-III
12weeks 12weeks
Cytokines  Cady, 2014 2014
C5/C5a, IL-la IL-23 (n=19) (n=19)
CD40 IL-1B IP-10 SM. 14F 5M, 14F
Ligand GRO-u I-TAC 35-61ys 35-61ys
G-CSF IL-8 MIF I LOE-II
SICAM-1 IL-16 RANTES 7months 7months
Serpin E1 IFN-y i
. A Saliva
Neuropeptide - SP v Cutrer, 2010 2010
Nerve fibres morphology n=1) (n=1)
ENF density IF Scalp IF
Mast cells degranulation 34ys skin 34ys
I 1
34days 34days
Year | 2022 [2014-2019] 2019 2020 2010 2017 [2010-2022]
(m) | (n=18) (n=170) (n=26) (n=75) (n=1) (n=63) (n=353; 1-83)
Age | 21-74ys - 21F,5M - 1F - 20-81ys
Gender | IM, 17F - 32-78ys 36-81ys 34ys - [XX-II0]; 1K
LOE (OCEBM) | LOE-III LOE [II, I11]; ITT LOE-II LOE-III LOE-III LOE-IIT [34days-
Follow-up | Imonth [Imonth-7month] Imonth 2months 34days Imonth 7month];
1month

AOPP advanced oxidation protein products, BOH bilateral occipital headache, BoNT botulinum toxin, BULGE bulge area of hair follicles, CD Cervical
dystonia, CM chronic migraine, CRP C-reactive protein, CGRP calcitonin gene-related peptide, CIS chronic inflammatory state, CM chronic migraine,
DED dry eye disease, ENF epidermal nerve fibre, F Female, FRAP ferric reducing antioxidant power, GON greater occipital nerve, GRO-a Growth
Regulated Oncogene alpha, G-CSF Granulocyte Colony Stimulating Factor, /FN-y Interferon gamma, /L interleukin, /P-10 Interferon Gamma-Induced
Protein 10, I-TAC Interferon-inducible T cell-a chemoattractant, LOE level of evidence (* according to Oxford Centre of Evidence-Based Medicine rank-
ing), M Male, MIF Macrophage Migration Inhibitory Factor, MMP matrix metalloproteinase, PA pain and alopecia, PPA previous pain and alopecia,
RANTES Regulated Upon Activation Normal T-cell Expressed, SH thiolic groups, sICAM-1 Soluble Intercellular Adhesion Molecule, SNAP-25 synapto-
somal-associated protein of 25 kDa, SNP subepidermal neural plexus, SP substance-P, Super-Fol superficial dermis surrounding a hair follicle, TGF-f1

transforming growth factor p1, 7N trigeminal neuralgia, TNF-a tumor necrosis factor alfa, Ys Years

@ Springer



1864

1. Novo Pereira et al.

approved by the investigator) and the collection of data
at different time points (not at the time of intervention),
being unclear if it was possible to avoid differential
misclassification (National Library of Medicine (US).
Identifier NCT02037425. 2023). There were also some
concerns for the remaining studies in different clinical
settings (Zhang et al. 2020; Cutrer et al. 2010). When
evaluating CGRP level in trigeminal neuralgia scenarios,
we cannot exclude the risk of bias due to confounding
and bias in measurement of outcomes (Zhang et al.
2020). As for the CGRP in the context of cephalgia
alopecia (Cutrer et al. 2010), the moderate risk of bias
was only ascribed to the potential bias in measurement
of outcomes, i.e., it was unclear if the risk surround-
ing classification of the biomarker change on a scale
could be considered negligible (see Online Resource 5
for detailed explanations for the judgements).

Serotonin

The second biomarker involving a higher number of par-
ticipants (n=289) was the monoamine transmitter serotonin
reported in two controlled studies evaluating the effect of
BoNT in different conditions (Karakulova and Loginova
2017; Choi et al. 2019).

A. Serotonin was collected from the tears of 26 subjects
with refractory intractable dry eye disease (DED) or
harvested from the serum and peripheral blood platelet
(n=63) when focusing on cervical dystonia with pain
in the neck and associated to depression and anxiety
(Karakulova and Loginova 2017; Choi et al. 2019).

B. The concentration of serotonin (ng/mL) was measured
one month after BONT treatment (Karakulova and Logi-
nova 2017; Choi et al. 2019). When collected from the
tears (n=13 intervention, n= 13 saline control), seroto-
nin concentrations detected > 0.30 ng/mL were reduced
in comparison to baseline (Choi et al. 2019); this differ-
ence was only significant for the BoNT group. Serum
serotonin levels were reduced after BoNT therapy and
significantly increased when harvested from peripheral
blood platelets (n =48 intervention, n= 15 healthy sub-
jects) (Karakulova and Loginova 2017).

C. One individually parallel-group RCT and one non-ran-
domised controlled clinical trial reported on serotonin
levels. The first was judged at low risk of bias (Choi
et al. 2019), whereas the latter was considered at moder-
ate risk owning to bias due to confounding and bias in
measurement of outcomes (Online Resource 5) (Kara-
kulova and Loginova 2017).

@ Springer

Oxidative stress biomarkers

Oxidative stress biomarkers such as advanced oxidation pro-
tein products (AOHH), ferric reducing antioxidant power
(FRAP), and thiol groups (SH), were only reported in one
study for chronic migraine enrolling 54 participants (Dini
et al. 2019).

A) Oxidative damage markers AOPP, FRAP (that estimates
antioxidant power and measures non-enzymatic antioxi-
dant properties), and SH (which oppose the propagation
of oxidative processes) were harvested from the plasma
of 27 chronic migraineurs reporting medication overuse
and 27 healthy participants.

B) Plasma concentration measurements of AOPP (nmol/
mL of chloramine equivalents), FRAP (nmol/mL),
and SH (umol/mL) took place six months after BONT
administration (n=27 intervention, n=27 control). An
above-average final assessment demonstrated that BONT
significantly reduced AOPP (P <0.001) and significantly
increased FRAP (P <0.001) and SH (P=0.023). At six
months, AOPP and FRAP levels were normalised, while
SH concentration remained significantly lower when
compared to healthy controls.

C) One non-randomised study was judged at moderate
risk due to potential bias in measurement of outcomes
(Online Resource 5).

Players in inflammatory processes and immune cell classes

Several important players in inflammatory processes such
as pathways underlying adaptative and innate immune
response, lymphocyte activation, cytokine and chemokine
signalling, as well as different immune cell classes have
been evaluated in four studies (n=64) in cephalgia alopecia,
refractory intractable DED, chronic migraine and chronic
bilateral occipital headache with migraine features (Cutrer
et al. 2010; Choi et al. 2019; National Library of Medicine
(US). Identifier NCT01071096. 2023; Gfrerer et al. 2022).

A) The most recent study (2022) provided an inflammatory
gene expression analysis based on 108 tissue samples
from the neck and occiput and segregated these tissues
by fascia, muscles, and periosteum (Gfrerer et al. 2022).
This study reported a panel of 579 inflammation-related
genes and multiple inflammatory/ immune cells scores.
Another study performed scalp biopsies in a 34-year-
old female and reported on mast cells degranulation
(Cutrer et al. 2010). In addition, studies also focused
on the matrix metalloproteinase-9 (MMP-9) inflamma-
tory marker in tear samples from 52 human eyes (Choi
et al. 2019), and samples for cytokine levels in saliva,
namely C5/C5a, CD40 Ligand, G-CSF, GRO-a, sSICAM-
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B)

1, interferon gamma (IFN-y), interleukin (IL)-1a, 1P,
Ira, 8, 16, 17E, & 23, interferon gamma-induced protein
10 (IP-10), I-TAC, MIF, serpin E1, and regulated upon
activation normal T-cell expressed (RANTES) (National
Library of Medicine (US). Identifier NCT01071096.
2023).

After 34 days, BONT completely inhibited the mast cells
degranulation observed in non-treated areas previously
with/without associated pain and alopecia in the scalp
of one female patient (Cutrer et al. 2010). The study per-
forming targeted transcriptome analyses within occiput
and neck tissues (n= 18 participants, n=108 samples),
reported that 30 days after BONT injections there were
significant alterations in the expression of inflamma-
tory genes in the periosteum, minimal in muscle and
none in fascia (Gfrerer et al. 2022). Focusing on the
periosteum, the expression of inflammatory genes in
non-injected sites was significantly lower in partici-
pants without a previous positive response to BoNT
than in historical responders. After BoNT treatment, in
historical responders’ periosteum, BoNT significantly
decreased the expression of most significantly altered
genes and gene sets involved in inflammatory pathways,
whereas in historical non-responders it increased gene
expression, but not significantly (approximately to the
level of the historical responders non-injected site)
(Gfrerer et al. 2022). This study, providing a differen-
tial gene expression analysis of BoNT treatment effect
in chronic bilateral occipital headache, also calculated
the immune cell type abundance scores and reported
the same response pattern (Gfrerer et al. 2022). This
means that in non-injected samples there was abundance
of multiple immune cells such as T-cells (CD8, type
1 T helper (Th1): CD4 + T-cells), NK cells, B-cells,
neutrophils, macrophages, and dendritic cells, which
were higher in the periosteum of historical responders
than in the historical non-responders. One month after
BoNT administration, the abundance was significantly
decreased in the historical responders’ periosteum and
increased (although not significantly) in the historical
non-responders” periosteum. In addition, MMP-9 con-
centration levels >40 ng/mL in tear samples of subjects
with refractory intractable DED (n=13 intervention,
n=13 placebo) significantly decrease after one month
when participants received either BoNT or saline,
although the percentage (conversion rate) was signifi-
cantly higher in the BoNT group (Choi et al. 2019).
Furthermore, cytokines concentration (florescent unit)
in the saliva of chronic migraineurs (n=9 BoNT, n=10
placebo), detectable when mean densimetric value was
1.65 times the background grey value in a minimum
of three patients (National Library of Medicine (US).
Identifier NCT01071096. 2023). Mean fold changes

®)

and associated standard deviations were reported in
responders versus non-responders, between first or
third treatment months with BoNT and saline, as well
as between first and third treatment months with BoNT.
Overall, cytokines observed among the maximum
values included the macrophage migration inhibitory
factor (MIF), soluble intercellular adhesion molecule
one (sSICAM-1), IL-8, and interferon-inducible T cell
alpha chemoattractant (I-TAC), while minimum fig-
ures included the granulocyte colony stimulating factor
(G-CSF), I-TAC, Serpin El, IL-17E, and growth regu-
lated oncogene alfa (GRO-).

Two exploratory “within subject” follow-up studies
(n=19), and the two RCTs (n=45) presented discrep-
ant judgement of risk of bias. The only study evalu-
ated at high risk of bias was the protocol with the RCT
crossover design (National Library of Medicine (US).
Identifier NCT01071096. 2023), due to imprecision and
reporting bias with laboratory errors related to process-
ing of samples for cytokine levels in saliva, and hence
missing data and re-processing of samples requirements
(Online Resource 5).

Substance P

Cutaneous SP was only evaluated in a single patient suffer-
ing from cephalgia alopecia by assessing the average number
of immunoreactive fibres per Sect. (2-3 sections each 3 mm
long, per biopsy specimen) (Cutrer et al. 2010).

A.

B.

Scalp biopsies were performed to evaluate SNP, Super-
Fol, and BULGE areas.

34 days after BoNT, SP-positive nerve fibres were con-
siderably higher along the SNP, at the surface and bulge
area in areas previously with/without associated pain
and alopecia.

Potential bias in measurement of outcomes resulted in
the overall score of moderate risk of bias in this single
case study.

Nerve fibres

The study in a 34-year-old female also reported on epi-
dermal nerve fibres morphology and density observations
(Cutrer et al. 2010).

A) The nerve fibres were evaluated within the scalp.
B) 34 days following BoNT, the nerve fibres increased

density (ENF/mm?), thickness of the calibre, and were
normal in appearance, with full nerve bundles coursing
from deep dermis and forming a robust SNP. The study
also reported that epidermal nerve fibres were abundant
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Table 4 GRADE certainty assessment

Biomarker Author Unit Overall
(CIS) iological Year measure BoNT Key effect (Outcome) Summary GRADE
sampling
NEUROPEPTIDE
Plasma
CGRP CM Cernuda- (pg/mL) *CGRP levels (--) in patients with classical CM after Tx with BoNT. Median, range (min & 1 nRT (n=83)
Morollén, max values): baseline (B) 74.09, 241.0-11.4; 1-month (T1) 51.89, 199.4-10.2. Medians RoB - low
2015 decrement: Amedians 22.2, 95% CI 11.05-30.54, P< 0.001. B-T1 (1 months): (--) LOW
«Interictal CGRP plasma levels helpful in predicting response to BoNT, correlation between ®e00
CGRP-BoNT efficacy rate. Medians d : Responders (; dians 24.4, 95% CI -13.6-
33.7, P=0.003); Non-responders (: dians -1.44, 95% CI -15.15-25.24, P=NS).
TN Zhang, (pg/mL) *CGRP levels (--) in patients with classical TN after Tx with BONT. Median [IQR]: [baseline | 1 nRT (n=45 BoNT;
2020 (B) 55.38 [22.59-71.67]; within 2 months (T1) 28.86 [14.75-61.23] n= 30 control)
*Plasma levels of CGRP cannot be used to predict the response to BoNT. Unadjusted odds RoB - Moderate
ratios, 95% CI [1.00 (0.97-1.02), P=0.719] B-T1 (Mean (range)
34.30+14.99 (18-52
days): (--)
Saliva
CM Cady, 2014 | (pmol/mg + CGRP levels did not (-) / (--) from initial levels in the 1** month (T1) following injection in | 1RCT (n=9 BoNT;
NCT0107109 | total protein) | BoNT or Saline groups. n=10 control) Low
« A (-) in baseline/interictal saliva CGRP levels in BONT group. Mean (SD): from 39.64: RoB - High ee00
7.5pg CGRP/mg total protein (after the 13 month - T1) to 25.5+4.1pg (after the 3" month - B-T1 (1%t month): NS
T2) — NS when compared to baseline or Saline group. The difference at the 3-month B-T2 (3" month): (-)
narrowly missed statistical significance.
Skin
M Cady, 2016 | Biomarker + CGRP change levels at 12 weeks (T1) — NS change from baseline (B) following BoNT Tx. | 1 nRT (n=32, 14
NCT02037425 | change (0-3, Mean (SD): B-T1 change [(responders) = 0.0 (0.0); (no: spond. < 10 weeks of benefit) | completed endpoint) VERY LOW
scale) =1.06 (1.01); (non-responders, no or minimal benefit (<30%, 3weeks) = 1.0 (1.41)] RoB - Serious @000
B-T1 (12 weeks): NR
NS
Scalp skin (SNP, Super-Fol, BULGE)
CA Cutrer, Average + CGRP average number of fibres per section (2-3 sections each 3 mm long, per biopsy InRT (n=1)

2010 number of specimen) at baseline (B) in SNP, Super-Fol, and BULGE was higher in PA than NPA areas. | RoB - Moderate Low
immunoreactive | (B) PA/NPA, CGRP (SNP): 12.4/3.0, CGRP (Super-Fol): 2.8/1.7, CGRP (BULGE): 3.3/2.3 | B-T1 (34 days): ee00
g?;r:bar —100 | ° After BoNT (34 days-T1) CGRP-positive nerve fibres were almost continuous along the CGRP (SNP): NS
mm SNP PA/PPA (CGRP (SNP): 14.4/15.0), but higher than NPA, NPA/PPA (CGRP (SNP):

3.0/15.0). Along the follicle was higher at the surface and bulge area PA or NPA/PPA CGRP | CGRP (Super-Fol):
(Super-Fol): 2.8 or 1.7/4.7, CGRP (BULGE): 3.3 or 2.3/16.6) +
CGRP (BULGE):
considerable (+)
CA Cutrer, Average « SP average number of fibres per section (2-3 sections each 3 mm long, per biopsy InRT (n=1)

SP 2010 number of specimen) at baseline (B) in SNP, Super-Fol, and BULGE was comparable between PA and | RoB - Moderate Low
immunoreactive | NPA areas. (B) PA/NPA, SP (SNP): 1.5/0.5, SP (Super-Fol): 0.0/0.5, SP (BULGE): 2.0/3.0 B-T1 (34 days): @800
g?z:le:bur —i00 | ° After BoNT (34 days-T1) SP-positive nerve fibres were higher along the SNP, at the SP (SNP):

mm surface and bulge area PA or NPA/PPA SP (SNP): 1.5 or 0.5/6.7, SP (Super-Fol): 0.0 or considerable (+)
0.5/2.0, SP (BULGE): 2.0 or 3.0/14.6. SP (Super-Fol): (+)
SP (BULGE):
considerable (+)
MONOAMINE NEUROTRANSMITTER /5 - HYDROXYTRYPTAMINE
Tear
Serotonin DED Choi, 2019 | detected > « Serotonin concentration (ng/mL) was comparable at baseline between intervention and 1 RCT (n=13/26 eyes
concentration of | control group: (B) intervention 2.76 = 0.34, control 2.72 % 0.39. BoNT; n=13/26 eyes MODERATE
0.30 ng/mL « After BoNT Tx, tear serotonin concentration (ng/mL) (--). Paired test: (B) intervention 2.76 | control) OPP0O
+0.34, I-month (T1) 1.73 + 0.14, P < 0.001. [Conversion rate (%)] positive response at (B) RoB - Low
converted to a negative response at T1 = 62.68% B-T1 (1 month): (--)
« After Saline Tx, tear serotonin concentration (ng/mL) (-). Paired test: (B) 2.72 + 0.39, (T1)
2.51+0.33,P=0.438
Serum and peripheral blood platelet
CD(p)- | Karakulova, | C * Serum in concentration (ng/mL) was comparable (NS) at baseline between InRT (n=48 BoNT;
A/D 2017 (ng/mL) intervention and control group: (B) intervention 232.25+30.01, control 254.21 + 92.21. n=15 control) Low
« Peripheral blood platelet serotonin (ng/mL) was (| |) at baseline between intervention and RoB - Moderate @800
control group: (B) intervention 258.97+48.2, control 540.32 + 45.33, P<0.05. B-T1 (1-month):
* After BoNT Tx, serum serotonin concentration (ng/mL) (-) and peripheral blood platelet Serum: (-)
(++). Serotonin concentration (ng/mL) (B) [serum (232.25+30.01), platelet (258.97+48.2)], Peripheral blood
1-month (T1) [serum (207.53+121.77), platelet (455.88+113.22), P<0.05]. platelet: (++)
PLAYERS IN INFLAMMATORY PROCESSES
Scalp skin (SNP, Super-Fol, BULGE)
Mast cells CA Cutrer, Biomarker *Mast cell degranulation was observed in PA and NPA but not in PPA after BoNT Tx. InRT (n=1)
degranulation 2010 change scale «In PA degranulation was evident in BULGE area of the follicle. In NPA degranulation was RoB - Moderate LOW
0-4 score minimal and seen in the deep dermis with no apparent predilection for perifollicular areas. B-T1 (34 days): ®e00
SP (SNP): NS
SP (Super-Fol): NS
SP (BULGE): (1)
Muscle, fascia, peri - Tissues from neck and occiput (occipitalis, sp capitis, lis capitis, trapezius)- RNA

and uniformly distributed, demonstrating higher density
in the treated than the untreated areas.

C) The single case experimental study was judged at mod-
erate risk of bias (Online Resource 5).

Neuronal regrowth
There was only one clinical trial, including 30 patients suf-
fering from chronic migraine, providing histological exami-

nations of neural changes associated with regeneration of
terminal neuronal endplates measured through changes in

@ Springer

beta Tubulin and SNAP-25 (National Library of Medicine
(US). Identifier NCT02037425. 2023).

A) Skin biopsies were performed at 12 weeks after BONT.

B) The assessment of mean changes in beta Tubulin and
SNAP-25 were scored on a 0-3-point scale. There were
no significant changes reported, particularly for patients
with > 10 weeks of clinical benefit.

C) The non-randomised trial was judged at moderate risk of
bias for domain 1 (covering confounding and focusing
on issues before the interventions start) and domain 3
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Table 4 (continued)

Expression of | CBOH | Gfrerer, 579 pro- «Baseline (B) expression of inflammatory genes in non-injected periosteum and muscle is InRT(n=18, 108 MODERATE
inflammatory -MF 2022 inflammatory | (11) or (1) in historical responders than historical non-responders. Statistically (linear mixed- | samples) 000
genes - cytokine genes (mean effect model): periosteum (11) [B = 0.58 (95% CI: 0.36 to 0.93), P = 0.015], muscle (NS) [B | RoB - Low

signaling, number, 95% | = 0.88 (95% CI: 0.72 to 1.09), P = 0.419], and fascia (NS) [B = 1.44 (95%CI: 0.83 t0 2.50), | B-T1 (I-month):

Iymphocyte CI) P=0.3] Periosteum

activation, innate * data *BoNT alters expression of inflammatory genes largely in periosteum, minimally in muscle responders (--)

immune prepared (site | and not at all in fascia. Periosteum non-

response, TNF with highest «Periosteum - in historical responders’, BoNT (--) expression of nearly all significantly responders (+)

_flf‘l'“‘;ly‘s'g"l?]'“g' effect altered genes, and gene sets that define well recognized inflammatory pathways. (IT: [F(1,20

a"‘er:‘;gg"e: ;';g reported) 246)= 3494.4]; NIT/IT: [B= 1.61 (95%CI: 1.56 to 1.67)], P<0.0001).

«Periosteum - in historical non-responders, BoNT (+) gene expression (IT/NIT: [B= 1.80
(95%CTI: 1.75 to 1.85)], P< 0.0001), but to a level that is nearly identical to the level
observed in the non-injected periosteum and muscle of historical responders [difference
<3.4% (IT/NIT of responders: B=1.03 (95%CI: 0.64 to 1.67), P= 0.998]
OXIDATIVE STRESS BIOMARKERS
Plasma

AOPP CM Dini, 2019 nmol/mL At baseline (B), intervention AOPP (11) than control. AOPP nmol/L (Median, IQR): InRT (n=27 BoNT; Low
intervention (B): 258.0 (192.5-373.1); control (B): 119.1 (101.3-189.2); P <0.001. n=27 control) [::Y:-YoJo)
+ At 6-months (T1) BoNT improved the levels of plasma oxidative stress: AOPP (--). AOPP | RoB - Moderate
nmol/L (Median, IQR): (B) 258.0 (192.5-373.1); (T1) 202.8 (87.3-253.3), P < 0.001. B-T1 (6-months): (--)

*At (T1), BoNT compared to control (B): normalised AOPP (NS). AOPP nmol/L (Median,
IQR): intervention (T1): 202.8 (87.3-253.3); control (B): 119.1 (101.3-189.2).

FRAP M Dini, 2019 nmol/mL +At baseline (B), intervention FRAP () than control. FRAP mmol/L (Median, IQR): InRT (n=27 BoNT; Low
intervention (B): 0.612 (0.559-0.557); control (B): 0.817 (0.646-0.861); P = 0.005. n=27 control) DO00
<At 6-months (T1) BoNT improved the levels of plasma oxidative stress: FRAP (++). FRAP | RoB - Moderate
mmol/L (Median, IQR): (B) 0.612 (0.559-0.557); T1: 0.752 (0.568-0.918), P < 0.001. B-T1 (6-months):

*At (T1), BoNT compared to control (B): normalised FRAP levels (NS). FRAP mmol/L (++)
(Median, IQR): intervention (T1): 0.752 (0.568-0.918); control (B): 0.817 (0.646-0.861).

SH CM Dini, 2019 umol/mL At baseline (B), intervention SH (| |) than control. SH pmol/L (Median, IQR): intervention InRT (n=27 BoNT; LowW
(B): 0.297 (0.237-0.381); control (B): 0.456 (0.395-0.549); P <0.001. n=27 control) @000
+At 6-months (T1) BoNT improved the levels of plasma oxidative stress: SH (++). SH RoB - Moderate
umol/L (Median, IQR): (B) 0.297 (0.237-0.381); T1: 0.368 (0.272-0.460), P = 0.023. B-T1 (6-months):

*At (T1), BoNT compared to control (B): SH (--). SH pmol/L (Median, IQR): intervention ++)
(T1): 0.368 (0.272-0.460); control (B): 0.456 (0.395-0.549).
IMMUNE CELL CLASSES
Saliva

Cytokines - Fold change *T1 (B/a +b) - Responders (BoNT x Saline): [min — G-CSF: 0.92 (0.45), max — MIF: 3.71 IRCT (n=9 BoNT; VERY LOW

C5/C5a, CD40 ™M Cady, 2014 | Mean (SD) (6.25)]; Non-responders (BoNT x Saline): [min — I-TAC: 0.28(0.12), max — MIF: n=10 control) ®000

Ligand, G-CSF, NCT01071096 9.55(19.47)] RoB - High

GRO-a, SICAM- * data *T3 (B/a +b) - Responders (BoNT x Saline): [min- Serpin E1: 0.70(0.33), max - SICAM-1: Baseline (B) /

1, TFN-y, IL-1a, prepared 5.99(6.13)]; Non-responders (BoNT x Saline): [min - IL-17E: 0.42(0.13), max — MIF: interictal (a) — onset

;L}‘Lﬁ] IGL}'LMI’;E- (reported 8.66(16.79)] pain (b) (T1-T3-

S1L.23 1P-10, I- subcla}ss of *T1 x T3 - Responders (BuNT): [min — I-TAC: 0.67(0.27), max - IL-8: 4.38(6.98)]; Non- month)

TAC, M’lh Scr;)in cy_lokmc with | responders (BoNT): [min - GRO-a: 0.73(0.55), max — I-TAC: 3.65(1.33)] NR

E, and RANTES min and max

value)
Muscle, fascia, periosteum - Tissues from neck and occiput (occipitalis, sp capitis, lis capitis, trapezius) - RNA

T-cells: CD8, CBOH | Gfrerer, immune cell «Differential gene expression analyses of Tx effect showed that BoNT had large effect in the | InRT(n=18, 108 MODERATE

Th1 (CD4+ T- -MF 2022 type periosteum, minimal in muscles, and not in fascia samples)

cells), abundance <Effect: (--) expression of 12 abundant different inflammatory/immune cell classes RoB - Low o000

NK cells, scores (neutrophils, macrophages, cytotoxic T-, NK-, Th1-, B-, dendritic-cells — in non-injected B-T1 (1-month):

B-cells, samples) Periosteum

neutrophils, *The baseline abund (ie. injected samples) of multiple infl y/immune cells ponders ()

macrophages, was 1 in the periosteum of historical responders than in the historical non-responders, and Periosteum non-

o their abundance was (--) in the injected periosteum of the historical responders and (+) in the | responders (+)

dendritic cells . X o
injected periosteum of the historical non-responders.

Tear

MMP-9 DED Choi, 2019 | detected *MMP-9 (ng/mL) was comparable at baseline between intervention and control group: (B) 1 RCT (n=13/26 eyes MODERATE

levels > 40 intervention 26 (100.00), control 26 (100.00). BoNT; n=13/26 eyes
ng/mL,n (%) | *After BoNT Tx, tear MMP-9 (ng/mL) (--). Chi-square: (B) intervention 26 (100.00), 1- control) o080
month (T1) 6 (23.08), P = 0.005. [Conversion rate (%)] positive response at (B) converted to | RoB - Low
a negative response at T1 (11) at the intervention group (76.92%) compared to saline B-T1 (1 month): (--)
(38.46%), P = 0.005
«After Saline Tx, tear MMP-9 (ng/mL) (--). Chi-square: (B) 26 (100.00), (T1) 16 (61.54), P
=0.005
NEURONAL REGROWTH
Skin
Beta Tublin CcM Cady, 2016 | Biomarker « Beta tubulin change levels at 12 weeks (T1) - NS change from baseline (B) after BONT Tx. 1 nRT (n=32, 14 VERY LOW
NCT02037425 | change (0-3, Mean (SD): B-T1 change [(responders) = 0.0 (0.0); (non-responders, < 10 weeks of benefit) | completed endpoint) @000
scale) =0.61 (0.66); (non-responders, no/minimal benefit (<30%, 3weeks) = 1.17 (1.02)] RoB - Serious
B-T1 (12 weeks): NR
NS
SNAP-25 CM Cady, 2016 | Biomarker * SNAP-25 change levels at 12 weeks (T1) — NS change from baseline (B) following BONT 1 nRT (n=32, 14 VERY LOW
NCT02037425 | change (0-3, Tx. Mean (SD): B-T1 change [(responders) = 0.5 (0.5); (non-responders, < 10 weeks of completed endpoint) D000
scale) benefit) = 1.22 (1.03); (non-responders, no/minimal benefit (<30%, 3weeks) = 0.67 (0.47)] RoB - Serious
B-T1 (12 weeks): NR
NS
NERVE FIBRES
Scalp skin (SNP, Super-Fol, BULGE)
ENF density CA Cutrer, ENF/mm? «After BoNT Tx, ENF were increased and uniformly distributed. ENFs/mm?: PA - 1895; 1nRT (n=1) Low
2010 NPA - 1012; PPA - 2104. RoB - Moderate ®O00
B-T1 (34 days): 1
Nerve fibres CA Cutrer, Thickness After BoNT Tx, nerve fibres increased density, were normal in appearance with full nerve InRT (n=1) Low
morphology 2010 bundles coursing from deep dermis to form an abundant SNP. RoB - Moderate Y Jele)
B-T1 (34 days): 1
thickness

1, higher; | lower; 11, significantly higher; ||, significantly lower; (++), increased significantly; (+) increased but not significantly; (-),
decreased significantly; (—); decreased but not significantly; (i), reporting <10 weeks of benefit; (ii), reporting no/minimal benefit (<30%,
3 weeks); AOPP advanced oxidation protein products; BoNT botulinum toxin, BULGE bulge area of hair follicles, CD(p)-A/D Cervical dystonia
with pain in the neck and anxiety/depression, CRP C-reactive protein, CGRP calcitonin gene-related peptide, CA cephalgia alopecia, CBOH-MF
Chronic bilateral occipital headache with migraine features, CI confidence interval, CIS chronic inflammatory state, CM chronic migraine, DED
dry eye disease, ENF epidermal nerve fibre,, FRAP ferric reducing antioxidant power, GON greater occipital nerve, GRO-a Growth Regulated
Oncogene alpha, G-CSF Granulocyte Colony Stimulating Factor, /FN-y Interferon-gamma, IL interleukin, IP-10 Interferon Gamma-Induced
Protein-10, IQ/[IQR] interquartile range, IT injected tissues, /-TAC Interferon-inducible T cell-a chemoattractant, log2FC log2 fold change, MIF
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Table 4. (continued)

Macrophage Migration Inhibitory Factor, MMP matrix metalloproteinase, NIT non-injected tissues, NPA no pain/alopecia, NR not reported,
nRT non-randomised clinical trial, NS not statistically significant, PA pain+ alopecia, PPA previous pain+ alopecia, RANTES Regulated Upon
Activation Normal T-cell Expressed, RCT randomised controlled trial, RoB Risk of bias, SE standard error, SD Standard deviation, SH thiolic
groups, SICAM-1 Soluble Intercellular Adhesion Molecule, SNAP-25 synaptosomal-associated protein 25 kDa, SNP subepidermal neural plexus,
SP substance-P, Super-Fol superficial dermis surrounding a hair follicle, TBUT tear film break-up time, TGF-f1 transforming growth factor-p1,

TN trigeminal neuralgia, TNF-a tumor necrosis factor-alfa, Tx treatment, U Units

KEY:
GRADE certainty ratings

Very low: The true effect is probably markedly different from the estimated effect

Low: The true effect might be markedly different from the estimated eftect

Moderate: The authors believe that the true effect is probably close to the estimated effect

High: The authors have a lot of confidence that the true effect is similar to the estimated effect

(relating to the intervention itself). Domains concerning
to issues after the interventions start, such as domain
5 (missing data, given that only a subset of subjects
(14/30) completed the endpoint of interest—neuronal
regrowth) and domain 6 (measurement of outcomes)
were considered at serious risk of bias (Online Resource
5).

Certainty of evidence

Overall, the evidence from the two RCTs was downgraded
one step for imprecision (Choi et al. 2019), or two to
three steps (National Library of Medicine (US). Identi-
fier NCT01071096. 2023; Cady et al. 2014), once for bias
and once or twice for imprecision. One non-randomised
study was upgraded for large effect based on a well-done
trial without important risk of bias or other limitations
(Gfrerer et al. 2022). The remaining studies were kept at
the initial low certainty evidence score (Zhang et al. 2020;
Cernuda-Morollén et al. 2015; Dini et al. 2019; Cutrer
et al. 2010; Karakulova and Loginova 2017), or very low
if they presented serious risk of bias (National Library of
Medicine (US). Identifier NCT02037425. 2023). In sum-
mary: CGRP, very low to low certainty evidence; SER-
OTONIN, low to moderate certainty evidence; OXIDA-
TIVE STRESS BIOMARKERS, low certainty evidence;
PLAYERS IN INFLAMMATORY PROCESSES, low to
moderate certainty evidence; IMMUNE CELL CLASSES,
very low to moderate certainty evidence; SUBSTANCE P,
low certainty evidence; NERVE FIBRES, low certainty
evidence; NEURONAL REGROWTH, very low certainty
evidence. See summary of findings table with the certainty
of evidence assessment (Table 4). Online Resource 5 pro-
vides the explanations for the judgements.
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Discussion

The main results of this systematic review show that after
BoNT administration in humans suffering from inflamma-
tion-associated chronic conditions, a significant effect was
reported in levels of some biomarkers, including CGRP
(very low to low certainty evidence), serotonin (low to
moderate certainty evidence), oxidative stress biomarkers
(low certainty evidence), expression of gene sets involved
in inflammatory pathways and immune cells classes as
well as metalloproteinase-9 molecule (very low to moder-
ate certainty evidence).

Although we need to exercise caution in interpreting the
findings of this review because the meaning of biomarkers
response is complex, not straightforward, and is based on
a small number of studies, mostly with concerns about
risk of bias, these appear to be largely in line with the cur-
rent literature indicating that BoNT not only can reverse
clinical features associated to the chronic conditions under
investigation, as the mechanisms underlying an analgesic
and mood lifting effect goes beyond the recognised toxin
capacity to inhibit the presynaptic release of acetylcholine
at the neuromuscular junction.

From this review, it seems like the most studied sce-
nario evaluating BoNT effect with biomarkers was the
prevention of chronic migraine, which may be explained
by the fact that BoNT is a well-established and licensed
treatment for this condition. In contrast, BoNT has been
approved to treat cervical dystonia since 2000, being
nowadays the first line of treatment, but we only found
one study in cervical dystonia with pain in the neck, anxi-
ety, and depression (Karakulova and Loginova 2017).
This may be due to a paradigm shift in clinical research in
BoNT effects, that is now focusing on the sensory aspects
of cervical dystonia symptoms, including pain and mental
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illness that have been linked to inflammation (Kaji et al.
2018). BoNT is also an emerging therapy for neuropathic
pain, and we found one study in trigeminal neuralgia and
one RCT focusing on refractory intractable DED (Zhang
et al. 2020; Choi et al. 2019), which is characterised by
inflammation and features of neuropathic pain, such as
pain resulting from nerve dysfunction. The other remain-
ing condition was cephalgia alopecia with lymphocytic
peribulbar inflammation, which is currently set on the
premise that headaches result in the repeated activation
of trigeminal and upper cervical branches implicated in
the innervation of hair cells, triggering neurogenic inflam-
mation, and leading to hair loss and disruption of immune
system regulation (Cutrer et al. 2010).

The outcomes of this review suggest that after BONT a
significant effect was reported in six studies (Zhang et al.
2020; Cernuda-Morollén et al. 2015; Dini et al. 2019;
Karakulova and Loginova 2017; Choi et al. 2019; Gfrerer
et al. 2022). Significant key effects reported included a
decrease in plasma levels of CGRP in chronic migraine
and trigeminal neuralgia (Zhang et al. 2020; Cernuda-
Morollén et al. 2015); decrease in serotonin concentrations
when collected from human tears in refractory intracta-
ble DED (Choi et al. 2019), and increase in peripheral
blood platelets in painful cervical dystonia associated to
depression and anxiety (Karakulova and Loginova 2017);
decrease in plasma concentration of markers of oxidative
damage to proteins and increase in biomarkers for anti-
oxidant power that measures non-enzymatic antioxidant
properties and other components of plasma antioxidant
barrier in chronic migraine (Dini et al. 2019); decrease in
expression of gene sets involved in inflammatory pathways
and immune cells classes in the periosteum of chronic
migraineurs that responded well to past therapy (Gfrerer
et al. 2022), and MMP-9 molecule in the tears samples
of participants suffering from DED (Choi et al. 2019).
Other studies also observed differences following BoNT,
although it was not reported statistical significance, which
included a decrease in salivary levels of CGRP after the
third month in chronic migraine (National Library of Med-
icine (US). Identifier NCT01071096. 2023); CGRP and
SP-positive nerve fibres were higher in the scalp areas pre-
viously with/without associated pain and alopecia and the
nerve fibres increased density and thickness (Cutrer et al.
2010). Finally, there were apparently no mean changes in
CGRP, beta Tubulin and SNAP-25 in the skin of patients
suffering from chronic migraine (National Library of Med-
icine (US). Identifier NCT02037425. 2023).

Remarkably, while the statistical significance reported
informed that an effect exists in six studies, the P value can-
not reveal the size of the effect. Therefore, once the effect
size was not reported, it was not possible to understand the
magnitude of the differences found. We highlight that effect

sizes should be reported consistently to complement signifi-
cance tests for the interpretation of results and understand
the full impact of BoNT in biomarkers of interest and rele-
vant clinical effects. Moreover, the correct reporting of effect
size will help to determine sample sizes for future studies,
and to facilitate comparison between studies in meta-anal-
yses. Overall, very low to moderate-certainty evidence was
found for the BoNT key effects on biomarkers used in clini-
cal research in chronic conditions linked to inflammation,
which reflects the outcomes in the GRADE evaluation. That
said, there are several observations in the included studies
worthy of discussion and further research.

The two studies evaluating serotonin concentration (ng/
mL) suggested that BoNT analgesic effect may be primar-
ily related with a weakening of the muscle contraction that
interrupts the vicious reflex cycle in refractory intractable
DED and cervical dystonia with pain in the neck and associ-
ated with depression and anxiety (Karakulova and Loginova
2017; Choi et al. 2019). Nevertheless, both studies reported
that BoNT had significant effect on serotonin levels in the
tears and peripheral blood platelet. Noteworthy that sero-
tonin is known to be involved in complex biological func-
tions such as mood, cognition, learning, and physiological
processes including vasoconstriction and wound healing. It
is thought that in human tears, serotonin may act as a surro-
gate marker for corneal nociceptor sensitization, while there
is evidence suggesting that platelets with serotonin content
may be a reliable peripheral surrogate in neuropsychiatric
research (Zhuang et al. 2018). Hence, the results from these
studies may contribute to validate a biomarker in refrac-
tory intractable DED and non-motor symptoms associated
to cervical dystonia, by demonstrating that the relationship
between the change in serotonin and the change in clini-
cal outcome is generalisable across interventions, including
BoNT therapy.

Another interesting finding, based on differential gene
expression analyses of treatment effect, was that BoONT dem-
onstrated to have a large effect on the expression of inflam-
matory genes and pathways activation, as well as on the
abundance of multiple inflammatory/immune cells, in the
periosteum (Gfrerer et al. 2022). This study offered a new
potential avenue for BONT mechanism of action in prevent-
ing chronic migraine, set on the BoNT power to reduce pre-
existing inflammation via localized interaction, and hence
decrease the ample quantity of classic immune cells in the
calvarium periosteum. Further studies providing larger sam-
ple sizes and a control group should focus on this novel
possibility that BONT may have anti-inflammatory proper-
ties driven by its capacity to modulate nociceptors release
of neuropeptides and chemokines in highly innervated tis-
sues. Reinforcing the potential role of BONT in modulating
inflammation, one RCT evaluated the tears level of chronic
inflammation marker (MMP-9) in refractory intractable
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DED and observed significant outcome changes (Choi et al.
2019). Indeed, experimental research and ongoing clinical
studies searching for an effective treatment of DED have
targeted the inhibition of molecule MMP-9 (Shoari et al.
2021). Thus, this RCT offers a new treatment possibility
and adds to the evidence required to validate MMP-9 bio-
marker in DED. However, the true effect of BoNT could not
be ascertained due to some factors that may have affected
the outcome. The effects of such variables, including age-
related changes in the lid function, meibomian and lacrimal
grands, the use of lubricants or drugs for other reasons (e.g.,
systemic immunomodulators) that may have contributed to
the inhibition of MMP-9 activity, needs to be examined in
future well-designed RCTs with representative samples.

In addition, it seems that BoNT treatment may amelio-
rate the functioning of antioxidant mechanisms in chronic
migraineurs. One study confirmed that BoNT not only was
a successful prophylactic therapy for chronic migraine, as
it improved the concentration of plasma oxidative stress
biomarkers (Dini et al. 2019). Considering the far-reaching
implications of BoNT putative indirect antioxidant proper-
ties for the treatment of other conditions, it may be worth to
clarify the role of BoNT in the reported treatment outcomes.
Bearing in mind that biological pathways and therapeutic
effects are multifactorial and not simple, future studies
should define the weight of other variables of interest on the
level of oxidative stress impairment (e.g., severity of chronic
migraine and preventives overuse) and on the level of anti-
oxidative activity reduction (e.g., concomitant use of triptans
and/or nonsteroidal anti-inflammatory drugs consumption).
Notwithstanding some important variables that have already
been considered in some studies, with apparently no impact
on the change in biomarker and/or clinical outcome. For
example, analysis reported that age, gender, visual analog
scale (VAS) scores, use of carbamazepine, and the number
of trigeminal nerve branches involved had no significant
influence on the median difference between plasma CGRP
concentrations in trigeminal neuralgia (Zhang et al. 2020).
Moreover, it was reported no numerical or statistical differ-
ences between clinical outcomes in chronic migraine and
demographic factors such as age, clinical features including
duration of condition, history of aura, and acute medica-
tion overuse, as well as comorbidities (Cernuda-Moroll6n
et al. 2015). These included depression, fibromyalgia, arte-
rial hypertension, and obesity. Other variables which effects
were excluded in the context of chronic migraine involved
the use of triptans, preventatives (monotherapy or polyther-
apy) and topiramate. In contrast, one study found an inverse
relationship between self-reported pain severity and inten-
sity in cervical dystonia and quantitative serotonin content in
peripheral blood platelets (Karakulova and Loginova 2017),
which should be confirmed in further randomised clinical
trials measuring both self-reported outcome and biomarker.

@ Springer

In line with the current prevailing thought, two studies
indicated that CGRP is likely to be involved in the patho-
physiology of chronic migraine and trigeminal neuralgia
and suggested that the analgesic mechanism of BoNT in
the treatment of both conditions may be associated with
the blockage of CGRP release, leading to the reversal of
peripheral and central sensitization (Zhang et al. 2020; Cern-
uda-Morollén et al. 2015). However, while the two studies
reported that CGRP plasma levels were significantly reduced
after treatment with BoNT, the conclusions diverged regard-
ing the value of CGRP concentration measurements before
starting the therapy to predict the response to BoNT. Only
the study involving chronic migraineurs reported that inter-
ictal CGRP plasma levels may be helpful in predicting the
response to BoNT (Cernuda-Morollén et al. 2015), which
was in line with the results from four studies evaluating
plasma or serum levels of CGRP and other pain-producing
molecules (see Online Resource 4Table 2). These observa-
tional studies were all in chronic migraine but were excluded
from analysis given that biomarkers levels were only col-
lected before BONT administration (Cernuda-Moroll6n et al.
2014; Leira et al. 2021; Dominguez et al. 2018; Dominguez
Vivero et al. 2020). Noteworthy another study included
in Online Resource 4 Table 2, which provided a periph-
eral blood genomic DNA analysis of 156 participants with
chronic migraine and observed that polymorphic variations
of genes that encode for CGRP might play a role as prognos-
tic markers of efficacy of BoNT (Moreno-Mayordomo et al.
2019). There is a need for results refinement and the authors
were aware of one registered protocol (CRD42021265014)
for a systematic review on biomarker predictors of BoNT
efficacy in chronic migraine that may be able to further elu-
cidate this matter (Sari 2021).

Moreover, given the limited clinical studies available in
this field, it may be relevant for future research the scru-
tiny of the validity of preclinical evidence. The importance
of knowing which biomarkers have been used, as well
as BoNT key effect, in animal or cells studies has been
suggested by the authors on another registered protocol
(CRD42023432411) or highlighted in the results of the
studies included in Online Resource 4 Table 3, respectively
(Pereira 2023).

Limitations

We acknowledge some limitations. The included studies
were often limited by small sample sizes, and it was unclear
if the follow-up time was adequate for the development of
the studied chronic diseases. Moreover, the small number
of studies and lack of direct comparisons prevented a meta-
analysis for several outcomes and only narrative analyses
were possible. One of the primary limitations was the hetero-
geneity of chronic conditions and biological sampling across
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studies, although this review restricted the use of BoNT to
head and neck conditions. On the other hand, expanding the
targeted areas and indications below the eligibility criteria
(e.g., below head and neck plaque psoriasis, hypertrophic
scars and keloids as reported in Online Resource 4 Table 4)
may amplify the results. Moreover, the study design and
reporting methods varied widely across studies, while in
one sense the review was more inclusive (e.g., studies with/
without controls have been included), allowing to have a
good representation of the available evidence on this topic,
baseline confounding is likely to be an issue in most or all
non-randomised studies. Potential confounders or other
sources of bias were also identified in the included studies.
Most studies reported knowledge of the assigned interven-
tion, with six out of nine studies reporting sources of fund-
ing, what could interfere with patient reported outcomes
(such as level of pain) and investigator-reported outcomes
requiring some judgement. Therefore, while such concerns
do not apply to the main outcome (quantitative biomarker
levels upon BoNT administration), it may apply to potential
relationships between biomarker change and clinical sub-
jective effect (measurement of bias). For example, some
studies adopted different subgroups of responders versus
non-responders to BoNT treatment, which was primarily
based on subjective self-report and clinical measures. This
was not considered to interfere with the primary outcome
objective laboratory assessments, especially in studies with
blinded outcome assessors (Cernuda-Morollén et al. 2015;
Gfrerer et al. 2022), whereas it was judged as a moderate to
serious risk of bias for the studies with open label design
and outcome measurements involving assessor classifica-
tion of the biomarker change on a scale, which may have
introduced some bias in measurement of outcomes (Cutrer
et al. 2010; National Library of Medicine (US). Identifier
NCT02037425. 2023). Moreover, although based on histo-
logical examinations, the results for some outcomes were
not comprehensively presented: no power calculation under-
taken, no potential sources of bias identified, no statistical
tests or P values reported.

Conclusion

In the present review study, the evidence achieved from
clinical studies in BoNT was summarised. A significant
effect was reported in levels of CGRP, levels of serotonin,
concentration of oxidative stress biomarkers, expression of
gene sets involved in inflammatory pathways, immune cells
classes and MMP-9 molecule. However, these findings are
supported by low-quality data concerning BoNT effects
measured with objective biomarkers. Further well-designed
trials in this area are needed to increase certainty about
BoNT effects for chronic conditions linked to inflammation.

Registration and protocol

This systematic review has been registered in the inter-
national prospective register of systematic reviews
(PROSPERO) database under the registration number:
CRD42023432131, and the protocol has been published
(Pereira. 2023). Differences between protocol and review:
(1) Inclusion of “systematic review” in the title to follow
PRISMA 2020 guidelines. (2) The “risk of bias” methods
was updated with the new tool ROB 2.0 in line with guid-
ance from the new version of the Cochrane Handbook for
Systematic Reviews of Interventions. (3) Given the small
amount of RCTs and the inclusion of non-randomised stud-
ies to the evidence synthesis, we have updated the methods
with the ROBIN-I. (4) We included the GRADE approach
to rate the quality of evidence for each outcome. (5) We
could not assess potential sources of effect heterogeneity as
planned. (6) Meanwhile, the first author has been granted a
doctoral scholarship.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00702-024-02869-w.

Acknowledgements Not applicable.

Authors' contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by INP, SD and GDC. The first draft of the manuscript was
written by the PhD resident INP and all authors commented on previ-
ous versions of the manuscript and substantively revised it. All authors
read and approved the final manuscript.

Funding Open access funding provided by FCTIFCCN (b-on). This
work was supported by a grant from Fundacao para a Ciéncia e a Tec-
nologia (FCT) (2023.00543.BD) as a Doctoral Scholarship to INP.
Open access funding provided by University of Porto through the b-on
(FCTIFCCN) agreement.

Data availability Full list of citations that did not meet the inclusion
criteria was recorded in the Ryann platform and is available upon
request. Justifications for risk of bias assessments and study quality
evaluations were recorded in the CASP checklists, which are available
upon request.

Declarations

Conflict of interest The authors declare that they have no competing
interests or personal relationships that could have influence this paper.

Ethics approval and consent to participate Not applicable.
Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

@ Springer


https://doi.org/10.1007/s00702-024-02869-w

1872

1. Novo Pereira et al.

the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aschenbeck KA, Hordinsky MK, Kennedy WR, Wendelschafer-Crabb
G, Ericson ME, Kavand S et al (2018) Neuromodulatory treat-
ment of recalcitrant plaque psoriasis with onabotulinumtoxinA. J
Am Acad Dermatol [internet] 79:1156—1159. https://doi.org/10.
1016/.jaad.2018.07.058

Becker WJ (2020) Botulinum Toxin in the Treatment of Headache.
Toxins (Basel). https://doi.org/10.3390/toxins 12120803

Borodic GE, Caruso P, Acquadro M, Chick S (2014) Parry-Romberg
syndrome vasculopathy and its treatment with botulinum toxin.
Ophthalmic Plast Reconstr Surg. https://doi.org/10.1097/10P.
0b013e31828de9cO

Bumb A, Seifert B, Wetzel S, Agosti R (2013) Patients profiling for
Botox® (onabotulinum toxin A) treatment for migraine: a look at
white matter lesions in the MRI as a potential marker. Springer-
plus. https://doi.org/10.1186/2193-1801-2-377

Cady R, Turner I, Dexter K, Beach ME, Cady R, Durham P (2014) An
exploratory study of salivary calcitonin gene-related peptide lev-
els relative to acute interventions and preventative treatment with
onabotulinumtoxinA in chronic migraine. Headache 54:269-277.
https://doi.org/10.1111/head.12250

Califf RM (2018) Biomarker definitions and their applications. Exp
Biol Med (Maywood). https://doi.org/10.1177/1535370217
750088

Cernuda-Morollén E, Martinez-Camblor P, Ramén C, Larrosa D, Ser-
rano-Pertierra E, Pascual J (2014) CGRP and VIP levels as predic-
tors of efficacy of Onabotulinumtoxin type A in chronic migraine.
Headache 54:987-995. https://doi.org/10.1111/head.12372

Cernuda-Morollon E, Ramoén C, Martinez-Camblor P, Serrano-
Pertierra E, Larrosa D, Pascual J (2015) OnabotulinumtoxinA
decreases interictal CGRP plasma levels in patients with chronic
migraine. Pain 156:820-824. https://doi.org/10.1097/j.pain.00000
00000000119

Charles A, Nwaobi SE, Goadsby P (2021) Inflammation in migraine...
or not...: A critical evaluation of the evidence. Headache
61:1575-1578. https://doi.org/10.1111/head.14224

CASP Checklists - Critical Appraisal Skills Programme [Internet].
CASP - Critical Appraisal Skills Programme. [cited 2024 Sep
11]. https://casp-uk.net/casp-tools-checklists/

Choi MG, Yeo JH, Kang JW, Chun YS, Lee JK, Kim JC (2019) Effects
of botulinum toxin type A on the treatment of dry eye disease
and tear cytokines. Graefes Arch Clin Exp Ophthalmol [internet]
257:331-338. https://doi.org/10.1007/s00417-018-4194-3

ClinicalTrials.gov [Internet]. National Library of Medicine (US). Iden-
tifier NCT01071096. Calcitonin Gene-related Peptide Levels in
Chronic Migraine (Cady, Roger, M.D); 2003-02-12. [cited 2023
Oct 25]. https://clinicaltrials.gov/study/NCT01071096

ClinicalTrials.gov [Internet]. National Library of Medicine (US).
Identifier NCT02037425. Exploratory Study of the Natural His-
tory, Clinical Outcomes, and Neuronal Endplate Changes in Sub-
jects Reporting Short Duration vs. Long Duration of Benefit for
OnabotulinumtoxinA in Treatment of Chronic Migraine (Cady,
Roger, M.D); 2016-08-11. [cited 2023 Oct 25]. https://clinicaltr
ials.gov/study/NCT02037425?tab=history&a=1

Corrigan F, Mander KA, Leonard AV, Vink R (2016) Neurogenic
inflammation after traumatic brain injury and its potentiation of

@ Springer

classical inflammation. J Neuroinflam 13:264. https://doi.org/10.
1186/512974-016-0738-9

Cutrer F, Pittelkow M (2006) Cephalalgic alopecia areata: a syndrome
of neuralgiform head pain and hair loss responsive to botulinum
A toxin injection. Cephalalgia Intern J Headache 26:747-751.
https://doi.org/10.1111/j.1468-2982.2006.01098.x

Cutrer FM, Sandroni P, Wendelschafer-Crabb G (2010) Botulinum
toxin treatment of cephalalgia alopecia increases substance P and
calcitonin gene-related peptide-containing cutaneous nerves in
scalp. Cephalalgia 30:1000-1006. https://doi.org/10.1111/j.1468-
2982.2009.01987.x

da Silva LB, Kulas D, Karshenas A, Cairns BE, Bach FW, Arendt-
Nielsen L et al (2014) Time course analysis of the effects of botu-
linum neurotoxin type A on pain and vasomotor responses evoked
by glutamate injection into human temporalis muscles. Toxins
(Basel). https://doi.org/10.3390/toxins6020592

de Tommaso M, Delussi M, Ricci K, Montemurno A, Carbone I, Vec-
chio E (2016) Effects of onabotulintoxina on habituation of laser
evoked responses in chronic migraine. Toxins. https://doi.org/10.
3390/toxins8060163

Dini E, Mazzucchi S, De Luca C, Cafalli M, Chico L, Lo Gerfo A
et al (2019) Plasma levels of oxidative stress markers, before
and after BoNT/A treatment, in chronic migraine. Toxins
(Basel). https://doi.org/10.3390/toxins11100608

Dominguez C, Vieites-Prado A, Pérez-Mato M, Sobrino T, Rod-
riguez-Osorio X, Lopez A et al (2018) CGRP and PTX3 as
predictors of efficacy of onabotulinumtoxin Type A in chronic
migraine: an observational study. Headache. https://doi.org/10.
1111/head.13211

Dominguez Vivero C, Leira Y, Saavedra Pifieiro M, Rodriguez-
Osorio X, Ramos-Cabrer P, Villalba Martin C et al (2020) Iron
deposits in periaqueductal gray matter are associated with poor
response to onabotulinumtoxinA in chronic migraine. Toxins
(Basel). https://doi.org/10.3390/toxins 12080479

Fang X-X, Zhai M-N, Zhu M, He C, Wang H, Wang J et al (2023)
Inflammation in pathogenesis of chronic pain: Foe and friend.
Mol Pain. https://doi.org/10.1177/17448069231178176

FDA-NIH Biomarker Working Group. BEST (Biomarkers, End-
pointS, and other Tools) Resource [Internet]. Silver Spring
(MD): Food and Drug Administration (US); 2016. http://www.
ncbi.nlm.nih.gov/books/NBK326791/

Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dwor-
kin RH et al (2015) Pharmacotherapy for neuropathic pain in
adults: a systematic review and meta-analysis. Lancet Neur
14:162-173. https://doi.org/10.1016/S1474-4422(14)70251-0

Finzi E, Rosenthal NE (2014) Treatment of depression with onabotu-
linumtoxinA: a randomized, double-blind, placebo controlled
trial. J Psychiatr Res 52:1-6. https://doi.org/10.1016/j.jpsyc
hires.2013.11.006

Gauglitz GG, Bureik D, Dombrowski Y, Pavicic T, Ruzicka T,
Schauber J (2012) Botulinum toxin A for the treatment of
keloids. Skin Pharmacol Physiol 25:313-318. https://doi.org/
10.1159/000342125

Gazerani P, Pedersen NS, Staahl C, Drewes AM, Arendt-Nielsen L
(2009) Subcutaneous Botulinum toxin type A reduces capsai-
cin-induced trigeminal pain and vasomotor reactions in human
skin. Pain 141:60-69. https://doi.org/10.1016/j.pain.2008.10.
005

Gfrerer L, Xu W, Austen W, Ashina S, Melo-Carrillo A, Longhi
MS et al (2022) OnabotulinumtoxinA alters inflammatory gene
expression and immune cells in chronic headache patients. Brain
145:2436-2449. https://doi.org/10.1093/brain/awab461

Hajj R, Haddad C (2021) The anti-nociceptive/anti-inflammatory
actions of botulinum toxin a for the treatment of chronic pain: a
literature review. Current Res Dent 12:62-70. https://doi.org/10.
3844/crdsp.2021.62.70


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jaad.2018.07.058
https://doi.org/10.1016/j.jaad.2018.07.058
https://doi.org/10.3390/toxins12120803
https://doi.org/10.1097/IOP.0b013e31828de9c0
https://doi.org/10.1097/IOP.0b013e31828de9c0
https://doi.org/10.1186/2193-1801-2-377
https://doi.org/10.1111/head.12250
https://doi.org/10.1177/1535370217750088
https://doi.org/10.1177/1535370217750088
https://doi.org/10.1111/head.12372
https://doi.org/10.1097/j.pain.0000000000000119
https://doi.org/10.1097/j.pain.0000000000000119
https://doi.org/10.1111/head.14224
https://casp-uk.net/casp-tools-checklists/
https://doi.org/10.1007/s00417-018-4194-3
https://clinicaltrials.gov/study/NCT01071096
https://clinicaltrials.gov/study/NCT02037425?tab=history&a=1
https://clinicaltrials.gov/study/NCT02037425?tab=history&a=1
https://doi.org/10.1186/s12974-016-0738-9
https://doi.org/10.1186/s12974-016-0738-9
https://doi.org/10.1111/j.1468-2982.2006.01098.x
https://doi.org/10.1111/j.1468-2982.2009.01987.x
https://doi.org/10.1111/j.1468-2982.2009.01987.x
https://doi.org/10.3390/toxins6020592
https://doi.org/10.3390/toxins8060163
https://doi.org/10.3390/toxins8060163
https://doi.org/10.3390/toxins11100608
https://doi.org/10.1111/head.13211
https://doi.org/10.1111/head.13211
https://doi.org/10.3390/toxins12080479
https://doi.org/10.1177/17448069231178176
http://www.ncbi.nlm.nih.gov/books/NBK326791/
http://www.ncbi.nlm.nih.gov/books/NBK326791/
https://doi.org/10.1016/S1474-4422(14)70251-0
https://doi.org/10.1016/j.jpsychires.2013.11.006
https://doi.org/10.1016/j.jpsychires.2013.11.006
https://doi.org/10.1159/000342125
https://doi.org/10.1159/000342125
https://doi.org/10.1016/j.pain.2008.10.005
https://doi.org/10.1016/j.pain.2008.10.005
https://doi.org/10.1093/brain/awab461
https://doi.org/10.3844/crdsp.2021.62.70
https://doi.org/10.3844/crdsp.2021.62.70

Botulinum toxin effects on biochemical biomarkers related to inflammation-associated head... 1873

Hao R, Li Z, Chen X, Ye W (2018) Efficacy and possible mechanisms
of botulinum toxin type A on hypertrophic scarring. J] Cosmet
Dermatol [internet] 17:340-346. https://doi.org/10.1111/jocd.
12534

Hubbard CS, Becerra L, Smith JH, DeLange JM, Smith RM, Black
DF et al (2016) Brain changes in responders vs non-responders
in chronic migraine: markers of disease reversal. Front Hum Neu-
rosci. https://doi.org/10.3389/fnhum.2016.00497

Ines Novo Pereira, Sara Durdo, Giancarlo De la Torre Canales, Ana
Cristina Braga, André Mariz Almeida, Haidar Hassan, et al. Bio-
markers in Preclinical Research on Botulinum Toxin effects on
Inflammation-associated Chronic Conditions. PROSPERO 2023
CRD42023432411 [Internet]. https://www.crd.york.ac.uk/prosp
ero/display_record.php?ID=CRD42023432411

Ines Novo Pereira, Sara Durdo, Haidar Hassan, Ana Cristina Braga,
André Mariz Almeida, Ana Cristina Manso, et al. Biomarkers in
clinical research on botulinum toxin effects on inflammation-asso-
ciated chronic conditions. PROSPERO 2023 CRD2023432131
[Internet]. https://www.crd.york.ac.uk/prospero/display_record.
php?ID=CRD42023432131

Jeong HS, Lee BH, Sung HM, Park SY, Ahn DK, Jung MS et al (2015)
Effect of botulinum toxin type A on differentiation of fibroblasts
derived from scar tissue. Plast Reconstr Surg. https://doi.org/10.
1097/PRS.0000000000001438

Kaji R, Bhatia K, Graybiel AM (2018) Pathogenesis of dystonia: is it of
cerebellar or basal ganglia origin? J Neurol Neurosurg Psychiatry
89:488-492. https://doi.org/10.1136/jnnp-2017-316250

Karakulova YV, Loginova NV (2017) The efficacy of botulinother-
apy in the correction of the pain syndrome and quality of life of
patients with cervical dystonia. Zh Nevrol Psikhiatr Im S S Kor-
sakova. https://doi.org/10.17116/jnevro201711712133-36

Khatery BHM, Hussein HA, Abd-El-Raheem TA, El Hanbuli HM, Yas-
sen NN (2022) Assessment of intralesional injection of botulinum
toxin type A in hypertrophic scars and keloids: Clinical and patho-
logical study. Dermatol Ther. https://doi.org/10.1111/dth.15748

Kim MJ, Kim JH, Cheon HI, Hur MS, Han SH, Lee YW et al (2019)
Assessment of skin physiology change and safety after intrader-
mal injections with botulinum toxin: a randomized, double-blind,
placebo-controlled, split-face pilot study in rosacea patients with
facial erythema. Dermatol Surg [internet] 45:1155-1162. https://
doi.org/10.1097/DSS.0000000000001819

Kim H, Jang B, Kim S-T (2021) Botulinum Toxin Type-A (Botulax®)
Treatment in Patients with Intractable Chronic Occipital Neural-
gia: A Pilot Study. Toxins (Basel). https://doi.org/10.3390/toxin
s13050332

Lee MJ, Lee C, Choi H, Chung C-S (2016) Factors associated with
favorable outcome in botulinum toxin A treatment for chronic
migraine: A clinic-based prospective study. J Neurol Sci. https://
doi.org/10.1016/j.jns.2016.01.054

Leira Y, Dominguez C, Ameijeira P, Lopez-Arias E, Avila-Gémez P,
Pérez-Mato M et al (2021) Mild systemic inflammation enhances
response to OnabotulinumtoxinA in chronic migraineurs. Sci Rep.
https://doi.org/10.1038/s41598-020-80283-4

Li Y, Liu T, Luo W (2021) Botulinum neurotoxin therapy for depres-
sion: therapeutic mechanisms and future perspective. Front Psy-
chiatry. https://doi.org/10.3389/fpsyt.2021.584416

Luvisetto S (2021) Botulinum neurotoxins in central nervous sys-
tem: an overview from animal models to human therapy. Toxins.
https://doi.org/10.3390/toxins 13110751

Mapunda JA, Tibar H, Regragui W, Engelhardt B (2022) How does the
immune system enter the brain? Front Immunol. https://doi.org/
10.3389/fimmu.2022.805657

Marcolino MA. Independent implementation of the ROBINS-I assess-
ment tool, with academic purposes, with no collaboration or revi-
sion from the developers of the tool itself. Also, no alterations on
the content of the ROBINS-I tool or language was performed.

[Internet]. https://www.iats.com.br/uploads/ROBINS-I-Excel
Tool-unoficial_macro.xIsm

Marek-Jozefowicz L, Nedoszytko B, Grochocka M, Zmijewski MA,
Czajkowski R, Cubata WJ et al (2023) Molecular mechanisms
of neurogenic inflammation of the skin. Int J Mol Sci 24:5001.
https://doi.org/10.3390/ijms24055001

Matsuda M, Huh Y, Ji R-R (2019) Roles of inflammation, neurogenic
inflammation, and neuroinflammation in pain. J Anesth 33:131-
139. https://doi.org/10.1007/s00540-018-2579-4

Moreno-Mayordomo R, Ruiz M, Pascual J, Gallego de la Sacristana
M, Vidriales I, Sobrado M et al (2019) CALCA and TRPV1 genes
polymorphisms are related to a good outcome in female chronic
migraine patients treated with OnabotulinumtoxinA. J Headache
Pain. https://doi.org/10.1186/s10194-019-0989-9

Murad MH, Mustafa RA, Schiinemann HJ, Sultan S, Santesso N (2017)
Rating the certainty in evidence in the absence of a single estimate
of effect. Evid Based Med [internet] 22:85-87. https://doi.org/10.
1136/ebmed-2017-110668

OCEBM Levels of Evidence Working Group*. The Oxford Levels of
Evidence 2 [Internet]. Oxford Centre for Evidence-Based Medi-
cine. Available from: https://www.cebm.ox.ac.uk/resources/levels-
of-evidence/ocebm-levels-of-evidence * OCEBM Levels of Evi-
dence Working Group = Jeremy Howick, lain Chalmers (James
Lind Library), Paul Glasziou, Trish Greenhalgh, Carl Heneghan,
Alessandro Liberati, Ivan Moschetti, Bob Phillips, Hazel Thorn-
ton, Olive Goddard and Mary Hodgkinson

Ozarslan M, Matur Z, Tuzun E, Oge AE (2022) Cutaneous allodynia
and thermal thresholds in chronic migraine: The effect of onabot-
ulinumtoxinA. Clin Neurol Neurosur. https://doi.org/10.1016/j.
clineuro.2022.107357

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mul-
row CD, The PRISMA et al (2020) statement: an updated guide-
line for reporting systematic reviews. BMJ. https://doi.org/10.
1136/bmj.n71

Park GS, An MK, Yoon JH, Park SS, Koh SH, Mauro TM et al (2019)
Botulinum toxin type A suppresses pro-fibrotic effects via the INK
signaling pathway in hypertrophic scar fibroblasts. Arch Dermatol
Res. https://doi.org/10.1007/s00403-019-01975-0

Philippova ES, Bazhenov 1V, Ziryanov AV, Bazarny VV (2021) Impact
of intradetrusor botulinum toxin A injections on serum and uri-
nary concentrations of nerve growth factor and brain-derived neu-
rotrophic factor in patients with multiple sclerosis and neurogenic
detrusor overactivity. Neurourol Urodyn [internet] 40:95-101.
https://doi.org/10.1002/nau.24534

Reyes N, Huang JJ, Choudhury A, Pondelis N, Locatelli EV, Felix
ER et al (2023) Botulinum toxin A decreases neural activity in
pain-related brain regions in individuals with chronic ocular pain
and photophobia. Front Neurosci. https://doi.org/10.3389/fnins.
2023.1202341

Ronya Sari, Noor Al-Huda Monemsdatter Hadi, Henrik Winther
Schytz. Biomarker predictors of Botulinum Toxin A efficacy in
chronic migraine patients. PROSPERO 2021 CRD42021265014
[Internet]. : https://www.crd.york.ac.uk/prospero/display_record.
php?ID=CRD42021265014

Schiinemann HJ, Brennan S, Akl EA, Hultcrantz M, Alonso-Coello P,
Xia J et al (2023) The development methods of official GRADE
articles and requirements for claiming the use of GRADE-A state-
ment by the GRADE guidance group. J Clin Epidemiol 159:79—
84. https://doi.org/10.1016/j.jclinepi.2023.05.010

Sebastianelli G, Casillo F, Di Renzo A, Abagnale C, Cioffi E, Parisi V
et al (2023x) Effects of botulinum toxin type A on the nocicep-
tive and lemniscal somatosensory systems in chronic migraine:
an electrophysiological study. Toxins (Basel). https://doi.org/10.
3390/toxins 15010076

Shi X, Gao C, Wang L, Chu X, Shi Q, Yang H et al (2020) Botulinum
toxin type A ameliorates adjuvant-arthritis pain by inhibiting

@ Springer


https://doi.org/10.1111/jocd.12534
https://doi.org/10.1111/jocd.12534
https://doi.org/10.3389/fnhum.2016.00497
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023432411
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023432411
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023432131
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023432131
https://doi.org/10.1097/PRS.0000000000001438
https://doi.org/10.1097/PRS.0000000000001438
https://doi.org/10.1136/jnnp-2017-316250
https://doi.org/10.17116/jnevro201711712133-36
https://doi.org/10.1111/dth.15748
https://doi.org/10.1097/DSS.0000000000001819
https://doi.org/10.1097/DSS.0000000000001819
https://doi.org/10.3390/toxins13050332
https://doi.org/10.3390/toxins13050332
https://doi.org/10.1016/j.jns.2016.01.054
https://doi.org/10.1016/j.jns.2016.01.054
https://doi.org/10.1038/s41598-020-80283-4
https://doi.org/10.3389/fpsyt.2021.584416
https://doi.org/10.3390/toxins13110751
https://doi.org/10.3389/fimmu.2022.805657
https://doi.org/10.3389/fimmu.2022.805657
https://www.iats.com.br/uploads/ROBINS-I-ExcelTool-unoficial_macro.xlsm
https://www.iats.com.br/uploads/ROBINS-I-ExcelTool-unoficial_macro.xlsm
https://doi.org/10.3390/ijms24055001
https://doi.org/10.1007/s00540-018-2579-4
https://doi.org/10.1186/s10194-019-0989-9
https://doi.org/10.1136/ebmed-2017-110668
https://doi.org/10.1136/ebmed-2017-110668
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
https://doi.org/10.1016/j.clineuro.2022.107357
https://doi.org/10.1016/j.clineuro.2022.107357
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1007/s00403-019-01975-0
https://doi.org/10.1002/nau.24534
https://doi.org/10.3389/fnins.2023.1202341
https://doi.org/10.3389/fnins.2023.1202341
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021265014
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021265014
https://doi.org/10.1016/j.jclinepi.2023.05.010
https://doi.org/10.3390/toxins15010076
https://doi.org/10.3390/toxins15010076

1874

1. Novo Pereira et al.

microglial activation-mediated neuroinflammation and intracel-
lular molecular signaling. Toxicon [internet] 178:33—40. https://
doi.org/10.1016/j.toxicon.2019.12.153

Shoari A, Kanavi MR, Rasaee MJ (2021) Inhibition of matrix metal-
loproteinase-9 for the treatment of dry eye syndrome; a review
study. Exp Eye Res. https://doi.org/10.1016/j.exer.2021.108523

Shon U, Kim MH, Lee DY, Kim SH, Park BC (2020) The effect of
intradermal botulinum toxin on androgenetic alopecia and its pos-
sible mechanism. J Am Acad Dermatol [internet] 83:1838—1839.
https://doi.org/10.1016/j.jaad.2020.04.082

Smith S, Dworkin R, Turk D, Baron R, Polydefkis M, Tracey I et al
(2017) The potential role of sensory testing, skin biopsy, and func-
tional brain imaging as biomarkers in chronic pain clinical trials:
IMMPACT Considerations. J Pain. https://doi.org/10.1016/j.jpain.
2017.02.429

Sterne JA, Hernan MA, Reeves BC, Savovi¢ J, Berkman ND, Viswa-
nathan M et al (2016) ROBINS-I: a tool for assessing risk of bias
in non-randomised studies of interventions. BMJ. https://doi.org/
10.1136/bmj.i4919

Sterne JAC, Savovié¢ J, Page MJ, Elbers RG, Blencowe NS, Boutron
I et al (2019) RoB 2: a revised tool for assessing risk of bias in
randomised trials. BMJ. https://doi.org/10.1136/bmj.14898

Todberg T, Zachariae C, Bregnhgj A, Hedelund L, Bonefeld KK,
Nielsen K et al (2018) The effect of botulinum neurotoxin A in
patients with plaque psoriasis—an exploratory trial. J Eur Acad
Dermatol Venereol. https://doi.org/10.1111/jdv.14536

Valente M, Lettieri C, Russo V, Janes F, Gigli GL (2021) Clinical
and neurophysiological effects of botulinum neurotoxin type a in
chronic migraine. Toxins. https://doi.org/10.3390/toxins 13060392

@ Springer

Xiao Z, Zhang F, Lin W, Zhang M, Liu Y (2010) Effect of botuli-
num toxin type A on transforming growth factor betal in fibro-
blasts derived from hypertrophic scar: a preliminary report. Aes-
thetic Plast Surg [internet] 34:424-427. https://doi.org/10.1007/
$00266-009-9423-z

Xiao Z, Zhang M, Liu Y, Ren L (2011) Botulinum toxin type a inhibits
connective tissue growth factor expression in fibroblasts derived
from hypertrophic scar. Aesthetic Plast Surg [internet] 35:802—
807. https://doi.org/10.1007/500266-011-9690-3

Xiaoxue W, Xi C, Zhibo X (2014) Effects of botulinum toxin type A on
expression of genes in keloid fibroblasts. Aesthet Surg J [internet]
34:154-159. https://doi.org/10.1177/1090820X 13482938

Zhang Y, Lian Y, Zhang H, Xie N, Chen Y (2020) CGRP plasma levels
decrease in classical trigeminal neuralgia patients treated with
botulinum toxin type a: a pilot study. Pain Med. https://doi.org/
10.1093/pm/pnaa028

Zhang S, Li K, Yu Z, Chai J, Zhang Z, Zhang Y et al (2022) Dramatic
effect of botulinum toxin type A on hypertrophic scar: a promis-
ing therapeutic drug and its mechanism through the SP-NKI1R
pathway in cutaneous neurogenic inflammation. Front Med (Laus-
anne). https://doi.org/10.3389/fmed.2022.820817

Zhuang X, Xu H, Fang Z, Xu C, Xue C, Hong X (2018) Platelet sero-
tonin and serotonin transporter as peripheral surrogates in depres-
sion and anxiety patients. Eur J Pharmacol [internet] 834:213—
220. https://doi.org/10.1016/j.ejphar.2018.07.033

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.toxicon.2019.12.153
https://doi.org/10.1016/j.toxicon.2019.12.153
https://doi.org/10.1016/j.exer.2021.108523
https://doi.org/10.1016/j.jaad.2020.04.082
https://doi.org/10.1016/j.jpain.2017.02.429
https://doi.org/10.1016/j.jpain.2017.02.429
https://doi.org/10.1136/bmj.i4919
https://doi.org/10.1136/bmj.i4919
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1111/jdv.14536
https://doi.org/10.3390/toxins13060392
https://doi.org/10.1007/s00266-009-9423-z
https://doi.org/10.1007/s00266-009-9423-z
https://doi.org/10.1007/s00266-011-9690-3
https://doi.org/10.1177/1090820X13482938
https://doi.org/10.1093/pm/pnaa028
https://doi.org/10.1093/pm/pnaa028
https://doi.org/10.3389/fmed.2022.820817
https://doi.org/10.1016/j.ejphar.2018.07.033

	Botulinum toxin effects on biochemical biomarkers related to inflammation-associated head and neck chronic conditions: a systematic review of clinical research
	Abstract
	Introduction
	Methods
	Eligibility criteria
	Information sources and search strategy
	Selection process
	Data collection process
	Study characteristics, risk of bias, and certainty assessment
	Effect measures and syntheses methods

	Results
	Risk of bias assessment
	Results of individual studies
	Results of synthesis
	CGRP
	Serotonin
	Oxidative stress biomarkers
	Players in inflammatory processes and immune cell classes
	Substance P
	Nerve fibres
	Neuronal regrowth

	Certainty of evidence

	Discussion
	Limitations

	Conclusion
	Registration and protocol
	Acknowledgements 
	References




