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Introduction: Disease course of multiple sclerosis (MS) is negatively influenced by

proinflammatory molecules released by activated T and B lymphocytes and local immune

cells. The endovanilloid system plays different physiological functions, and preclinical

data suggest that transient receptor potential vanilloid type 1 (TRPV1) could modulate

neuroinflammation in this disorder.

Methods: The effect of TRPV1 activation on the release of two main proinflammatory

cytokines, tumor necrosis factor (TNF) and interleukin (IL)-6, was explored in activated

microglial cells. Furthermore, in a group of 132MS patients, the association between the

cerebrospinal fluid (CSF) levels of TNF and IL-6 and a single nucleotide polymorphisms

(SNP) influencing TRPV1 protein expression and function (rs222747) was assessed.

Results: In in vitro experiments, TRPV1 stimulation by capsaicin significantly reduced

TNF and IL-6 release by activated microglial cells. Moreover, the anti-inflammatory effect

of TRPV1 activation was confirmed by another TRPV1 agonist, the resiniferatoxin (RTX),

whose effects were significantly inhibited by the TRPV1 antagonist, 5-iodoresiniferatoxin

(5-IRTX). Vice versa, BV2 pre-treatment with 5-IRTX increased the inflammatory response

induced by LPS. Moreover, in MS patients, a significant association emerged between

TRPV1 SNP rs222747 and CSF TNF levels. In particular, the presence of a G allele,

known to result in increased TRPV1 protein expression and function, was associated to

lower CSF levels of TNF.

Conclusions: Our results indicate that TRPV1 influences central inflammation in MS

by regulating cytokine release by activated microglial cells. The modulation of the

endovanilloid system may represent a useful approach to contrast neuroinflammation in

MS.
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INTRODUCTION

In Multiple Sclerosis (MS), T lymphocytes and local immune
cells play critical roles by releasing a number of cytokines
and chemokines involved in the induction and maintenance
of the inflammatory process. In addition, recent findings
suggest that specific proinflammatory and anti-inflammatory
molecules influence neuronal functioning, altering synaptic
transmission and plasticity (1–3), and negatively influencing
disease course of MS by promoting excitotoxic neuronal
damage (4, 5). Among others, tumor necrosis factor (TNF)
represents a proinflammatory molecule critically involved in the
pathogenesis of both animal models of disease (i.e., experimental
autoimmune encephalomyelitis, EAE) and of human MS (1, 6).
In particular, TNF release by activated microglial cells promotes
neurodegeneration since the early phases of EAE, even before
the appearance of the clinical deficits. The specific role of this
molecule has been also confirmed by the finding that both
microglia and TNF reproduced in vitro the alterations observed
in EAE, and the effects were prevented by blocking TNF signaling
(1). In addition to TNF, different proinflammatory cytokines,
have been found elevated in the cerebrospinal fluid (CSF) of MS
patients (7). In the brain of MS patients, demyelinating lesions
display IL-6 expression and glial cells activation (8). Moreover,
this cytokine is elevated in the serum and CSF of MS patients and
may negatively impact the disease course (9–11). Of note, mice
lacking IL-6 gene are resistant to EAE induction (12), suggesting
the pathogenic role of this cytokine in MS.

The complex relationship between inflammation and
neurodegeneration involves different neurotransmitters and
receptors, among them the endovanilloid system (EVS) plays
a pivotal role. The transient receptor potential vanilloid type 1
(TRPV1), is a non-selective cationic channel activated by both
exogenous (i.e., capsaicin, toxins) and endogenous (i.e., high
temperatures, acid pH, anandamide, 2-arachidonoylglycerol)
stimuli (13–15). TRPV1 modulates nociceptive responses both
in the peripheral and central nervous system (CNS) (16–18), it is
widely expressed in brain neurons and glial cells (19–22), and its
activation modulates microglia-neuron communication (23).

In EAE, TRPV1 can modulate the inflammatory milieu

regulating the release of different proinflammatory and anti-
inflammatory cytokines (24). In addition, there is evidence that
TRPV1 regulates the permeability of the blood-brain barrier
and, due to this mechanism, it can be considered a key factor
controlling the disease progression in EAE (25).

However, the factors influencing the levels of central
inflammation inMS are not completely understood. In particular,
it is not clear whether genetic variability of TRPV1 gene

Abbreviations: CAP, Capsaicin; CNS, central nervous system; CSF, cerebrospinal

fluid; EVS, endovanilloid system; EDSS, expanded disability status score; EAE,

experimental autoimmune encephalomyelitis; FBS, fetal bovine serum; Gd,

gadolinium; HMGB1, high mobility group box 1; 5-IRTX, 5-iodoresiniferatoxin;

IL, interleukin; IQR, interquartile range; LPS, lipopolysaccharides; LP, lumbar

puncture;MRI,magnetic resonance imaging;MS,multiple sclerosis; RR, relapsing-

remitting; RTX, resiniferatoxin; SNP, single nucleotide polymorphism; sd,

standard deviation; SE, spin-echo; TRVP1, transient receptor potential vanilloid

type 1; TNF, tumor necrosis factor.

could promote neuroinflammation. Specific single-nucleotide
polymorphisms (SNPs) in the TRPV1 gene could represent a
suitable tool to investigate the role of this receptor channel
in human pathology. Previous reports, in fact, showed that
SNPs in the TRPV1 gene affect the activity of TRPV1 channel
(26). In particular, the rs222747 SNP influence protein receptor
expression and function (26), cortical excitability in healthy
humans (27), and modulate pain in MS patients (28).

To investigate the immunomodulatory role of TRPV1 in
microglia, we explored in vitro the effect of TRPV1 receptor
stimulation on TNF and IL-6 release in activated microglial cells.
In addition, to address the role of genetic variability of TRPV1 on
central inflammation in MS, we examined whether TRPV1 SNP
rs222747 influences TNF and IL-6 concentrations in the CSF of
MS patients.

PATIENTS AND METHODS

In vitro BV2 Cell Culture and TNF and IL-6
Measurement
The day before the experiment, microglial BV2 cells were plated
onto 35mm culture dishes at a density of 8 × 105 in triplicates
for each experimental condition in DMEM supplemented with
5% certified endotoxin free fetal bovine serum (FBS, Hyclone)
and 1% penicillin/streptomycin. Next, the cells were pre-
treated with TRPV1 agonists capsaicin (CAP, Tocris; 10–25µM)
and resiniferatoxin (RTX, Tocris; 1 nM) and/or antagonist 5-
Iodoresiniferatoxin (5IRTX, Tocris; 1µM) for 30min before
adding 100 ng/ml Lipopolysaccharides (LPS) or an equivalent
volume of vehicle (DMSO).

Cell culture medium was collected at 6 (only for CAP
treatment) and 24 h and soon centrifuged at 1,200 rpm in
microfuge in order to remove any dead or detached cells.
The medium was then aliquoted and stored at −80◦C until
use. Supernatants were assayed for TNF and IL-6 by means
of Multiplex assay and the plate was read on a Luminex-200
instrument (Luminex Corp., Austin, TX). Concentrations were
calculated by using a standard 5P-logistic weighted curve and
expressed as pg/ml.

MS Patients
The Ethics Committee of the University Hospital of Tor Vergata
(Rome, Italy) approved the study and all patients gave a written
informed consent.

One hundred and thirty two patients participated to the study.
All patients were admitted to the Neurology Clinic of Tor Vergata
Hospital in Rome and diagnosed as suffering fromMS according
to validated criteria (29). Clinical examination, brain and spine
magnetic resonance imaging (MRI), blood withdrawal for SNP
genotyping, and lumbar puncture (LP) for CSF collection were
performed at the time of diagnosis. No patient was treated with
immunoactive drugs before hospitalization, corticosteroids or
disease-modifying therapies were initiated after LP.

The following demographic and clinical characteristics were
collected during hospitalization: sex, age, expanded disability
status score (EDSS) (30), disease duration, presence of clinical
and/or radiological disease activity.
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Radiological examination by 1.5 Tesla MRI included the
following sequences: dual-echo proton density, fluid-attenuated
inversion recovery, T1-weighted spin-echo (SE), T2-weighted
fast SE, and contrast-enhanced T1-weighted SE after intravenous
gadolinium (Gd) infusion (0.2 ml/kg).

SNP Genotyping
Genotyping for TRPV1 SNPs rs222747 was performed in all
patients. The MassARRAY Assay Design 3.1 software was used

to design a single 20-multiplex reaction in which the SNPs of
the TRPV1 gene was included. Genotyping was performed using
iPLEX Gold technology (31) and MassARRAY high-throughput
DNA analysis with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (Sequenom).

CSF Sampling and Analysis
Immediately after LP, CSF samples were centrifuged and stored
at −80◦C. To analyze the levels of the main proinflammatory

FIGURE 1 | Activated TRPV1 in microglia controls TNF and IL-6 release. TRPV1 stimulation reduces TNF and IL-6 release by BV2 cells under inflammatory challenge.

The levels (pg/ml) of TNF (A,B) and IL-6 (C,D) were measured in BV2 culture media harvested after 6 and 24 h of LPS treatment, respectively. One-way ANOVA p <

0.001, followed by Tukey HSD: ***p < 0.001 for comparisons of LPS, LPS+CAP 10µM, LPS+CAP 25µM to Ctrl; ###p < 0.001 for comparisons of LPS+CAP

25µM to LPS, §§§p < 0.001 for comparison of LPS+CAP 25µM LPS+ CAP 10µM.
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and anti-inflammatory molecules, a Bio-Plex multiplex cytokine
assay (Bio-Rad Laboratories, Hercules, CA, USA) was used.
The CSF levels of TNF and IL-6 were assessed. Concentrations
were calculated according to a standard curve generated for the
specific target and expressed as picograms/milliliter (pg/ml). All
samples were analyzed in triplicate.

Statistical Analysis
Data were presented as mean (standard deviation, sd) or, if
they did not were normally distributed, as median (Interquartile
Range, IQR). Kolmogorov-Smirnov test was applied to verify
the normality of data distribution. Categorical variables were
expressed as frequency (n) and percentage (%).

Parametric T-test or, when necessary, non-parametric Mann-
Whitney test was applied to test difference between two
categories. Chi-square test or Fisher’s exact test was applied to
test association between two categorical variables. In the in vitro
experiment, differences among groups were assessed by one-way
ANOVA followed by Tukey HSD. Benjamini-Hochberg (BH)
adjustment was applied to control the False discovery rate in

FIGURE 2 | Pharmacological agonism/antagonism of TRPV1 elicits opposite

responses of BV2 cells to LPS. BV2 cells were pre-treated with the TRPV1

agonist RTX (1 nM), the TRPV1 antagonist 5-IRTX (1µM) or a combination of

both before the addition of LPS. RTX alone significantly attenuated the amount

of TNF released by the cells, while 5-IRTX significantly increased the TNF

release induced by LPS and counteracted the anti-inflammatory effect of RTX.

One-way ANOVA p < 0.001, followed by Tukey HSD: ***p < 0.001 for

comparisons of LPS, 5-IRTX+LPS, RTX+5-IRTX+LPS to Ctrl, *p< 0.05 for

comparisons of RTX+LPS to Ctrl, ###p < 0.001 for comparisons of

RTX+LPS to LPS, #p < 0.05 for comparison of 5-IRTX+LPS to LPS, §§§p <

0.001 for comparison of 5-IRTX+LPS and RTX+5-IRTX+LPS to RTX+LPS.

multiple comparisons. A p < 0.05 was considered statistically
significant. All analyses were performed by statistical software
SPSS.

RESULTS

Activated TRPV1 in Microglia Controls TNF
and IL-6 Release
We investigated whether microglia might be involved in
controlling neuroinflammation through TRPV1, using an in
vitro experimental paradigm of microglia activation. To assess
the influence of TRPV1 stimulation on microglia response
to inflammation, we pre-activated TRPV1 expressed on BV2
microglia cell line with different concentrations of the TRPV1
agonist capsaicin before adding the inflammatory stimulus, LPS.
BV2 cells express functional TRPV1 (32) and are widely used as
a valid alternative of primary microglia in many experimental
settings (33). In our experimental conditions, TRPV1 activation
did not alter per se the secretion of TNF and IL-6 by BV2
cells at any of the concentrations used (10 and 25µM) and
the time points considered, i.e., short-term (6 h) and long-term
(24 h) (Figure 1). Notably, at both time points, pre-stimulation
of TRPV1 with 25µM capsaicin significantly reduced the LPS-
induced release of TNF (for both time points One-way ANOVA
p < 0.001, followed by Tukey HSD; p < 0.001 for comparisons of
LPS, LPS+CAP10µM, LPS+CAP 25µM to Ctrl; p < 0.001 LPS
vs. LPS+CAP 25µM; p<0.001 LPS+CAP10µM vs. LPS+CAP
25µM, Figures 1A,B) and IL-6 (for both time points One-way
ANOVA p < 0.001, followed by Tukey HSD; p < 0.001 for
comparisons of LPS, LPS+CAP10µM, LPS+CAP 25µM to Ctrl;
p < 0.001 LPS vs. LPS+CAP 25µM; p < 0.001 LPS+CAP10µM
vs. LPS+CAP 25µM, Figures 1C,D) by BV2 cells. These results
suggest that TRPV1 expressed on microglia can attenuate their
activation during neuroinflammation.

Studies in EAE mice have provided convincing evidence that
TNF has a crucial role in MS pathogenesis (34–36). To validate
the involvement of TRPV1 on the inflammatory pathway, we
pre-treated BV2 cells with highly potent TRPV1 agonist, RTX
(1 nM), and the potent TRPV1 antagonist, 5-IRTX (1µM). Based

TABLE 1 | Demographic and clinical characteristics of MS patients.

MS Patients n 132

Age, years mean (sd) 34.8 (10.18)

Sex, Female n (%) 86 (65.2%)

MS CLASSIFICATION

RR n (%) 122 (92.4%)

PP/SP n (%) 10 (7.6%)

Disease duration, months median (25–75 th percentiles) 8.7 (1.95–28.18)

EDSS at LP median (25–75 th percentiles) 2 (1–2.5)

Clinical activity at LP n (%) 55 (41.7%)

Radiological activity at LP n (%) 48 (36.4%)

RR, relapsing/remitting; PP, primary progressive; SP, secondary progressive; EDSS,

expanded disability status scale.
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on previous results, we analyzed the amount of TNF production
after LPS challenge at 24 h. In line with the above data, both
the molecules did not modulate the release of TNF by BV2
cells in the absence of an inflammatory challenge, while the
pre-treatment of the cells with RTX confirmed the effect of
inhibition of TNF release observed with CAP (Figure 2; One-
way ANOVA p < 0.001, followed by Tukey HSD; p < 0.001
RTX+LPS vs. LPS; p < 0.05 RTX+LPS vs. Ctrl). Notably, the
TRPV1 antagonist 5-IRTX increased the amount of TNF released
by BV2 cells and counteracted the inhibitory action of RTX on
TNF production, suggesting the critical role played by TRPV1 in
the regulation of the inflammatory pathway (One-way ANOVA
p < 0.001, followed by Tukey HSD; p < 0.05 for comparison
of 5-IRTX+LPS to LPS; not significant the comparison between
RTX+5-IRTX+LPS to LPS and 5-IRTX+LPS; p < 0.001 5-
IRTX+LPS and RTX+5-IRTX+LPS compared to Ctrl and to
RTX+LPS).

Clinical and Demographic Characteristics
of MS Patients
Clinical and radiological examination, CSF and blood sample
withdrawal were performed in 132MS patients. The clinical and
demographic characteristics of patients are shown in Table 1.

The SNP rs222747 showed no significant departure from
Hardy–Weinberg equilibrium. The distribution of the SNPs
rs222747 was as follows: CC (n = 70; 53%), CG (n = 54; 40.9%),
GG (n = 8; 6.1%). For further analyses, patients were grouped as
GG/GC (n= 62; 47%) or CC.

TRPV1 SNP rs222747 Reduces CSF
Inflammation
We investigated the association between the TRPV1 SNP
rs222747 genotype and the levels of TNF and IL-6 in the CSF
of MS patients at the time of diagnosis. Significant associations
emerged between TRPV1 rs222747 and TNFCSF concentrations.
TNF values showed a skewed right distribution due to a large
number of patients with very low CSF TNF levels and a relatively

small proportion of patients showing very high concentrations
of this molecule. The CG/GG group showed reduced CSF levels
of TNF (CC n = 70, median = 0.94 IQR = 0.39–2.02 vs.
CG/GG n = 62, median = 0.36 IQR = 0–1.36; p = 0.01,
B-H adjusted p = 0.02) (Figure 3). No significant differences
emerged in IL-6 CSF levels between the two groups (CC n =

70, median = 8.6, IQR = 2.75–222.69 vs. CG/GG n = 62,
median = 20.2, IQR = 3.14–221.68; p = 0.496, B-H adjusted
p= 0.496).

The clinical characteristics of the MS patients according to
TRPV1 SNP rs222747 genotype (CC vs. CG/GG) are shown
in Table 2. No significant differences emerged between the
two groups in age, sex, disease duration, EDSS at diagnosis,
presence of clinical/radiological disease activity at the time of
diagnosis.

TABLE 2 | Clinical characteristics of MS patients according to TRPV1 group.

TRPV p-value

CC CG + GG

n = 70 n = 62

Age, years mean (sd) 34.1 (9.79) 35.7 (10.63) 0.418

Sex, Female n (%) 45 (64.3%) 41 (66.1%) 0.824

MS CLASSIFICATION

RR n (%) 62 (88.6%) 60 (96.8%) 0.102a

Disease

duration,

months

median

(25–75th

percentiles)

8.9 (2.4–32.97) 8.7 (0.93–28.13) 0.515

EDSS at LP median (25 -

75th

percentiles)

2 (1–2.5) 1.5 (1–2.5) 0.150

Clinical

activity at LP

n (%) 28 (40.0%) 27 (43.5%) 0.943

Radiological

activity at LP

n (%) 28 (40.0%) 20 (32.3%) 0.593

aFisher’s exact test.

FIGURE 3 | TRPV1 SNP rs222747 modulates central TNF levels in MS. TNF (A) and IL-6 (B) concentrations are shown in logarithmic scale. Higher CSF levels of TNF

are observed in the TRPV1 rs222747 “CC” group. Mann–Whitney: *p = 0.01.
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DISCUSSION

TRPV1 is a prominent member of the transient receptor
potential (TRP) ion channel superfamily expressed in different
tissues (37). In the CNS, TRPV1 has been found in neurons
and resident immune cells and mediates pleiotropic functions.
Although TRPV1 activation is clearly involved in the regulation
of the inflammatory response (38), the role in MS central
inflammation and neurodegeneration is not completely
understood. In particular, the effects of TRPV1 activation may
depend on the specific inflammatory milieu (39) and therefore,
in MS, may have different consequences in different disease
phases (40). A growing body of evidence suggests that TRPV1
expressed on microglia controls neuroinflammation. In brain
resident immune cells, TRPV1 activation is associated to a
wide range of functions, including cell death, phagocytosis,
migration, production of cytokines and other inflammatory
mediators (41–46). Intriguingly, TRPV1 activation also
promotes the release of extracellular vesicles from microglia
(47), likely modulating microglia-neuron communication
(23).

In the present study, the association between TRPV1
functionality in microglia and TNF and IL-6 has been explored
by an in vitro experiment designed to simulate a condition of
enhanced TRPV1 activity. In particular, stimulating TRPV1 in
microglial BV2 cells with 25µM capsaicin before activation by
LPS, attenuated TNF and IL-6 release from BV2. Interestingly,
in human monocytes and in murine primary microglia pre-
treatment with capsaicin before LPS stimulation inhibits the
release of TNF, IL-1β, IL-6, prostaglandin E2 and 8-isoprostane
(48). It is worth noting that both doses of the agonist used
to activate TRPV1 and the stimulation timing seem crucial
to regulate the response of microglia to inflammation. Indeed,
1 h treatment with 10µM capsaicin increased the expression
of IL-1β, IL-6, TNF and high mobility group box 1 (HMGB1)
protein from BV2 cells (32), while in our experiment both
10 and 25µM capsaicin did not induce changes in TNF
or IL-6 release compared to control cells after neither 6
or 24 h. These findings raise the possibility that TRPV1
agonists only transiently increase the release of proinflammatory

cytokines due to rapid agonist-induced receptor rundown
(49). On the contrary, only 25µM capsaicin was effective
in the attenuation of cytokine release induced by LPS in
BV2. Of note, the pharmacological stimulation of the TRPV1
with another TRPV1 agonist, RTX, confirmed the inhibitory
effect of TRPV1 activation on the LPS-mediated inflammatory
pathway in microglia cells. Moreover, the pre-treatment of
BV2 cells with the TRPV1 antagonist 5-IRTX potentiated the
LPS-induced activation of inflammatory route in these cells
and counteracted the anti-inflammatory activity of TRPV1
stimulation, providing convincing evidence of the crucial role
of TRPV1 in the modulation of microglia response to LPS
challenge.

Overall, these data are in line with previous studies
showing that TRPV1 activation may influence cytokine
release in different inflammatory conditions. In particular,
administration of a TRPV1 agonist inhibits TNF production

in a rat model of arthritis (50). Moreover, in a rat model
of EAE, the administration of a TRPV1 agonist reduced
LPS-induced release of TNF and IL-1β, and enhanced IL-10
production (24).

Previous evidence suggests that in different inflammatory
conditions TRPV1 activity may exert both proinflammatory
and anti-inflammatory effects (39). For example, animal
studies showed that TRPV1 activation may have anti-
inflammatory activity protecting from ischemia/reperfusion
injury (51), contrasting the inflammation-mediated damage in
inflammatory bowel disease (52), and reducing inflammation in
sepsis (53) and allergic contact dermatitis (54). Conversely,
TRPV1 activation may promote proinflammatory and
pro-nociceptive effects as described in animal models of
peripheral neuropathic pain (55) and bone cancer pain
(56), and in human osteoarthritis and rheumatoid arthritis
(57).

To clarify whether TRPV1 functionality influences central
inflammation also in MS, a prototypical neuroinflammatory
disorder, we explored the association between two TRPV1
SNPs and the CSF levels of TNF and IL-6. TRPV1 locus is
extremely polymorphic and a great number of non-synonymous
SNPs have been described. In particular, SNP rs222747 is
localized in the region of the Ankyrin repeat domains, and its
variant is associated with increased expression and enhanced
functionality of the channel (26). In particular, the presence
of the G allele, compared to the wild-type CC, provides
a natural model of enhanced functionality of the channel.
Our results show that enhanced TRPV1 functionality in SNP
rs222747 GG/GC carriers influence CSF cytokine composition
in MS patients. In particular, although no clear association
emerged between increased genetic functionality of TRPV1
and IL-6 CSF levels, our data in humans provided further
confirmation that TRPV1 channel function regulates TNF
release.

TNF is specifically involved in EAE and in MS
pathogenesis. Elevated CSF levels of TNF have been in
fact reported in progressive MS patients (6), and both
meningeal immune cells infiltration and B cell follicles
described in MS brains produce high levels of TNF
(6, 58–61). Of note, inhibition of TNF signaling improves
EAE (34–36).

In conclusion, we provided evidence that TRPV1 signaling
regulates neuroimmune crosstalk in MS, suggesting that its
pharmacological modulation could affect MS disease course and
inflammatory neurodegeneration.
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7. Matejčíková Z, Mareš J, Prikrylová Vranová H, Klosova J, Sladkova V,

Dolakova J, et al. Cerebrospinal fluid inflammatory markers in patients

with multiple sclerosis: a pilot study. J Neural Transm. (2015) 122:273–7.

doi:10.1007/s00702–014-1244–9

8. Maimone D, Guazzi GC, Annunziata P. IL-6 detection in multiple sclerosis

brain. J Neurol Sci. (1997) 146:59–65. doi: 10.1016/S0022–510X(96)00283–3

9. Maimone D, Gregory S, Arnason BG, Reder AT. Cytokine levels in

the cerebrospinal fluid and serum of patients with multiple sclerosis. J

Neuroimmunol. (1991) 32:67–74. doi: 10.1016/0165–5728(91)90073-G

10. Matsushita T, Tateishi T, Isobe N, Yonekawa T, Yamasaki R, Matsuse

D, et al. Characteristic cerebrospinal fluid cytokine/chemokine profiles in

neuromyelitis optica, relapsing remitting or primary progressive multiple

sclerosis. PLoS ONE (2013) 8:e61835. doi: 10.1371/journal.pone.0061835

11. Kimura A, Takemura M, Saito K, Serrero G, Yoshikura N, Hayashi Y, et

al. Increased cerebrospinal fluid progranulin correlates with interleukin-6 in

the acute phase of neuromyelitis optica spectrum disorder. J Neuroimmunol.

(2017) 305:175–81. doi: 10.1016/j.jneuroim.2017.01.006

12. Eugster HP, Frei K, Kopf M, Lassmann H, Fontana A. IL-6-deficient

mice resist myelin oligodendrocyte glycoprotein-induced autoimmune

encephalomyelitis. Eur J Immunol. (1998) 28:2178–87.

13. Szallasi A, Blumberg PM. Vanilloid (Capsaicin) receptors and mechanisms.

Pharmacol Rev. (1999) 51:159–212.

14. Van Der Stelt M, Di Marzo V. Endovanilloids. Putative endogenous ligands

of transient receptor potential vanilloid 1 channels. Eur J Biochem. (2004)

271:1827–34. doi: 10.1111/j.1432–1033.2004.04081.x

15. Zygmunt PM, Ermund A, Andersson DA, Simonsen C, Jonsson

BAG, Blomgren A, et al. Monoacylglycerols activate TRPV1-A link

between phospholipase C and TRPV1. PLoS ONE (2013) 8:e81618.

doi: 10.1371/journal.pone.0081618

16. Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, et

al. The cloned capsaicin receptor integrates multiple pain producing stimuli.

Neuron (1998) 21:531–43. doi: 10.1016/S0896–6273(00)80564–4

17. Kim YH, Back SK, Davies AJ, Jeong H, Jo HJ, Chung G, et al. TRPV1

in GABAergic interneurons mediates neuropathic mechanical allodynia and

disinhibition of the nociceptive circuitry in the spinal cord. Neuron (2012)

74:640–7. doi: 10.1016/j.neuron.2012.02.039

18. Kim YS, Chu Y, Han L, Li M, LaVinka PC, Sun S, et al. Central terminal

sensitization of TRPV1 by descending serotonergic facilitation modulates

chronic pain. Neuron (2014) 81:873–87. doi: 10.1016/j.neuron.2013.12.011

19. Mezey E, Tóth ZE, Cortright DN, Arzubi MK, Krause JE, Elde R, et al.

Distribution of mRNA for vanilloid receptor subtype 1 (VR1), and VR1-like

immunoreactivity, in the central nervous system of the rat and human. Proc

Natl Acad Sci USA. (2000) 97:3655–36. doi: 10.1073/pnas.060496197

20. Toth A, Boczán J, Kedei N, Lizanecz E, Bagi Z, Papp Z, et al. Expression and

distribution of vanilloid receptor 1 (TRPV1) in the adult rat brain. Brain Res

Mol Brain Res. (2005) 135:162–8. doi: 10.1016/j.molbrainres.2004.12.003

21. Cristino L, De Petrocellis L, Pryce G, Baker D, Guglielmotti V, Di Marzo

V. Immunohistochemical localization of cannabinoid type 1 and vanilloid

transient receptor potential vanilloid type 1 receptors in the mouse brain.

Neuroscience (2006) 139:1405–15. doi: 10.1016/j.neuroscience.2006.02.074

22. Puente N, Reguero L, Elezgarai I, Canduela MJ, Mendizabal-Zubiaga J,

Ramos-Uriarte A, et al. The transient receptor potential vanilloid-1 is localized

at excitatory synapses in the mouse dentate gyrus. Brain Struct Funct. (2015)

220:1187–94. doi: 10.1007/s00429–014-0711–2

23. Marrone MC, Morabito A, Giustizieri M, Chiurchiù V, Leuti A, Mattioli

M, et al. TRPV1 channels are critical brain inflammation detectors and

neuropathic pain biomarkers in mice. Nat Commun. (2017) 8:15292.

doi: 10.1038/ncomms15292

24. Tsuji F, Murai M, Oki K, Seki I, Ueda K, Inoue H, et al. Transient

receptor potential vanilloid 1 agonists as candidates for anti-inflammatory

and immunomodulatory agents. Eur J Pharmacol. (2010) 627:332–9.

doi: 10.1016/j.ejphar.2009.10.044

25. Paltser G, Liu XJ, Yantha J, Winer S, Tsui H, Wu P, et al. TRPV1 gates tissue

access and sustains pathogenicity in autoimmune encephalitis. Mol Med.

(2013) 19:149–59. doi: 10.2119/molmed.2012.00329

26. Xu H, Tian W, Fu Y, Oyama TT, Anderson S, Cohen DM. Functional effects

of nonsynonymous polymorphisms in the human TRPV1 gene. Am J Physiol

Renal Physiol. (2007) 293:F1865–76. doi: 10.1152/ajprenal.00347.2007

27. Mori F, Ribolsi M, Kusayanagi H, Monteleone F, Mantovani V, Buttari F, et

al. TRPV1 channels regulate cortical excitability in humans. J Neurosci. (2012)

32:873–9. doi: 10.1523/JNEUROSCI.2531–11.2012

28. Buttari F, Zagaglia S, Marciano L, Albanese M, Landi D, Nicoletti CG, et al.

TRPV1 polymorphisms and risk of interferon β-induced flu-like syndrome in

patients with relapsing-remitting multiple sclerosis. J Neuroimmunol. (2017)

305:172–4. doi: 10.1016/j.jneuroim.2017.02.007

29. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al.

Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald

criteria. Ann Neurol. (2011) 69:292–302. doi: 10.1002/ana.22366

30. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded

disability status scale (EDSS). Neurology (1983) 33:1444–52.

31. Jurinke C, van den Boom D, Cantor CR, Koster H. Automated genotyping

using the DNAMassArray technology.MethodsMol Biol. (2002) 187:179–192.

doi: 10.1385/1–59259-273–2:179

32. HuangWX, Yu F, Sanchez RM, Liu YQ,Min JW, Hu JJ, et al. TRPV1 promotes

repetitive febrile seizures by pro-inflammatory cytokines in immature brain.

Brain Behav Immun. (2015) 48:68–77. doi: 10.1016/j.bbi.2015.01.017

33. Henn A, Lund S, Hedtjarn M, Schrattenholz A, Porzgen P, Leist M. The

suitability of BV2 cells as alternative model system for primary microglia

cultures or for animal experiments examining brain inflammation. ALTEX

(2009) 26:83–94. doi: 10.14573/altex.2009.2.83

34. Brambilla R, Ashbaugh JJ, Magliozzi R, Dellarole A, Karmally S,

Szymkowski DE, et al. Inhibition of soluble tumour necrosis factor is

therapeutic in experimental autoimmune encephalomyelitis and promotes

axon preservation and remyelination. Brain (2011) 134(Pt 9):2736–54.

doi: 10.1093/brain/awr199

Frontiers in Neurology | www.frontiersin.org 7 January 2019 | Volume 10 | Article 30

https://doi.org/10.1523/JNEUROSCI.5804--08.2009
https://doi.org/10.1177/1352458512440207
https://doi.org/10.1016/j.clinph.2017.04.006
https://doi.org/10.1002/ana.22512
https://doi.org/10.1186/1742--2094-11--32
https://doi.org/10.1177/1352458513498128
https://doi.org/10.1016/S0022--510X(96)00283--3
https://doi.org/10.1016/0165--5728(91)90073-G
https://doi.org/10.1371/journal.pone.0061835
https://doi.org/10.1016/j.jneuroim.2017.01.006
https://doi.org/10.1111/j.1432--1033.2004.04081.x
https://doi.org/10.1371/journal.pone.0081618
https://doi.org/10.1016/S0896--6273(00)80564--4
https://doi.org/10.1016/j.neuron.2012.02.039
https://doi.org/10.1016/j.neuron.2013.12.011
https://doi.org/10.1073/pnas.060496197
https://doi.org/10.1016/j.molbrainres.2004.12.003
https://doi.org/10.1016/j.neuroscience.2006.02.074
https://doi.org/10.1007/s00429--014-0711--2
https://doi.org/10.1038/ncomms15292
https://doi.org/10.1016/j.ejphar.2009.10.044
https://doi.org/10.2119/molmed.2012.00329
https://doi.org/10.1152/ajprenal.00347.2007
https://doi.org/10.1523/JNEUROSCI.2531--11.2012
https://doi.org/10.1016/j.jneuroim.2017.02.007
https://doi.org/10.1002/ana.22366
https://doi.org/10.1385/1--59259-273--2:179
https://doi.org/10.1016/j.bbi.2015.01.017
https://doi.org/10.14573/altex.2009.2.83
https://doi.org/10.1093/brain/awr199
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Stampanoni Bassi et al. TRPV1 Influences Neuroinflammation in MS

35. Taoufik E, Tseveleki V, Chu SY, Tselios T, Karin M, Lassmann H, et al.

Transmembrane tumour necrosis factor is neuroprotective and regulates

experimental autoimmune encephalomyelitis via neuronal nuclear factor-

kappaB. Brain (2011) 134(Pt 9):2722–35. doi: 10.1093/brain/awr203

36. Haji N, Mandolesi G, Gentile A, Sacchetti L, Fresegna D, Rossi S, et al. TNF-α-

mediated anxiety in a mouse model of multiple sclerosis. Exp Neurol. (2012)

237:296–303. doi: 10.1016/j.expneurol.2012.07.010

37. Martins D, Tavares I, Morgado C. “Hotheaded”: the role of

TRPV1 in brain functions. Neuropharmacology (2014) 85:151–7.

doi: 10.1016/j.neuropharm.2014.05.034

38. Kong WL, Peng YY, Peng BW. Modulation of neuroinflammation: Role

and therapeutic potential of TRPV1 in the neuro-immune axis. Brain Behav

Immun. (2017) 64:354–66. doi: 10.1016/j.bbi.2017.03.007

39. Alawi K, Keeble J. The paradoxical role of the transient receptor potential

vanilloid 1 receptor in inflammation. Pharmacol Ther. (2010) 125:181–95.

doi: 10.1016/j.pharmthera.2009.10.005

40. Musumeci G, Grasselli G, Rossi S, De Chiara V, Musella A, Motta,

C. et al. Transient receptor potential vanilloid 1 channels modulate

the synaptic effects of TNF-alpha and of IL-1beta in experimental

autoimmune encephalomyelitis. Neurobiol Dis. (2011) 43:669–77.

doi: 10.1016/j.nbd.2011.05.018

41. Kim SR, Kim SU, Oh U, Jin BK. Transient receptor potential vanilloid

subtype 1 mediates microglial cell death in vivo and in vitro via Ca2+ -

mediated mitochondrial damage and cytochrome c release. J Immunol. (2006)

177:4322–29. doi: 10.4049/jimmunol.177.7.4322

42. Sappington RM, Calkins DJ. Contribution of TRPV1 to microglia-derived

IL-6 and NFkappaB translocation with elevated hydrostatic pressure. Invest

Ophthalmol Vis Sci. (2008) 49:3004–17. doi: 10.1167/iovs.07–1355

43. Schilling T, Eder C. Importance of the non-selective cation channel TRPV1

for microglial reactive oxygen species generation. J Neuroimmunol. (2009)

216:118–21. doi: 10.1016/j.jneuroim.2009.07.008

44. Hassan S, Eldeeb K, Millns PJ, Bennett AJ, Alexander SPH, Kendall

DA. Cannabidiol enhances microglial phagocytosis via transient receptor

potential (TRP) channel activation. Br J Pharmacol. (2014) 171:2426–39.

doi: 10.1111/bph.12615

45. Miyake T, Shirakawa H, Nakagawa T, Kaneko S. Activation of mitochondrial

transient receptor potential vanilloid 1 channel contributes to microglial

migration. Glia (2015) 63:1870–82. doi: 10.1002/glia.22854

46. Park ES, Kim SR, Jin BK. Transient receptor potential vanilloid subtype 1

contributes to mesencephalic dopaminergic neuronal survival by inhibiting

microglia-originated oxidative stress. Brain Res Bull. (2012) 89:92–6.

doi: 10.1016/j.brainresbull.2012.07.001

47. Prada I, Furlan R, Matteoli M, Verderio C. Classical and unconventional

pathways of vesicular release in microglia. Glia (2013) 61:1003–17.

doi: 10.1002/glia.22497

48. Bhatia HS, Roelofs N, Muñoz E, Fiebich BL. Alleviation of Microglial

Activation Induced by p38 MAPK/MK2/PGE2 Axis by Capsaicin: Potential

Involvement of other than TRPV1 Mechanism/s. Sci Rep. (2017) 7:116.

doi: 10.1038/s41598–017-00225–5

49. Musella A, De Chiara V, Rossi S, Prosperetti C, Bernardi G, Maccarrone M, et

al. TRPV1 channels facilitate glutamate transmission in the striatum.Mol Cell

Neurosci. (2009) 40:89–97. doi: 10.1016/j.mcn.2008.09.001

50. Murai M, Tsuji F, Nose M, Seki I, Oki K, Setoguchi C, et al. SA13353 (1-

[2-(1-adamantyl)ethyl]-1-pentyl-3-[3-(4-pyridyl)propyl]urea) inhibits TNF-

α production through the activation of capsaicin-sensitive afferent neurons

mediated via transient receptor potential vanilloid 1 in vivo. Eur J Pharmacol.

(2008) 588:309–15. doi: 10.1016/j.ejphar.2008.04.037

51. Wang L, Wang DH. TRPV1 gene knockout impairs postischemic recovery

in isolated perfused heart in mice. Circulation (2005) 112:3617–23.

doi: 10.1161/CIRCULATIONAHA.105.556274

52. Massa F, Sibaev A, Mariscano G, Blaudzun H, Storr M, Lutz B.

Vanilloid receptor (TRPV1)-deficient mice show increased susceptibility to

dinitrobenzene sulphonic acid induced colitis. J Mol Med. (2006) 84:142–6.

doi: 10.1007/s00109–005-0016–2

53. Clark N, Keeble J, Fernandes ES, Starr A, Liang L, Sudgen D. The

transient receptor potential vanilloid 1 (TRPV1) receptor protects

against the onset of sepsis after endotoxin. FASEB J. (2007) 21:3747–55.

doi: 10.1096/fj.06–7460com

54. Banvolgyi A, Palinkas L, Berki R, Clark N, Grant AD, Helyes Z, et al.

Evidence for a novel protective role of the vanilloid TRPV1 receptor in a

cutaneous contact allergic dermatitis model. J Neuroimmunol. (2005) 169:86–

96. doi: 10.1016/j.jneuroim.2005.08.012

55. Hudson LJ, Bevan S, Wotherspoon G, Gentry C, Fox A, Winter J. VR1 protein

expression increases in undamaged DRG neurons after partial nerve injury.

Eur J Neurosci. (2001) 13:2105–14. doi: 10.1046/j.0953–816x.2001.01591.x

56. Ghilardi JR, Röhrich H, Lindsay TH, Sevcik MA, Schwei MJ, Kubota

K. Selective blockade of the capsaicin receptor TRPV1 attenuates bone

cancer pain. J Neurosci. (2005) 25:3126–31. doi: 10.1523/JNEUROSCI.3815-

04.2005

57. Engler A, Aeschlimann A, Simmen BR, Michel BA, Gay RE, Gay S,

et al. Expression of transient receptor potential vanilloid 1 (TRPV1) in

synovial fibroblasts from patients with osteoarthritis and rheumatoid arthritis.

Biochem Biophys Res Commun. (2007) 359:884–8. doi: 10.1016/j.bbrc.2007.

05.178

58. Magliozzi R, Howell OW, Reeves C, Roncaroli F, Nicholas R, Serafini B, et al.

A gradient of neuronal loss and meningeal inflammation in multiple sclerosis.

Ann Neurol. (2010) 68:477–93. doi: 10.1002/ana.22230

59. Choi SR, Howell OW, Carassiti D, Magliozzi R, Gveric D, Muraro PA.

Meningeal inflammation plays a role in the pathology of primary progressive

multiple sclerosis. Brain (2012) 135:2925–37. doi: 10.1093/brain/aws189

60. Aloisi F, Serafini B, Magliozzi R, Hwell OW, Reynolds R. Detection of

Epstein-Barr virus and B-cell follicles in the multiple sclerosis brain: What

you find depends on how and where you look. Brain (2010) 133:e157.

doi: 10.1093/brain/awq223

61. Reynolds R, Roncaroli F, Nicholas R, Radotra B, Gveric D, Howell OT. The

neuropathological basis of clinical progression in multiple sclerosis. Acta

Neuropathol. (2011) 122:155–70. doi: 10.1007/s00401–011-0840–0

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Stampanoni Bassi, Gentile, Iezzi, Zagaglia, Musella, Simonelli,

Gilio, Furlan, Finardi, Marfia, Guadalupi, Bullitta, Mandolesi, Centonze and

Buttari. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 8 January 2019 | Volume 10 | Article 30

https://doi.org/10.1093/brain/awr203
https://doi.org/10.1016/j.expneurol.2012.07.010
https://doi.org/10.1016/j.neuropharm.2014.05.034
https://doi.org/10.1016/j.bbi.2017.03.007
https://doi.org/10.1016/j.pharmthera.2009.10.005
https://doi.org/10.1016/j.nbd.2011.05.018
https://doi.org/10.4049/jimmunol.177.7.4322
https://doi.org/10.1167/iovs.07--1355
https://doi.org/10.1016/j.jneuroim.2009.07.008
https://doi.org/10.1111/bph.12615
https://doi.org/10.1002/glia.22854
https://doi.org/10.1016/j.brainresbull.2012.07.001
https://doi.org/10.1002/glia.22497
https://doi.org/10.1038/s41598--017-00225--5
https://doi.org/10.1016/j.mcn.2008.09.001
https://doi.org/10.1016/j.ejphar.2008.04.037
https://doi.org/10.1161/CIRCULATIONAHA.105.556274
https://doi.org/10.1007/s00109--005-0016--2
https://doi.org/10.1096/fj.06--7460com
https://doi.org/10.1016/j.jneuroim.2005.08.012
https://doi.org/10.1046/j.0953--816x.2001.01591.x
https://doi.org/10.1523/JNEUROSCI.3815-04.2005
https://doi.org/10.1016/j.bbrc.2007.05.178
https://doi.org/10.1002/ana.22230
https://doi.org/10.1093/brain/aws189
https://doi.org/10.1093/brain/awq223
https://doi.org/10.1007/s00401--011-0840--0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Transient Receptor Potential Vanilloid 1 Modulates Central Inflammation in Multiple Sclerosis
	Introduction
	Patients and Methods
	In vitro BV2 Cell Culture and TNF and IL-6 Measurement
	MS Patients
	SNP Genotyping
	CSF Sampling and Analysis
	Statistical Analysis

	Results
	Activated TRPV1 in Microglia Controls TNF and IL-6 Release
	Clinical and Demographic Characteristics of MS Patients
	TRPV1 SNP rs222747 Reduces CSF Inflammation

	Discussion
	Author Contributions
	Funding
	References


