
ARTICLE

Activation of TRPV1 receptor facilitates myelin repair
following demyelination via the regulation of microglial
function
Jing-xian Sun1, Ke-ying Zhu2, Yu-meng Wang1, Dan-jie Wang1, Mi-zhen Zhang1, Heela Sarlus2, Irene Benito-Cuesta2, Xiao-qiang Zhao1,
Zao-feng Zou1,3, Qing-yang Zhong1, Yi Feng1, Shuai Wu4, Yan-qing Wang1, Robert A. Harris2 and Jun Wang1

The transient receptor potential vanilloid 1 (TRPV1) is a non-selective cation channel that is activated by capsaicin (CAP), the main
component of chili pepper. Despite studies in several neurological diseases, the role of TRPV1 in demyelinating diseases remains
unknown. Herein, we reported that TRPV1 expression was increased within the corpus callosum during demyelination in a
cuprizone (CPZ)-induced demyelination mouse model. TRPV1 deficiency exacerbated motor coordinative dysfunction and
demyelination in CPZ-treated mice, whereas the TRPV1 agonist CAP improved the behavioral performance and facilitated
remyelination. TRPV1 was predominantly expressed in Iba1+ microglia/macrophages in human brain sections of multiple sclerosis
patients and mouse corpus callosum under demyelinating conditions. TRPV1 deficiency decreased microglial recruitment to the
corpus callosum, with an associated increase in the accumulation of myelin debris. Conversely, the activation of TRPV1 by CAP
enhanced the recruitment of microglia to the corpus callosum and potentiated myelin debris clearance. Using real-time live
imaging we confirmed an increased phagocytic function of microglia following CAP treatment. In addition, the expression of the
scavenger receptor CD36 was increased, and that of the glycolysis regulators Hif1a and Hk2 was decreased. We conclude that
TRPV1 is an important regulator of microglial function in the context of demyelination and may serve as a promising therapeutic
target for demyelinating diseases such as multiple sclerosis.
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INTRODUCTION
Myelin is a lipid-rich membrane stack that wraps around large-
diameter axons, and in the central nervous system (CNS), myelin is
generated and maintained by oligodendrocytes (OLs) [1]. The
myelin sheath is crucial for saltatory conduction, nutrition supply,
axonal integrity and function [2]. Persistent demyelination leads to
a variety of neurological symptoms and progressive disabilities [3].
Multiple sclerosis (MS) is an autoimmune demyelinating disorder
of the CNS that is characterized by CNS inflammation, demyelina-
tion, gliosis and subsequent axonal injury [4]. The process of
spontaneous remyelination following myelin injury recedes over
time after relapses in MS patients, and is insufficient to prevent
chronic disease for the majority of patients [5]. Remyelination is a
complicated process and there are currently no therapeutic
options to efficiently promote myelin regeneration. The mechan-
isms underlying demyelination and the potential targets for
remyelination thus warrant further investigation.
Microglia are immune cells in the CNS that maintain home-

ostasis and become activated in response to perturbation [6], and

dysfunctional microglia are implicated in many neurological
disorders. However, these cells can play both detrimental and
beneficial roles in MS lesions, on the one hand, they produce
inflammatory cytokines and reactivate infiltrating lymphocytes,
resulting in an inflammatory loop, but conversely contributing to
myelin debris removal, the secretion of regenerative factors, and
the recruitment of OL precursors to sites of demyelination [7]. A
recent landmark genomic study also highlighted that many risk
variants of MS genes are enriched in microglia [8], suggesting that
microglia are important players in the pathogenesis of MS.
Why MS is most prevalent in Nordic countries or high-latitude

areas is an intriguing question that could be ascribed to genetics,
environmental factors, and individual lifestyle. Certain risk factors
have been identified including smoking, lack of sun exposure or
low vitamin D intake, as well as Epstein-Barr virus infections [9].
Interestingly, tropical or subtropical countries such as India,
Thailand, China and Mexico have a fairly low incidence of MS
[4]. Apart from genetic and ethnic differences, common factors
among these countries include relatively warm climates as well as
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the use of hot and spicy food. Although a lack of sun exposure is a
well-documented risk factor for MS, less is known about dietary
influences.
Transient receptor potential vanilloid 1 (TRPV1), also well known

as the vanilloid receptor type 1 (VR1), belongs to the transient
receptor potential (TRP) channel family [10]. The receptor is a
ligand-gated non-selective cationic channel that was first cloned
from rat dorsal root ganglia neurons in 1997 [11]. TRPV1 can be
activated by numerous physical and chemical stimuli such as high
temperatures (>43 °C), low pH, capsaicin (CAP), resiniferatoxin,
N-arachidonoyl-ethanolamine and ATP [12]. TRPV1 is expressed in
the CNS [13–17] where it can play a major role in regulating
synaptic plasticity, mediating neurological behavior and modulat-
ing neuroinflammation [18, 19]. It has been reported that
mutations in the TRPV1 and cannabinoid receptor 1 (CB1) genes
lead to reduced neurogenesis [20].
TRPV1 can modulate the release of different pro-inflammatory

and anti-inflammatory cytokines depending on the context [21].
Induction of the experimental autoimmune encephalomyelitis
(EAE) model of MS in TRPV1-deficient mice increased the mortality
rate during the peak disease phase [22]. Moreover, the application
of TRPV1 agonists reduced EAE disease severity [23]. These
findings indicate that TRPV1 is protective in the EAE model and
that TRPV1 is a potential therapeutic target for MS. However, the
contribution of TRPV1 to CNS demyelinating conditions remains
poorly understood. Furthermore, as the EAE model is a
complicated model with a cascade of autoimmune responses
involving many cell types, the underlying mechanisms through
which TRPV1 is beneficial in EAE remain elusive [24].
In the present study, we used the cuprizone (CPZ)-induced

demyelinating model, which directly leads to OL death and
demyelination without substantial immune responses, in order to
examine whether TRPV1 has a role in demyelination and
remyelination processes. We determined that deletion of TRPV1
exacerbated demyelination, whereas application of capsaicin, an
agonist of TRPV1, ameliorated motor coordinative dysfunction and
promoted myelin recovery. We further revealed that the beneficial
effects of capsaicin were associated with the modulation of
microglial function.

MATERIALS AND METHODS
Animals
Adult (7–8 weeks old) male C57BL/6 mice were obtained from the
Shanghai Experimental Animal Center of the Chinese Academy of
Sciences. Trpv1−/− mice (003770, Jackson Laboratory, San Mateo,
California, USA) were gifted by Dr. Yuqiu Zhang (Fudan University,
China). All mice were bred under standard animal room
conditions. All animal experiments were performed at Fudan
University and approved by the Institutional Animal Care and Use
Committee of Fudan University (20180302-063).

CPZ treatment
To induce reproducible demyelination of the CNS, mice were fed a
standard rodent diet containing 0.3% CPZ (Sigma) powder for
5 weeks to induce demyelination. After 5 weeks of induction, mice
were kept on a standard diet for 1 week which allowed
spontaneous remyelination.

Capsaicin administration
WT mice received different doses of capsaicin (1, 2, and 5mg/kg of
body weight, MCE) by intraperitoneal injection every other day
for 2 weeks. Trpv1−/− mice were intraperitoneally injected with
2 mg/kg of CAP every other day for 2 weeks.

Beam walking test
The beam walking test was performed as previously described
[25]. The apparatus consisted of a narrow wood beam and a safety

box. Mice were trained to walk toward a safety box on a 1-meter-
long wooden beam before testing. The time required for passing
through the beam over two repeats was recorded. The average of
two trials was used for analysis. The cut-off value was set at
the 20 s.

Accelerating rotarod test
Motor performance was estimated by accelerating the rotarod
test. Each group of animals was placed on an accelerating rotarod
(Columbus Instruments) walking for 300 s from 4 to 40 rpm.
Latency was automatically recorded from the beginning of the
trial until the mouse falls off. The rotarod latency was collected
three times with a 30-min interval between each test, then an
average of three trials was calculated.

Immunohistochemistry
Mice were anesthetized with the injection of pentobarbital sodium
(70mg/kg body weight) and perfused with saline followed by 4%
PFA. Brain tissues were dissected into 20 μm sections. Before
staining, sections were washed three times in PBS and blocked for
60min at room temperature with 4% goat serum in 0.3% Triton
X-100. Then the brain sections were incubated with rabbit anti-
MBP (ab40390, 1:400, Abcam), mouse anti-CC1 (OP80, 1:200,
Millipore), rabbit anti-Iba1 (019-19741, 1:400, Wako), rabbit anti-
dMBP (ab5864, 1:500, Millipore), mouse anti-VR1 (ab203103, 1:200,
Abcam), rabbit anti-Olig2 (AB9610, 1:300, Millipore), rabbit anti-
GFAP (80788, 1:800, CST), rabbit anti-NeuN (ab177487 1:200,
abcam) overnight at 4 °C. After washing with PBS three times,
primary antibodies were visualized with Alexa 488-conjugated and
594-conjugated secondary antibodies (1: 1000, Invitrogen) for 2 h
at room temperature. Compact myelin staining was performed
with FluoroMyelin Green Fluorescent (F-34651, Invitrogen) accord-
ing to the manufacturer’s instructions. For the CC1 and
FluoroMyelin staining, images were captured by a fluorescence
microscope (Leica). All the other images were captured by laser
confocal scanning fluorescence microscope (Olympus/Nikon).

Human brain section staining
Human brain samples were obtained from the Netherlands Brain
Bank in Amsterdam (coordinator Dr. I. Huitinga) with the kindly
help of Dr. Sandra Amor. Brain tissues from MS patients were
diagnosed according to the McDonald criteria [26]. Healthy
controls refer to age-matched controls without neurological
conditions. Participants or close family members were informed
and consented to brain autopsy and the use of tissues for research
purposes. Tissues were fixed in 4% paraformaldehyde, processed
and paraffin-embedded. MS brain sections were determined and
classified based on the size and type of lesion for quantitative
analyses. Identification of the lesions was acquired by immuno-
histochemistry for myelin proteolipid protein to detect myelin loss
and HLA-DR to detect myeloid cell activation. Human brain
sections were deparaffined and stained with anti-TRPV1 antibody
(NB300-122, 1:500, Novus) and anti-Iba1 antibody (019-19741,
1:500, WAKO).

Western blot analysis
Corpus callosum (CC) tissues were collected on ice in RIPA buffer
containing PMSF. Protein levels in the lysates were quantified by
Pierce bicinchoninic acid Protein Assay Kit (23225, Thermo) and
adjusted equally. Samples were separated by SDS-PAGE (10%) gels
and transferred to PVDF membranes (Merck Millipore). Mem-
branes were blocked with 5% BSA and then incubated with
primary antibodies recognizing TRPV1 (ab203103, 1:500, Abcam),
TRPV1 (sc-398417, 1:500, Santa Cruz Biotechnology), MBP
(ab40390, 1:1000, Abcam) and β-actin (60004, 1: 10,000, Protein-
tech). After incubation with secondary HRP-labeled antibodies
(Proteintech), protein bands were detected by the ECL chemilu-
minescence detection system. Imaging of bands was performed
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with an Image-Quant LAS4000 mini image analyzer (GE Health-
care). The bands of Western blot were analyzed using Quantity
One software. The quantitative statistical graphs were created
based on the relative fold change.

Oil Red O staining
For the preparation of frozen sections, the mice were perfused
with 4% PFA, and brain tissue was cut into 25 μm sections. The
slices were washed in distilled water and subsequently rinsed in
60% isopropyl alcohol for 2 min. Then the slices were incubated
with Oil Red O solution at 60 °C for 15 min. Sections were stained
with hematoxylin within 1 min followed by a step of hydrochloric
acid alcohol differentiation for 5 s.

Reverse transcription-polymerase chain reaction (RT-PCR) analysis
Tissues and cells were lysed in RLT buffer and RNA was extracted
using the RNeasy mini kit (74106, Qiagen) in the automated
QIAcube (Qiagen) following the provided instructions. On-column
DNase digestion was performed using the RNase-Free DNase Set
(79254, Qiagen). Reverse transcription of total RNA was performed
using the iScript cDNA Synthesis Kit (1708891, Bio-Rad) after RNA
extraction. Complementary DNA was stored at −20 °C until use.
Quantitative polymerase chain reaction (qPCR) was performed in
duplicates using a CFX38 Real-Time PCR Detection Systems with
SYBR green as fluorophore (Bio-Rad). Target expression was
calculated using the Bio-Rad CFX Manager V1.6. software. Hprt,
Gapdh, or the geometrical mean of two of those was used as
housekeeping gene reference. Primer sequences used in this
study are listed in Table 1.

Electron microscopy
Mice brain tissues for electron microscopy were sliced at a
thickness of 1 mm and postfixed in TEM fixation solution at 4 °C.
The samples were dehydrated through alcohols and embedded in
acetone and embedding medium (Servicebio) following standard
procedures. Ultra-thin sections were cut by an ultramicrotome
(Leica UC7) and imaged using a FEI TECNAI G2 20 TWIN electron
microscope.

Primary microglia culture and BV2 microglial cells culture
For migration and wound scratch assays (performed at Fudan
University): primary mixed glia was isolated from the cortices of
neonatal Sprague–Dawley rats (P0-1) as previously described
without discriminating by sex. Mixed glial cells were maintained in
T75 flasks for 12 days in DMEM/F12 medium (HyClone), containing

10% FBS (Gibco), and 20 ng/mL m-CSF (R&D Systems). At 13 days
after plating, the flasks were shaken on an orbital shaker for 2 h at
200 r/min to collect microglial cells. For the phagocytosis assay,
microglia are isolated from adult C57BL/6Ntac mice. Mice were
euthanized with an overdose of pentobarbital sodium and perfused
with ice-cold PBS. The dissected brains were transferred to a 15mL
tube containing 5mL enzymatic solution composed of papain
(Worthington; 1:100 dilution in L15 medium) and filtered using a
0.2 µm cell strainer. The brain was dissociated in the enzymatic
solution through gentle pipetting followed by incubation at a 37 °C
water bath for 10min, followed by physical dissociation by
pipetting until no big tissue chunk was visible. In total, 20 µL of
0.2mg/ml DNase I (Roche) was added to the tube, followed by
another 10min incubation. After thorough dissociation, the
enzymatic reaction was stopped by adding ice-cold HBSS, and the
solution was transferred to a 50mL tube passing through a 40 µm
cell strainer. Cell pellets were collected by centrifuging at 300 × g,
5 min, 4 °C, resuspended in 20mL 38% isotonic Percoll (7.6mL
stocking Percoll, 0.84mL 10× HBSS, and 11.56mL 1× HBSS) and
centrifuged at 800 × g (4 acceleration, no brake) for 10min, at room
temperature. The floating myelin layer was removed after
centrifugation, and the pellets were washed once with cold HBSS.
Cells were then resuspended and cultured in DMEM/F12 complete
medium with 10% FBS, 100 units/mL Penicillin and 100 µg/mL
Streptomycin (Sigma-Aldrich) and 20 ng/ml m-CSF. The medium
was changed twice a week, and after 14 days, the microglia were
separated from the mixed culture by magnetic MicroBeads (130-
049-601, Miltenyi Biotec) attached to an anti-CD11b antibody
following the manufacturer’s protocol. For the culture of BV2
microglia, cells were cultured in the same medium as adult primary
microglia, but without the supplement of m-CSF.

Cell survival
Cell viability was determined by CellTiter-Glo Luminescent Cell
Viability Assay (Promega, G7571). Primary microglial cells were
plated in a 96-well plate at a concentration of 3000 cells per well
in 100 μL medium. In total, 100 μL CellTiter-Glo reagent was added
to each well. After 10 min of incubation at room temperature,
luminescence was measured to indicate ATP levels in live cells by
a microplate reader. The average luminescence of the controls
was taken as 100%.

Transwell migration assay
To investigate the role of TRPV1 on migration, isolated microglial
cells in DMEM/F12 with 0.5% FBS were plated in the upper

Table 1. The sequences of primers used in the study.

Gene Primer forward (5′-3′) Primer reverse (5′-3′)

Gapdh AAATGGTGAAGGTCGGTGTG AGGTCAATGAAGGGGTCGTT

Hprt AGTG TTGGATACAGGCCAGAC CGTGATTCAAATCCCTGAAGT

Mbp AAGTACCTGGCCACAGCAAG AGCTTCTCTACGGCTCGGA

Cnp AGAGTGATCCTTGGAGCCAGA CGGAGGGGAATGGTGGATTT

Mag TCTCTACCCGGGATTGTCACT CGGATTTCTGCATACTCAGCCA

Plp1 CTGAGCGCAACGTTTGTGG TACATTCTGGCATCAGCGCA

Pdgfa GGAGACTCAAGTAACCTTGCAC TCAGTTCTGACGTTGCTTTCAA

Sox10 AGGTTGCTGAACGAAAGTGAC CGTGGACGAGGACACAGTC

Olig2 TCCCCAGAACCCGATGATCTT CGTGGACGAGGACACAGTC

Olig1 TCTTCCACCGCATCCCTTCT CCGAGTAGGGTAGGATAACTTCG

Hif1a CCTGCACTGAATCAAGAGGTGC CCATCAGAAGGACTTGCTGGCT

Hk2 GGAGAGCACGTGTGACGAC GATGCGACAGGCCACAGCA

Cd36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC

Nos2 TCCAGAATCCCTGGACAAGCTGC TGCAAGTGAAATCCGATGTGGCCT
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compartment of the Boyden chamber (8 μm pore size) in the
presence of CAP and/or CZP at the indicated concentrations. CAP
and CPZ were purchased from MCE. The cells were allowed to
migrate for 24 h to the lower compartment containing 600 μL
DMEM/F12 with 5% FBS. After 24 h of incubation, the membranes
were fixed and stained with DAPI. Images were captured under an
inverted fluorescence microscope (Olympus). The number of
migrated cells was quantified by counting five random distinct
fields under a microscope. The number of migrated control cells
was taken as 100%.

Scratch-wound assay
To assay the migration capability of microglia, BV2 cells were
seeded into a 6-well plate. A wound was created by scratching with
a 1000 μL sterile pipette tip. Scratched BV2 cells were washed with
PBS and then maintained in a culture medium with low serum. Cells
were imaged 24 h after scratching under an inverted microscope.

Flow cytometry
Cells were incubated with 4 mM ethylenediaminetetraacetic acid
for 30 min at 37 °C to detach, followed by physical pipetting with
PBS on ice. The detached cells were first stained with the LIVE/
DEAD Fixable Yellow Dead Cell Stain Kit (L34959, Invitrogen) to
remove dead cells. For quantification of dextran uptake: cultured
primary microglia were incubated with Alexa Fluor 488-
conjugated dextran (1 μg/ml; D22910, Invitrogen) in a 37 °C
incubator for 30 min, followed by a rinse with warm PBS and
staining with A700 anti-mouse CX3CR1 antibody (1:200 dilution;
clone: SA011F11, 149036, BioLegend). For quantification of CD36
expression: BV2 microglia were incubated with PE anti-mouse
CD36 antibody (1:200; clone: HM36, 102605, BioLegend). The cells
were then acquired using a FACSVerse flow cytometer (BD
Biosciences) and the data were analyzed using Flowjo or Kaluza.

siRNA transfection
Primary microglia or BV2 microglial cells were incubated with
30 nM SMARTPool ON-TARGETplus siRNA-TRPV1 (L-066223-00-
0005, Horizon Discovery) or ON-TARGETplus Non-targeting Con-
trol Pool (D-001810-10-05, Horizon Discovery) mixed with
Lipofectamine RNAiMAX Transfection Reagent (13778030, Invitro-
gen) in Opti-MEM I Reduced Serum Medium (31985062, Gibco)
according to the manufacturer’s protocol. After 24 h, the medium
was removed and washed with warm PBS.

IncuCyte live-cell imaging of phagocytosis
Primary microglia were cultured in an IncuCyte ImageLock 96-well
plate (Essen BioSciences) at a density of 15,000–20,000 cells per
well. The cells were incubated with capsaicin for 12 h or siRNA-
TRPV1 for 24 h in a serum-free, m-CSF-free medium, and the
medium was changed to a serum-free, m-CSF-free medium
containing 0.1 mg/mL pHrodo Red Zymosan Bioparticles
(P35364, Invitrogen). The plates were put into an IncuCyte ZOOM
live-cell analysis system and analyzed with IncuCyte Zoom
software (2018A) following the analysis protocols provided by
the manufacturer.

Statistics
All statistical data in the figures are expressed as mean values ±
standard error of the mean. Statistical analyses and graphs were
performed using GraphPad Prism 8 software. Statistical tests used to
calculate P values are described in the respective figure legends. For
all data, P values <0.05 were considered statistically significant.

RESULTS
TRPV1 deficiency exacerbates demyelination
To induce demyelination in the CNS we employed a CPZ-induced
demyelinating model by feeding mice with chow containing CPZ.

After 5 weeks, CPZ was removed from the diet to allow
spontaneous repair, and we evaluated demyelination at the end
of week 6 (Fig. 1a). We first quantified the protein expression of
TRPV1 in the CC, as this is the most highly myelinated region in
the brain. We recorded an increased expression of TRPV1 in the CC
after a 5-week CPZ administration (Fig. 1b, c), indicating a strong
correlation between TRPV1 expression and demyelination.
This finding prompted us to further determine the role of TRPV1

in demyelinating conditions by inducing demyelination in both
wild-type (WT) mice and Trpv1−/− mice. Significant body weight
loss was observed in all mice following CPZ administration,
without a significant difference between the two genotypes
(Fig. 1d). Beam walking and rotarod tests were used to assess the
motor coordinative function of mice, which is affected by CPZ-
induced demyelination [25]. The absence of TRPV1 did not affect
the motor coordinative function under naïve conditions, while in
Trpv1−/− mice a more severe locomotor impairment was observed
after 6 weeks of CPZ treatment (Fig. 1e).
The degree of myelination can be assessed by measuring the levels

of myelin basic protein (MBP). Western blotting revealed that the
protein levels of MBP in the CC was significantly decreased in Trpv1−/−

mice compared to that in WT mice (Fig. 1f, g). This finding was further
confirmed by immunofluorescent staining of MBP in the CC region
(Fig. 1h). We used transmission electron microscopy (TEM) to further
evaluate the myelin microstructure. Both the WT and Trpv1−/− mice
exhibited significant decreases in myelinated axons after CPZ
treatment. Notably, there was a remarkable decrease in myelinated
axons in the CC of Trpv1−/− mice compared to that of the WT mice
after CPZ treatment (Fig. 1i, j). Taken together, these data demonstrate
that TRPV1 deficiency exacerbates CPZ-induced demyelination.

Activation of TRPV1 by capsaicin improves myelination
Since TRPV1 deletion had a detrimental outcome in CPZ-induced
demyelination, we next examined whether an enforced gain-of-
function of TRPV1 would have a beneficial effect on demyelina-
tion. We selected capsaicin, an agonist of TRPV1, to activate TRPV1
in these experiments. WT mice were intraperitoneally injected
with vehicle or different doses of capsaicin for 2 weeks. Treatment
with 2 mg/kg capsaicin significantly ameliorated the outcomes of
both the beam walking and rotarod tests (Fig. 2b), and we
selected 2mg/kg capsaicin (hereafter referred to as the CAP
groups) for all subsequent experiments. We also administered CAP
to naïve mice to evaluate whether CAP could alter motor
coordinative function, and we showed that CAP treatment
per se did not alter any phenotype in WT mice (Supplementary
Fig. 1).
RT-PCR analysis revealed an increase in myelin genes or the

genes of mature OLs after CAP treatment, but the expression of
OPC/OL lineage genes remained unchanged (Fig. 2c). We then
performed immunofluorescence analysis of CC1(mature OLs), and
found that CAP treatment increased OL numbers in the CC.
Compared to WT mice, Trpv1−/− CPZ mice showed a decreased
number of CC1+ cells in the CC (Fig. 2d, e). CAP treatment also
increased the protein level of MBP in the CC of WT mice (Fig. 2f–h)
and TEM analysis revealed that CAP treatment increased the
number of myelinated axons (Fig. 2i, j). However, this ameliorative
effect was not evident when CAP was administered to Trpv1−/−

mice (Fig. 2k). These data demonstrate that activating TRPV1 with
CAP protects against CPZ-induced demyelination and promotes
subsequent remyelination.

TRPV1 is expressed on microglia under demyelinating conditions
While previous studies showed that TRPV1 was mainly distributed
in neuronal cell bodies in many brain regions [27], the cellular
distribution of TRPV1 in the CNS is not fully characterized,
especially during demyelination, and both microglia and astro-
cytes are also reported to express TRPV1 [28, 29]. We used double
immunostaining to observe the localization of TRPV1 in the CC of
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adult mice under both naïve conditions and CPZ-induced
demyelinating conditions, and determined that the majority of
Iba1+ cells expressed TRPV1 (Fig. 3a, b and Supplementary Fig. 2).
Furthermore, we investigated whether TRPV1 was expressed in
human microglia. We included brain sections from healthy donors,
and normal-appearing white matter (NAWM) and active lesion

areas from MS patients. Iba1 was used to label microglia and
infiltrating macrophages. We observed that human microglia also
expressed TRPV1. In the brain sections of healthy donors, there
was very little Iba1-positive staining. By contrast, in the NAWM and
active lesion areas of MS patients, Iba1 immunoreactivity was
strong. In addition, the Iba1+ cells in the active lesion area were

Fig. 1 TRPV1 deficiency exacerbates motor coordinative dysfunction and demyelination. a Experimental schematic of the
cuprizone (CPZ)-induced demyelinating model. b The expression of TRPV1 protein in the corpus callosum of control or CPZ-treated mice
was assessed by Western blotting and normalized with β-actin expression. c The quantification of TRPV1 expression (mean ± SEM; n= 4 mice
for each group; *P < 0.05 by unpaired two-tailed t-test) in b. d Body weight change of WT and TRPV1 KO mice after CPZ treatment over time
(n= 8 mice for each group; statistics performed using two-way ANOVA with Tukey’s multiple comparisons test). e Motor coordinative function
was assessed by rotarod test and beam walking test (mean ± SEM; n= 8 mice for each group; *P < 0.05, ***P < 0.001 by two-way ANOVA with
Tukey’s multiple comparisons test). f The expression of MBP protein was assessed using Western blotting and normalized with β-actin
expression. g The quantification of MBP expression (mean ± SEM; n= 4 mice for each group; *P < 0.05, **P < 0.01, ***P < 0.001 by two-way
ANOVA with Sidak’s multiple comparisons test) in f. h Representative immunofluorescent images of MBP staining in the corpus callosum (scale
bar= 50 μm). i Representative TEM images showing the ultrastructure of myelin/axons in the corpus callosum (scale bar= 5 μm).
j Quantification of myelinated axons (mean ± SEM; n= 3 randomly selected areas from one sample of each group; *P < 0.05, ***P < 0.001 by
two-way ANOVA with Tukey’s multiple comparisons test) in i.
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Fig. 2 Activation of TRPV1 enhances remyelination. a Scheme of capsaicin treatment in the CPZ-induced model. b Rotarod test and beam
walking test graphs demonstrate the motor coordinative function of WT mice treated with different doses of capsaicin: CAP-L, CAP-M, and
CAP-H represent 1mg/kg, 2 mg/kg, and 5mg/kg of capsaicin i.p injection, respectively (mean ± SEM; n= 8 mice for each group; *P < 0.05,
***P < 0.001 by two-way ANOVA with Sidak’s multiple comparisons test). c The mRNA expression of genes related to mature oligodendrocyte/
myelin (left panel) or oligodendrocyte lineage (right panel) was analyzed using RT-PCR; the color represents the value of the relative
expression of a gene in a sample compared to the average value of this gene expression of the CPZ group; bright red represents a higher
value, whereas a lower value is close to white color (mean ± SEM; n= 3 mice for each group). d Representative immunofluorescent images of
mature oligodendrocytes (CC1+) in the corpus callosum. e Quantification of CC1+ mature oligodendrocytes (mean ± SEM; n= 3 mice for each
group, scale bar= 100 μm, WT CPZ+ CAP vs. WT CPZ, Trpv1−/− CPZ vs. WT CPZ, *P < 0.05 by unpaired two-tailed t-test) in d. fWestern blotting
analysis of MBP protein expression (normalized with β-actin expression) in the corpus callosum at the end of capsaicin treatment. g The
quantification of MBP expression (mean ± SEM; n= 4 mice for each group; *P < 0.05 by one-way ANOVA with Tukey’s multiple comparisons
test) in f. h Representative immunofluorescent images of MBP staining in the corpus callosum (scale bar= 50 μm). i Representative TEM
images showing the ultrastructure of myelin/axons in the corpus callosum (scale bar= 5 μm). j Quantification of myelinated axons
(mean ± SEM; n= 3 randomly selected areas from one sample of each group; *P < 0.05, **P < 0.01 by one-way ANOVA with Tukey’s multiple
comparisons test) in i. k Motor coordinative function of Trpv1−/− mice treated with 2mg/kg capsaicin was analyzed by rotarod test and beam
walking test; (mean ± SEM; n= 6–7 mice for each group; **P < 0.01, ***P < 0.001 by two-way ANOVA with Tukey’s multiple comparisons test).
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Fig. 3 TRPV1 is predominantly expressed in microglia in the homeostatic and demyelinating CNS. a, b Double immunostaining of VR1
(green) and Iba1 (red) in the corpus callosum of adult mice. Scale bar= 20 μm. c–e Double immunostaining of VR1 (green) and Iba1 (red) in
healthy control, MS patients’ normal-appearing white matter (NAWM) and active lesions. Scale bar= 20 μm.
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more amoeboid and round than cells in the NAWM, which were
more ramified and branched. Interestingly, we noted that in the
human brain sections, TRPV1 was more abundant in round Iba1+

microglia/macrophages in the active lesion areas of MS patients
(Fig. 3c–e). Since mounting evidence indicates that microglia play
a pivotal role in the regulation of demyelination and remyelination
[30], these results led us to reason that microglial TRPV1 may
regulate myelination under demyelinating conditions and mediate
CAP-induced promotion of remyelination.

TRPV1 regulates microglial migration
After CPZ-induced demyelination, sufficient microglial recruit-
ment is indispensable for efficient clearance of myelin debris and
subsequent remyelination [31]. We determined that CAP treat-
ment greatly increased the number of microglia in the CC of WT
mice as evidenced by increased Iba1 immunostaining. In
contrast, Trpv1−/− mice had a significantly decreased number
of microglia in the CC after CPZ treatment (Fig. 4a, b). This finding

indicates that microglial recruitment or proliferation might be
affected in the absence of TRPV1. To verify this hypothesis, we
first used a transwell system to evaluate the effect of TRPV1 on
the chemotactic activity of microglia, and the number of DAPI+

cells in the lower compartment of the transwell represented
migrated cells. We found that CAP increased the migration of
microglia to the lower transwell compartment in a concentration-
dependent manner. Likewise, treatment with the TRPV1 inhibitor
capsazepine (CZP) induced a significant decrease in the number
of DAPI+ counts, and abolished the migratory effect of CAP
(Fig. 4d, e). Notably, CAP treatment did not affect the viability of
microglia (Fig. 4f). We also confirmed these findings using a
scratch-wound assay and the BV2 microglial cell line. CAP-treated
BV2 microglia had increased migration and enhanced confluence
over the scratched area, whereas CZP hindered motility and
reduced BV2 migration (Fig. 4c). These results indicate that the
activation of TRPV1 facilitates the migration and motility of
microglia.

Fig. 4 TRPV1 modulates the migration of microglia. a Representative immunofluorescent images of Iba1 staining showing the microglial
cell density in the corpus callosum; scale bar= 10 μm. b The statistics of a comparing the percentage of Iba1+ area per field in the corpus
callosum (mean ± SEM; n= 3 mice for each group; WT cuprizone (CPZ)+ CAP vs. WT CPZ, Trpv1−/− CPZ vs. WT CPZ, **P < 0.01 by unpaired
two-tailed t-test. c Representative images showing the wound scratch assay of BV2 microglial cells treated with capsaicin or capsazepine after
24 h; scale bar= 100 μm. d Isolated primary microglia were cultured in a transwell system, and cells in the lower compartment were stained
with DAPI (CAP: capsaicin, CZP: 10 μM capsazepine treatment); scale bar= 50 μm. e Quantification of the percentage of microglial migration
exposed to capsaicin or/and capsazepine from the transwell experiment (mean ± SEM; the number of migrated cells was quantified by
counting five random fields; n= 3 wells; *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA with Dunnett’s multiple comparisons test).
f Viability of primary microglia at 24 h after capsaicin treatment (mean ± SEM; n= 3 wells; statistics performed using one-way ANOVA with
Tukey’s multiple comparisons test).
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Enhanced clearance of myelin debris and phagocytosis of
microglia following TRPV1 activation
The efficient clearance of myelin debris, which is mainly
performed by microglia, is crucial for remyelination to occur and
for the restoration of myelin integrity [32]. Here, we used
FluoroMyelin to evaluate myelin integrity, and noted that CAP
treatment enhanced myelin integrity in the CC of CPZ-treated
mice, whereas Trpv1−/− mice showed worsened myelin integrity
compared to WT mice (Fig. 5a, b). We examined the degree of
fragmented myelin by using dMBP, a specific antibody that
detects myelin debris. As expected, the activation of TRPV1 by CAP
improved the clearance of myelin debris in the CC in WT mice.
Conversely, we observed greater accumulation of degraded
myelin after CPZ administration in Trpv1−/− mice than in WT
mice (Fig. 5c, d). As myelin debris is accumulated as a lipid-rich
deposit, we also visualized and evaluated the amount of myelin
debris using Oil Red O staining. Compared to WT mice, Trpv1−/−

mice had a larger Oil Red O+ area in the CC, and CAP
administration of WT mice reduced the extent of the Oil Red O+

areas (Fig. 5e).
Whether TRPV1 activation affects the phagocytic function of

microglia is not fully elucidated. Given that TRPV1 regulates the
clearance of myelin debris, we hypothesized that TRPV1 also
regulates the phagocytic ability of microglia. We first analyzed
dextran uptake of cultured adult primary microglia by flow
cytometry, including IL-4 stimulated microglia as a positive control
group. We noted an increased uptake of Alexa 488-conjugated
dextran in CAP-treated microglia, indicating enhanced endocy-
tosis (Fig. 6a, b). Since the diameter of dextran is usually less than
10 nm, we then used pHrodo Red-conjugated Zymosan bioparti-
cles with a diameter of 2–3 µm for analysis [33]. The pH-sensitive
pHrodo Red-conjugated Zymosan is non-fluorescent outside the
cell but fluorescence brightly red as the lysosomal pH value is
lower than the extracellular pH value due to lower concentrations
of HCO3

−. We employed a real-time live-cell imaging system

(IncuCyte) to assess Zymosan phagocytosis by microglia over time
and confirmed a dose-dependent enhancement of phagocytosis
in response to CAP (Fig. 6c, d). To further confirm the involvement
of TRPV1 in microglial phagocytosis, we transfected microglia with
siRNA to reduce TRPV1 expression (Fig. 6e, f). We confirmed a
reduced Zymosan uptake when TRPV1 was downregulated
(Fig. 6h–j), which was further validated by immunocytofluorescent
staining (Fig. 6g, k). Taken together, these results confirm an
enhanced phagocytic ability of microglia following TRPV1
activation.

The scavenger receptor CD36 is upregulated following TRPV1
activation
We next wondered which receptors mediate the phagocytic
function of microglia following capsaicin treatment. Receptors
that are predominantly expressed by myeloid cells, such as TREM2
and CD36 are well-documented receptors involved in the
phagocytic function of microglia [34]. We therefore analyzed the
expression of these receptors following CAP treatment. While
there was no detectable change in the mRNA expression of Trem2
(data not included), we noted a significant increase in the mRNA
expression of Cd36 in bone marrow-derived macrophages treated
with capsaicin (Supplementary Fig. 3). A similar increased Cd36
expression was also evident in resting and LPS/IFN-γ-stimulated
primary microglial cells after 4 h of incubation with CAP (Fig. 7a).
In contrast, TRPV1 knockdown using siRNA decreased Cd36
expression (Fig. 7b). We further characterized the protein
expression of CD36 using flow cytometry and also confirmed an
elevated CD36 expression in microglia treated with CAP for 24 h
(Fig. 7c, e). As expected, the expression of CD36 correlated with
the level of dextran uptake (Supplementary Fig. 4).
STRING analysis revealed a close protein-protein interaction

between TRPV1 and CD36; with the nuclear receptor peroxisome
proliferator-activated receptor γ (PPARγ) has been reported to link
the interaction in Homo sapiens and the proto-oncogene tyrosine-

Fig. 5 TRPV1 function determines the clearance of myelin debris following demyelination. a Representative images for compact myelin by
FluoroMyelin staining, scale bar= 100 μm. b Quantification of FluoroMyelin staining in the corpus callosum (mean ± SEM; n= 4 mice for each
group; WT CPZ+ CAP vs. WT CPZ, Trpv1−/− CPZ vs. WT CPZ, *P < 0.05, **P < 0.01 by unpaired two-tailed t-test). c Myelin debris in the corpus
callosum was assessed by immunostaining using a specific antibody to label degraded myelin basic protein (dMBP); scale bar= 20 μm.
d Quantification of dMBP positive staining in the corpus callosum (mean ± SEM; n= 3 mice for each group; WT CPZ+ CAP vs. WT CPZ, Trpv1−/−

CPZ vs. WT CPZ, *P < 0.05, ***P < 0.001 by unpaired two-tailed t-test). eMyelin debris was detected using Oil Red O staining and presented as red
lipid droplet; scale bar= 50 μm.
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Fig. 6 TRPV1 regulates microglial phagocytosis. a Cultured primary microglia were treated under indicated conditions overnight and
analyzed using flow cytometry with the removal of dead cells. b Left panel: an overlay of the histogram of the 488 signal, indicative of the
uptake of dextran beads. Green: IL-4 treated cells (as a positive control group); red: capsaicin-treated cells; black: untreated naïve condition.
Right panel: the median fluorescent intensity (MFI) of 488 signal between the naïve control group and capsaicin-treated group (mean ± SEM;
n= 5; *P < 0.05 by unpaired two-tailed t-test). c Representative images taken by IncuCyte showing the red fluorescent intensity at different
time points after incubation with pHrodo Red-labeled Zymosan; a higher magnification image with arrows indicating the Zymosan
bioparticles. d The statistics of Zymosan phagocytosis in c (mean ± SEM; n= 8, *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA with
Tukey’s multiple comparisons test). e The expression of TRPV1 protein was analyzed using Western blotting after incubation with siRNA-TRPV1
for 24 h. f The statistics of the TRPV1 protein expression in e (mean ± SEM; n= 3; *P < 0.05 by unpaired one-tailed t-test). g Fluorescent staining
of cultured microglia; cell structure was visualized using Phalloidin (green), and the Zymosan particles are in red, co-stained with Hoechst
(blue); scale bar= 20 μm; the statistics are in k (mean ± SEM; n= 8; *P < 0.05 by unpaired two-tailed t-test). h Representative images from
IncuCyte (after 24 h) showing the uptake of Zymosan by microglia. i The different time points of Zymosan uptake were connected as a curve
and the area under the curve was calculated and compared in j (mean ± SEM; n= 8; *P < 0.05 by unpaired two-tailed t-test).
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Fig. 7 The scavenger receptor CD36 is involved during TRPV1 activation. a mRNA expression of Cd36 (normalized to Gapdh and Hprt) of
resting and LPS/IFNγ-stimulated primary microglia treated with capsaicin for 4 h (mean ± SEM; n= 3; *P < 0.05, **P < 0.01 by unpaired two-
tailed t-test). b mRNA expression of Cd36 (normalized to Gapdh and Hprt) of control microglia or siRNA-TRPV1 treated microglia after 24 h
(mean ± SEM; n= 4 or 6; *P < 0.05 by unpaired two-tailed t-test). c, e Flow cytometry analysis of CD36 expression in untreated BV2 microglia or
treated with 5 μM CAP for 24 h (mean ± SEM; n= 6; ***P < 0.001 by unpaired two-tailed t-test). mRNA expression of Nos2 (d), Hif1a (f), and Hk2
(g) in LPS/IFNγ-stimulated microglia treated with capsaicin for indicated hours (mean ± SEM; n= 3; *P < 0.05, **P < 0.01, ***P < 0.001 by one-
way ANOVA with Dunnett’s multiple comparisons test). h STRING analysis showing the close interaction between TRPV1 and CD36 in Homo
sapiens and Mus musculus. i Gene expression analysis of Cd36 in the corpus callosum of WT and Trpv1−/− mice (mean ± SEM; n= 4 mice for
each group; **P < 0.01, ***P < 0.001 by two-way ANOVA with Sidak’s multiple comparisons test). j, k Expression of Cd36, Nos2, Hif1a and Hk2
was assessed by RT-PCR in the corpus callosum at the end of capsaicin treatment (mean ± SEM; n= 4; *P < 0.05, **P < 0.01, ***P < 0.001 by one-
way ANOVA with Tukey’s multiple comparisons test).
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protein kinase Src reported in Mus musculus (Fig. 7h). CD36 is a
critical regulator of fatty acid oxidation and lipid metabolism, and
functions as an initiator of metabolic reprogramming shifting from
glycolysis to oxidative phosphorylation in macrophages, inducing
a more immunosuppressive phenotype and conferring a favorable
effect on the resolution of inflammation [35]. In addition, CAP
significantly downregulated the expression of the inflammatory
gene Nos2, as well as Hif1a and Hk2, which are key genes
facilitating glycolysis, indicating an underlying metabolic repro-
gramming (Fig. 7d, f, g). Consistent with our in vitro data, TRPV1
knockout in mice also downregulated the mRNA expression of
Cd36 in the CC of CPZ-treated animals (Fig. 7i). In contrast, CAP
treatment increased the mRNA level of Cd36 (Fig. 7j). We also
observed that CPZ chow significantly increased the mRNA
expression of Nos2, Hif1a, and Hk2, whereas CAP treatment
suppressed the expression of these genes in the CC of CPZ-treated
animals (Fig. 7k). Taken together, these data reveal that CD36 is a
potential receptor that mediates the effect of CAP on microglial
phagocytosis (Fig. 8).

DISCUSSION
Understanding the molecular mechanisms that regulate demye-
lination and facilitate myelin repair in MS is essential for the
development of novel therapeutics. Previously, our group
screened and identified drugs and small molecular compounds
with myelin regenerating properties using Connectivity-Map, and
capsaicin was identified as one of the top candidates [36]. TRPV1
was initially identified to be activated by capsaicin [11]. Most of
the earlier work primarily studied the function of TRPV1 in sensory
neurons in the context of nociception and sensory transmission.
Recent studies have also demonstrated that TRPV1 is involved in
many neurodegenerative and psychiatric disorders, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), ischemia, and
depression [37–40]. Herein, for the first time, we revealed the role
of TRPV1 in the CPZ-induced demyelinating model. We reported
that TRPV1 was upregulated in demyelinated areas following CPZ
treatment. However, in other neurodegenerative contexts, such as
AD, TRPV1 expression was decreased in the brain [41]. The role of
TRPV1 in neurodegenerative diseases therefore needs to be
further deciphered, and techniques such as single-cell RNA-

sequencing will be necessary for future studies to dissect which
cells are predominantly affected.
TRPV1 activation seems to be protective in several neurological

diseases. TRPV1 exerts protective effects on the autoimmune-
mediated EAE mouse model of MS, in which TRPV1 regulates the
release of inflammatory cytokines [23]. This is in concordance with
a previous study showing that EAE mice lacking TRPV1 exhibited
higher mortality at the peak of the disease [22]. TRPV1 activation
by CAP significantly reduces the release of TNF and IL-6 by
activated microglial cells, and MS patients with a mutation in
TRPV1 that leads to reduced TRPV1 expression have higher levels
of TNF in their cerebrospinal fluids [42]. Apart from MS, the
potentiation of TRPV1 also correlates with the improvement of
learning and memory impairment in AD mice. CAP also prevents
neurons from amyloid-β (Aβ) peptide-induced impairment and
reduces the hyperphosphorylation of tau protein in the hippo-
campus [43]. Moreover, CAP protects against oxidative stress-
induced dopaminergic neuron loss in the MPTP mouse model of
PD [44]. These studies led us to consider TRPV1 activation as a
promising therapeutic strategy for neurological diseases.
Consistent with the findings in other neurological disorders,

we report herein the protective role of TRPV1 in demyelinating
conditions. Although TRPV1 is expressed in many brain regions,
we show that TRPV1 is predominantly colocalized with microglia
in regions where demyelination occurs in mouse and human.
Many studies have shown that TRPV1 modulates multiple
microglial functions in normal and pathological conditions
[45, 46]. In line with these observations, we noted that TRPV1
deficiency reduced the recruitment of microglia into demyeli-
nating areas, which was accompanied by an increase in
accumulation of myelin debris. Our in vitro results confirmed
that TRPV1 activation by CAP enhanced microglial migration in a
concentration-dependent manner, and this effect was abolished
by a TRPV1 antagonist. Our findings not only support previous
studies showing the enhanced motility of microglia following
CAP incubation but also provide additional in vivo evidence
indicating that CAP treatment could help drive microglia to sites
of damage [47, 48].
The efficient clearance of myelin debris following CAP

treatment in the CPZ-induced demyelinating model could be a
collaborative effect of both the enhanced microglial recruitment

Fig. 8 A summary of the findings of the current study. In the context demyelination, TRPV1 is needed to facilitate the efficient clearance of
myelin debris, a process that paves the way for subsequent remyelination. By employing loss-of-function and gain-of-function studies, we
revealed that microglial function is highly affected in terms of the functional activity of TRPV1. Global activation of TRPV1 drives microglia to
demyelinating sites and enhances microglial phagocytosis, whereas TRPV1-deficient microglia failed to do so. The scavenger receptor CD36
mediates the enhanced phagocytosis following TRPV1 activation in microglia, accompanied by potential metabolic shift with downregulation
of glycolysis. (Illustration created with BioRender.com).
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and phagocytic functions. A study using the phytocannabinoid
cannabidiol (CBD) found that CBD increased the expression of
both TRPV1 and TRPV2, and enhanced the phagocytosis of both
primary and BV2 microglial cells [49]. However, whether TRPV1
alone could dictate microglial phagocytosis was not addressed. In
our study, we further corroborated this finding by using the more
exclusive and canonical TRPV1 agonist CAP. TRPV1 activation
conferred a beneficial role in the context of demyelination.
Correspondingly, increased microglial recruitment in the vicinity
of amyloid plaques with attenuated neuroinflammation was
confirmed [50].
Many previous studies have suggested that TRPV1 is expressed

in neurons with high permeability to Ca2+ [11]. Microglia can
sense and modulate neuronal activity [51], and neurons in turn
can regulate microglial function through signaling such as the
CX3CL1-CX3CR1 axis [52, 53]. This mutual interaction helps
maintain brain homeostasis and neural circuit regulation [51]. In
our study, when capsaicin was administered systematically,
neuronal functions may also be affected and thus we could not
rule out the indirect effects of capsaicin on microglia via altered
neuronal activities. A cell-specific capsaicin delivery strategy using
myeloid cell-specific nanoparticles such as MyloGami to target
macrophages/microglia may help exclude neuronal effects [54]. In
addition, microglial Ca2+ activity is associated with multiple
microglial functions, such as cytokine release [55, 56]. Over-
activation of TRPV1 triggers the influx of excessive Ca2+ into
microglia which promotes neuroinflammation [57]. However,
controlled activation of microglial TRPV1 increased Ca2+ influx
and promoted the phagocytosis of alpha-synuclein [58].
We observed an upregulation of the scavenger receptor CD36

following CAP treatment and noted the downregulation of HIF-1α
and HK2, which are key regulators of glycolysis [59], indicating a
potential metabolic shift from glycolysis to oxidative phosphoryla-
tion. This is a well-characterized metabolic reprogramming that
regulates the phenotypic switch of microglia toward immunosup-
pression. Coincidently, a recent study also reported that the
suppressed oxidative phosphorylation and aerobic glycolysis in
microglia due to the activation of the mTOR-AKT-HIF-1α pathway
can be rescued by CAP [50]. PPARγ is a member of nuclear receptor
family and controls the expression of CD36 [60]. A PPARγ agonist
improves the clearance function of microglia, which is mediated by
the upregulation of CD36 expression [61]. In an AD mouse model,
the increased microglia phagocytic activity was mediated by the
PPAR-γ/CD36 pathway [62]. TRPV1 activation was reported to
increase the expression of PPARγ in adipose tissue [63].
Further methodologies, such as RNA-sequencing, could be

employed to unravel the transcription factors and key regulators
that mediate the metabolic shift in microglia following CAP
treatment. In addition, the findings we report herein would be
further strengthened by future studies that could conditionally
knockout TRPV1 in microglia.
We provide evidence that targeting TRPV1 with capsaicin

appears to be a promising strategy for the treatment of CNS
demyelinating diseases. Since capsaicin is the main component of
chili pepper, our study may provide dietary guidance to MS
patients in terms of the uptake of chili pepper in daily
supplements and inspire epidemiological and clinical studies to
uncover the association of chili consumption with MS incidence.
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