
ORIGINAL ARTICLE

Levo-corydalmine Attenuates Vincristine-Induced Neuropathic Pain
in Mice by Upregulating the Nrf2/HO-1/CO Pathway to Inhibit
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Abstract
Antimicrotubulin chemotherapeutic agents, including plant-derived vincaalkaloids such as vincristine, can cause periph-
eral neuropathic pain. Exogenously activated heme oxygenase 1 (HO-1) is a potential therapy for chemotherapy-induced
neuroinflammation. In this study, we investigated a role for Nrf2/HO-1/CO in mediating vincristine-induced neuroin-
flammation by inhibiting connexin 43 (Cx43) production in the spinal cord following the intrathecal application of the
HO-1 inducer protoporphyrin IX cobalt chloride (CoPP) or inhibitor protoporphyrin IX zinc (ZnPP), and we analyzed
the underlying mechanisms by which levo-corydalmine (l-CDL, a tetrahydroprotoberberine) attenuates vincristine-
induced pain. Treatment with levo-corydalmine or oxycodone hydrochloride (a semisynthetic opioid analgesic, used
as a positive control) attenuated vincristine-induced persistent pain hypersensitivity and degeneration of the sciatic
nerve. In addition, the increased prevalence of atypical mitochondria induced by vincristine was ameliorated by l-
CDL in both A-fibers and C-fibers. Next, we evaluated whether nuclear factor E2-related factor 2 (Nrf2), an upstream
activator of HO-1, directly bound to the HO-1 promoter sequence and degraded heme to produce carbon monoxide (CO)
following stimulation with vincristine. Notably, l-CDL dose-dependently increased HO-1/CO expression by activating
Nrf2 to inhibit Cx43 expression in both the spinal cord and in cultured astrocytes stimulated with TNF-α, corresponding
to decreased Cx43-mediated hemichannel. Furthermore, l-CDL had no effect on Cx43 following the silencing of the HO-
1 gene. Taken together, our findings reveal a novel mechanism by which Nrf2/HO-1/CO mediates Cx43 expression in
vincristine-induced neuropathic pain. In addition, the present findings suggest that l-CDL likely protects against nerve
damage and attenuates vincristine-induced neuroinflammation by upregulating Nrf2/HO-1/CO to inhibit Cx43
expression.
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Abbreviations
l-CDL Levo-corydalmine
l-THP Levo-tetrahydropalmatine
Oxy Oxycodone
VCR Vincristine
HO-1 Heme oxygenase 1
Nrf2 Nuclear factor E2-related factor 2
CO Carbon monoxide
Cx43 Connexin 43
CoPP Protoporphyrin IX cobalt chloride
ZnPP Protoporphyrin IX zinc
GFAP Glial fibrillary acidic protein
PBS Phosphate-buffered saline
DMSO Dimethyl sulfoxide
S D S -
PAGE

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

VINP Vincristine-induced neuropathic pain
CINP Chemotherapy-induced neuropathic pain
siRNA Small interfering RNA
DMEM Dulbecco’s Modified Eagle’s medium
R T -
qPCR

Real-time quantitative polymerase chain reaction

ELISA Enzyme-linked immunosorbent assay

Introduction

Chemotherapy-induced neuropathic pain (CINP) is char-
acterized by mixed sensory motor neuropathy, depending
on the drug type [1]. Vincristine (VCR), a commonly
prescribed chemotherapeutic agent, has long been used
to control the proliferation of solid tumors and brain tu-
mors and to treat lymphomas and leukemias [2, 3].
Because of its low permeability through the blood-brain
barrier, its neurotoxic effects are mainly observed on the
peripheral nervous system [4]. The severity and incidence
of VCR-induced neuropathic pain is positively correlated
with the duration of the dose and treatment, which limit
continued treatment [1, 5, 6]. The possible cause of pe-
ripheral neuropathy is axonal damage subsequent to mi-
crotubule destruction [7]. Vincristine possesses neurotoxic
and anticancer effects due to its ability to induce mito-
chondrial dysfunction and a subsequent energy deficiency
[8]. Thus, based on the current clinical situation, a key
goal is to identify novel, potentially effective drugs for
future treatment of chemotherapy-induced neuropathic
pain.

Levo-corydalmine (l-CDL) is a new compound that was
obtained by replacing the methoxy group at the C-10 po-
sition of levo-tetrahydropalmatine (l-THP) with a phenolic
hydroxyl group. l-THP, a tetrahydroprotoberberine
isoquinoline alkaloid, has been identified as a primary ac-
tive constituent of the genera Stephania and Corydalis [9].

Importantly, l-THP induces robust anti-hyperalgesic ef-
fects on a mouse model of chemotherapy-induced neuro-
p a t h i c p a i n [ 9 ] . O x y c o d o n e , a m o r p h i n e -
benzyltetrahydroisoquinoline alkaloid, is a semisynthetic
opioid analgesic, and among the clinically used opioids,
oxycodone exerts excellent anti-allodynic and anti-
hyperalgesic effects on neuropathic pain [10, 11]. In addi-
tion, l-CDL and oxycodone have a similar structure to
benzyltetrahydroisoquinoline alkaloid. Considering these
factors, we chose oxycodone as a positive control in vivo
to investigate whether the drug l-CDL is superior to the
currently clinically used drug oxycodone in attenuating
vincristine-induced pain hypersensitivity and biochemical
alterations.

Heme oxygenase 1 (HO-1, encoded by HMOX1) is a
rate-limiting enzyme that catalyzes the oxidative degrada-
tion of heme into biliverdin, iron, and carbon monoxide
(CO) [12]. A recent study confirmed that exogenously in-
duced HO-1 represents a potential therapeutic agent for
chemo the r apy - i nduced neu ropa th i c pa in [13 ] .
Protoporphyrin IX cobalt chloride (CoPP) is a substrate
for the inducible isoform HO-1 [12, 14]. Repeated system-
ic injection of CoPP attenuates vincristine-induced pain
hypersensitivity [13], and we compared the effects of l-
CDL and CoPP on reducing vincristine-induced pain in
the present study. The nuclear factor E2-related factor 2
(Nrf2)-antioxidant response element (ARE) signalling
pathway functions by regulating the expression cell
su rv iva l - r e l a t ed genes , an t iox idan t s , and an t i -
inflammatory factors [15]. The Nrf2/HO-1 signalling path-
way also regulates mitochondrial oxidative damage [16].
According to a recent, interesting study, the release of CO
molecules to exogenously deliver CO or increase endoge-
nous CO production represents a potentially novel ap-
proach to the treatment of neuropathic pain [17]. In addi-
tion, CO is a potential novel inhibitor of connexin hemi-
channels, including connexin 43 and connexin 46, in HeLa
and MCF-7 cells [18]. Connexin 43 (Cx43) constitutes the
main gap junction protein in astrocytes [19]. Spinal cord
injury and nerve stimulation upregulate Cx43 expression
[20, 21]. In particular, continuous upregulation of Cx43
maintains late-phase neuropathic pain [22]. In the current
study, we aimed to identify a novel mechanism and deter-
mine whether Nrf2/HO-1/CO-mediated Cx43 expression is
involved in vincristine-induced neuropathic pain.
Strategies targeting this pathway with selective antagonists
represent potentially effective interventions. We also ex-
plored whether pharmacological increases in Nrf2/HO-1/
CO induced by l-CDL exerts an inhibitory effect on
Cx43. l-CDL conferred neuroprotection and reduced the
prevalence of atypical mitochondria, supporting the poten-
tial clinical applications of l-CDL to prevent vincristine-
induced neuropathic pain.
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Materials and Methods

Animals

Animals (adult male ICR mice weighing 22–25 g;
Qinglongshan Animal Farm of Nanjing, China; Production
Licence No. SCXK (Su) 2017-0001) were housed in plastic
cages and maintained under controlled conditions (a fixed
12-h light/dark cycle with free access to food and water, con-
trolled temperature of 22–26 °C, and 60 ± 10% relative hu-
midity). All animal procedures were performed between
9:00 am and 5:00 pm. All animal experiments complied with
the ARRIVE guidelines and were performed in accordance
with the International Association for the Study of Pain.
Furthermore, all experiments were conducted in accordance
with the Guidelines for the Care and Use of Laboratory
Animals and approved by China Pharmaceutical University
(Nanjing, China; licence number: SYXK (Su) 2016-0011).
Mice were randomly allocated to each experiment. All efforts
were made to minimize animal suffering and the number of
animals used.

Chemotherapy-Related Pain Induction and Drug
Administration Protocols

Mice were intraperitoneally injected with vincristine sulfate
(Lingnan Pharmaceuticals Incorporated, Guangzhou, China;
dissolved in normal saline) at a dose of 0.1 mg/kg (injection
volume, 0.1 ml/10 g) once a day or with the same volume of
normal saline (by the same schedule) for 5 consecutive days as
described previously [13, 23].

l-CDL (98% purity) was prepared by the School of
Traditional Chinese Medicine, China Pharmaceutical
University (Nanjing, China). l-CDL (administered to three
groups at doses of 5, 10, and 20 mg/kg) was dissolved in
sodium carboxyl methyl cellulose (CMC-Na) and adminis-
tered intragastrically once daily for 9 consecutive days, with
the first administration beginning on the first day after the last
vincristine injection. Compound doses were based on the re-
sults of previous laboratory studies [23, 24]. The vehicle
(CMC-Na) was administered to the control group according
to the same schedule. Oxycodone (oxycodone hydrochloride
prolonged-release tablets) was purchased from Bard
Pharmaceuticals Limited (United Kingdom, package distrib-
uted in China). Oxycodone (1.5 mg/kg, dissolved in CMC-Na
according to specified conversion in the drug instructions) and
the HO-1 inducer CoPP (St. Louis, Sigma-Aldrich, USA;
5 mg/kg) were also administered intragastrically according
to the same schedule as l-CDL for 9 consecutive days, based
on a previous study [13].

For intrathecal injection, mice in the CoPP (8 μg) group,
the HO-1 inhibitor protoporphyrin IX zinc (ZnPP, 8 μg, OKA,
Beijing, China) group, or the vehicle (saline + 1% DMSO)

group were intrathecally injected with 20 μl of the appropriate
formulation using a 30-G needle between the L5 and L6 in-
tervertebral space to deliver the reagents to the cerebrospinal
fluid [25], whereas l-CDL (20 mg/kg) was administered
intragastrically alone or administered following the intrathecal
ZnPP (8 μg) injection as the control group.

Behavioral Assessments of Mechanical Allodynia
and Heat Hyperalgesia in Mice

All manipulations were performed in a test room by the same
experimenter under quiet conditions to avoid stress. For the
assessment of mechanical sensitivity, animals were placed on
a wire mesh bottom suspended in cages and allowed 30 min
for habituation before the examination. The plantar surface of
each hind paw was stimulated with a series of von Frey hairs
with logarithmically increasing stiffness (0.02–1.4 g,
Woodland Hills, Los Angeles, CA). When the animals were
resting, von Frey hairs were presented perpendicularly to the
plantar surface (2–3 s for each hair), and a sharp withdrawal of
the paw was considered a positive response. The 50% paw
withdrawal threshold (PWT) was determined using Dixon’s
up-down method [26]. Heat sensitivity was measured as the
duration of immersion and was assessed using the tail-flick
latency test (TFL). The tail of the mouse was immersed in hot
water maintained at 48 °C until withdrawal, with a cutoff time
of 15 s to prevent tissue damage [27].

Mechanical allodynia and heat hyperalgesia were evaluat-
ed before the intrathecal injection of vehicle, CoPP or ZnPP
and at 2, 4, 7, and 24 h after the intrathecal injections. For the
groups receiving intrathecal injection of ZnPP followed by l-
CDL intragastric administration or l-CDL administered
intragastrically alone, mechanical allodynia and heat
hyperalgesia were simultaneously evaluated.

Assessment of Sciatic Nerve Degradation
and Mitochondrial Abnormalities Using Transmission
Electron Microscopy

For histological examinations, mice were sacrificed after be-
havioral testing on day 14. The sciatic nerve was exposed, cut
into 3-mm-long segments, and transferred to 2% paraformal-
dehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer
overnight at 4 °C, pH 7.4. The fixed nerves were postfixed
with osmium tetroxide at 25 °C for 1 h, dehydrated in a graded
series of alcohol solutions, and embedded in Epon812.
Ultrathin sections (70 nm) were cut with an ultramicrotome
(Leica, German) and stained with uranyl acetate and lead cit-
rate for 30 min and 5 min [28], respectively. Electron photo-
micrographs were captured at a × 5000magnification to assess
sciatic nerve degradation and count atypical mitochondria,
whereas electron photomicrographs at a × 30,000 magnifica-
tion were captured for further evaluation of mitochondrial
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abnormalities. The observer was blinded to the group assign-
ment in each analysis and quantification. Photographs of all
A-fibers and C-fibers were captured at a × 30,000 magnifica-
tion. Each myelinated or unmyelinated fiber and axon was
randomly selected for imaging. Swelling and vacuolar mito-
chondria were identified as previously described [29].

Primary Astrocyte Cultures

Primary astrocyte cultures were prepared using previously
described methods [30]. Briefly, astrocyte cultures were pre-
pared from the cerebral cortexes of neonatal mice (P2). The
meninges were carefully removed from the isolated cerebral
hemispheres and then minced before triturating, filtering
through a 200 μm nylon screen, and collection by centrifuga-
tion at ~ 1500 rpm for 10 min. The dissociated cells were
suspended in DMEM/F12 (KeyGEN BioTECH, Nanjing,
China) supplemented with 10% (v/v) foetal bovine serum
(FBS), penicillin (100 U/ml), and streptomycin (100 μg/ml).
After trituration, the cell suspension was plated in 75 cm2

tissue culture flasks at a density of 1 × 107 cells/flask. The
medium was replaced twice per week. After culture for 8–
10 days, astrocytes were prepared by shaking the flasks for
3 h and then incubating the cells with 0.05% trypsin in a cell
incubator for 15 min to separate microglial cells and oligoden-
drocytes from the astrocytes. Prepared astrocytes exhibited a
purity of 80–90%, as determined by glial fibrillary acidic pro-
tein (GFAP) immunoreactivity, and showed a star-shaped
morphology with processes extending from the soma. Prior
to stimulation with TNF-α (PeproTech, RockyHill, USA), the
media was replaced with Opti-MEM (Gibco, Grand Island,
USA). Cells were incubated with l-CDL (3, 10, or 30 μM),
CoPP (10 μM) or Gap 27 (30μM) treatments for 24 h after the
TNF-α treatment (10 ng/ml, 60 min at 37 °C). Following
treatment with the HO-1 siRNA (100 nM, 36 h,
CAAGGAGGTACACATCCAA; Ribobio, Guangzhou,
China) and before the TNF-α- incubation (10 ng/ml,
60 min), astrocytes were incubated with l-CDL (3, 10, or
30 μM) and CoPP (10 μM) for 24 h. After the treatments,
astrocytes were collected for enzyme-linked immunosorbent
assays (ELISA), real-time quantitative PCR, and Western
blotting.

Immunohistochemical Staining

The spinal cords were harvested from the mice in each group
14 days after the vincristine injection, and a standard immu-
nohistochemistry methodology was used. Briefly, paraffin-
embedded spinal cord sections were prepared, deparaffinized,
rehydrated, and pre-treated with citrate buffer (pH 6.0) in a
microwave before cooling to room temperature. Sections were
washed with 0.01 M phosphate-buffered saline (PBS),
blocked with 10% goat serum for 15 min to reduce non-

specific antibody binding, and then incubated with the prima-
ry antibody (HO-1, 1:100, rabbit; Proteintech, Rosemont,
USA) at 4 °C overnight. Sections were subsequently rinsed
with PBS and then reacted with secondary antibodies and a
polymer helper for 30 min at 37 °C, followed by PBS and
polyclonal HRP-conjugated goat-anti-rabbit IgG for 1 h at
37 °C. Finally, the slides were washed with PBS and devel-
oped with 3,3′-diaminobenzidine (DBA), followed by
counterstaining with haematoxylin. The specimens were ex-
amined under a positive biological microscope (BX53,
Olympus, USA) and assessed using ImageJ 1.50i software
(National Institutes of Health, USA).

Immunofluorescence Staining

After appropriate survival times, mice were transcardially
perfused through the ascending aorta with 0.1 M PBS
(pH 7.4), followed by 4% paraformaldehyde in 0.16 M
phosphate buffer containing 1.5% picric acid. After perfu-
sion, the L4-L5 spinal cord segments were removed and
postfixed with the same fixative overnight; the fixative was
then replaced with 30% sucrose until sectioning. The em-
bedded blocks were sectioned at a thickness of 30 μm using
a cryostat (Leica CM3050S; Germany) and stored (free-
floating) until immunofluorescence staining as previously
described [31]. Briefly, the sections were blocked with
10% normal goat serum and 0.3% Triton X-100 in 0.01 M
PBS (pH 7.4) for 2 h at room temperature and then incubat-
ed overnight at 4 °C with the following primary antibodies:
Cx43 antibody (1:100, rabbit; Cell Signaling Technology,
Danvers, USA), GFAP antibody (1:300, mouse; Cell
Signaling Technology, Danvers, USA), Iba-1 antibody
(1:200, mouse; Santa Cruz Biotechnology, CA, USA), and
RBFOX3/NeuN antibody (1:300, mouse; OriGene
Technologies, Rockville, USA). Sections were rinsed with
PBS three times and then incubated with FITC- or Cy3
(cyanine 3)-conjugated secondary antibodies (1:100; Bioss,
Beijing, China) for 2 h at room temperature. For double
immunofluorescence staining, sections were incubated with
a mixture of polyclonal and monoclonal primary antibodies,
followed by a mixture of FITC- and Cy3-conjugated sec-
ondary antibodies (Bioss, Beijing, China). Sections were
cover-slipped using a water-based mounting medium con-
taining 4′,6-diamidino-2-phenylindole (DAPI; Beyotime,
Shanghai, China). Finally, the stained sections were exam-
ined under a Carl Zeiss fluorescence microscope, and im-
ages were captured with a CCD Spot camera equipped with
image acquisition software (Axio Vision; Carl Zeiss). Image
acquisition was conducted with fixed settings for exposure,
camera gain, and laser intensity. Data were quantified in a
completely blinded manner using ImageJ 1.50i software
(National Institutes of Health, USA) at the appropriate inten-
sity to reveal all positive cells.
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For the immunofluorescence staining of cultured astro-
cytes, after an incubation with TNF-α followed by l-CDL or
CoPP, astrocytes were fixed with 4% paraformaldehyde for
30 min and processed for immunofluorescence staining with
the Cx43 antibody (1:100, rabbit; Cell Signaling Technology,
Danvers, USA), HO-1 antibody (1:100, rabbit; Proteintech,
Rosemont, USA), GFAP antibody (1:300, mouse; Cell
Signaling Technology, Danvers, USA), Iba-1 antibody
(1:200, mouse; Santa Cruz Biotechnology, CA, USA), and
RBFOX3/NeuN antibody (1:300, mouse; OriGene
Technologies, Rockville, USA), as indicated above. We also
performed double staining with a mixture of polyclonal and
monoclonal primary antibodies. After immunostaining, DAPI
(Bioss, Beijing, China) was added for 20 min at room temper-
ature to stain all the nuclei of cells in the cultures.

Analysis of the Hemichannel Function Analysis
in Cultured Astrocytes

Ethidium bromide uptake was used to measure the function of
hemichannels due to its permeability for hemichannels.
Astrocytes were stimulated with TNF-α for 1 h followed by
l-CDL (3, 10, or 30 μM), CoPP (10 μM), or Gap 27 (30 μM)
and then exposed to 0.5 μM ethidium bromide (Sigma-
Aldrich; St. Louis, USA) for 10 min at 37 °C [22]. Next, the
cells were washed with Hank’s balanced salt solution (HBSS,
Gibco, Grand Island, USA). Astrocytes were examined with a
fluorescence microscope (Nikon, Ts2R), and images were
captured with a CCD Spot camera. Data were quantified in a
completely blinded manner using ImageJ 1.50i software
(National Institutes of Health, USA) at the appropriate inten-
sity to identify all cells displaying positive staining for
ethidium bromide.

Western Blot

The L4-L5 spinal segments were homogenized in a radio im-
munoprecipitation assay (RIPA) lysis buffer containing pro-
teinase inhibitors (Applygen Technologies, Beijing, China).
The supernatants were collected and protein concentrations
were determined using the bicinchoninic acid (BCA) protein
assay method. Equivalent amounts of protein (50 μg) were
loaded in each lane, separated on 10% SDS-PAGE gels, and
transferred to nitrocellulose membranes. After transfer, the
blots were first saturated with 10% skim milk (in 10 mM
Tris-HCl containing 150 mM sodium chloride and 0.5%
Tween 20), incubated for 60 min, and then incubated over-
night at 4 °C with antibodies against Nrf2 (1:1000, rabbit;
Abcam, Shanghai, China), HO-1 (1:500, rabbit; Proteintech,
Rosemont, USA), and Cx43 (1:1000, rabbit; Cell Signaling
Technology, Danvers, USA). As a loading control, the blots
were probed with a GAPDH antibody (1:1000, rabbit; Bioss,
Beijing, China), β-actin antibody (1:2000, rabbit; Bioss,

Beijing, China), or histone H3 antibody (1:1000, rabbit;
Abcam, Shanghai, China). These blots were further incubated
with a horseradish peroxidase-conjugated secondary antibody
for 2 h and developed using an electrochemiluminescence
(ECL) solution. The experiment was repeated in triplicate,
and GAPDH, β-actin, or histone H3 served as an internal
control. Specific bands were evaluated based on their apparent
molecular size. The intensity of the selected bands was ana-
lyzed using ImageJ 1.50i software (National Institutes of
Health, USA). Boxes of the same size were used to select
positive bands.

Real-Time Quantitative PCR

Total RNAwas extracted from the L4-L5 spinal segments and
treated astrocytes using Trizol reagent (Takara, Shiga, Japan).
RNA quantity and purity were determined using an ultraviolet
spectrophotometer (Eppendorf biophotometer). The cDNA
templates were amplified using the following primers: m-
HO-1 forward, 5′-TAG CTC ATC CCA GAC ACC GC-3′;
m-HO-1 reverse, 5′-CAG GCA AGA TTC TCC CTT ACA
GA-3′; m-Cx43 forward, 5′-CCT TGG TGT CTC TCG CTC
TGA-3′; m-Cx43 reverse, 5′-GAG CAG CCA TTG AAG
TAA GCA TA-3′; m-GAPDH forward, 5′-GAA CGG GAA
GCT CAC TGG-3′; and m-GAPDH reverse, 5′-GCC TGC
TTC ACC ACC TTC T-3′. All quantitative PCR experiments
were performed using a Real-time Detection System
(Eppendorf AG, Hamburg, Germany) with an SYBR Premix
Ex Taq™ II kit (Yifeixue Bio Tech, Nanjing, China). PCR
amplifications were performed at 95 °C for 30 s, followed
by 45 cycles at 95 °C for 5 s, 56 °C for 30 s, and 72 °C for
30 s. Levels of specific mRNAs were calculated after the
normalization of the results from each sample to the expres-
sion of the GAPDHmRNA. The data are presented as relative
mRNA units with respect to control values (expressed as fold
increase compared with the sham value or vehicle value).
Melting curves were obtained upon completion of the cycles
to ensure that nonspecific products were absent.
Quantification was performed using the comparative CT
method (2 –ΔΔCt: normalizing cycle threshold (Ct) values to
the GAPDH Ct).

ELISA

After the animals were sacrificed, L4–L6 spinal cord segments
were collected and homogenized for the CO analysis. For
primary cultures of astrocytes, cells were collected after treat-
ment for analysis using a mouse CO ELISA kit (Enzyme-
linked Biotechnology, Shanghai, China). ELISAs were per-
formed in triplicate according to the manufacturer’s instruc-
tions. The standard curve was included in the experiment.
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Transfection and Luciferase Assays

The wild-type HO-1 (HO-1-wt) promoter (− 1 to − 2000 bp)
and HO-1 mutant (HO-1-mut) promoter (− 1 to 2000 bp) were
ligated into a pGL3 basic luciferase reporter vector (KeyGEN
BioTECH, Jiangsu, China). 293 T cells were grown to 75–
85% confluence and transfected with or without Nrf2 DNA-
Lipofectamine 2000 Transfection Reagent (Biosharp, Hefei,
China) in a 24-well plate according to the manufacturer’s in-
structions. As an internal control, the reporter plasmids de-
scribed above containing wild-type Renilla luciferase
(Yeasen, Shanghai, China) were co-transfected into cells. At
24 h after transfection, cellular extracts were prepared. The
Dual-Luciferase reporter assay system (Yeasen, Shanghai,
China) was employed to evaluate luciferase activity according
to the manufacturer’s protocol using a multi-function micro-
plate reader (POLARstar Omega, BMG LABTECH,
Germany).

Statistical Analysis

The experimental results are presented as means±S.D. Adult
male ICR mice (weighing 22–25 g) were randomly allocated
for behavioral studies (n = 6), histological studies (n = 5), or
biochemical studies (n = 3), and n refers to the number of
animals or cells in each group. Differences between groups
were compared using Student’s t test, one-way analysis of
variance (ANOVA), or two-way ANOVA. Data were ana-
lyzed using SPSS (IBM SPSS Statistics v19.0), and P < 0.05

was considered statistically significant. All statistical figures
were created using GraphPad Prism 5.0 software.

Results

l-CDL Attenuates Vincristine-Induced Pain
Hypersensitivity in Mice

As shown in Fig. 1A, mice were injected with l-CDL, oxyco-
done, or CoPP daily for 9 consecutive days (from 6 to
14 days), and pain behavior was assessed on days 0, 4, 6, 8,
10, 12, and 14. On day 14, we analyzed the expression of
Nrf2/HO-1/CO and Cx43 and performed a histological anal-
ysis of the sciatic nerve. Regarding mechanical sensitivity, the
PWTwas significantly decreased at day 6 in response to von
Frey hair stimulation and decreased from 0.99 ± 0.06 g before
vincristine injection to 0.06 ± 0.04 g at day 14 (Fig. 1B).
Regarding heat sensitivity, the TFL in response to the heat
stimulation in the vincristine-treated group was obviously de-
creased compared with the sham group at day 6 and decreased
from 12.46 ± 1.36 s before vincristine administration to 4.63
± 0.74 s at day 14 after the vincristine treatment (Fig. 1C),
indicating the development of heat hyperalgesia.

Notably, l-CDL reversed both heat hyperalgesia and me-
chanical allodynia after the first injection, and this effect was
maintained at day 14 (Fig. 1B, C). The pain threshold values
of the l-CDL-treated, oxycodone-treated, and CoPP-treated
groups also increased with an increasing duration of

Fig. 1 l-CDL attenuates vincristine-induced pain hypersensitivity in
mice. (A) Timeline of vincristine, l-CDL, CoPP, and oxycodone
treatments, behavioral tests, histological analysis, and the detection of
various factors. (B, C) The PWT and the TFL were both significantly
decreased at day 6 and maintained at day 14 in the vincristine-treated
group. l-CDL and the CoPP and oxycodone positive control groups

exhibited a reversal of vincristine-induced mechanical allodynia and
thermal hyperalgesia after the first injection, and the effect was
maintained at day 14. ###P < 0.001 compared with the sham control;
**P < 0.01 and ***P < 0.001 compared with the vincristine-treated
group, two-way ANOVA followed by Bonferroni’s post hoc tests, n = 6
mice/group. All data are presented as means±S.D.
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administration, approaching the value of the sham group.
Moreover, the group that received a high dose of l-CDL
showed a higher mechanical pain threshold than the positive
group treated with oxycodone after 10 days and was similar to
the positive group treated with the HO-1 inducer CoPP.

l-CDL Attenuates the Vincristine-Induced
Degeneration of the Sciatic Nerve and Reduces
the Prevalence of Atypical Mitochondria

As shown in Fig. 2A, normal myelinated (m) and unmyelin-
ated fibers (n) were observed in the sham group. An exami-
nation of the sciatic nerve at 14 days after the vincristine
injection revealed that the myelinated fibers, particularly the
large fibers, were severely damaged, whereas the myelin
sheath and axons were severely degraded (p). Some of the
unmyelinated fibers appeared to be in looser bundles. Some
damage to myelin was observed, but many myelinated fibers
appeared normal in the l-CDL and oxycodone groups, partic-
ularly the group treated with the high dose of l-CDL, for
which the degree of damage to myelinated fibers was still

far less severe than the damage observed in the vincristine-
treated group. On the other hand, the protective effects of l-
CDL and oxycodone on damage to unmyelinated fibers were
consistent with the effects on myelinated fibers.

Both l-CDL and oxycodone protected mitochondria.
According to the histological examination, the prevalence
of atypical mitochondria (swollen and vacuolated) in mye-
linated A-fibers and C-fibers in the vincristine-treated group
was 42.04 ± 5.92% and 30.66 ± 2.75%, respectively, whereas
7.61 ± 2.47% of the mitochondria in A-fibers and 8.04 ±
4.55% of the mitochondria in C-fibers were atypical in
saline-treated rats (Fig. 2D, E). The application of all three
doses of l-CDL significantly decreased the prevalence of
atypical mitochondria (indicated by arrows) compared with
the vincristine-treated group at 14 days. In particular, the
high dose of l-CDL (20 mg/kg) significantly decreased the
prevalence of atypical mitochondria in A-fibers (10.48 ±
3.56%) and C-fibers (10.22 ± 2.35%) and had a better effect
than oxycodone on both the prevalence of mitochondrial
abnormalities in A-fibers (17.65 ± 5.14%) and C-fiber
(14.20 ± 2.09%).

Fig. 2 l-CDL attenuates vincristine-induced degeneration of the sciatic
nerve and the prevalence of atypical mitochondria. (A) All six
micrographs are shown at the same magnification (× 5000, bar = 2 μm).
Normal myelinated (m) and unmyelinated fibers (n) were observed in the
sham group. Severe degeneration of myelin and axons in large
myelinated fibers was observed in the vincristine-treated group (day
14), whereas unmyelinated fibers appeared in looser bundles and were
swollen. Shrinkage of the axons of myelinated fibers was observed on
day 14 (p). l-CDL, particularly the high dose of l-CDL, and oxycodone
reduced the degeneration of myelinated and unmyelinated fibers

compared with the vincristine-treated group. n = 5 mice/group. (B–E)
Representative ultrastructural images show the prevalence of atypical
mitochondria in A-fibers (B) and C-fibers (C) in the six different groups
(× 30,000, bar = 0.5 μm). The application of all three doses of l-CDL,
especially the high dose of l-CDL, significantly decreased the prevalence
of atypical mitochondria (indicated by arrows) compared with the
vincristine-treated group. ###P < 0.001 compared with the sham control;
**P < 0.01 and ***P < 0.001, compared with the vincristine-treated
group, ANOVA followed by Tukey’s post hoc test, n = 5 mice/group.
All data are presented as means±S.D.
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l-CDL Upregulates Nrf2/HO-1/CO in the Spinal Cord
After the Vincristine Treatment

We harvested the spinal cord 14 days after the vincristine injection
to determine whether l-CDL increased HO-1 expression in the
spinal dorsal horn. Compared with the sham group, the vincristine
injection induced a marked increase in HO-1 immunoreactivity,
whereas l-CDL and oxycodone induced overexpression of HO-1
compared with the vincristine group according to samples taken
from the same region of the superficial dorsal horn (laminae I–III)
(Fig. 3A–C). As shown in Fig. 3D, the levels of the HO-1 protein
were also significantly increased in the l-CDL and oxycodone
groups at 14 days, and the high dose of l-CDL was the most
effective treatment. Compared with the vincristine-treated group,
the l-CDL- and oxycodone-treated groups exhibited lower cyto-
plasmic Nrf2 levels but higher nuclear Nrf2 levels (Fig. 3E, F);
thus, activated Nrf2 was transported from the cytoplasm to the
nucleus. Consistent with the trends of increased HO-1 and Nrf2
levels, l-CDL and oxycodone increased CO release in the spinal
cord (Fig. 3G). At a concentration of 20 mg/kg, l-CDL increased
CO levels to a greater extent than oxycodone (1.5 mg/kg).

l-CDL Attenuates Cx43 Expression by Regulating
the HO-1/CO Pathway in the Spinal Cord
after the Vincristine Treatment

To investigate the role of Cx43 in the maintenance of
vincristine-induced neuropathic pain and whether HO-1/CO
regulates Cx43 expression, we injected animals with CoPP
(8 μg), ZnPP (8 μg), l-CDL (20 mg/kg), or ZnPP (8 μg) + l-
CDL (20 mg/kg) 6 days after the vincristine injection and
assessed pain behavior to investigate the role of Cx43 in the
maintenance of vincristine-induced neuropathic pain and de-
termine whether HO-1/CO regulates Cx43 expression.
Treatments with 8 μg of CoPP and 20 mg/kg l-CDL almost
completely reversed the vincristine-induced mechanical
allodynia and heat hyperalgesia. This reversal began at 2 h
and was maintained at 7 h and pain hypersensitivity was
attenuated for more than 24 h in the l-CDL group, whereas
the reversal of CoPP group diminished at 24 h following the
intrathecal injection (Fig. 4A, B). At a dose of 8 μg, ZnPP
had no effect on pain hypersensitivity, but the ZnPP (8 μg) +
l-CDL (20 mg/kg) group exhibited significantly attenuated

Fig. 3 l-CDL induces Nrf2/HO-1/CO upregulation in the spinal cord
after the vincristine treatment. (A–C) l-CDL and oxycodone induced
HO-1-overexpression in the same region of the superficial dorsal horn
(laminae I–III) compared with the vincristine group, as assessed using
immunostaining. Scale bar = 100 μm. (D)Western blots also showed that
l-CDL increased HO-1 expression. (E–F) The l-CDL and oxycodone
groups exhibited lower cytoplasmic Nrf2 levels and higher nuclear Nrf2

levels. (G) The l-CDL and oxycodone groups also exhibited increased
CO release in the spinal cord, and the high dose of l-CDL (20mg/kg) was
the most effective at increasing CO levels. ###P < 0.001 compared with
the sham control; *P < 0.05, **P < 0.01, and ***P < 0.001 compared
with the vincristine-treated group, ANOVA followed by Tukey’s post
hoc test, n = 3 mice/group. All data are presented as means±S.D.
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pain hypersensitivity for more than 24 h. Next, the CoPP, l-
CDL, and ZnPP + l-CDL groups displayed increased HO-1
and CO levels in the spinal cord compared with the vehicle
group at 7 h, whereas ZnPP alone had no effect on the HO-1
and CO levels (Fig. 4C, D). In contrast, the Western blot
results showed that CoPP, l-CDL, and ZnPP + l-CDL signif-
icantly decreased Cx43 levels compared with vehicle admin-
istration (Fig. 4E).

Furthermore, immunostaining showed that all three doses
of l-CDL inhibited the vincristine-induced increase in Cx43
immunoreactivity in the spinal cord (Fig. 4F, G). In particular,
the high dose of l-CDL produced effects similar to the sham
group and better effects than the oxycodone control. Double
immunostaining for Cx43/GFAP, Cx43/NeuN, and Cx43/Iba-
1 on day 14 indicated that Cx43 was localized in spinal cord
astrocytes (Fig. 4F). Based on the Western blot results, l-CDL

Fig. 4 l-CDL decreases Cx43 expression by the regulating HO-1/CO
pathway in the spinal cord after the vincristine treatment. (A, B) CoPP
(8 μg), l-CDL (20 mg/kg), and ZnPP (8 μg) + l-CDL (20 mg/kg)
treatments attenuated vincristine-induced mechanical allodynia and heat
hyperalgesia. **P < 0.01 and ***P < 0.001 compared with the vehicle-
treated group, two-way ANOVA followed by Bonferroni’s post hoc tests,
n = 6 mice/group. (C–E) The CoPP group, the l-CDL group and the ZnPP
+ l-CDL group exhibited increased HO-1 and CO expression at 7 h after
the intrathecal injection, but significantly attenuated Cx43 expression
compared with the vehicle group. **P < 0.01 and ***P < 0.001
compared with the vehicle-treated group, ANOVA followed by Tukey’s
post hoc test, n = 3 mice/group. (F–G) l-CDL inhibited the vincristine-

induced increase in Cx43 immunoreactivity in the spinal cord 14 days
after the vincristine injection. Confocal images of spinal sections showed
the co-localization of Cx43 with the astrocytic marker GFAP but not with
neuronal marker NeuN or microglial marker Iba-1. Scale bar = 50 μm.
###P < 0.001 compared with the sham control; **P < 0.01 and
***P < 0.001 compared with the vincristine-treated group, ANOVA
followed by Tukey’s post hoc test, n = 3 mice/group. (H, I) l-CDL
inhibited vincristine-induced increases in the levels of the Cx43 protein
and mRNA at 14 days. ###P < 0.001, compared with the sham control;
*P < 0.05 and ***P < 0.001, compared with the vincristine-treated group,
ANOVA followed by Tukey’s post hoc test, n = 3mice/group. All data are
presented as the means±S.D.
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inhibited vincristine-induced Cx43 expression at 14 days (Fig.
4H). The expression of the Cx43 mRNAwas not changed in
saline-treated animals but was significantly increased at day
14 in vincristine-treated animals. l-CDL and oxycodone atten-
uated the increase in the expression of the CXCL1 mRNA
induced by the vincristine injection (Fig. 3I).

l-CDL Increases Nrf2-Induced HO-1/CO Expression
in Cultured Astrocytes Treated with TNF-α

We explored whether Nrf2 binds to the HO-1 promoter and
induces HO-1 expression to further determine whether the
regulation of Nrf2/HO-1/CO expression by l-CDL in primary
astrocytes was consistent with the pattern observed in the spi-
nal cord. The HO-1-wt promoter (− 1 to 2000 bp) and the HO-
1-mut promoter (− 1 to 2000 bp) were ligated into a luciferase
reporter vector and transfected into 293 Tcells with or without
Nrf2 DNA using Lipofectamine 2000. As shown in Fig. 5A,
the Nrf2-HO-1-wt group exhibited significantly reduced HO-

1 promoter activity, indicating that Nrf2 bound to the HO-1-wt
promoter in the luciferase reporter vector. However, Nrf2 had
no effect on the HO-1-mut promoter, in which the binding
sites in the HO-1 promoter sequence were mutated,
confirming that Nrf2 indeed binds to the HO-1 promoter. In
addition, the HO-1-wt promoter or the HO-1-mut promoter
alone did not influence basic activity (Fig. 5A). Next, 3 nM
VCR induced the release of 10 ng/ml TNF-a (Supplementary
Fig. 1A and B) and compared with the TNF-α-treated group
(10 ng/ml, 60 min at 37 °C), and l-CDL and CoPP evoked a
significant increase in nuclear Nrf2 levels in astrocyte cultures
(Fig. 5C). However, due to the transfer of Nrf2 from the cy-
toplasm to the nucleus, the l-CDL and CoPP groups exhibited
lower cytoplasmic Nrf2 levels (Fig. 5B). Treatment with l-
CDL (30 μM) increased nuclear Nrf2 levels and decreased
cytoplasmic Nrf2 levels in astrocyte cultures after an incuba-
tion with VCR (3 nM, 60 min at 37 °C), although it had no
effect on the nuclear transfer of Nrf2 in cells treated with the
TNF-a inhibitor (lenalidomide, 3 μM) (Supplementary

Fig. 5 l-CDL increases Nrf2-activated HO-1 expression in cultured
astrocytes. (A) The Nrf2-HO-1-wt group exhibited significantly reduced
HO-1 promoter activity, whereas the Nrf2-HO-1-mut promoter group,
HO-1-wt promoter group, and HO-1-mut promoter group did not
exhibit changes in basic activity. The promoter activity is represented
by the level of luciferase activity indicated by relative light units
(RLU). Wild-type Renilla luciferase plasmids were also transfected into
cells and used as an internal control. ***P < 0.001 compared with the
Nrf2-HO-1-wt promoter; N.S., not significant, ANOVA followed by
Tukey’s post hoc test. n = 3 cultures/group. (B, C) l-CDL and CoPP

evoked lower cytoplasmic Nrf2 levels and higher nuclear Nrf2 levels in
astrocyte cultures at 1 h after TNF-α incubation. #P < 0.05 comparedwith
the sham control; **P < 0.01 and ***P < 0.001 compared with the TNF-
α group, ANOVA followed by Tukey’s post hoc test, n = 3 cultures/
group. (D) Real-time quantitative PCR results showed that l-CDL and
CoPP increased the expression of the HO-1 mRNA. **P < 0.01 and
***P < 0.001 compared with the TNF-α group, ANOVA followed by
Tukey’s post hoc test, n = 3 cultures/group. All data are presented as
means±S.D.
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Fig. 2A and B). Consistent with the activation of Nrf2 tran-
scription, l-CDL and CoPP subsequently promoted the
mRNA expression of the downstream target HO-1 (Fig. 5D).

A TNF-α treatment (10 ng/ml, 60 min at 37 °C) followed
by l-CDL and CoPP (24 h at 37 °C) evoked a significant
increase in the HO-1 fluorescence intensity (Fig. 6A, B).
Double immunostaining for HO-1/GFAP in cultured astro-
cytes revealed the localization of HO-1 in astrocytes (Fig.
6C). Both l-CDL and CoPP substantially increased CO levels
in cultured astrocytes (Fig. 6D). Based on these data, l-CDL
increased HO-1/CO expression in cultured astrocytes by acti-
vating Nrf2 in response to TNF-α stimulation.

l-CDL Reduces the TNF-α-Induced Increase in Cx43
Levels and Hemichannel Activity in Cultured
Astrocytes

We performed immunohistochemical staining for Cx43 and
GFAP to verify that treatment with a known inflammatory
mediator, TNF-α, directly reproduced pathological increases
in Cx43 expression. The TNF-α treatment (10 ng/ml, 60 min

at 37 °C) evoked a significant increase in Cx43 and GFAP
expression in astrocyte cultures (Fig. 7A, B). Notably, these
increases were abolished by an l-CDL, CoPP, or Gap 27 treat-
ment for 24 h. l-CDL dose-dependently suppressed TNF-α-
induced Cx43 expression in astrocytes, whereas a high dose
of l-CDL exerted a greater inhibitory effect on Cx43 expression
than CoPP and Gap 27 (Fig. 7C). Under the control conditions
and in the presence of external calcium, only a few astrocytes
exhibited ethidium bromide absorption in the sham group
(3.51 ± 0.47% intensity/arbitrary units). However, at 1 h after,
the TNF-α treatment (10 ng/ml), the fluorescence intensity of
ethidium bromide uptake was significantly increased (18.63 ±
2.06% intensity/arbitrary units) (Fig. 7D, E). Notably, the l-
CDL and Gap 27 groups exhibited a significant decrease in
the TNF-α-induced uptake of ethidium bromide, particularly
the high-dose l-CDL group and the Gap 27 group (5.37 ±
0.94% and 4.46 ± 0.63% intensity/arbitrary units, respectively).
Interestingly, CoPP also suppressed basal ethidium bromide
uptake by 57%. Taken together, l-CDL reduced the TNF-α-
induced upregulation of astrocytic Cx43 expression, which
corresponded to reduced Cx43-mediated hemichannel activity.

Fig. 6 l-CDL increased HO-1/CO levels in cultured astrocytes after the
TNF-α treatment. (A, B) l-CDL and CoPP significantly increased the
HO-1 fluorescence intensity at 24 h after the TNF-α incubation
(10 ng/ml, 60 min at 37 °C). Scale bar = 100 μm. *P < 0.05 and
***P < 0.001 compared with the TNF-α group, ANOVA followed by
Tukey’s post hoc test, n = 3 cultures/group. (C) Double staining for HO-

1 and GFAP showed the expression of HO-1 in astrocytes. Scale bar =
100 μm. (D) ELISA results showed that both l-CDL and CoPP
substantially increased CO levels in cultured astrocytes. #P < 0.05
compared with the sham control; **P < 0.01 and ***P < 0.001
compared with TNF-α group, ANOVA followed by Tukey’s post hoc
test, n = 3 cultures/group. All data are presented as means±S.D.
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l-CDL Has No Effect on Cx43 Following HO-1 Gene
Silencing

We pre-treated cultured astrocytes with a specific small interfer-
ing RNA that targets the HO-1messenger RNA and display high
transfection efficiency to confirm the possible mechanism by
which l-CDL mediated HO-1/CO-dependent Cx43 expression.
Significantly lower expression of the HO-1mRNAwas observed
in the 3 l-CDL dose groups following treatment with the HO-1
small interfering RNA (100 nM, 36 h) before the TNF-α incu-
bation (10 ng/ml, 1 h) and drug treatment than in the vehicle-
treated group, whereas HO-1 siRNA-scramble had no effect on
HO-1 expression in cultured astrocytes (Supplementary Fig. 3A
and B). In contrast, the HO-1 mRNAwas expressed at signifi-
cantly higher levels in the CoPP-treatment control group without
a pre-incubation with the HO-1 small interfering RNA, than in
the vehicle-treated group (Fig. 8A). After transfection, all l-CDL-
treatment groups incubated with the HO-1 siRNA expressed the
HO-1 protein at very low levels, indicating that HO-1 gene

silencing was stable (Fig. 8B). Notably, this small interfering
RNA pretreatment also inhibited the TNF-α-induced increase
in CO levels, whereas l-CDL decreased CO levels in response
to HO-1 silencing (Fig. 8C). Furthermore, following the TNF-α
incubation and HO-1 gene silencing, l-CDL and CoPP did not
affect the levels of the Cx43 mRNA or protein in cultured astro-
cytes (Fig. 8D, E), whereas Gap 27 decreased the expression of
the Cx43 mRNA compared with the vehicle-treated group with-
out the HO-1 small interfering RNA pre-incubation. Thus, l-
CDL did not alter the expression of Cx43 following HO-1 gene
silencing and a TNF-α incubation. Furthermore, l-CDL also had
no effect on Cx43 expression followingHO-1 gene silencing and
the VCR treatment (Supplementary Fig. 4A and B).

Discussion

In this study, we reported a novel mechanism by which Nrf2-
activated HO-1/CO transcription mediates Cx43 expression to

Fig. 7 l-CDL reduced TNF-α-induced increases in Cx43 levels and
hemichannel activity in cultured astrocytes. (A, B) Cx43 was expressed
at very low levels in sham control astrocytes and increased 1 h after TNF-
α incubation. Double staining for Cx43 and GFAP revealed the
expression of Cx43 in astrocytes. Scale bar = 100 μm. ##P < 0.01 and
###P < 0.001 compared with the sham control, Student’s t test, n = 3
cultures/group. (C) Cx43 expression in cultured astrocytes stimulated
with TNF-α (10 ng/ml, 60 min) was suppressed by treatment with l-
CDL, CoPP, and Gap 27. ###P < 0.001, compared with the sham control

and ***P < 0.001 compared with the TNF-α group, ANOVA followed
by Tukey’s post hoc test, n = 3 cultures/group. (D, E) The TNF-α
treatment (10 ng/ml, 60 min) increased hemichannel function, as
revealed by ethidium bromide uptake in astrocytes. This increase was
suppressed by l-CDL, Gap 27, and CoPP. Scale bar = 50 μm.
###P < 0.001 compared with the sham control and ***P < 0.001
compared with the TNF-α group, ANOVA followed by Tukey’s post
hoc test, n = 3 cultures/group. All data are presented as means±S.D.
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promote vincristine-induced neuropathic pain, and we inves-
tigated the anti-nociceptive and neuroprotective effects of l-
CDL. Oxycodone hydrochloride, CoPP, ZnPP, and Gap 27
were used as positive controls in this study. Vincristine was
injected for 5 consecutive days, and the resulting behavioral
alterations and histopathological changes were ameliorated by
l-CDL. Moreover, l-CDL pharmacologically increased the
levels of Nrf2/HO-1/CO to exert an inhibitory effect on
Cx43 expression and prevent vincristine-induced neuropathic
pain.

l-CDL, a tetrahydroberberine (THPB), attenuates tibia
bone cavity tumor cell implantation (TCI)-induced bone can-
cer pain by co-inhibiting N-methyl-D-aspartate (NMDA) and
mGlu1/5 receptors [32] and alleviating tumor compression-
induced pain (TCIP) by suppressing the CCL2/CCR2 path-
way [24]. In our previous study, l-CDL alleviated vincristine-
induced neuropathic pain by inhibiting an NF-kappa B-depen-
dent CXCL1/CXCR2 signalling pathway [23]. l-CDL is the
structural analogue of l-tetrahydropalmatine (l-THP), which
induces a dose-dependent anti-hyperalgesic effect on neuro-
pathic pain caused by the chemotherapeutic agent oxaliplatin
[9]. In the present study, we selected oxycodone as a positive

standard in vivo based on the factors listed below. According
to the configurations of the compounds, l-CDL is a member of
the class of protoberberine-benzyltetrahydroisoquinoline al-
kaloids, whereas oxycodone belongs to the class of
morphine-benzyltetrahydroisoquinoline alkaloids.
Chemotherapy-induced peripheral neuropathy (CIPN)-related
pain predominantly has a neuropathic aetiology. Among the
opioids used in the clinic, oxycodone has shown excellent
anti-hyperalgesic and anti-allodynic effects [33] and is effica-
cious and well-tolerated when administered to relieve
chemotherapy-induced neuropathic pain [34]. However, the
mechanism by which oxycodone modulates the expression
of HO-1 and Cx43 in the spinal cord has not yet been studied.
Thus, our study provides new insights for subsequent drug
research. Notably, peak behavioral alterations in vincristine-
induced neuropathic pain occurred in the 2nd and 3rd weeks
in previous well-established research findings [35, 36]. The
attenuation of pain hypersensitivity by l-CDL may reflect the
protective responses of the spinal cord after peripheral nerve
injury.

The transmission electron microscopy evaluation per-
formed in our study revealed myelinated fiber damage and

Fig. 8 l-CDL has no effect on Cx43 expression following HO-1 gene
silencing. (A, B) Low levels of the HO-1 mRNA and protein were
detected expression after a TNF-α incubation in the presence of l-CDL
with an HO-1 small interfering RNA pretreatment, indicating that HO-1
gene silencing was stable. *P < 0.05, **P < 0.01, and ***P < 0.001
compared with the vehicle-treated group, ANOVA followed by Tukey’s
post hoc test, n = 3 cultures/group. (C) l-CDL induced lower CO

production in response to HO-1 silencing. ***P < 0.001 compared with
the vehicle-treated group, ANOVA followed by Tukey’s post hoc test,
n = 3 cultures/group. (D, E) l-CDL had no effect on Cx43 expression
following HO-1 silencing. ***P < 0.001 compared with the vehicle-
treated group; N.S., not significant compared with the vehicle-treated
group, ANOVA followed by Tukey’s post hoc test, n = 3 cultures/group.
All data are presented as means±S.D.
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unmyelinated fiber loosening and swelling following vincris-
tine administration, consistent with previously reported results
[37, 38]. l-CDL and oxycodone protected myelinated fibers
and unmyelinated fibers after vincristine administration.
Spontaneous discharges of A-fiber and C-fiber nociceptors
engage central mechanisms that create and amplify neuropath-
ic pain abnormalities [39, 40]. In the present study, the
vincristine-induced increased in the prevalence of atypical mi-
tochondria in both A-fibers and C-fibers was ameliorated by l-
CDL. Furthermore, intraepidermal nerve fiber (IENF) degen-
eration and abnormal spontaneous discharges of primary af-
ferent nerve fibers may be enhanced by mitochondrial dys-
function and the subsequent energy deficiency [8]. A loss of
IENF is directly related to pain behaviors and thus is consid-
ered a key chemotherapy-induced neuropathic pain mecha-
nism [41, 42]. Although l-CDL reduced the vincristine-
induced increase in the prevalence of atypical mitochondria,
this study has some limitations. We did not explore whether
and how l-CDL modulates the loss of IENFs induced by vin-
cristine by protecting the mitochondria; therefore, the preven-
tative effect of l-CDL on chemotherapy-induced neuropathic
pain requires further investigation.

A wide variety of in vivo and in vitro studies have shown
that HO-1 is an inducible enzyme, and pharmacological up-
regulation of HO-1 leads to the profound inhibition of behav-
ioral hypersensitivity development, further generating robust
antioxidant and anti-inflammatory responses [12, 43].
According to Hervera et al. [44], repeated treatment with
CoPP increases HO-1 expression in dorsal root ganglia
(DRG) and the spinal cord and alleviates CCI-induced neuro-
pathic inflammation, reduces pain hypersensitivity, and re-
duces the expression of nitric oxide synthase-1 (NOS1) and
NOS2 induced by sciatic nerve injury [17]. A systemic injec-
tion of CoPP or lentiviruses encoding HO-1 persistently alle-
viate vincristine-induced pain hypersensitivity for more than
1 week [13].We confirmed that l-CDL plays an important role
in increasing the expression of HO-1; thus, the l-CDL treat-
ment exerted antinociceptive effects on vincristine-induced
neuropathic pain.

HO-1 expression is induced by different transcription fac-
tors, such as nuclear factor kB (NF-κB), hypoxia-inducible
factor-1 (HIF-1), activating protein-1 (AP-1), and Nrf2 [45].
A striking finding of this study is that Nrf2 directly binds to
the upstream sequence in the HO-1 promoter in vincristine-
induced neuropathic pain, inducing the degradation of heme
to produce carbon monoxide (CO). Moreover, l-CDL and
CoPP activated the transfer of Nrf2 from the cytoplasm to
the nucleus, consistent with the findings reported by Shan
et al. [46] who showed that high concentrations of CoPP en-
hanced Nrf2 activity. Nrf2 activation is known to inhibit
NF-κB activation, whereas NF-κB is also known to inhibit
Nrf2 [47, 48], indicating that cross-talk between NF-κB acti-
vation and Nrf-2 inhibition leads to neuroinflammation. These

findings also confirm that l-CDL inhibits NF-κB and simulta-
neously increases Nrf2 expression to inhibit the
neuroinflammatory reaction caused by vincristine.
Activation of the HO-1/carbon monoxide pathway attenuates
acute and chronic inflammatory pain [49], painful diabetic
neuropathy, and CCI-induced neuropathic pain [50, 51].
Based on our results, l-CDL dose-dependently increased the
release of CO in the spinal cord and cultured astrocytes.

An increase in the levels of the HO-1 protein is usually
accompanied by higher total levels of the gap junction protein
Cx43 [52]. Additionally, abundant CO, which functions as a
novel inhibitor of Cx43-hemichannels, crosses the astrocyte
membrane and induce Cx43-hemichannel closure after a
CORM-2 injection [18]. Furthermore, upregulation of the en-
dogenous CO producer HO-1 and the administration of exog-
enous CORM-2 both inhibit SNL-induced Cx43 expression,
gap junction function and hemichannel function [53].
Therefore, our study evaluated whether Cx43 is involved in
HO-1/CO-mediated analgesia after the vincristine injection.
Recently, the inhibition of Cx43 has been proposed as a po-
tential therapeutic target for the prevention and/or treatment of
bone cancer pain (BCP) [54], CCI [22], paclitaxel-induced
and oxaliplatin-induced peripheral neuropathy [55, 56],
among other types of pain. Based on previous findings, the
absolute change in astrocyte Cx43 expression that appears to
cause neuropathy is critical, and the direction of change ap-
pears to dependent on the aetiology. We are the first to show
that Cx43 participated in vincristine-induced neuropathic pain
(VINP). Nevertheless, according to current data, restoring nor-
mal astrocyte Cx43 expression is an important component of
the treatment of neuropathic pain [57]. The present study is the
first to support a role for Nrf-2/HO-1/CO in mediating
vincristine-induced neuroinflammation by inhibiting Cx43
production in the spinal cord and cultured astrocytes.
Although the exact mechanism of VCR-induced neuropathy
is not clearly understood, a few studies have reported that the
upregulation of proinflammatory interleukins and TNF-α in
the injured region of the spinal cord plays a key role in neu-
ropathic pain [58]. However, following a TNF-α incubation
and HO-1 gene silencing, l-CDL did not affect the levels of
the Cx43 protein or mRNA in cultured astrocytes, indicating
that l-CDL was indeed acting on HO-1/CO to modulate Cx43
expression.

In addition to the formation of gap junctions, Cx43 also
forms an unopposed hemichannel, providing a pathway for
molecular exchange between the cytoplasmic and extracellu-
lar compartments [59]. TNF-α upregulates astrocytic Cx43
expression, which corresponds to increased Cx43-mediated
hemichannel activity but not gap junction communication
[22]. Our previous study also verified the same conclusion
that TNF-α does not affect Cx43-mediated gap junction chan-
nels (data not shown). In the present study, l-CDL reduced the
TNF-α-induced upregulation of Cx43 expression in
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astrocytes, which corresponded to a decrease Cx43-mediated
hemichannel activity.

In conclusion, we provide evidence that a vincristine injec-
tion caused obvious pain hypersensitivity and a high dose of l-
CDL (20 mg/kg) exerted a greater antinociceptive effect than
oxycodone, similar to the effect on the positive control group
treated with the HO-1 inducer CoPP. Meanwhile, l-CDL at-
tenuated vincristine-induced degeneration of the sciatic nerve
and the prevalence of atypical mitochondria. Our data provide
the first evidence that Nrf2/HO-1/CO-mediated Cx43 expres-
sion is involved in VINP. Based on these findings, l-CDL
represents a potential anti-inflammatory drug that targets the
Nrf2/HO-1/CO axis to modulate the Cx43 signalling pathway,
thereby relieving VINP.
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