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Abstract The cytochrome P450 proteins (CYP450s) have
been implicated in catalyzing numerous important biological
reactions and contribute to a variety of diseases. CYP26A1,
a member of the CYP450 family, carries out the oxidative
metabolism of retinoic acid (RA), the active metabolite of
vitamin A. Here we report that CYP26A1 was dramatically
upregulated in the spinal cord after spinal nerve ligation
(SNL). CYP26A1 was mainly expressed in spinal neurons
and astrocytes. HPLC analysis displayed that the content
of all-trans-RA (at-RA), the substrate of CYP26A1, was
reduced in the spinal cord on day 7 after SNL. Inhibition of
CYP26A1 by siRNA or inhibition of CYP26A1-mediated
at-RA catabolism by talarozole relieved the SNL-induced
mechanical allodynia during the maintenance phase of
neuropathic pain. Talarozole also reduced SNL-induced
glial activation and proinflammatory cytokine production
but increased anti-inflammatory cytokine (IL-10) produc-
tion. The RA receptors RARa, RXRf, and RXRy were
expressed in spinal neurons and glial cells. The promoter of
11-10 has several binding sites for RA receptors, and at-RA
directly increased II-10 mRNA expression in vitro. Finally,
intrathecal IL-10 attenuated SNL-induced neuropathic pain
and reduced the activation of astrocytes and microglia.
Collectively, the inhibition of CYP26A1-mediated at-RA
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catabolism alleviates SNL-induced neuropathic pain by pro-
moting the expression of IL-10 and suppressing glial activa-
tion. CYP26A1 may be a potential therapeutic target for the
treatment of neuropathic pain.
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Introduction

The cytochrome P450 (CYP450) family is a superfamily
of heme-binding monooxygenases that catalyze numerous
important biological reactions, including the non-specific
oxidative conversion of steroids, lipids, xenobiotics, and
environmental toxins [1, 2]. The CYP450 superfamily con-
tains >70 families, each of which is constituted by a plurality
of family members. These family members are distinct in
their particular distribution, biologically active pattern, or
preferred substrate [1-3]. Studies have shown that CYP450s
are associated with a variety of diseases, such as cancer,
liver diseases, inflammatory diseases, and neurodegenera-
tive diseases [4-7].

The CYP26 family - CYP26A1, CYP26BI1, and
CYP26C1 - carry out oxidative metabolism of retinoic
acid (RA), the active metabolite of vitamin A [8, 9]. RA
is a powerful regulator of gene transcription and plays a
crucial role in cellular proliferation and differentiation.
Consistent with this, the CYP26 family is important in
regulating neuronal development, differentiation, and sur-
vival [10-13]. It has been demonstrated that CYP26A1
is pivotal in embryonic development, whereas CYP26B1
is essential for postnatal survival and germ-cell develop-
ment [14-19]. In the adult, CYP26A1 is highly expressed
in the liver, less in the brain and testis, and CYP26B1 is
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expressed mainly in brain tissue, but also at low levels in
other tissues [20-22]. CYP26C1 is mainly expressed dur-
ing embryonic development and has a very low level in
adult tissues [21, 23, 24]. In contrast to the well-studied
role of the CYP26 family in the embryonic central nervous
system (CNS), relatively little is known about their func-
tions in adults. A recent study showed that the knockdown
of CYP26BI1 in the nucleus accumbens shell increases
depression-related behavior while decreasing anxiety-like
behavior [25], implicating the function of CYP26B1 in
the adult CNS.

Neuropathic pain is a direct consequence of a lesion or
disease affecting the somatosensory system. Neuroinflam-
mation mediated by neurons and glial cells (astrocytes and
microglia) plays a critical role in the pathogenesis of neuro-
pathic pain [26, 27]. In addition, cytokine- and chemokine-
mediated interactions between neurons and glial cells modu-
late glial activation and synaptic plasticity after nerve injury
[27, 28]. All-trans-RA (at-RA) reduces the lipopolysaccha-
ride (LPS)-induced production of inflammatory chemokines,
cytokines, and PGE2 in astrocytes [29-31]. RA decreases
the synthesis of TNF-a and enhances the production of
IL-10 from LPS-stimulated monocytes/macrophages [32,
33]. Whether the CYP26 family regulates neuroinflamma-
tion in the spinal cord and contributes to neuropathic pain
has not been investigated.

In the present study, using the spinal nerve ligation
(SNL)-induced neuropathic pain model in mice, we screened
the gene expression of CYP450 superfamily members in
the spinal cord and found that CYP26A1 is highly upregu-
lated 10 days after SNL. Our results demonstrated that the
increased CYP26A1 is associated with decreased at-RA in
the spinal cord. In addition, CYP26A1-mediated at-RA deg-
radation contributed to spinal glial activation via regulating
IL-10 production.

Materials and Methods
Animals and Surgery

Adult ICR mice (male, 7-8 weeks old) were purchased from
the Experimental Animal Center of Nantong University. The
animals were maintained at a room temperature of 23 + 1°C,
a humidity of 55% + 10%, and a 12:12 light-dark cycle with
free access to food and water. All animal procedures were
performed according to the guidelines of the International
Association for the Study of Pain and were approved by the
Animal Care and Use Committee of Nantong University.
The L4 SNL was produced as previously described [34].
For the sham operation, the L4 spinal nerve was exposed,
but not ligated.
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Drugs and Administration

Talarozole (R115866), a potent and selective inhibitor of
cytochrome P450 26-mediated breakdown of at-RA, was
purchased from Med Chem Express (New Jersey, USA).
At-RA was from Sigma-Aldrich (St. Louis, MO, USA). For
intrathecal injection, a spinal cord puncture was made with
a 30-G needle between the L5 and L6 levels to deliver the
reagents to the cerebral spinal fluid [35].

Quantitative Real-time PCR (qPCR)

Total RNA was extracted from the L4 spinal cord with the
TRIzol reagent (Invitrogen, Carlsbad, CA). RNA (1 pg) was
converted into cDNA using a HiScript IT 1% Strand cDNA
Synthesis Kit (Vazyme, Nanjing, China). The cDNA was
amplified using the following primers: Cyp26al forward,
5''”TGC AAG AGC AAT CAA GAC AAC A-3'; Cyp26al
reverse, 5'-CTT CAG AGC AAC CCG AAA CC-3%;
Cyp26b1 forward, 5'-CTC TGC CCC TTT GCT CTT G-3';
Cyp26b1 reverse, 5'-TCT TTC CAC CTT ACC TCT CTG
CTT-3'; Gfap forward, 5'-CCA AGA TGA AAC CAA CCT
GA-3'; Gfap reverse, 5'-TCC AGC GAT TCA ACC TTT
C-3'; Aifl (encoding IBA-1) forward, 5'-ATG AGC CAA
AGC AGG GAT T-3'; Aifl reverse, 5'-CTT CAA GTT
TGG ACG GCA G-3'; Tnf forward, 5'-GTT CTA TGG
CCC AGA CCC TCA C-3'; Tnf reverse, 5'-GGC ACC
ACT AGT TGG TTG TCT TTG-3'; Ii-1 forward, 5'-TCC
AGG ATG AGG ACA TGA GCA C-3'; Il-1 reverse,
5'-GAA CGT CAC ACA CCA GCA GGT TA-3'; 1I-10 for-
ward, 5'-GAC CAG CTG GAC AAC ATA CTG CTA A-3;
1I-10 reverse, 5'-GAT AAG GCT TGG CAA CCC AAG
TAA-3'; Gapdh forward, 5'-GTA AGA AAC CCT GGA
CCA CCC-3'; Gapdh reverse, 5'-AGG GAG ATG CTC
AGT GTT GG-3'. The AceQ qPCR SYBR Green Master
Mix (Vazyme) was used for all PCR reactions, which were
run on Step One Plus Real-Time PCR instrument (Applied
Biosystems, CA, USA). The PCR amplification was per-
formed at 95°C for 3 min, followed by 40 cycles at 95°C for
10 s, and 60°C for 30 s. The melting curves were obtained
at 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s to validate
the utility and specificity of each PCR product. The data
were analyzed using the Comparative CT Method (2744¢T),

In situ RNA Hybridization

The cellular localization of Cyp26al mRNA was determined
with an RNAscope 2.5 HD Detection Kit (RED) contain-
ing the probe for mouse Cyp26al mRNA (Advanced Cell
Diagnostics, Inc. Newark, CA, USA) according to the manu-
facturer’s protocol. Spinal cord cryosections (14 pm) were
mounted onto SuperFrost Plus slides (Thermo Scientific) and
dried for 1 h at 60°C, followed by washing for 5 min with
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0.01 mol/L PBS. After pretreatment with hydrogen peroxide
for 5 min at room temperature, sections were washed twice
for 2 min with distilled water. The slides were immersed
in 100% ethanol for 3 min and dried at room temperature.
They were then subjected to protease-plus digestion for 10
min at 40°C, followed by washing twice for 2 min with dis-
tilled water. Hybridization was applied with a hybridization
probe specific to Cyp26al mRNA or negative control probe
in an HybEZ oven (ACD) at 40°C for 2 h, followed by signal
amplification steps. The hybridization signal was detected
using a mixture of Fast-RED solutions A and B (60:1). The
sections were examined under a Leica TCS SP8 confocal
laser scanning microscope (Leica, Wetzlar, Germany).

Immunohistochemistry

After appropriate survival times, animals were deeply anes-
thetized with isoflurane and perfused through the ascend-
ing aorta with PBS followed by 4% paraformaldehyde in
0.1 mol/L PB. After perfusion, the L4 spinal cord segments
were removed and postfixed overnight. Spinal cord sections
(30 pm) were cut on a cryostat and processed for immuno-
fluorescence as we described previously [36]. The sections
were first blocked with 1% BSA with 0.1% Triton X-100 in
0.01 mol/L PBS for 2 h at room temperature. The sections
were then incubated overnight at 4°C with the following pri-
mary antibodies: CYP26A1 antibody (rabbit, 1:200; Bioss,
Beijing, China), c-Fos antibody (Guinea pig, 1:2000; Synap-
tic Systems, Gottingen, Germany), GFAP antibody (mouse,
1:6000; Millipore, Billerica, MA), IBA-1 antibody (goat,
1:500; Abcam, Cambridge, UK), neuronal-specific nuclear
protein (NeuN) antibody (mouse, 1:800; Millipore), RAR«x
antibody (rabbit, 1:500; Bioss), RXRp antibody (rabbit,
1:500; Bioss), and RXRy antibody (rabbit, 1:500; Bioss).
The sections were then incubated for 2 h at room tempera-
ture with Cy3- or Alex 488-conjugated secondary antibod-
ies (1:1000, Jackson ImmunoResearch, Westgrove, PA). The
stained sections were examined under a Leica fluorescence
microscope, and images were captured with a CCD spot
camera.

Western Blot

Animals were transcardially perfused with PBS 7 days after
SNL or sham operation. The lumbar spinal cord segment
(L4) was dissected out and the tissue was homogenized in a
lysis buffer. Protein concentrations were determined by BCA
Protein Assay (Thermal Fisher, Rockford, IL). Thirty micro-
grams of proteins were loaded and separated on an SDS-
PAGE gel. After transfer, the blots were incubated overnight
at 4°C with antibodies against CYP26A1 (rabbit, 1:1000;
Thermal Fisher, Rockford, IL), pERK (rabbit, 1:1000; CST),
pp38 (rabbit, 1:1000; CST), GFAP antibody (mouse, 1:6000;

Millipore), and IBA-1 (goat, 1:1000; Abcam). For loading
control, the blots were incubated with antibodies against
GAPDH (mouse, 1:20000; Sigma-Aldrich), ERK (rabbit,
1:1000; CST), or p38 (rabbit, 1:1000; CST). These blots
were further incubated with IRDye 800 CW goat anti-rabbit
IgG (H + L) or IRDye 800 CW goat anti-mouse IgG (H +
L) for 2 h at room temperature and then examined with the
LI-COR Odyssey CLx Imaging System. Specific bands were
evaluated by apparent molecular size. The intensity of the
selected bands was analyzed using Imagel software (NIH,
Bethesda, MD, USA).

HPLC Analysis of Endogenous at-RA

The L4 tissue from 4 mice was first homogenized in 30 pL
of pre-cooled saline by mortar and pestle on ice. Then 60 pL.
of acetonitrile (containing 1% glacial acetic acid) was added
to the tissue homogenate, shaken for 30 s, and centrifuged
at 10,000 g for 10 min at 4°C. The supernatant was pipetted
into a brown vial for testing. All laboratory manipulations
involving at-RA were performed in a darkened room under
dim yellow light to avoid RA isomerization. For the detec-
tion and data evaluation of at-RA, the method was adapted
from Meyer et al. [37]. A mixture of 86% acetonitrile and
14% water (containing 0.1% glacial acetic acid) was used
as the mobile phase. The flow rate was adjusted to 1 mL/
min and the column temperature was 25°C. The detection
wavelength was set at 350 nm, and the concentration of
at-RA was calculated by the external standard method. The
At-RA, purchased from Sigma-Aldrich (Missouri, USA),
was dissolved in acetonitrile and used to prepare the stand-
ard solutions. The standard curve for at-RA established a
linear working range of 25 ng/mL-1000 ng/mL.

Primary Astrocyte Culture

Primary astrocytes were prepared from the cerebral cortex
of 2-day-old ICR mice as we described previously [38]. The
cerebral cortex was isolated and the meninges were removed
in ice-cold Hank’s buffer. The tissue was then minced into
~1 mm pieces, triturated, filtered through a 100-pm nylon
mesh (Biosharp Life Sciences, China), and centrifuged
at 3000 g for 5 min. The cell pellets were broken with a
pipette and resuspended in low-glucose DMEM (Gibco,
Grand Island, NY, USA) with 10% fetal bovine serum (FBS)
(Gibco). After trituration, the cell suspensions were filtered
through a 10-pm screen, plated into six-well culture plates,
and cultured for ~10 days. The medium was changed every
third day. Once the cells had grown to ~90% confluence,
dibutyryl cAMP (150 pmol/L) (Sigma-Aldrich, MO, USA)
was added and left for 3 days to induce differentiation. The
Cyp26al siRNAs (1 pg) and NC siRNA (RiboBio, Guang-
zhou, China) were transfected with Lipofectamine 2000
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reagent (Invitrogen, CA, USA) for 24 h before LPS (0.1 pg/
mL) (Sigma-Aldrich) exposure for 6 h. The sequences of the
three Cyp26al siRNAs were as follows: 5'-GCA GCG AAA
GAA GGU GAU U-3' (siRNA-1); 5'-GCA GGA AAU ACG
GCU UCA U-3' (siRNA-2); 5'-GCA AGA GCA AUC AAG
ACA A-3' (siRNA-3). The sequence of the NC siRNA was
5'-GGC UCU AGA AAA GCC UAU GC-3'. After this, the
astrocytes were collected for quantitative real-time PCR to
analyze the efficiency of RNA interference.

BV2 Cell Culture

BV2 cells, a microglial cell line, were purchased from
Shanghai Institutes for Biological Sciences, Chinese Acad-
emy of Sciences. The cells were cultured in six-well plates
in high glucose DMEM supplemented with 10% FBS. The
cells were incubated with at-RA (0.1 pmol/L or 1 pmol/L)
or vehicle for 12 h before LPS (0.1 pg/mL) exposure for 6
h. After this, the BV2 cells were collected for quantitative
real-time PCR.

Dual-Luciferase Reporter Assays

The firefly luciferase reporter plasmids, pGL3-1110-Pro-
moter, and pGL3-Basic were constructed by Sangon Bio-
tech Co., Ltd. (Shanghai, China). BV2 cells were seeded in
12-well plates. The pGL3-1110-Promoter or pGL3-Basic fire-
fly luciferase plasmids (500 ng) were transfected into BV2
cells accompanied by pRL-TK Renilla luciferase reference
plasmids (10 ng) using Lipofectamine 2000 (Invitrogen).
After transfection for 24 h, the cells were incubated with
at-RA (0.1 pmol/L) for 12 h. After the incubation, the activi-
ties of firefly and Renilla luciferase were measured using
the Dual-Glo Luciferases Assay System (Promega, Madison,
WI, USA).

Behavioral Analysis

Animals were habituated to the testing environment daily
for at least two days before baseline testing. To assess
mechanical allodynia after intrathecal injections of inhibi-
tor or siRNA, animals were put in individual transparent
plastic chambers on an elevated wire mesh floor. After 30
min habituation, von Frey filaments (Stoelting, Wood Dale,
IL) were applied perpendicular to the plantar surface of each
hind paw, starting with the 0.6 g filament. The response to
the filament was considered positive if immediate flinching,
licking/biting, or rapid withdrawal of the stimulated paw was
observed. The 50% paw withdrawal threshold was deter-
mined by Dixon’s up-down method [39]. Heat hyperalgesia
was measured by radiant heat using the Hargreaves appa-
ratus (IITC Life Science Inc.), which measures withdrawal
latency of the paw from a noxious radiant heat source with
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baseline latencies of 10-14 s and a cutoff time of 18 s to
prevent tissue injury.

Quantification and Statistics

All data are expressed as the mean + SEM. The behavioral
data were analyzed using a two-way analysis of variance
(ANOVA) followed by Bonferroni’s test as the multiple
comparison analysis. The qPCR and Western blot data were
analyzed using one-way ANOVA followed by Bonferroni’s
test. Differences between the two groups were compared
using Student’s #-test. The criterion for statistical signifi-
cance was P <0.05.

Results

Cyp26al is the Most Upregulated Member
of the CYP450 Superfamily in the Spinal Cord
after SNL

To investigate which CYP450 may be involved in SNL-
induced neuropathic pain, we analyzed the gene expression
of CYP450 family members using our previous array data
in which gene expression in the ipsilateral spinal cord 10
days after SNL and sham operation was assessed [38]. The
results showed that 79 CYP450 superfamily genes were
detected, and 3 genes (Cyp26al, Cyp4bl, and Cyplbl) were
upregulated by >5-fold (Fig. 1A). Among them, Cyp26al
was the most dramatically increased gene, with a 22-fold
increase (Fig. 1B). We further conducted qPCR to check
the time course of Cyp26al mRNA expression in the spinal
cord after SNL. Cyp26al mRNA did not change on day 1
and day 3 but was significantly increased on day 7 and day
14 in SNL mice compared with sham-operated mice (F4 3,
= 10.67, P <0.001, one-way ANOVA, Fig. 1C). Cyp4bl
mRNA (Fig. 1D) and Cyplbl mRNA (Fig. 1E) were also
upregulated in the spinal cord after SNL (Cyp4b1: F 4 33 =
30.54, P <0.001; Cyplbl: F 33 = 13.71, P <0.001, one-
way ANOVA followed by Bonferroni’s test). We focused
on CYP26A1 and examined the protein level by Western
blot. The results showed a significant increase of CYP26A1
protein in the spinal cord 7 days after SNL (P <0.05, Stu-
dent’s t-test, SNL vs sham, Fig. 1F, G). These data suggest
that spinal CYP26A1 may play a role in the maintenance of
neuropathic pain.

CYP26A1 Is Distributed in Neurons and Astrocytes
in the Dorsal Horn

To further investigate the expression and distribution
of CYP26A1 mRNA and protein, we applied in situ
hybridization and immunostaining. In situ, hybridization
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Fig. 1 Cyp26al is the most upregulated member of the CYP450
superfamily in the spinal cord in SNL-induced neuropathic pain. A
Cluster heatmap showing the mRNA expression of 79 cytochrome
P450 (CYP) family genes in the L4 spinal cord of SNL and sham-
operated mice. The levels of mRNA expression are represented on
a logarithmic scale; red corresponds to high expression and blue to
low expression. The color scale is shown in the bottom-right corner.
B Fold change of the four upregulated CYP family genes in the spinal
cord after SNL. C qPCR showing the time course of Cyp26al mRNA

Naive Sham SNL

expression in the spinal cord after SNL. *P <0.05, ***P <0.001,
SNL vs Sham, one-way ANOVA followed by Bonferroni’s test. n =
5-6 mice/group. D, E qPCR showing the time course of Cyp4bI (D)
and Cyplbl (E) mRNA expression in the spinal cord after SNL. *P
<0.05, ***P <0.001, SNL vs Sham, one-way ANOVA followed by
Bonferroni’s test. n = 5-6 mice/group. F, G Western blots show that
spinal CYP26A1 protein expression is increased at 7 days after SNL.
*P <0.05, ***P <0.001, SNL vs Sham or Naive, Student’s #-test, n =
3 mice/group.
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showed that Cyp26al mRNA was increased in the ipsi-
lateral dorsal horn 7 days after SNL (Fig. 2A-D). Immu-
nofluorescence staining also shows that the expression of
CYP26A1 was low in naive and sham-operated mice, and
increased after SNL (Fig. 2E-H). We then examined the
distribution of CYP26A1 protein by double immunostain-
ing of CYP26A1 with the neuronal marker NeuN, the
astrocytic marker GFAP, and the microglial marker IBA-
1. The results showed that CYP26A1-immunoreactive
staining was mainly colocalized with NeuN, partially with
GFAP, and a few with IBA-1 (Fig. 2I-L), indicating the
distribution of CYP26A1 in spinal neurons and glial cells.

SNL, day 7 Sham, day 7

Negative control Cyp26a1

Sham, day 7

- ‘ © o L)
’sv SN‘L’ day 7 :

.y

b
) St
’ s |\

@l CYP26A1/NeuN &8

Fig. 2 CYP26A1 is expressed in spinal neurons and glial cells after
SNL. A—C Representative images of in situ hybridization show the
distribution of Cyp26al mRNA in the ipsilateral dorsal horn of sham-
and SNL-operated mice. (A) is the image from the negative control.
D Quantification of Cyp26al mRNA intensity. **P <0.01, SNL vs
Sham, Student’s r-test, n = 4 mice/group. E-G Representative images
of CYP26A1 immunofluorescence in the ipsilateral dorsal horn.
CYP26A1 is constitutively expressed in the spinal dorsal horn in
naive (E) and sham-treated mice (F) and increased 7 days after SNL
(G). H Quantification of CYP26A1 signal intensity. **P <0.01, SNL
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The Concentration of at-RA Is Decreased in the Spinal
Cord After SNL

As at-RA is the preferred substrate of CYP26A1 [40],
we checked the concentration of at-RA in the spinal cord
after SNL. The ipsilateral spinal cords were harvested 7
days after SNL or sham operation. HPLC analysis showed
that the major peak of at-RA absorbance at 350 nm was
detected at 38 min (Fig. 3A, B). The concentration of the
at-RA was calculated according to the at-RA standard curve.
The level of spinal at-RA was significantly decreased on
day 7 in SNL mice compared with sham-operated mice (P
<0.01, Student’s #-test, Fig. 3C). These results suggest that
the increased CYP26A1 may cause the decrease of at-RA
after SNL.
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vs Naive or Sham, one-way ANOVA followed by Bonferroni’s test,
n = 4 mice/group. I-K Double immunofluorescence staining shows
that CYP26A1 is mainly colocalized with the neuronal marker NeuN
(I), partially with the astrocytic marker GFAP (J), and a few cells
with the microglial marker IBA1 (K). L The percentage of CYP26A1
in neurons (68.9 + 5.7%), astrocytes (26.9 + 2%), and microglia (5.2
+ 1%) of the spinal cord 7 days after SNL. n = 4 mice/group. Scale
bars, 50 pm (A-C), 100 pm (E-G), and 50 pm (I-K). Scale bar for
the inset boxes (I-K), 10 pm.
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Intrathecal Injection of Cyp26al siRNA Attenuates
SNL-Induced Neuropathic Pain

We then examined the role of CYP26A1 in SNL-induced
neuropathic pain. First, we tested the knockdown effect of
three Cyp26al siRNAs using cultured primary astrocytes.
Cyp26al mRNA was increased after stimulation by LPS.

Pretreatment with Cyp26al siRNA-1 or siRNA-3 inhib-
ited the LPS-induced upregulation of Cyp26al mRNA
by 76.6% + 5.3% and 92.4% + 0.6% compared with the
NC siRNA, respectively (Fi4,15) = 34.01, P <0.001, one-
way ANOVA followed by Bonferroni’s test, Fig. 4A). In
contrast, Cyp26al siRNA-2 had no interference effect.
Based on these data, we chose the Cyp26al siRNA-3 for
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Fig. 4 Inhibition of CYP26A1 expression or CYP26Al-mediated
at-RA catabolism attenuates SNL-induced neuropathic pain. A qPCR
shows that LPS-induced upregulation of Cyp26al mRNA is reduced
by pretreatment with siRNA-1 or siRNA-3 in cultured astrocytes.
*##%P <0.001, one-way ANOVA followed by Bonferroni’s test. n =
4/group. B Intrathecal injection of siRNA-3 (5 pg) attenuates SNL-
induced mechanical allodynia. *P <0.05 vs SNL 4+ NC-siRNA, two-
way repeated measures ANOVA followed by Bonferroni’s test. n =
6—8 mice/group. C qPCR showing the decreased Cyp26al mRNA in
the spinal cord after siRNA-3 (5 pg) treatment. ***P <0.001, Stu-

further in vivo study. Meanwhile, Cyp26al siRNA-3 and
NC siRNA were modified with 2’-methoxy (2’-OMe) and
cholesterol to increase their water solubility and stability.
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qPCR showing the time course of Cyp26b1 mRNA expression in the
spinal cord after SNL. One-way ANOVA followed by Bonferroni’s
test. n = 5-6 mice/group.

Mechanical allodynia is a cardinal feature of neuropathic
pain. We then checked the mechanical allodynia after
intrathecal injection of siRNAs (2 pg or 5 pg) at SNL Day 7
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when Cyp26al mRNA peaked. The results showed that the
higher dose of Cyp26al siRNA-3 (5 ug) partly attenuated
the SNL-induced mechanical allodynia from 6 h to 24 h
after injection, but the low dose (2 ug) did not have a sig-
nificant antiallodynic effect (F, 15, = 3.875, P <0.05, two-
way repeated measures ANOVA, Fig. 4B). To confirm the
knockdown effect of Cyp26al siRNA-3 in vivo, we checked
the Cyp26al mRNA expression 24 h after injection using
other animals. The Cyp26al mRNA expression was reduced
by 57.0 + 8.2% following the Cyp26al siRNA-3 treatment
compared to the NC siRNA (P <0.001, Student’s t-test,
Fig. 4C). These results suggest that CYP26A1 is involved
in the maintenance of neuropathic pain.

Intrathecal Injection of the at-RA Metabolism-blocking
Agent Talarozole Alleviates SNL-Induced Neuropathic
Pain

To further determine whether CYP26A1 contributes to neu-
ropathic pain via regulating the at-RA level, we intrathecally
injected talarozole (R115866), a potent and selective at-RA
metabolism blocking agent, which inhibits both CYP26A1
and CYP26B1. As shown in Fig. 4D, talarozole dose-
dependently alleviated the mechanical allodynia at 7 days
after SNL. The anti-allodynic effect became evident from 1 h
to 6 h after injection of the higher dose of talarozole (F ,s,
= 15.37, P <0.0001, two-way repeated measures ANOVA,
Fig. 4D). A lower dose of talarozole (0.5 ug) attenuated
the mechanical allodynia at 3 h after injection. However,
SNL-induced mechanical allodynia was not attenuated by
this treatment 3 days after SNL (F(l, 9) = 0.2517, P >0.05,
two-way repeated measures ANOVA, Fig. 4E). Since tal-
arozole also inhibits CYP26B1, we checked the time course
of Cyp26b1 mRNA expression in the spinal cord after SNL.
There was no significant difference between naive, sham-
operated, and SNL mice, suggesting that CYP26B1 may not
be involved in neuropathic pain (Fg 33, = 0.3594, P >0.05,
one-way ANOVA. Fig. 4F). These data collectively indicate
that CYP26A1 is involved in the maintenance but not the
development of neuropathic pain.

Talarozole Inhibits SNL-Induced Neuronal and Glial
Activation

To explore the mechanism of CYP26A1 in neuropathic
pain, we measured the expression of the neuronal activa-
tion marker c-Fos, the astrocytic marker GFAP, and the
microglial marker IBA-1 in the spinal cord. Immunostaining
showed that SNL-induced c-Fos expression was decreased
after talarozole treatment (1 ug) on SNL day 7 (F, o) =
32.66, P <0.001, one-way ANOVA followed by Bonfer-
roni’s test, Fig. 5A, B). In addition, talarozole also signifi-
cantly reduced the SNL-induced increase of GFAP-IR and

IBA-1-IR, compared to vehicle (GFAP-IR, F, |, = 18.82,
P <0.001; IBA-1-IR, F(, 15, = 37.71, P <0.001, one-way
ANOVA followed by Bonferroni’s test, Fig. SC-F).

We further assessed the expression of GFAP and IBA-1
by qPCR. The results showed that the mRNA levels of Gfap
and Aif1 (the gene of IBA-1) were increased after SNL. Tal-
arozole treatment decreased Gfap mRNA (F 5 o3 = 11.7,
P <0.001, one-way ANOVA followed by Bonferroni’s test,
Fig. 5G) and Aifl mRNA (F, ,3, = 11.07, P <0.001, one-
way ANOVA followed by Bonferroni’s test, Fig. SH). As
at-RA can regulate inflammatory cytokine expression in
vitro [29, 32, 33], we examined the levels of the inflam-
matory cytokines 7nf and Il-1 and the anti-inflammatory
cytokine I/-10 using the same samples. This showed that
talarozole reduced the increase of Tnf and 1I-1 by SNL (Tnf,
F 29 = 14.56, P <0.001; Il-1, F(5 5, = 48.1, P <0.001,
one-way ANOVA followed by Bonferroni’s test, Fig. 51, J).
Meanwhile, SNL did not significantly change the 1I-10 level,
whereas talarozole treatment increased it (F,, 19, = 10.97,
P <0.001, one-way ANOVA followed by Bonferroni’s test,
Fig. 5K). These data indicate that talarozole reduces neuro-
inflammation in the spinal cord.

ERK and p38 are important intracellular kinases that are
involved in neuropathic pain [41]. ERK is activated in spinal
neurons 1 day after SNL and in astrocytes and microglia 10
days after SNL [42], whereas p38 is exclusively activated
in spinal microglia in mice [43]. We further checked the
level of pERK and pp38 with or without talarozole treat-
ment. Western blots showed that SNL increased pERK and
pp38 levels, which were decreased by the treatment with
talarozole (pERK, F(z’ 6 = 68.46, P <0.001; pp38, F(zy 6)
= 19.62, P <0.01, one-way ANOVA followed by Bonfer-
roni’s test, Fig. SL-N). These data support the conclusion
that CYP26A1 contributes to SNL-induced glial activation
and neuroinflammation in the spinal cord.

RA Receptor Expression in the Spinal Cord After SNL

RA exerts its effects by binding to retinoic acid recep-
tors (RARs, including RARa, RARf, and RARYy) which
heterodimerize with retinoid X receptors (RXRs, includ-
ing RXRa, RXRf, and RXRY) [44]. The qPCR showed
that Rara, Rarg, Rxra, Rxrb, and Rxrg were constitutively
expressed in the spinal cord, whereas Rarb had a very low
level (Fig. 6A, B). Ten days after SNL, the Rara and Rxrg
mRNA levels were significantly decreased, Raxb mRNA
was increased, and the other RA receptors were not signifi-
cantly changed (P <0.05, Student’s #-test, Fig. 6C), indicat-
ing that SNL mildly regulates the mRNA levels of three RA
receptors.

We then examined the distribution of RARa, RXR}p,
and RXRy in the spinal cord. Double staining showed that
RAR«a was mainly colocalized with GFAP and IBA-1 in
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Fig. 5 Talarozole reduces SNL-induced neuronal and glial activa-
tion. A—F Immunofluorescence staining and intensity histogram of
c-Fos (A, B), GFAP (C, D), and IBA-1 (E, F) in the ipsilateral spinal
dorsal horn in Sham, SNL+ vehicle, and SNL + talarozole-groups.
##%P <0.001, SNL + vehicle vs Sham; *P <0.05, #*P <0.001, SNL
+ talarozole vs SNL +Vehicle, one-way ANOVA followed by Bon-
ferroni’s test. n = 4-5 mice/group. Scale bar, 100 pm (A, C, and E).
G-K gPCR show that injection of talarozole (1 pg) 7 days after SNL
decreases the mRNA levels of Gfap (G), Aifl (H), Tnf (I), and II-1
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(J) in the spinal cord. Talarozole increases /I-10 mRNA compared
to vehicle treatment (K). ***P <0.001, SNL + Vehicle vs Sham; *p
<0.05, ##p <0.001, SNL + Talarozole vs SNL + Vehicle, one-way
ANOVA followed by Bonferroni’s test. n = 6-9 mice/group. L-N
Western blots for pERK and pp38 show that talarozole reduces SNL-
induced pERK and pp38 upregulation in the spinal cord. **P <0.01,
##%P <(0.001, SNL + Vehicle vs Sham; *P <0.05, SNL + Talarozole
vs SNL + Vehicle, one-way ANOVA followed by Bonferroni’s test. n
= 3 mice/group.



D.-L. Cao et al.: CYP26A1 and Neuropathic Pain 303

Fig. 6 RA receptor expression
in the spinal cord. A Real-time
quantitative PCR (qPCR) show
the expression of Rara, Rarb,
Rarg, Rxra, Rxab, and Rxrg
mRNA in the spinal cord of
naive mice. B Histogram show-
ing the level of the 6 genes. n =
6 mice/group. C qPCR showing
that Rara and Rxrg mRNA are
decreased, and Rxrb mRNA is
increased 10 days after SNL. *P
<0.05, Student’s r-test. n = 46
mice/group. D-F Double stain-
ing of RARa with NeuN (D),
GFAP (E), and IBA-1 (F) in the
dorsal horn of sham-operated
mice. G-I Double staining of
RAR« with NeuN (G), GFAP
(H), and IBA-1 (I) in the dorsal
horn of SNL-operated mice.
J-L Double staining of RXRp
with NeuN (J), GFAP (K),

and IBA-1 (L) in the dorsal
horn of sham-operated mice.
M-O Double staining of RXRf
with NeuN (M), GFAP (N),
and IBA-1 (O) in the dorsal
horn of SNL-operated mice.
P-R Double staining of RXRy
with NeuN (P), GFAP (Q),

and IBA-1 (R) in the dorsal
horn of sham-operated mice.
S-U Double staining of RXRy
with NeuN (S), GFAP (T), and
IBA-1 (U) in the dorsal horn of
SNL-operated mice. Scale bars,
50 pm (D-U). Scale bar for the
inset boxes (D-U), 20 pm.
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sham-operated mice (Fig. 6D-F), but colocalized with NeuN
and GFAP after SNL (Fig. 6G-I). RXRp was colocalized
with GFAP and IBA-1 in both sham- and SNL-operated
mice (Fig. 6J-0). In contrast, RXRy was mainly colocal-
ized with GFAP, and a few cells with IBA-1 in sham- and
SNL-operated mice (Fig. 6P-U). These data suggest that
RARa, RXRp, and RXRy are differently distributed in neu-
rons, astrocytes, and microglia in the spinal cord.

At-RA Promotes the Expression of IL-10 by which
Alleviates Neuropathic Pain

As RA receptors may act as ligand-activated transcription
factors to regulate gene expression [45, 46], and talarozole
reduced TNF-a and IL-1p and increased IL-10 in the spi-
nal cord after SNL (Fig. 4I-K), we asked if RA receptors
directly regulate the expression of Tnf, Il-1, and 1I-10. We
analyzed the sequence from —1000 to —1 of the promot-
ers of these three genes. There is no binding site for RA
receptors on the Tnf promoter, 2 binding sites on the /I-1
promoter, and 5 binding sites on the /I-/0 promoter based
on JASPAR CORE in Vertebrata with a defined 80% pro-
file score threshold (http://jaspar.genereg. net/) (Fig. 7A).
Furthermore, the Il-10 promoter has 3 binding sites for
RARA::RXRG, 1 binding site for RARA::RXRA, and 1
binding site for RARA(var.2) (Fig.7B). To determine the
effect of at-RA on //-10 expression, we applied a luciferase
activity assay in vitro. pGL3-basic vector or pGL3-1110-
promoter-Lucia vector was transfected into BV2 microglia
cells for 24 h, followed by incubation of at-RA (0.1 pmol/L)
for 12 h. As shown in Fig. 7C, in BV2 cells transfected with
the pGL3-1110-promoter-Lucia vector, treatment with at-RA
significantly increased the promoter luciferase activity com-
pared with the pGL3-basic vector (F 5 15, =32.99, P <0.001,
one-way ANOVA followed by Bonferroni’s test). In addi-
tion, the effects of different concentrations of at-RA (0.1 and
1 pmol/L) on /I-10 mRNA expression were also determined
in BV2 cells by qPCR. The results showed that pretreatment
with at-RA for 12 h increased the LPS-induced expression
of 7I-10 mRNA (F(3, 8 = 38.29, P <0.001, one-way ANOVA
followed by Bonferroni’s test. Fig. 7D).

Finally, we intrathecally injected IL-10 at SNL day 7
and tested pain behaviors. The results showed that IL-10
dose-dependently attenuated the SNL-induced mechanical
allodynia (F,, 14, = 4.499, P <0.05, two-way RM ANOVA
followed by Bonferroni’s test, Fig. 7E) and heat hyperalgesia
(F, 14y = 7.842, P <0.01, two-way RM ANOVA followed
by Bonferroni’s test, Fig. 7F). Furthermore, Western blots
showed that intrathecal injection of IL-10 (100 ng) reduced
the SNL-induced upregulation of GFAP (F, ¢, = 10.85,
P <0.05, one-way ANOVA followed by Bonferroni’s test,
Fig. 7G, H) and IBA-1 (F(zy 6 = 23.88, P <0.01, one-way
ANOVA followed by Bonferroni’s test. Fig. 7G, I). These
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data suggest that RA receptors regulate IL.-10 expression and
contribute to the maintenance of neuropathic pain.

Discussion

The present study provides novel evidence that CYP26A1,
one of the CYP450s functions in the maintenance of neuro-
pathic pain. CYP26A1 was upregulated in neurons and glial
cells of the spinal cord after SNL. In addition, the increased
CYP26A1 was associated with the decreased at-RA level
in the spinal cord. Inhibition of CYP26A1 expression by
siRNA or inhibition of CYP26A1-mediated at-RA metabo-
lization by talarozole attenuated the SNL-induced mechani-
cal allodynia. Talarozole also decreased the activation of
astrocytes and microglia, reduced the expression of Tnf and
1I-1, and promoted the expression of //-70 mRNA in the spi-
nal cord. Meanwhile, RA receptors were expressed in spinal
neurons and glial cells and directly regulated 7/-710 mRNA
expression. Finally, intrathecal injection of IL-10 attenuated
SNL-induced neuropathic pain and glial activation. Taken
together, our results indicate that CYP26A1 contributes to
neuropathic pain by reducing the at-RA level and IL-10 pro-
duction, thus maintaining glial activation in the spinal cord.

CYP26A1 Contributes to SNL-Induced Mechanical
Allodynia

A previous study showed that CYP2J6 is increased in the
dorsal root ganglia of paclitaxel-treated mice and contrib-
utes to chemotherapy-induced mechanical hypersensitivity
[47]. Whether other CYP450 family members are involved
in neuropathic pain is less studied. Our array data showed
that CYP26A1, CYP4B1, and CYP1B1 were upregulated
more than 7-fold in the spinal cord after SNL. CYP4B1 and
CYP1B1 are both expressed in the liver and extrahepatic
tissues to carry out the metabolism of numerous xenobiotics
[48,49]. CYP4B1 is expressed in various cancers and plays
a role in cancer development via the activation of procar-
cinogens and neovascularization [49]. CYP1B1 is involved
in obesity, hypertension, adipogenesis, and atherosclerosis
via regulating endogenous metabolic pathways including
the metabolism of steroid hormones, fatty acids, and vita-
mins [48]. In this study, the increased CYP26A1, CYP1BI,
and CYP4B1 suggest a potential role of these CYP450
family members in neuropathic pain. Here, we focused on
CYP26A1 and confirmed a marked increase of CYP26A1
in the spinal cord 7 days and 14 days after SNL. Consistent
with this, our HPLC analysis displayed a decreased con-
centration of spinal at-RA in this phase, indicating a role of
CYP26A1 in maintaining the at-RA level in the spinal cord.

Previous studies have shown that at-RA attenuates neuro-
inflammation in rat brains [50] and prevents amyloidogenesis
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MA1149.1 RARA:RXRG 10.8456 0.84538053 NC_000067.7:130946458-130947458 406 423 + AGGGCCATGGTAAGGTCT
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Fig.7 RA receptors regulate the expression of IL-10, and the lat-
ter attenuates SNL-induced neuropathic pain and glial activation.
A Analysis of at-RA receptor (RARs and RXRs) binding sites in
the mouse //-10 promoter sequence from the transcription start site
(TSS) upstream —1000 to —1. B Schematic illustrating at-RA recep-
tor (RARs and RXRs) binding sites in the //-7/0 promoter sequence.
C Luciferase reporter assay shows that at-RA treatment upregulates
the transcription activity of the /I-10 gene promoter. The values are
normalized to Renilla luciferase activity. ***P <0.001, basic vector +
at-RA vs 1l-10 promoter vector + at-RA, one-way ANOVA followed
by Bonferroni’s test. n = 4/group. D qPCR shows that treatment with

SNL

SNL

at-RA (0.1 pmol/L) for 12 h increases the LPS-induced expression of
1I-10 mRNA at 6 h after stimulation. **P <0.01, one-way ANOVA
followed by Bonferroni’s test. n = 3/group. n.s. no significant dif-
ference. E, F Intrathecal injection of IL-10 attenuates SNL-induced
mechanical allodynia (E) and heat hyperalgesia (F). *P <0.05, **P
<0.01 two-way repeated measures ANOVA followed by Bonferroni’s
test. n = 5-7 mice/group. G-I IL-10 reduces SNL-induced GFAP
and IBA-1 upregulation in the spinal cord. *P <0.05, **P <0.01,
SNL + Vehicle vs Sham; *P <0.05, #P <0.01, SNL + talarozole vs
SNL + Vehicle, one-way ANOVA followed by Bonferroni’s test. n =
3 mice/group.
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and memory impairment in aged rats [51]. However, the role
of RA in the treatment of chronic pain remains controversial.
Romero-Sandoval et al. showed that the oral administration
of at-RA enhances nociceptive withdrawal reflexes in rats
with soft-tissue inflammation [52]. In contrast, Hamed et al.
reported that intraperitoneal administration of RA attenuates
the neuropathic pain induced by chronic constriction injury
of the sciatic nerve in rats [53]. The difference may be due
to the different doses or different means of administration.
As systemic administration of RA has both peripheral and
central effects, we intrathecally injected Cyp26al siRNA
and talarozole to test the central effect. Specific knockdown
of Cyp26al in the spinal cord effectively attenuated SNL-
induced mechanical allodynia. Intrathecal injection of tal-
arozole at SNL day 7 but not day 3 alleviated the mechanical
allodynia, indicating the involvement of CYP26A1 in the
maintenance of neuropathic pain. It has been reported that
oral administration of R115866 (talarozole) induces marked
increases in RA levels in the plasma and skin [54]. Talaro-
zole was developed to treat psoriasis and acne [55, 56]. The
present study suggests that talarozole represents a promising
strategy for the treatment of established neuropathic pain.

CYP26A1 is Involved in SNL-Induced Neuronal
and Glial Activation

RA binds to RARs and RXRs which then act as ligand-acti-
vated transcription factors to regulate gene expression [45,
46]. It has been reported that RARa, RXRa, RXRf, and
RXRy are localized in the neurons, and RXRa and RXRf
are expressed in the astrocytes of naive rats [57]. Here, SNL
decreased the Rara and Rxrg mRNA levels and increased the
Rxrb mRNA levels. Moreover, RARa was mainly expressed
in the astrocytes of sham-operated mice, but was expressed
in neurons and astrocytes after SNL. In contrast, RXRf
was mildly expressed in astrocytes and microglia in sham-
operated mice and increased in these cell types after SNL.
RXRy was dominantly expressed in spinal astrocytes and
had low expression in the microglia under both normal and
neuropathic pain conditions. Our results also showed that
CYP26A1 was predominantly expressed in spinal neurons
and astrocytes, thus the increased CYP26A1 after SNL may
cause the decrease of at-RA in these cells. As RA can leave
the cell through the plasma membrane and bind to cytosolic
binding proteins, enters the nucleus, and function in a par-
acrine and an autocrine manner in the adult brain [58-60],
RA may act via different receptors in neurons, astrocytes,
and microglia of the spinal cord. Consistent with this, immu-
nostaining showed that inhibition of CYP26A1 degradation
of at-RA by talarozole substantially reduced the SNL-
induced upregulation of c-Fos, GFAP, and IBA-1. Western
blots showed that the pERK and pp38 upregulated by SNL
were also decreased by talarozole. As pERK is expressed
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in spinal astrocytes and microglia, and pp38 is expressed
in spinal microglia 10 days after SNL [42, 43], the reduced
pERK and pp38 support the reduced activation of astrocytes
and microglia. It has been well-demonstrated that microglia,
astrocytes, and neurons have close cross-talk which plays an
important role in the pathogenesis of neuropathic pain [61,
62]. For example, pineal neurons release CX3CL1 to acti-
vate microglia via CX3CR1 after SNL [63, 64]. Optogenetic
activation of astrocytes elicits microglial activation [65], and
inhibition of SNL-induced astrocytic activation by deletion
of Cxcr5 reduces microglial activation [38]. Therefore, the
reduced RA by CYP26A1 contributes to increased spinal
neuroinflammation and neuropathic pain.

At-RA Increases IL-10 Expression by Which Glial
Activation is Inhibited and Neuropathic Pain
is Attenuated

Previous studies have shown that at-RA inhibits the neuro-
toxic effect on microglia by suppressing the expression lev-
els of TNF-a and iNOS induced by LPS [33]. The addition
of at-RA potentiates the LPS-induced IL-10 mRNA expres-
sion and the number of IL-10-secreting cells from the THP-1
monocyte/macrophage cell line and cord blood mononu-
clear cells [32], but the regulatory mechanism of at-RA on
cytokine expression has not been studied. Here the bioinfor-
matics analysis showed that RARA:RXRG, RARA:RXRA,
and RARA(var2) directly bind on the /I-10 promoter. The
luciferase activity assay indicated the increased expression
of 1I-10 by at-RA. In vivo, data showed that intrathecal tal-
arozole increased the /I-10 level in the spinal cord. However,
which heterodimer or homodimer plays a major role in IL-10
expression and whether RA receptors regulate I1-1p expres-
sion still needs further investigation.

IL-10 has been well demonstrated to have anti-inflamma-
tory and anti-nociceptive effects in animal models of neu-
ropathic pain, peripheral diabetic pain, bone cancer pain,
and inflammatory pain [66-70]. In agreement with these
reports, intrathecal IL-10 attenuated SNL-induced pain
hypersensitivity and reduced SNL-induced activation of
astrocytes and microglia. It has been reported that IL-10
reduces TNF-a and IL-1f production and counter-regulates
the actions of TNF-a and IL-1f by increasing TNF decoy
receptors and IL-1 receptor antagonists [71]. TNF-a and
IL-1p are important in mediating nerve injury-induced glial
activation and enhancing synaptic transmission [72, 73].
IL-10 suppresses the enhanced frequency and amplitude of
the miniature excitatory postsynaptic currents in the spinal
dorsal horn neurons of lamina II in neuropathic rats [70].
Taken together, the increased CYP26A1 may reduce IL-10
production and contributes to spinal neuroinflammation and
neuropathic pain.
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In summary, this study revealed that a CYP450 fam-
ily member, CYP26A1, is increased in spinal neurons and
astrocytes after SNL. Meanwhile, at-RA, the preferred sub-
strate of CYP26A, was decreased. The RA receptors such
as RARa, RXRp, and RXRy homodimers or heterodimers
directly bind the /I-10 promoter and regulate IL-10 pro-
duction. Inhibition of CYP26A1 by siRNA or an inhibitor
increased IL-10 production, reduced TNF-a and IL-1f pro-
duction, and decreased SNL-induced glial activation and
neuropathic pain. Thus, CYP26A1 may be a potential target
for the treatment of neuropathic pain.
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