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Inflammation plays an important role in the occurrence and development of
neuropathic pain. Immune-responsive gene 1 (IRG1) decarboxylates cis-
aconitate to produce itaconate in the mitochondria. Itaconate serves as an
immunomodulator of macrophages and represses inflammation in infectious
diseases. Recently, a study showed that an itaconate derivative inhibits
neuroinflammation and reduces chronic pain in mice. However, the
function and molecular mechanisms of endogenous itaconate in
neuropathic pain have not been fullyelucidated. In this study, the content
of itaconate in the ipsilateral spinal cord after nerve-injured mice was
detected with mass spectrometry. The /rgl'/' mouse was constructed to
determine the role of endogenous itaconate in the chronic constriction nerve
injury (CCIl) model. The analgesic effect of exogenous itaconate was assessed
with intraperitoneal and intrathecal administration in both male and female
CClI mice. The spinal application of 4-Ol also reduced the evoked responses
of wide dynamic range neurons in CCl mice. The potential analgesic
mechanism of itaconate was explored through molecular biology
experiments and verified in Interleukin (IL)-10"" mice. We found the levels
of itaconate and IRGL1 in the spinal cord significantly increased after CCl. Irg1
deficiency aggravated the mechanical and heat hypersensitivity, while the
exogenous administration of the itaconate derivative 4-Ol alleviated the
neuropathic pain in male and female CCI mice. Mechanistically, the
treatment of 4-Ol increased the level of IL-10 and activates STAT3/f-
endorphin pathway in the spinal cord, and the analgesia effect of itaconate
was impaired in /L-107" mice. Finally, we showed that the upregulation of IL-
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10 induced by 4-Ol was mainly from spinal neurons through Nrf2 pathway.
This study demonstrated the analgesic effect of endogenous and exogenous
itaconate in the neuropathic pain model, suggesting that the spinal IL-10/
STAT3/B-endorphin pathway might mediate the analgesia effect of itaconate.
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Introduction

Neuropathic pain is caused by damage or diseases of the
somatosensory system (1, 2). Evidence indicates that the
inflammatory response plays a vital role in the development of
hyperalgesia in neuropathic pain (3-5). At peripheral, infiltrated
immune cells release mediators to sensitize and activate the
nerve endings of nociceptor neurons, and the generated action
potentials are transduced to the spinal cord through the dorsal
root ganglia (6, 7). In the dorsal horn of the spinal cord,
nociceptive afferent neurons (presynaptic) release glutamate,
ATP, and chemokines from their peripheral synapses, which
mediate signal transmission to second-order postsynaptic
neurons and transmit signals to the brain (6, 8). Meanwhile,
microglia, astrocytes, and even T cells produce pro-
inflammatory cytokines and growth factors, which act on pre-
synaptic and post-synaptic nerve terminals to increase signal
transmission and mediate central pain sensitization (6, 9).
Therefore, the inflammatory process is of great significance to
the occurrence and development of neuropathic pain.

Itaconate is a metabolite of the tricarboxylic acid (TCA)
cycle and is produced during the activation of macrophages (10).
The cis-aconitate decarboxylase immune response gene 1 (IRG1)
is encoded by AcodI (refers to as Irgl here) and is the enzyme
responsible for itaconate production (11, 12). Itaconate was first
discovered in 1836 (13). Until 2018, studies discovered that
itaconate is an effective immunomodulator and has anti-
inflammatory effects (13, 14): in the later stages of
inflammation, IRG1 overexpression causes itaconate

Abbreviations: IRG1, immune-responsive gene 1; TCA, tricarboxylic acid
cycle; CCI, chronic constriction nerve injury; 4-OI, 4-octyl itaconate; IL-10,
interleukin-10; IL-6, interleukin-6; IL-1pB, interleukin-1f; TNF-c, tumor
necrosis factor-o; STATS3, signal transducer and activator of transcription
3; p-STATS3, phosphorylation of STAT3; IFN, interferon; NLRP3, inhibitor of
NLR family pyrin domain containing 3; Keapl, kelch like ECH associated
protein 1; Nrf2, nuclear factor erythroid 2-related factor 2; LPS,
lipopolysaccharide; LC-MS, liquid chromatography-mass spectrometry;
ELISA, enzyme-linked immunosorbent assay; SPF, specific-pathogen free;
MPE, maximum possible effect; PWT, paw withdrawal threshold; PWL, paw
withdrawal latency. Dpi, days post-injury.
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accumulation and itaconate inhibits the succinate
dehydrogenase to limit the production of mitochondria
reactive oxygen species (15-17). In addition, itaconate
alkylates the cysteine residue of kelch like ECH associated
protein 1 (Keapl), resulting in nuclear translocating of nuclear
factor erythroid 2-related factor 2 (Nrf2) and promoting the
expression of anti-inflammatory and antioxidant genes (18).
Itaconate also plays the roles as the regulator of type I
interferon (IFN) and inhibitor of NLR family pyrin domain
containing 3 (NLRP3) inflammasome in macrophages (19, 20).
More recently, a study showed that dimethyl itaconate, an
itaconate derivative, inhibits neuroinflammation and reduces
chronic pain in mice (21). Although the immunomodulatory
properties of itaconate have been explored comprehensively in
macrophages, the analgesic effects of endogenous itaconate in
neuropathic pain has not been studied.

Interleukin (IL)-10 is a well-characterized cytokine with
anti-inflammatory and analgesic functions (22-25). IL-10
inhibits the pain response by inhibiting inflammatory factors
production (23, 24, 26-28). Although type I IFN-driven IL-10
inhibits itaconate synthesis in lipopolysaccharide-treated
macrophages (29), whether itaconate regulates the expression
and function of IL-10 in neuropathic pain remains unknown. In
this study, we demonstrated for the first time that itaconate
increased after peripheral nerve injury in the spinal cord and
contributed to the endogenous analgesia in the chronic
constriction nerve injury (CCI) model. Meanwhile,
administration of the itaconate derivative 4-octyl itaconate (4-
OI) by intraperitoneal and intrathecal injection dose-
dependently alleviated mechanical and heat hypersensitivity in
the CCI mice. The results also suggested that the spinal II-10
pathway might be involved in the analgesic effect of itaconate.

Materials and methods
Animals
The animal study was reviewed and approved by the capital

medical university animal care and use committee. All
experiments were carried out with appropriate anesthesia
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methods to minimize the suffering of experimental animals. The
experimental animals were bred in the specific-pathogen free
(SPF) animal facility in the Animal Department of Capital
Medical University. The mice were kept in a cage facility
where they could eat and drink freely (22 + 2°C, 55 + 5%
humidity, 12 hours of light: 12 hours of darkness).

The transgenic mice used in this project were all C57BL/6]
(wildtype, WT) backgrounds and 6-8 weeks old. The WT, Irgl™”
and IL-107" mice were obtained from Charles River
Experimental Animal Technical Co., Ltd., Southern Model
Organisms (Shanghai, China) and Beijing Biocytogen
Biotechnology Co., Ltd. respectively.

Chronic constriction nerve injury (CCI)
model

Mice were anesthetized under the induction of isoflurane
(1.0-1.5% in 100% O2, 0.5 L/min). As reported previously (30),
hemostatic forceps were used to stimulate the hind paws of the
mice with appropriate strength. The operation was performed
while the mice did not respond to the stimulation. The left side
sciatic nerve was exposed and separated from the surrounding
muscle. Three loose ligations were tied with a 1 mm interval
using No. 6-0 surgical thread (Cheng-He, China). When the
hind paws on the operation side of the mice twitched slightly, the
tightness of the ligation was the most suitable. Sham-operated
mice were exposed the sciatic nerve in the same way
without ligations.

Behavioral testing

The method of von Frey and Hargreaves was used to detect
changes in the hyperalgesia threshold of mice. Behavior tests
were performed by investigators blind to the
experimental settings.

The von Frey test: Before detecting the basic threshold, place
the mice in an acrylic box to adapt for three days (30 min/day).
After the mouse is quiet, use von Frey hair (NC12775, North
Coast Medical Company, USA) to press vertically, until the
filament is bent, starting from 0.16 g, and use the up and down
method to perform the experiment. When the mouse exhibits
the behavior of lifting, retracting, and licking, it is considered to
have a pain response.

Hargreaves test: Before the baseline threshold was measured,
the mice were placed in a box on a glass platform for three days
(30 minutes per day) to adapt to the environment. After the mice
are quiet, they were tested using the Hargreaves device (37370
Ugbasili, Italy). The heat was used to stimulate the hind paws of
mice, and when the mice show the behavior of lifting, retracting,
and licking, it is considered to have a pain response. To avoid
tissue damage, set the thermal stimulation time to 25 seconds.
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We calculated maximum possible effect (MPE) values to
establish a dose-response function for PWT and PWL data. The
MPE value for reducing mechanical hyperalgesia and thermal
hyperalgesia was calculated by the following formula: MPE (%) =
[1 - (Preinjury PWT or PWL- Postdrug PWT or PWL)/
(Preinjury PWT or PWL - Predrug PWT or PWL)] x 100.
PWT: paw withdrawal threshold; PWL: paw withdrawal latency.

Intrathecal injection

Experimental mice were induced anesthetized with
isoflurane and fixed. The operator hold a microsyringe and
inserted the needle vertically at the level of the anterior
superior iliac spine of the mouse. The needle insertion
point was located in the space between the L5-L6 vertebral
segments of the mouse. When the mouse tail shook slightly,
10 puL 4-OI solution was slowly injected. The needle was
retained for 1 min and then was withdrawn to prevent the
injected liquid from flowing out.

Liquid chromatography-mass
spectrometry (LC-MS)

Detection of TCA metabolites was supported by Lipidall
Technologies Company Limited, China. Itaconic acid and TCA
cycle metabolites were extracted from mouse spinal cord tissue
using acetonitrile: water (1:1) and derivatized using 3-
nitrophenylhdyrazones. The content of itaconic acid and TCA
was analyzed using Jasper HPLC coupled to a Sciex 4500 MD
system. Briefly, itaconic acid and TCA were separated on a
Phenomenex Kinetex C18 column (100 x 2.1 mm, 2.6 um) using
0.1% formic acid in water as mobile phase A and 0.1% formic
acid in acetonitrile as mobile phase B. d4-succinic acid, d4-citric
acid, d3-malic acid, 13C-3-lactic acid, d3-pyruvic acid, d4-
fumaric acid used as quantitative internal standards were
purchased from Cambridge Isotope Laboratories.

Cell culture

BV2 cell culture medium: DMEM F12 (Gibco,
C11330500BT) + 10% FBS (Vistech, SE100-B), N2A cell
culture medium: DMEM (Gibco, C11995500BT) + 10% FBS
(Vistech, SE100-B). Cells were grown in 12-well plates. 2x10/5
cells were seeded per well and cultured in a 37°C, 5% CO2
incubator. Cells were stimulated with LPS (100 ng/ml).
According to the experimental results of other members of our
research group, 4-OI (120uM) and ML385 (2uM) were selected
to treat the BV2 cell line; 4-OI (10pM) and ML385 (5uM) were
selected to treat N2A cell line. The cell culture medium was then
collected for ELISA experiments.
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Enzyme-linked immunosorbent assay
(ELISA)

The changes in interleukin (IL)-6, IL-1B, Tumor necrosis
factor (TNF)-a, and IL-10 protein levels in the L3-L5 spinal cord
segments of mice were detected with ELISA kits (Mouse IL-6
Quantikine ELISA Kit, R&D, M6000B, USA; Mouse IL-1 beta/
IL-1F2 Quantikine ELISA Kit, R&D, MLB00C, USA; Mouse
TNF-alpha Quantikine ELISA Kit, R&D, MTA00B, USA; Mouse
IL-10 Quantikine ELISA Kit, R&D, M1000B, USA). The mice
were anesthetized by intraperitoneal injection of 1% sodium
pentobarbital (10 ml/kg). After stimulating the hind paws of the
mice without any response, the operation was performed, and
L3-L5 spinal cords were obtained. The tissue was lysed with
RIPA Lysis Buffer (C1053, Applygen, China). The supernatant
was collected for cytokine detection. The medium of the N2A
cell line and BV2 cell line was collected, and the supernatant was
collected by centrifugation at 3000 rpm for 10 min. Experiments
using the double-antibody sandwich method. The entire
experimental process is completely in accordance with the
experimental steps in the Kkit.

Western blotting

The changes in IRG1, Nrf2, IL-10Ro, IL-10, P-STATS3,
STAT3, and B-endorphin protein content were detected with
western blotting. -actin was used as the internal control. The
mice were anesthetized by intraperitoneal injection of 1%
sodium pentobarbital (10 ml/kg). After stimulating the hind
paws of the mice without any response, the L3-L5 spinal cords
were obtained. The tissue was lysed with RIPA Lysis Buffer.
Then use the BCA protein determination kit (23227, Thermo
Scientific, U.S.A.) for protein quantification. The protein
samples were separated on a 10% SDS-PAGE gel (ZD304,
ZOMANBIO, China), transferred to a PVDF membrane
(1620177, Bio-rad, USA), sealed with 5% skimmed milk
powder for 60 minutes, and then incubated with the primary
antibodies at 4°C overnight: IRG1(1:500, 17805S, Cell Signaling
Technology, USA), Nrf2 (1:1000, ab62352, Abcam, USA), IL-
10Ro (1:1000, sc-28371, Santa Cruz, USA), IL-10 (1:1000,
ab9969, Abcam, USA), P-STAT3 (1:1000, 9145T, Cell
Signaling Technology, USA), STAT3 (1:1000, ab76315, Abcam,
USA), B-endorphin (1:1000, ab10339, Abcam, USA), or B-actin
(1:1000, sc-47778, Santa Cruz, USA). The next day, the
membrane was washed and incubated with secondary
antibodies (1:1000, Anti-rabbit IgG: 7074S, Anti-mouse IgG:
7076S, Cell Signaling Technology, USA) or 1 hour at room
temperature. Finally, the protein was detected by an ECL reagent
(WBKLS0500, Millipore, USA). The relative intensity of the
protein is quantified by Image]J software.
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Immunofluorescent staining

Fourteen days after surgery, mice were anesthetized with 1%
sodium pentobarbital (10 ml/kg) and perfused via the heart with
0.01 M PBS and 4% paraformaldehyde. The L3-L5 spinal cord
was removed in 4% paraformaldehyde overnight at 4°C. The
tissues were dehydrated in gradients using 20% and 30% sucrose
solutions. After embedding the tissue, frozen sections (16pm)
were performed using a cryomicrotome (CM3050 S, Leica
Microsystems, Germany). Tissue sections were subjected to
antigen repair using sodium citrate and treated at 95°C for 10
min, followed by the following treatments: The samples were
treated with 1% Triton-X-100 for 15 min, washed three times
with 0.01 M PBS for 5 min each, and incubated with 0.3% H202
for 10 min. The samples were washed three times with 0.01 M
PBS for 5 min each. Blocked with 5% goat serum containing
0.3% Triton-X-100 for 30 min, sections were incubated
overnight at 4°C with each of the following antibodies in 1%
goat serum dissolved in 0.3% Triton-X-100: IL-10 (1:200,
ab9969, Abcam, USA), NeuN (1:500; MAB377, Merck, USA).
After washing with 0.01 M PBS 3 times, 5 minutes each time, the
secondary antibody (1:500; Invitrogen, USA) was incubated for 1
h at room temperature. After washing, the sections were fixed
with DAPI (AB104139, ABCAM, USA) in the dark and then
covered with cover slides. Immunohistochemical images were
taken using a microscope (DS-IR2, Nikon), and IL-10-
expressing neurons in the ipsilateral spinal cord were counted
using Image] software.

Spinal dorsal horn recording

The CCI animals at 14th days were anesthetized with
isoflurane and mechanically ventilated through a tracheotomy
tube. The lumbar enlargement of the spinal cord was exposed by
a laminectomy between vertebral levels T12 and L1. The
recording of wide dynamic range (WDR) neurons was through
parylene-coated tungsten microelectrodes (impedance 1-3 MV;
Frederick Haer Company, Brunswick, ME) placed at a depth of
300 to 500 um from the dorsal surface of L4 spinal cord level.
Only WDR neurons with defined receptive fields in the plantar
region of the hind paw were studied. The analog signals were
amplified, filtered, displayed on an oscilloscope, and collected
with a real-time computer-based data acquisition and processing
system (CED 1401; Cambridge Electronic Design, Cambridge,
United Kingdom). The WDR neuronal responses were evoked
by graded peripheral intracutaneous electrical stimulation (0.1-
10 mA, 1 ms). A train of 0.5-Hz electrical stimulation (16 pulses,
0.2 ms, 1.5xC-component threshold) was used to induce a
windup response.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1012442
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sun et al.

Statistical analysis

All data are expressed as mean + SEM and analyzed using
GraphPad Prism 8.0 (GraphPad Software, U.S.A). Use two-
tailed unpaired student’s t-tests, one-way, two-way ANOVA
tests, or paired student’s f-tests and Dunnett or Tukey’s
multiple comparison test as needed to estimate statistical
significance. A P value less than 0.05 is considered
statistically significant.

Results

The level of IRG1/itaconate was
increased in the spinal cord after CCI

We first established the chronic constriction nerve injury
(CCI) model in male C57BL/6 (wildtype, WT) mice.

10.3389/fimmu.2022.1012442

Compared with the preinjury baseline, the paw withdrawal
threshold (PWT) and paw withdrawal latency (PWL) of the
nerve-injured (ipsilateral) hind paw to mechanical and heat
stimuli were significantly decreased at 3 days and achieved
peak levels 7-9 days post-CCI (Figures 1A, B). To explore the
changes in the content of itaconate in the spinal cord after
peripheral nerve injury, the ipsilateral L3-L5 segments of the
spinal cord were collected from CCI and sham-operated mice
to conduct the mass spectrometry on day 14 post nerve injury.
Among the intermediates of the TCA cycle (Figure 1C), the
content of spinal itaconate increased and a-ketoglutarate
decreased respectively post-CCI (Figures 1D, E). Consistent
with the upregulation of itaconate, the protein level of IRG1
was elevated in the ipsilateral L3-L5 segments of the spinal
cord on day 14 post-CCI (Figures 1F, G). These results
suggested that the spinal endogenous IRG1/itaconate may be
involved in the development of pain hypersensitivity in the
CCI model.
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The content of itaconate and IRG1 increased in the spinal cord of CCl mice. The CCl model mice exhibited the significant decrease in the PWT
(A) and PWL (B) of ipsilateral hind paw from 3rd day post nerve injury. Data are presented as mean + SEM. ***p<0.001 vs. Sham, by two-way
ANOVA with Tukey's multiple comparisons test (n = 10). (C) Diagram of the tricarboxylic acid (TCA) cycle. (D) The heat map of the mass
spectrometry result showed that the content of the TCA cycle intermediates in the L3-L5 segment of the ipsilateral spinal cord from sham and
CCI mice at 14th days post nerve injury. (E) The changes in the content of the intermediate products of the TCA cycle. Data are presented as
mean + SEM. *p < 0.05 vs. Sham, by Paired t tests (n = 3). (F) The representative image of western blot for the expression of IRG1 in the L3-L5
segments of ipsilateral and contralateral spinal cord from sham and CCl mice. (G) The level of IRG1 protein in the ipsilateral spinal cord at 14th
days after nerve injury significantly increased. Data are presented as mean + SEM. *p<0.05 vs. Sham, followed by One-way ANOVA with

Dunnett's multiple comparisons test (n = 4). ns, no significance.
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Endogenous IRG1/itaconate played an
analgesic effect in the CCl model

To examine the direct correlation between endogenous IRG1/
itaconate and pain behaviors in the CCI model, we constructed
global Irgl”" mice with CRISPR/Cas9 technology (Figure 2A). By
using control and Irgl” mice to establish the CCI model, we
verified that the IRG1 protein was completely depleted in the L3-L5
spinal cord in Irgl” CCI mice with western blotting (Figure 2B).
On the 14" day post-injury, Irgl”~ CCI mice exhibited lower PWT
of the ipsilateral hind paw compared with those in control CCI mice
(Figure 2C). The PWT of the contralateral hind paw of IrgI 7 CCl
mice did not show a significant difference between the control CCI
and sham animals (Figure 2D). The Irgl = CCI mice also exhibited
lower PWL of the ipsilateral hind paw (Figure 2E) and similar PWL
of the contralateral hind paw (Figure 2F) compared with those in
control CCI mice. These findings suggested that the loss of
endogenous IRG1/itaconate aggravated both mechanical allodynia
and heat hyperalgesia in nerve-injured mice.

Systemic and local application of 4-octyl
itaconate (4-Ol) attenuated mechanical and
thermal hypersensitivity in the CCl mice

Next, we explored the effect of exogenous itaconate on the
mechanical allodynia and heat hyperalgesia of the CCI mice.

10.3389/fimmu.2022.1012442

Since itaconate is difficult to penetrate the cell membrane and is
not stable in in vivo conditions (31, 32), we elevated the level of
itaconate by application of 4-OI, a derivative of itaconate, which
has better cell permeability and transforms to itaconate through
esterlysis (33-35). We first examined the effects of systemic
administration of 4-OI with various doses on the mechanical
and thermal hypersensitivity in male CCI mice. Compared with
the preinjury baseline, the PWT (Figure 3A) of the ipsilateral
hind paw to mechanical and heat stimuli were significantly
decreased at 14™ days post-CCL. We intraperitoneally injected
various doses of 4-OI (10, 50, 100, 200 mg/kg) to the CCI mice
on day 14, and then detected the PWT and PWL at different time
points. The results showed that only 10 mg/kg 4-O1 didn’t affect
the PWT (Figure 3A) of ipsilateral hind paws of CCI mice at all
time points. The other three higher doses of 4-OI significantly
increased the PWT (Figure 3A) of ipsilateral hind paws at
different time points post-treatment. The MPE at 2 hours
post-treatment indicated that the analgesic effect of 4-OI
exhibited a dose-dependent manner (Figure 3B). The
intraperitoneal application of 4-OI had no obvious effect on
the PWT (Figure 3C) of contralateral hind paws of sham and
CCI mice. Similar with the results of PWT, the intraperitoneal
application of 4-OI dose-dependently increased the PWL of
ipsilateral hind paw of CCI mice at different time points after
treatment (Figures 3D, E), but did not change the PWL of
contralateral hind paw (Figure 3F).
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The deficiency of IRG1 aggravated the pain hypersensitivity after nerve injury. (A) Schematic diagram of constructing /rgl " mice. (B) At 14th
days post injury, the protein level of IRG1 in L3-L5 segments of the ipsilateral spinal cords from control CCl and /rg1™/~ CCl mice. (C, D) At 14th
days post injury, the PWT of ipsilateral and contralateral hind paw to von Frey test in Sham and CCI mice. (E, F) At 14th days post injury, the PWL
of ipsilateral and contralateral hind paw to Hargreaves test in Sham and CCl mice. Data are presented as mean + SEM. **p<0.01, *p<0.05 vs
Control CCl, followed by two-way ANOVA with Tukey's multiple comparisons test (n = 10).
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FIGURE 3

Intraperitoneal injection of 4-Ol suppressed the neuropathic pain of the both sexes CCl mice. (A) The effect of systemic application of 4-Ol on
the PWT of ipsilateral hind paw in male CCI mice at 14th days post injury. (B) The maximum possible effect (MPE) of PWT at 1 hour post 4-Ol
was calculated. (C) The effect of 4-OI on the PWT of contralateral hind paw. (D) The effect of systemic application of 4-Ol on the PWL of
ipsilateral hind paw in male CCI mice at 14th days post injury. (E) The MPE of PWL at 1 hour post 4-Ol was calculated. (F) The effect of 4-Ol on
the PWL of contralateral hind paw. (G) The effect of systemic application of 4-Ol on the PWT of the ipsilateral hind paw in female CCI mice at
14th days post-injury. (H) The effect of 4-Ol on the PWT of the contralateral hind paw. (I) The effect of systemic application of 4-Ol on the PWL
of the ipsilateral hind paw in female CCl mice at 14th days post-injury. (J) The effect of 4-Ol on the PWL of the contralateral hind paw. Data are
presented as mean + SEM. ***p<0.001, **p<0.01, *p<0.05 vs. CCI + Veh, followed by two-way ANOVA (A, D, G, 1) and one-way ANOVA (B, E)

with Tukey's and Dunnett's multiple comparisons test (n = 12).

To explore whether 4-OI could induce an analgesic effect in
both genders, we used female WT mice to establish the CCI
model and applied the 4-OI by intraperitoneal injection.
Administration of 100 and 200 mg/kg 4-OI significantly
increased the PWT (Figure 3G) of the ipsilateral hind paws of
the female CCI mice. The higher dose of 4-OI induced the
analgesic effect at an earlier time point (0.5 hours post-
treatment) and the effect was maintained longer (3-3.5 hours
post-treatment) (Figure 3G). The application of 4-OI did not
affect the PWT (Figure 3H) of the contralateral hind paws of the
female sham-operated and CCI mice. The 100 and 200 mg/kg 4-
OI also significantly increased the PWL of the ipsilateral hind
paws of the female CCI mice (Figure 3I), but did not affect the
PWL of the contralateral hind paw (Figure 3]). These results
suggested that 4-OI alleviated neuropathic pain, with no

sex differences.

Frontiers in Immunology

In order to detect the local effects of 4-OI, we conducted
intrathecal injection of 4-OI with different concentrations in
another group of male CCI mice. The results also showed that
intrathecal injection of different doses of 4-OI could alleviate the
mechanical allodynia of male CCI mice at different time points
post-treatment (Figure 4A). In addition, the MPE at 1 hour post-
treatment showed that the analgesic effect of the intrathecal
application of 4-OI was dose-dependently (Figure 4B). The PWT
of the contralateral hind paws of Sham-operated and CCI mice
were unchanged after intrathecal application of 4-OI
(Figure 4C). The intrathecal injection of 4-OI also dose-
dependently attenuated the thermal hyperalgesia of male CCI
mice at 14" days post injury (Figures 4D, E). The PWL of the
contralateral hind paws was unaffected by intrathecal application
of 4-OI (Figure 4F). Our experimental results proved that 4-OI
treatment was able to attenuate the mechanical allodynia and
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heat hyperalgesia of male CCI mice. The potential active site of
4-0I could be at the spinal cord level.

4-0l inhibited the C-component and
windup responses of WDR neurons in
CCl mice

Next, we investigated whether 4-OI affects the evoked
response of spinal WDR neurons in CCI mice. According to
different response latencies produced by intracutaneous
electrical stimulation

of the hind paw, the A (0-50 ms)- and C (50-250 ms)-
components of WDR neuronal responses can be distinguished.
At 30-40 and 60-70 mins after spinal application of 4-OI (100
uM, 10 pl), 4-OI didn’t affect the response of A-component
evoked by graded electrical stimuli with increasing amplitudes
(Figures 5A, B). However, the C-component responses to 3-, 4-,
5-,and 10-mA electrical stimuli at 30-40 mins post 4-OI, as well
as the total number of action potentials in the C-component,
were also significantly decreased at 30-40 and 60-70 mins after
4-OI application (Figures 5C, D). Repetitive electrical
stimulation (0.5 Hz) with 1.5 times the C-fiber threshold
induced windup in the C-component of the WDR neuronal
response, which represents the short-term sensitization of WDR

10.3389/fimmu.2022.1012442

neurons. Notably, at 30-40 mins after local administration of 4-
OI (100 puM, 10 pl), both the windup function and total windup
response were attenuated from those observed before drug
treatment (Figures 5E, F).

The effect of 4-Ol on the release of
inflammatory and anti-inflammatory
factors

Since itaconate has been suggested as the inflammatory
regulator, we speculated that the analgesic effect of IRG1/
itaconate might through the immunoregulatory effect.
Therefore, we examined the changes of some classical cytokine
expressions in the L3-L5 spinal cord segments from the male
CCI mice after intraperitoneal administration of vehicle or 4-O1.
According to the results of ELISA experiments, the spinal
protein content of interleukin (IL)-6, Tumor necrosis factor
(TNF)-0, and IL-1f was significantly decreased at 2 hours post
200 mg/kg 4-OI injection (Figures 6A-C), while the expression
of anti-inflammatory factor IL-10 was significantly increased
(Figure 6D). As the IL-10 was known to inhibit pain
hypersensitivity, those results suggested that 4-OI might
upregulate the IL-10 pathway to suppress the pain behaviors
in the CCI model.
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FIGURE 4

Intrathecal injection of 4-Ol alleviated the pain hypersensitivity in male CCl mice. (A) The effect of local application of 4-Ol on the PWT of
ipsilateral hind paw in male CCI mice at 14th days post injury. (B) The maximum possible effect (MPE) of PWT at 2 hours post 4-Ol was
calculated. (C) The effect of 4-Ol on the PWT of contralateral hind paw. (D) The effect of local application of 4-Ol on the PWL of ipsilateral hind
paw in male CCl mice at 14th days post injury. (E) The MPE of PWL at 2 hours post 4-Ol was calculated. (F) The effect of 4-Ol on the PWL of
contralateral hind paw. Data are presented as mean + SEM. ***p<0.001, **p<0.01, *p<0.05 vs. CCl + Veh, followed by two-way ANOVA (A, D)
and one-way ANOVA (B, E) with Tukey's and Dunnett's multiple comparisons test (n = 12).
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FIGURE 5

Spinal 4-0OlI attenuated the C-component and windup responses of WDR neurons in CCI mice. (A) The stimulus-response functions of A-
component to graded electrical stimulation before, 30-40 and 60-70 minutes after spinal 4-Ol (100 uM, 10 pl). (B) The total number of action
potentials (APs) in the A-component produced in response to graded electrical stimuli. (C) The stimulus-response functions of C-component
before, 30-40 and 60-70 minutes after 4-Ol. (D) The total APs of C-component produced in response to graded electrical stimuli. (E) Windup
function in WDR neurons was examined before, 30-40 and 60-70 minutes after 4-Ol. (F) The total number of C-components evoked by
windup-inducing stimulation after 4-Ol. n = 8/group; Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs baseline by
two-way ANOVA with Tukey's multiple comparisons test (A, C, E) and paired t-test (B, D, F). n.s., no significance.

Frontiers in Immunology 09 frontiersin.org


https://doi.org/10.3389/fimmu.2022.1012442
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sun et al. 10.3389/fimmu.2022.1012442

A B
IL-6 IL-18
154 * # 15-
- ° — *kk #ith
c <
D 2 °
° o
2 10 5 10 R
-
E * E ; et
g 51 s g 51 °° ?
<c.> o0 e | o @
= 000 ® *6 -
O L ¥ ¥ 0 T T T
SIS ) S )
%‘Q(b XQ@ W %\(\% 2 (%) b(o
OIS SN
@) (QQ) O (QQ
N S
N N
xV xV
o o
O O
(o] D
TNF-a IL-10
41 L it 50 £
E\ [ ] — ..
T =
2s 3 R R S
a o o o s .
i o 30{ B *
E Ll | 4 = 5 j;_t
2 Ed :
~ \9—/ 20' ° o
¥ 1 o
w1 =
1 10-
Z =
0 s ¥ ¥ 0 T T T
Q NN o NN
& X % 6&\‘2’6\ N N
NS SN
O 69 O @Q
N S
N S
X(l/ X(I/
o o
O O

FIGURE 6

4-0l affected the spinal content of cytokine in CCI model. The expressions of inflammatory mediators IL-6 (A), TNF-o (B) and IL-1B (C)
significantly increased in the ipsilateral spinal cord of CCl group at 14th days post nerve injury. At 2 hours post systemic injection of 200 mg/kg
4-0l, the expressions of IL-6 (A), TNF-o (B) and IL-1B (C) were markedly downregulated as well as the expression of IL-10 was upregulated (D).
Data are presented as mean + SEM. ***p<0.001, **p<0.01, *p<0.05 vs. Sham, *##p<0.001, #p<0.05 vs. CCI + Veh, followed by One-way ANOVA
with Dunnett’'s multiple comparisons test (n = 6).
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4-0Ol activated the IL-10/STAT3 pathway
and promoted the release of [3-
endorphin

We next detected the protein level of the IL-10 pathway in the
L3-L5 segments of the ipsilateral spinal cord from male CCI mice at
2 hours post-4-OI treatment. The expression of IL-10 (Figures 7A,
B) and IL-10 receptor (Figures 7C, D) significantly increased after
100 and 200 mg/kg 4-OI treatment. IL-10 binds to the IL-10
receptor and activates the downstream signal transducer and
activator of transcription 3 (STAT3) signal. The phosphorylation
of STAT3 (p-STATS3) leads to the increase of nuclear translocation
of STAT3, which enhances the transcription of its target genes.
After treatment of 100 and 200 mg/kg 4-OI, the level p-STAT3
(Figures 7E, F) and the downstream B-endorphin (Figures 7G, H)
significantly increased. As the B-endorphin was a well-known
endogenous analgesia, our findings indicated that the application
of 4-OI might suppress neuropathic pain through the IL-10/
STAT3/B-endorphin pathway.

The deficiency of IL-10 disturbed the
analgesia of 4-Ol in the CCl model

To verify the role of IL-10 in the analgesia of 4-OI, we used male
IL-10"" mice to establish the CCI model. At 14 days post-nerve
injury, we applied 200 mg/kg 4-OI by intraperitoneal injection to
the CCI and sham-operated mice in IL-107" and littermates.
Consistent with our previous results, 200 mg/kg 4-OI induced a
significant increase of PWT of the ipsilateral hind paws of littermate
control CCI mice from 0.5 to 3 hours post-treatment (Figure 8A).
The PWT of the contralateral hind paws were unaffected by 4-OI
administration (Figure 8B). Similar with the results of the PW'T, 200
mg/kg 4-OI also induced a significant increase of PWL of the
ipsilateral hind paws (Figure 8C) and did not affect the PWL of the
contralateral hind paws (Figure 8D) of littermate control CCI mice.
In IL-10"" CCI mice, although 200 mg/kg 4-OI still alleviated the
mechanical allodynia and heat hyperalgesia of ipsilateral hind paws,
the results of MPE indicated that analgesic effects of 4-OI on
mechanical (Figure 8E) and heat hypersensitivity (Figure 8F) was
markedly weaker in IL-10"" CCI group compared with that in
littermate control CCI group. Moreover, we found that the spinal
protein level of B-endorphin was not upregulated at 2 hours after 4-
OI treatment in IL-107" CCI mice (Figures 8G, H). These results
suggested that the IL-10/B-endorphin pathway greatly contributed
to the analgesic effect of 4-OI treatment on neuropathic pain.

ltaconate induced the upregulation of
neuronal IL-10 by the Nrf2 pathway

As previous study suggested the itaconate could be produced
in macrophages, we examined whether itaconate also expressed
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in microglia and exhibited the response to noxious stimulus.
Under the stimulation of LPS, the protein level of IRG1 was
upregulated in BV2 cells with or without 4-OI treatment
(Figures 9A, B), which suggested the endogenous itaconate
might be produced by spinal microglia in CCI model. To
explore whether the regulation of IL-10 by itaconate depended
on the Nrf2 pathway, we first examined the expression of Nrf2 in
the ipsilateral spinal cord of male CCI mice with 4-OI injection.
The results indicated that the protein level of spinal Nrf2 was
increased at 2 h post intraperitoneal injection of 200 mg/kg 4-OI
(Figures 9C, D). Since both the neurons (36, 37) and microglia
(38) could produce the IL-10, then we used the N2A cells and
BV2 cells to mimic neurons and microglia respectively. We
found that after the treatment of 4-OI and 4-OI+LPS, the IL-10
released from the N2A cells was increased compared to that in
the vehicle group (Figure 9E). More importantly, the increase of
IL-10 was inhibited by Nrf2 inhibitor ML385 (Figure 9E).
However, the release of IL-10 was not affected by 4-OI
treatment in BV2 cells (Figure 9F). Finally, by double
immunofluorescent staining, we proved that the proportion of
spinal neurons expressing IL-10 was increased after 4-OI
treatment in male CCI mice (Figures 9G, H). These results
suggested that the increased IL-10 was mainly secreted from
spinal neurons through the Nrf2 pathway.

Discussion

Although the accumulation of itaconate can be triggered by
Lipopolysaccharide (LPS) stimulation in macrophages (18), it is
unknown whether the content of itaconate in nervous system is
altered after the nerve injury and how it affects pain behaviors. In
our current manuscript, we first showed that the level of immune
response gene 1 (IRG1)/itaconate in the spinal cord of the L3-L5
segment was up-regulated post peripheral sciatic nerve injury.
By using the Irgl”" mice, we found that the depletion of IrgI
aggravated the pain hypersensitivity induced by nerve injury. In
addition, we proved that the pain hypersensitivity of WT CCI
mice was mitigated by systemic or local application of 4-octyl
itaconate (4-OI), in which analgesic effect was dose-dependent
in male and female mice. Finally, we demonstrated that 4-OI
produced an analgesic effect partially by up-regulating the
interleukin (IL)-10/STAT3/B-endorphin pathway. Our
research suggested that IRG1/itaconate could be potential drug
target for the treatment of neuropathic pain.

There was no report to study the content of endogenous
itaconate in the spinal cord and its relationship to peripheral
nerve injury until this manuscript. By using the liquid
chromatography-mass spectrometry (LC-MS) technology, we
found the basal level of itaconate was very low in the L3-L5
segment of the spinal cord, but it is the only metabolite of
tricarboxylic acid (TCA) cycle significantly increased as the pain
hypersensitivity exhibited. The production of itaconate
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FIGURE 7

4-0Ol activated the IL-10/B-endorphin pathway. At 14th days post injury, different doses of 4-Ol were applied to CCI mice by intraperitoneal
injection. Compared with the vehicle group, the expressions of IL-10 (A, B), IL-10 receptor (C, D), p-STAT3 (E, F) and B-endorphin (G, H) in

ipsilateral spinal cord of CCI mice were elevated at 2 hours post 100 and 200 mg/kg 4-OI application. Data are presented as mean + SEM.

**p<0.01, *p<0.05 vs. CCl + Veh, followed by One-way ANOVA with Dunnett's multiple comparisons test (n = 3-6).
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FIGURE 8

The deficiency of IL-10 disturbed the analgesia of 4-Ol in neuropathic pain. (A) The PWT of ipsilateral hind paw was elevated after 200 mg/kg
4-Ol'in IL-107" and littermate control CCI mice. (B) The PWT of contralateral hind paw was unchanged by 4-Ol treatment. (C) The PWL of
ipsilateral hind paw was increased after 200 mg/kg 4-Ol in /L-10""" and littermate control CCl mice. (D) The PWL of contralateral hind paw was
unchanged by 4-0OI treatment. Data are presented as mean + SEM. ***p<0.001, **p<0.01, *p<0.05 vs. CCl + Veh followed by two-way ANOVA
with Tukey's multiple comparisons test (n = 10) (A, C). (E) The MPE of 4-Ol was calculated for mechanical allodynia at 0.5 and 2 hours post
injection. (F) The MPE of 4-Ol was calculated for heat hyperalgesia at 1 and 2 hours post injection. Data are presented as mean + SEM. ***P <
0.001 vs. littermate control CCl+4-0I 200 mg/kg followed by two-way ANOVA with Tukey's multiple comparisons test (n = 10) (E, F). (G) The
representative image of western blot for the expression of B-endorphin at 2 hours post 4-Ol treatment in IL-10 /= sham and IL-107/~ CClI group.
(H) The spinal level of B-endorphin was unchanged after different doses of 4-Ol. Data are presented as mean + SEM, n.s. vs. CCl + vehicle

followed by one-way ANOVA with Dunnett’'s multiple comparisons test (n = 4). n.s., no significance.

represents metabolic remodeling in the body and disturbs the
normal TCA cycle (13, 39-41). Since itaconate has been
suggested to exhibit anti-inflammatory function (13), our
findings indicated that the cells located in the spinal cord
spontaneously produced anti-inflammatory substances under
pathological conditions to resist the damage caused by
inflammation to the body.

The content level of itaconate is most likely dependent on
the IRG1 protein level/activity, which works as an enzyme
catalyzing the production of itaconate by decarboxylating cis-
aconitate (42, 43). In line with the increase of itaconate, the
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expression of IRG1 protein increased in the ipsilateral spinal
cord of CCI mice compared with that in the spinal cord of sham-
operated animals or contralateral side of the CCI mice. To
investigate the function of endogenous itaconate in
neuropathic pain, we used global Irgl”" mice to establish the
CCI model and found the pain behaviors were more remarkable
at 14 days post-injury (dpi) in the Irgl”~ CCI mice than those in
control CCI mice. This result supported our hypothesis that
IRGl1/itaconate played a beneficial effect as endogenous
analgesia after peripheral nerve injury. Nevertheless, although
the content of itaconate was statistically increased from the
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ltaconate promoted the neuronal expression of IL-10 by activation of Nrf2. The representative image (A) and statistical analysis (B) of IRG1
protein level in BV2 cells under LPS and 4-OlI treatment. Data are presented as mean + SEM. *p<0.05 vs. Veh followed by One-way ANOVA with
Dunnett's multiple comparisons test (n = 3). The representative image (C) and statistical analysis (D) of Nrf2 protein level in the ipsilateral spinal
cord at 2 h after the intraperitoneal injection of 4-Ol in male CCl mice at 14"-day post-injury. Data are presented as mean + SEM. *p<0.05 vs.
CClI + Veh followed by One-way ANOVA with Dunnett’'s multiple comparisons test (n = 4). The release of IL-10 after the treatment of 4-Ol, LPS,
and ML385 in the culture medium of N2A cells (E) and BV2 cells (F) was detected by ELISA. **p<0.01, *p<0.05 vs. Veh, ###p<0.001, ##p<0.01
vs. 4-Ol + LPS + ML385 followed by One-way ANOVA with Dunnett’'s multiple comparisons test (n = 4-5). (G) The colocalization of neuronal
marker NeuN and IL-10 in the spinal dorsal horn of male CCI mice. (H) Statistical analysis of the proportion of spinal neurons expressing IL-10
Data are presented as mean + SEM. **p<0.01 vs. CCl + Veh followed by One-way ANOVA with Dunnett’'s multiple comparisons test (n = 4)

physiological conditions, it was still too low to revert the pain
hypersensitivity, which meant the exogenous itaconate could be
a potential analgesia.

Since itaconate is easily metabolized and is decomposed into
pyruvate and acetyl-CoA before entering the cell under in vivo
conditions (31, 32), the itaconate derivatives are usually used to
elevate the content of itaconate in the body. The 4-OI is a cell-
permeable itaconate derivative, which can reduce the production
of cytokines and protect the body from LPS-induced lethality
(33-35). We first conducted the systemic injection of 4-OI at
various doses to test its analgesic effect. Except for the lowest
dose (10 mg/kg), the three higher doses (50, 100, 200 mg/kg) of
4-0O1 suppressed the mechanical and heat hypersensitivity in a
dose-dependent manner in the CCI model. To further confirm
the active site of 4-OI, we locally applied it by intrathecal
injection and found a similar analgesic effect at higher
concentrations (50, 100 uM) of 4-OL. Meanwhile, the effective
time of treatment was earlier by intrathecal application, which
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meant the potential target of 4-OI should be at the spinal cord
level. We also proved that 4-OI alleviated the hyperalgesia in
female CCI mice, which suggested the itaconate could be a
potential painkiller for both genders.

As the production of itaconate is the result of the metabolic
remodeling of the TCA cycle (42, 44), the application of the high
dose of itaconate may affect the energy production in the TCA
cycle (17, 31, 45, 46). However, there is no relevant report on
whether the treatment of itaconate induces any side effects. In
our study, we observed that the mice appeared quiet and
unwilling to move after the systemic administration of 200
mg/kg 4-OI. The phenomenon might be a result of the
reduction of energy consumption and lasted less than one
hour. Other doses of 4-OI with systemic or local application
did not induce an obvious impact on the behaviors of mice.
These results suggested that the side effects of 4-OI should be
completely evaluated, especially in the treatment of central
nervous system disorders.
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Macrophages also secrete large amounts of IL-10 through
interferon (IFN)- pathway other than itaconate. The IL-10 is
released to the extracellular and then binds to its receptor IL-10R
on the macrophages. One study shows that IL-10/IL-10R leads to
the decrease of IRG1 protein and itaconate production (29).
However, there is a lack of reports on whether itaconate could
regulate the production of IL-10. In our experiments, we found that
systemic application of 4-OI at 100 and 200 mg/kg promoted the
expression of IL-10 and activated the downstream pathway in the
spinal cord of the CCI mice. To verify the role of IL-10 in the
analgesic effect of 4-OI, we used IL-10"" mice to establish the CCI
model. Compared with the results in control CCI mice, the
analgesic effect of 200 mg/kg 4-OI was disturbed in the IL-107
CCI mice. The spinal level of B-endorphin post-4-Ol treatment was
also unchanged in IL-10"" CCI mice, which was significantly
elevated in WT CCI mice. Since the activation of the IL-10/B-
endorphin pathway can alleviate neuropathic pain (47, 48), our
results suggested that exogenous 4-OI could induce the analgesia by
promoting the spinal level of IL-10/B-endorphin in neuropathic
pain. It should be noted that 200 mg/kg 4-OI still exhibited a weak
analgesic effect in IL-10"~ CCI mice, which indicated other analgesic
mechanisms were involved in the effect of 4-OI and needed to be
investigated in the future.

It has been suggested that IRG1/itaconate could be induced in
myeloid cells and neurons upon exposure to LPS and virus infection
(49, 50). Here, we showed that the IRG1 expression in BV2 cells was
upregulated under LPS stimulation, which suggested the microglia in
vivo might be the source of spinal itaconate in CCI model and
contributed to the endogenous analgesia. Itaconate activates the Nrf2
pathway and plays the anti-inflammatory function (18). Meanwhile,
the Nrf2 pathway could regulate the transcription of Heme
oxygenase-1 (HO-1) and contribute to the production of IL-10
(51, 52). We found that the level of Nrf2 in ipsilateral spinal cord of
CCI mice was increased after 4-OI treatment. Interestingly, the
concentration of IL-10 in supernatant was elevated under 4-OI and
LPS treatment in an Nrf2-dependented manner in N2A cells.
Consistent with this, the IL-10 expression in ipsilateral spinal cord
was increased in neurons after systemic injection of 4-OI in CCI
mice. Although myeloid cells are the main source of IL-10, there are
some studies indicating the IL-10 also can be produced in neurons
(36, 37), neuronal cell line (53), and neural stem cells (54). So, it
needs further investigation to explain why 4-OI fails to promote the
expression of IL-10 in microglia and elucidate the specific regulation
mechanisms of itaconate on neuronal IL-10 production.

Conclusion

In our study, we found that spinal cord itaconate content
and IRG1 expression protein level were significantly elevated
after peripheral nerve injury. The deficiency of Irgl aggravated
both mechanical allodynia and heat hyperalgesia in nerve-
injured mice. Additionally, exogenous administration of
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itaconate derivate 4-OI reduces hyperalgesia through the Nrf2/
IL-10/STAT3/B-endorphin axis. Our research provides new
ideas and drug targets for the treatment of chronic pain.
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