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Acupuncture alleviates chronic pain and comorbid
conditions in a mouse model of neuropathic pain:
the involvement of DNA methylation in the
prefrontal cortex

Jae-Hwan Jang®®, Eun-Mo Song®, Young-Ho Do¢, Sora Ahn®®, Ju-Young Oh?P, Tae-Yeon Hwang®®,
Yeonhee Ryu®, Songhee Jeon', Mi-Yeon Song®, Hi-Joon Park®*

Abstract \
Chronic pain reduces life quality and is an important clinical problem associated with emotional and cognitive dysfunction.
Epigenetic regulation of DNA methylation is involved in the induction of abnormal behaviors and pathological gene expression. We
examined whether acupuncture can restore epigenetic changes caused by chronic pain, and identified the underlying mechanisms
in neuropathic pain mice. Acupuncture treatment for 6 months (3 days/week) improved mechanical/cold allodynia and the
emotional/cognitive dysfunction caused by left partial sciatic nerve ligation (PSNL)-induced neuropathic pain. The effects of
acupuncture were associated with global DNA methylation recovery in the prefrontal cortex (PFC). Analysis of DNA methylation
patterns in PFC indicated that 1364 overlapping genes among 4442 and 4416 methylated genes in the PSNL vs sham and PSNL vs
acupuncture points groups, respectively, were highly associated with the DNA methylation process. Acupuncture restored the
reduced expression of 5-methylcytosine, methyl-cytosine-phospho-guanine binding protein 2, and DNA methyltransferase family
enzymes induced by PSNL in PFC. Methylation levels of Nr4a7 and Chkb associated with mitochondrial dysfunction were
decreased in PFC of the PSNL mice, and increased by acupuncture. By contrast, high expression of Nr4a7 and Chkb mRNA in
PSNL mice decreased after acupuncture. We also found that acupuncture inhibited the expression of Ras pathway-related genes
such as Rasgrp1 and Rassf1. Finally, the expression of Nr4a1, Rasgrp1, Rassf1, and Chkb mRNA increased in the neuronal cells
treated with Mecp2 small interfering RNA. These results suggest that acupuncture can relieve chronic pain-induced comorbid
conditions by altering DNA methylation of Nr4a1, Rasgrp1, Rassf1, and Chkb in the PFC.

Keywords: Acupuncture, Comorbid condition, Prefrontal cortex, Epigenetic, DNA methylation

1. Introduction Chronic neuropathic pain results from pathological adaptations
in the CNS associated with brain structure®'90€"€5 anq
connectivity alterations®’” in the prefrontal cortex (PFC),361:6¢
hippocampus (HIP),® amygdala (AMG),°%"" hypothalamus,'® and
periaqueductal gray matter (PAG).5”” Numerous chronic pain

studies have reported that PFC is related to pain and comorbidity

Chronic pain, defined as persistent pain for at least 3 to 6 months, is
associated with comorbidities, such as emotional and cognitive
impairment, which further adversely affect quality of life.6:58:646871
The ineffectiveness of current therapies, at least, partly results from

insufficient understanding of the various mechanisms underlying
chronic pain. Thus, clarifying the factors that influence chronic pain,
including physiological mechanisms involving the central nervous
system (CNS), will help develop novel treatments.

modulation.*'®7'5 A preclinical rodent study showed that induction
of peripheral nerve injury leads to gray matter reduction and long-
term changes in gene expression in the PFC; these factors are
involved in chronic pain or associated behaviors. %5 However,
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the mechanisms underlying the changes in the PFC associated
with chronic pain comorbidities are not yet clearly understood.

Epigenetic maodifications of gene expression in response to
environmental changes are reversible and dynamic.?® DNA
methylation is associated with synaptic plasticity and memory
formation, and is a critical epigenetic mechanism underlying
alterations in gene expression without affecting DNA se-
quences.'?2* DNA methylation partly silences gene expression
through recruitment of methyl-cytosine-phospho-guanine (CpG)
binding protein 2 (MeCP2), which selectively associates with
methylated CpG dinucleotides mediated by DNA methyltrans-
ferases (DNMT).** DNA methylation plays a role in oncology,
neurological diseases, pathological gene expression states, and
abnormal activity in the CNS.#24345 DNA methylation also plays
an important role in chronic pain.''%33%% Mouse studies
indicate that neuropathic pain is accompanied by comorbidity
that persists for several months after injury, and decreased global
DNA methylation has been detected in the PFC of mice in
neuropathic pain.?%%®

Acupuncture, practiced for more than 2500 years in East Asia,
has been used to treat chronic pain and emotional and cognitive
disorders.?26370.78 Both clinical and preclinical studies have
indicated that acupuncture improves chronic pain comorbid-
ities.”2%2% In our previous studies, we demonstrated that
acupuncture restores both mechanical hyperalgesia and comor-
bid cognitive impairment by modulating synaptic plasticity-
related protein expression levels in the HIP of a partial sciatic
nerve ligation (PSNL) mouse model®® and exhibits neuroprotec-
tive effects in a Parkinson disease mouse model induced by
mitochondrial dysfunction.®>*° However, how acupuncture
affects the expression of these genes is unclear. Recent studies
have shown that acupuncture modulates the epigenetic mech-
anism in the brain.""7®

We hypothesized that DNA methylation alterations in the brain
are involved with chronic pain and comorbidities, which may be
ameliorated by acupuncture. In this study, we investigated
whether acupuncture improved allodynia, negative emotional
states, and reduced cognitive capacity in mice 6 months after
PSNL. DNA methylation in pain-related brain areas and possible
pathways underlying the effects of acupuncture were also
explored.

2. Materials and methods

2.1. Animals

Seven-week-old male C57BL/6J mice (weight, 22-25 g; Sam-
taco, Osan, South Korea) were housed individually at 24 + 2°C
under a 12/12-hour light/dark cycle (light: 08:00-20:00, dark: 20:
00-08:00) with free access to food and water for at least 7 days
before the commencement of the experiments. All the experi-
mental protocols were approved by the Dongguk University
Animal Care Committee for Animal Welfare (IACUC-2017-022-1).

2.2. Neuropathic pain model

A left hind paw PSNL model was established in accordance with
the approach of Malmberg and Basbaum et al.*® with some
modifications. Mice were anesthetized with 1% Rompun (100 pL,
intraperitoneally [i.p.]; Bayer, Seoul, South Korea) and 2% Zoletil
(100 pL, i.p.; Virbac S.A., Carros, France). The bilateral hind
thighs were shaved, and the sciatic nerve was exposed using
scissors. The dorsal 1/3 10 1/2 of the nerve was then lightly ligated
with 8-0 silk (Ailee, Busan, South Korea), and the wound was
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closed. In the Sham (non-nerve-injured) group, the nerve was
exposed (and closed) without injury. Animals were randomly
allocated to groups, and preacupuncture testing was conducted
at least 7 days after PSNL.

2.3. Acupuncture and positive control treatment

Eight days after each PSNL surgery, acupuncture treatment was
applied at the GB30 (Hwando)/GB34 (Yanglingquan) acupunc-
ture points (AP) 3 days/week (Monday, Wednesday, and Friday)
for 6 months. The GB30 is located at the junction of the lateral 1/3
and medial 2/3 of the greater trochanter with the sacral hiatus,
and GB34 is located in the depression anterior and distal to the
head of the fibula (Fig. 1A). These acupoints have been used for
the treatment of lumbar neuropathic pain in clinical studies.® The
combination of those acupoints has been used to treat
neuropathic pain such as sciatica, which includes aching and
sharp pain components that radiate from the buttock downward
along the course of the sciatic nerve.'”®” These acupoints were
selected by a process of consensus with doctors of Korea
medicine who all specialized in Rehabilitation Medicine of Korean
Medicine on the basis of a literature review regarding acupunc-
ture for low back pain and sciatica.’ For the acupuncture
treatments, mice were mildly immobilized, and a sterilized
acupuncture needle (8 mm in length and 0.18 mm in diameter;
Haenglim-seoweon Acuneedle Co, Gyeonggi-Do, South Korea)
was inserted bilaterally to a depth of 3 mm and turned
bidirectionally for 30 seconds (twice per second; one 180°
clockwise rotation and one 180° counterclockwise rotation) using
the fingers. Using hematoxylin and eosin staining, we observed
that there were needle tracts around the acupunctured sites
regardless of acupoint but no tissue damage and/or inflammatory
response (data not shown). To exclude the nonspecific effects of
acupuncture, the same acupuncture stimulation and procedure
(8 days/week for 6 months) were applied to the control points (CP
group). One is located on the lateral part of biceps femoris 1 cm
distal from the gluteal fold and the other is located on the gluteus
maximus 5 mm lateral from the base of the tail (Fig. 1A).

As a positive control (PC), amitriptyline (10 mg/kg in 100 pL;
Sigma-Aldrich, St. Louis, MO) was administered intraperitoneally
(i.p.) 3 days/week for 6 months, from day 8 after PSNL surgery. A
solution of amitriptyline was freshly prepared in 0.9% NaCl on
each treatment day. To ensure equal stress conditions among
groups, the animals in the Sham, PSNL, and PC groups were also
mildly immobilized, as in the AP and CP groups.

2.4. Behavioral tests
2.4.1. Nociceptive behavioral tests

Mechanical hyperalgesia of the left hind paws was assessed
using electronic von Frey filaments (IITC, Woodland Hills, CA).
Before the experiment, the mice were habituated toaclear8 X 10
X 10 cm acrylic box with a gridded floor, as used in the actual
experiment.?” The habituation took place over 1 hour each day,
for 2 days. Baseline mechanical hyperalgesia was assessed at
least 1 day before PSNL surgery. The mice were placed back into
the same clear box, and the mechanical thresholds were
assessed. The von Frey filament was applied to the plantar
surface of each hind paw of each mouse 10 times, using a force of
0.6 g and with a 5-sec interval between each application.?” The
number of positive responses to the 10 applications was
counted. Mechanical hyperalgesia was defined as an increase
in paw withdrawal frequency in response to nonpainful
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stimulation.?” The baseline measurement was performed 1 day
before the PSNL surgery. The mice were then randomly assigned
to 5 groups; paw withdrawal frequency did not differ among the
groups. The effects of treatments with acupuncture (AP or CP)
and amitriptyline in the PSNL-induced neuropathic pain model
were investigated for 6 months (0 day, 1 week, 2 weeks, and 1-6
months).

Cold allodynia of the left hind paw was assessed using the
acetone test. The total lick duration (flinching, licking, or biting) of
acetone-evoked behaviors was measured within a 1-minute
period after spraying acetone (~20 L) onto the plantar surface of
the hind paw with a syringe.

2.4.2. Anxiety-like behavioral tests

Anxiety-like behaviors were evaluated using the open-field test
(OFT) and elevated plus-maze (EPM) test at 6 months after PSNL.
For OFT, after habituation for approximately 1 hour in the
experimental room, each mouse was individually housed in a
rectangular white box (40 X 40 X 27 cm) in a dimly lit room (23 +
1 lux). This box provided the best contrast to the black mice. A
video camera was installed above the box in the center of the
room, and the behaviors of the mice (number of times they
crossed the central zone and total distance travelled) were
recorded for 5 minutes and monitored using a computerized
video-tracking system running the S-MART program (Pan Lab
Co, Barcelona, Spain).

The EPM test was used to evaluate approach-avoidance
behavior in mice. After habituation to the experimental room for 1
hour, the mice were allowed to individually explore the maze (arm
length, 16 cm; arm width, 5 cm; closed arm height, 12 cm) for 5
minutes, and their behavior was recorded using a video camera
mounted on the ceiling above the center of the maze using the
S-MART program. The mice explored the open arms of the maze
under indirect, dim light (23 = 1 lux). After each mouse had
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explored the apparatus, the maze was washed with 70% alcohol.
At the beginning of each trial, mice were placed in such a way that
they were facing a closed arm at the center of the maze.

2.4.3. Depression-like behavioral tests

The tail suspension test (TST) was used to measure depression-
like behavior. Mice were individually suspended by the tail on a
horizontal bar (40 cm from the floor) using masking tape placed
roughly 4 cm from the tip of the tail. The immobility time was
recorded in seconds over a period of 6 minutes and defined as the
absence of escape-oriented behavior.

2.4.4. Cognitive function tests

Cognitive function tests were measured using the novel object
recognition (NOR) and Y-maze test at 6 months after PSNL
operation. Spontaneous alternation in the Y-maze was tested
using the following protocol: each mouse was placed in arm of
the Y-maze and was free to explore the maze for 5 minutes.*® The
total number of entered arms and the order of entry were
recorded. Arm entry was considered complete when the tail was
entirely within the arm. The percentage of spontaneous
alternation was determined as follows: number of trials including
entry into all 3 arms/maximum possible number of alternations
(total number of arms entered — 2) X 100.%°

The NOR test was used to evaluate short-term memory. The
apparatus consisted of a square area (40 X 40 X 27 cm)
constructed in polyvinyl chloride with a black floor and walls for
mice, and a round arena (diameter: 50 cm) with a white floor and
walls for mice.?® The box and objects therein were cleaned
between trials to remove residual olfactory cues. Animals
underwent 2 habituation sessions (5 minutes each) in the empty
box; 24 hours later, each mouse was first placed in the box and
exposed to 2 same familiar objects for 5 minutes. After 24 hours,
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Figure 1. Effects of acupuncture on mechanical hyperalgesia and cold allodynia, evaluated using the von Frey and acetone tests. The effects of acupuncture
treatment (acupoints GB30 [Hwando] and GB34 [Yanglingguan]; AP group), stimulation of nonacupoints (CP group) (A), and amitriptyline (PC group, 10 mg/kg,
intraperitoneally [i.p.]) applied 3 days/week for 6 months on mechanical hyperalgesia and cold allodynia were investigated using the von Frey (B) and cold (acetone)
(C) tests in a partial sciatic nerve ligation (PSNL)-induced neuropathic pain model. The antiallodynic effects of AP, CP, and PC (10 mg/kg, i.p.) were measured on
the ipsilateral plantar surfaces 2 hours after administration (for 0, 1, and 2 weeks, and 1-6 months) (n = 22/group. *P < 0.05, **P < 0.01, **P < 0.001 vs the PSNL
group, and ###P < 0.001 vs the AP group). Data were analyzed using two-way repeated-measures analysis of variance (ANOVA) followed by Bonferroni post hoc
test. The results are expressed as the mean = SEM. AP, acupuncture points; CP, control point; PC, positive control.
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the one familiar object was replaced by a novel object. The animal
was then placed back in the box and exposed to the familiar
object, and to a novel test object, for a further 5 minutes. The time
spent exploring each object was measured. The recognition
index was calculated as the ratio of time spent exploring the novel
object to the total exploration time, reflecting short-term memory
capacity.

2.5. Enzyme-linked immunosorbent assay

The frontal cortex, including the prelimbic and intraorbital regions,
was extracted from mice at 6 months after PSNL surgery, frozen
on dry ice, and stored at —80°C until use. Genomic DNA was
extracted using a DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany). The lysate was first passed through a DNA spin
column to selectively isolate DNA. DNA was extracted using a
modified version of the column-based method described by
Bettscheider et al.”> DNA quantity and quality were then
assessed using the NanoDrop 2000 instrument (Thermo
Scientific, Wilmington, DE); the OD»go/ODogg ratio was ~1.8 for
all samples. Global DNA methylation was performed using a
Methylflash Global DNA Methylation 5-methylcytosine (5-mC)
enzyme-linked immunosorbent assay Easy Kit (P-1030; Epigen-
tek, Farmingdale, NY) in accordance with the manufacturer’s
instructions. Briefly, methylated DNA was detected using capture
and detection antibodies, to 5-mC, and then measured
colorimetrically by reading the absorbance at 450 nm using a
VersaMax Microplate reader (Molecular Devices, San Jose, CA).

2.6. Whole-genome bisulfite sequencing

The integrity of the gDNA was checked by running an agarose gel
electrophoresis and gDNA was quantified using Quant-IT Pico-
Green (Invitrogen, Carlsbad, CA). The whole-genome bisulfite
sequencing (WGBS) libraries were prepared using Accel-NGS
Methyl-Seq DNA library kit (Swift BioSciences, Ann Harbor, MI).
Briefly, fragmentation of 200 ng of gDNA was performed using the
Covaris LE220 focused-ultrasonicator (Covaris, Woburn, MA) to
a target peak size of 400 to 700 bp. The fragmented DNA were
then subject to bisulfite conversion using the EZ DNA
Methylation-Gold Kit (Zymo Research, Orange, CA), according
to manufacturer’s instructions. The bisulfite-treated ssDNA
fragments were repaired and the truncated adapter 1 and 2
ligated to the 3" end and 5’ end of fragments, respectively. The
truncated adapter-ligated DNA was amplified with an indexed
primer to complete the WGBS libraries with full-length adapter.
The final libraries were then quantified using gPCR according to
the gPCR Quantification Protocol Guide (KAPA Library Quanti-
fication kits for lllumina Sequencing platforms) and qualified using
the TapeStation DNA screentape D1000 (Agilent). And then we
sequenced using the HiSeq platform (lllumina, San Diego, CA).
Paired-end sequencing reads (151 bp) generated from WGBS
were verified of their sequence quality with Fast QC (version
0.11.7). Before starting analysis, TrimGalore (version 0.5.0) was
used to remove adapter sequences. The cleaned reads were
aligned to the mus musculus genome (mm10) using Bisulfite
Sequence Mapping Program (BSMAP) based on the SOAP
(Short Oligo Alignment program). BSMAP (version 2.90 param-
eter set —r 0 —n 1) allowing up to (read length X 8%) nucleotide
mismatches to the reference genome per read and returning only
uniquely mapped reads. Mapped data (SAM file format) were
performed sorting and indexing using SAM tools (version 1.9).
Then, PCR duplicates were removed with SAMBAMBA (version
0.6.5). Methylation level was called with the methratio.py in
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BSMAP program.”? For the regions covered by both ends of a
read pair, only one read is used to call methylation. The resulting
coverage profiles are summarized as # of C/effective CT counts
for each of the 3 sequence contexts (CG, CHG, and CHH).

For each CpG, 7,574,123 CpGs outside the lower read and
higher read cutoffs in total CpG methylation sites of 43,735,674
are excluded leaving 36,161,551 CpGs to be analyzed. Lower
read cutoff of 10 means that bases with coverage below 10X are
discarded because a high-enough read coverage will increase
the power of the statistical tests. Higher read cutoff of 500 means
that bases with more than 500X in each sample are discarded.
Methylation level at each base of filtered CpG was normalized
with median scaling normalization. We applied an independent T
test to assess significance of methylation differences between 2
groups for 3 comparison pairs. Differentially methylated CpGs
were determined by filtering for each region associated with |
delta_meanl = 0.2 and independent T test P-values <0.05.
Hierarchical clustering analysis also was performed using
complete linkage and Euclidean distance as a measure of
similarity to display the methylation level of samples for significant
CpGs that are satisfied with Idelta_meanl| = 0.2 and independent
T test P-values <0.05 in comparison pair. Gene-enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis for annotated gene with differentially methylated
CpGs on promoter region, which is defined upstream 2 kb region
from transcription start site, were also performed based on Gene
Ontology (GO) (http://geneontology.org/) and KEGG pathway
(https://www.genome.jp/kegg/) database, respectively. All sta-
tistical analyses and visualization of differentially expressed genes
were conducted using R.3.5.1 (www.r-project.org).

2.7. Reverse transcription-PCR

Total RNA from the PFC area of brain in Sham, PSNL, and AP
groups (each n = 3) was isolated using TRIzol reagent
(Invitrogen). Isolated RNA (2 ng) was incubated for 60 minutes
at 42°C using SuperScript Il First-Strand (Invitrogen), and
amplified using KAPA Tag PCR kit (Kapa Biosystems, Wilming-
ton, MA) according to the manufacturer’s instructions and using
the primers. All primer sequences’ information is provided in
Table 1. The cDNA samples after polymerase chain reaction
(PCR) were separated on a 1% agarose gel, and stained with
GelRed (Biotium, Fremont, CA). The density of sample band was
measured using an Imaged program, and was normalized on
intensity of B-actin.

2.8. Quantitative reverse transcription-PCR

Real-time PCR was performed using LightCycler Nano In-
strument (Roche Molecular Systems, Inc) with KAPA SYBR FAST
gPCR Master Mix (Kapa Biosystems) according to the manufac-
turer’s instructions. All primer sequence-related information is
provided in Table 1. The results of B-actin mMRBNA were used as
for normalization and as an internal control probe.

2.9. Immunofluorescence

Immunofluorescence was conducted?’ to measure the expres-
sion of 5-mC, MeCP2 in neuron cells in the PFC. Primary
antibodies raised against NeuN (mouse, 1:500, MAB377;
Chemicon International, Inc, Temecula, CA), 5-mC (rabbit, 1:
500, #28692; Cell Signaling Technology, Beverly, MA), MeCP2
(rabbit, 1:1,000, #3456; Cell Signaling Technology), and brain-
derived neurotrophic factor (mouse, 1:10, sc-65514; Santa Cruz
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Biotechnology, Santa Cruz, CA) were diluted in 1X PBST(phos-
phate buffered saline (PBS) + 0.3% Triton X-100) supplemented
with 0.3% bovine serum albumin. The plates were wrapped in
aluminum foil to block light and then stored at 4°C for 72 hours.
The tissue sections were sequentially incubated for 1 hour with a
mixture of Alexa Fluor 488-conjugated donkey anti-mouse
secondary antibody (1:1000; Thermo Fisher Scientific, Fremont,
CA) and Alexa Fluor 594-conjugated donkey anti-goat secondary
antibody (1:2000; Thermo Fisher Scientific). Cell counting (NeuN/
5-mC and/MeCP2) was performed using a square grid (300 X
300 pm) in the PFC.

2.10. Western blotting

Western blot was performed®” to measure the protein expression
levels of DNMTs in the PFC. Primary antibodies were rabbit
DNMT1 (1:1000, #5032; Cell Signaling Technology), DNMT3a (1:
1000, #2160; Cell Signaling Technology), DNMT3b (1:2000,
NB300-516; Novusbio, Littleton, CO), brain-derived neurotrophic
factor (1:500, sc-546; Santa Cruz Biotechnology), and mouse
B-actin (1:10,000, A1978; Sigma-Aldrich). The membranes were
then incubated with secondary horseradish peroxidase-
conjugated goat anti-rabbit antibody (1:2000; Pierce, Rockford,
IL) and anti-mouse antibody (1:30,000 for B-actin, Pierce). Signals
were visualized using a chemiluminescence kit (Super Signal West
Pico; Pierce) and intensity was measured by densitometry.

2.11. Primary cortical neuron cultures and Mecp2 small
interfering RNA treatment

Frontal cortical neurons were isolated from a male C57BL/6J
mouse (5 weeks, Samtaco) that was anaesthetized using ether.
The isolated cortex was chopped and transferred to 9 mL Hanks
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balanced salt solution and was incubated in 10X trypsin (1 mL) at
37°C for 20 minutes, and was then neutralized in trypsin inhibitor.
Single neuronal cells dissociated from the whole frontal cortex of
the mouse were plated on poly-D-lysine precoated 6-well plates
(2.0 x 10° cells/well). Cell cultures were incubated in the
neurobasal medium with 2% B27 supplement, 0.2 mM gluta-
mine, 0.1 mg/mL streptomycin, and 100 U/mL penicillin, and
were maintained at 37°C under a humidified 5% CO,
atmosphere.®’

To investigate the effects of Mecp2 small interfering RNA
(siRNA) on gene expression in the frontal cortex, the neuronal
cells were pretreated with the Mecp2 siRNA (5 pmol/well, sc-
35893; Santa Cruz Biotechnology; Mecp2 siRNA group) or
control siRNA (5 pmol/well, sc-37007; Santa Cruz Biotechnol-
ogy; Control group) before 3 days, and then, RNA was extracted
from those cells using TRIzol reagent (Invitrogen). Reverse
transcription-PCR and quantitative RT-PCR were performed for
measuring the mRNA expression of Mecp2, Nr4al, Rasgrpl,
Rassf1, and Chkb.

2.12. Statistical analyses

All statistical analyses were performed using GraphPad Prism 5.0
software (GraphPad Software, San Diego, CA). Anxiety- and
depression-like behaviors based on the OFT and EPM and TST,
cognitive dysfunction based on the Y-maze and NOR tests,
Western blotting, enzyme-linked immunosorbent assay, quanti-
tative RT-PCR analysis, and immunofluorescence data were
subjected to one-way analysis of variance (ANOVA) followed by
Newman-Keuls tests. Analyses of mechanical hyperalgesia and
cold allodynia at various time points were performed using two-
way repeated-measures ANOVA, with Bonferroni post hoc test
for pairwise multiple comparisons. Spearman rank correlation

Primer sequences and condition for RT-PCR analysis.

Primer Sequence Condition

Mecp2 (mouse) Forward 5'-TGGTAAAACCCGTCCGGAAA-3’ 58°C
Reverse 5'-TTCCTCCCTGAGCCCTAACA-3"

Dnmt1 (mouse) Forward 5'-TGTTCTGTCGTCTGCAACCT-3' 58°C
Reverse 5'-AACTAGGTGAAGTTTCAAAAAGGGT-3"

Dnmt3a (mouse) Forward 5'-TGAGCTGTACTGCAGAGGGG-3" 5516
Reverse 5'-TTCGTAGATGGCTTTGCGGT-3"

Dnmt3b (mouse) Forward 5'-GCCAGACCTTGGAAACCTCA-3' 58°C
Reverse 5'-GGCTGGAGACCTCCCTCTTA-3'

Nrda1 (mouse) Forward 5'-GAAAGTTGGGGGAGTGTGCTA-3 60°C
Reverse 5'-GGTGTCAAACTCTCCGGTGT-3"

Rasgrp1 (mouse) Forward 5'-ATGAGGGCCAGCTCCATCTA-3' 59°C
Reverse 5'-ATCCTTCTTCGGGTGCATGG-3'

Rassf1 (mouse) Forward 5'-GAGCCAGAACTCATTGAACTACG-3' 59°C
Reverse 5'-TCATCCACGTTCGTATCCCG-3'

Chkb (mouse) Forward 5'-TATCAGTGGTGCCGGGAGTA-3" 59°C
Reverse 5'-GAGAATGGCGAACATCACGC-3'

Abch6 (mouse) Forward 5'-GCGTTTATGCCGAGATGTGG-3' 59°C
Reverse 5'-TGCAGTACCCCACACAACC-3'

Tekt4 (mouse) Forward 5'-TGCTCCATTGATCGTGCCTG-3' 60°C
Reverse 5'-GACGTGTAGGCGCCAGTATT-3'

[-actin (mouse) Forward 5'-ACTCCTATGTGGGTGACGAG-3" 55°C

Reverse

5'-CATCTTTTCACGGTTGGCCTTAG-3"
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coefficient test was conducted to analyze whether the 5-mC
expression levels in the brain regions (PFC, PAG, hypothalamus,
HIP, and AMG) were correlated with von Frey, acetone, OFT,
EPM, Y-maze, NOR, and TST test results. Quantitative RT-PCR
analysis in the Mecp2 siRNA treated-neuronal cell was subjected
to unpaired 2-tailed t-tests. All data are expressed as the mean +
SEM. In all analyses, P < 0.05 was taken to indicate statistical
significance.

3. Results

3.1. Acupuncture improved persistent mechanical
hyperalgesia and cold allodynia in partial sciatic nerve
ligation-induced neuropathic pain

The antimechanical and anticold allodynic effects of acupuncture
were measured using the von Frey and acetone tests in a PSNL-
induced neuropathic pain model. For mechanical allodynia, two-
way repeated-measures ANOVA revealed a significant main
effect of treatment (F[4, 1095] = 520.0, P < 0.0001) and a
significant group X time interaction (F[36, 1095] = 25.42, P <
0.0001). Bonferroni post hoc tests showed reversal of the
established mechanical hyperalgesia at each time point in the
AP group at all time points from 1 to 6 months after treatment (P <
0.001 vs PSNL group; Fig. 1B). Similarly, the paw withdrawal
frequency was significantly lower in the PC group at all time points
from 1 to 6 months after treatment (P < 0.01 or P < 0.001 vs
PSNL group; Fig. 1B). Regarding cold allodynia, two-way
repeated-measures ANOVA revealed a significant main effect of
treatment (F[4, 985] = 181.8, P < 0.0001) and a significant group
X time interaction (F[32, 985] = 21.51, P < 0.0001). Bonferroni
post hoc tests indicated that the total lick duration in the AP and
PC groups was significantly lower than that in the PSNL group at
all time points from 1 to 6 months after treatment (AP: all P <
0.001 vs PSNL; PC: all P < 0.05 or P < 0.001 vs PSNL; Fig. 1C).
Overall, the results showed that the acupoints had an analgesic
effect.

3.2. Acupuncture corrected persistent emotional disorders
caused by partial sciatic nerve ligation

We used OFT, EPM, and TST to examine the effects of
acupuncture treatment on PSNL-induced emotional disorders.
Regarding the OFT, one-way ANOVA showed a significant
difference between groups in the number of crossings in the
central zone (F[4, 105] = 35.28, P < 0.0001), and the Newman-
Keuls post hoc test showed that the number of crossings in the
central zone was higher in the AP group than in the PSNL and CP
groups (P < 0.001; Figs. 2A and B), and total distance did not
differ in all groups (Fig. 2C). In the EPM test, one-way ANOVA (F
[4, 105] = 28.10, P < 0.0001) followed by the Newman-Keuls
post hoc test indicated that the PSNL-induced reduction in the
number of entries into the open arms (P < 0.001 vs sham group)
was restored by the AP and PC treatments (both P < 0.001 vs
PSNL group) and was improved in the AP group compared to the
CP group (Figs. 2D and E). In addition, no group showed a
significant change in the total distance traveled in EPM tests
(Fig. 2F).

This study evaluated the antidepressant effects of acupuncture
(AP or CP) and amitriptyline (PC) on depression-like behaviors
generated in a PSNL neuropathic pain model using the TST. One-
way ANOVA (F[4, 105] = 50.97, P < 0.0001) followed by the
Newman-Keuls post hoc test showed a significant increase in
immobility time in the PSNL group (P < 0.001 vs Control),
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whereas AP treatment significantly reduced the immobility time
(P < 0.001 vs PSNL; Fig. 2G).

3.3. Acupuncture restored persistent cognitive deficits
caused by partial sciatic nerve ligation

We used the Y-maze and NOR tests to examine the effects
of acupuncture on cognitive impairment after PSNL sur-
gery. Regarding the Y-maze test, one-way ANOVA in-
dicated a significant difference among all groups in
spontaneous alternation (F[4, 105] = 18.92, P < 0.000),
and the Newman-Keuls post hoc test indicated that AP
treatment significantly improved spontaneous alternation in
the Y-maze test (P < 0.05 vs PSNL group; Figs. 3A and B).
Regarding the NOR test, one-way ANOVA revealed a
significant difference among groups (F[4, 105] = 25.87,
P < 0.0001), and the Newman-Keuls post hoc test showed
that the effects on cognition of repeated AP and PC
treatments were significant compared to those in the PSNL
group (both P < 0.001; Figs. 3C and D).

3.4. Acupuncture improved DNA methylation reduced in the
prefrontal cortex, periaqueductal gray, hypothalamus,
hippocampus, and amygdala after partial sciatic

nerve ligation

The effects of acupuncture (AP or CP; 3 days/week) for 6 months
on DNA methylation in various brain areas in the PSNL-induced
neuropathic pain model were examined. One-way ANOVA
indicated a significant difference among all groups in DNA
methylation in the PFC (F[3, 20] = 16.09, P < 0.0001), and the
Newman-Keuls post hoc test indicated that DNA methylation in
the PSNL group was significantly reduced in the PFC (P < 0.001
vs sham group). AP treatment significantly reversed global DNA
methylation in the PFC (P < 0.001; Fig. 4A). In addition,
Spearman rank correlation coefficient analyses were performed
to investigate whether the changes in DNA methylation were
correlated with changes in nociception, anxiety, depression, and
cognitive function. Global DNA methylation in the PFC was
negatively correlated with nociceptive and depression-like
behaviors (r = —0.7470, P = 0.0052 for von Frey test; r =
—0.6713, P = 0.0168 for acetone test; r = —0.6993, P = 0.0114
for TST), and positively correlated with anxiety-like behavior and
cognitive dysfunction (- = 0.6702, P = 0.0171 for OFT; r =
0.8693, P = 0.0002 for EPM; r = 0.6294, P = 0.0283 for Y-maze;
r = 0.7719, P = 0.0033 for NOR; Figs. 4B-D; Figs. S1A-D,
available online as supplemental digital content at http://links.
lww.com/PAIN/B143).

Significant difference was observed among the 4 groups in
global DNA methylation in the PAG (F[3, 20] = 5.780, P =
0.0051). DNA methylation in the PSNL group was significantly
decreased in the PAG (P < 0.05 vs sham group). Global DNA
methylation in the PFC was not significantly reversed by AP
treatment (Fig. 4E). Global DNA methylation in the PAG was
negatively correlated with nociceptive and depression-like
behaviors (r = —0.7399, P = 0.0059 for von Frey test; r =
—0.6783, P = 0.0153 for acetone test; r = —0.6434, P = 0.0240
for TST), and positively correlated with anxiety-like behaviors (r =
0.6281, P = 0.0287 for OFT; r = 0.5442, P = 0.0674 for EPM).
However, DNA methylation in the PAG was not correlated with
cognitive dysfunction (- = 0.2378, P = 0.4586 for Y-maze; r =
0.4737, P = 0.1198 for NOR,; Figs. 4F-H; Figs. S1E-H, available
online as supplemental digital content at http://links.lww.com/
PAIN/B143).
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Figure 2. Effects of acupuncture on emotional functions measured using the OFT, EPM, and TST. The effects of acupuncture (AP and CP; 3 days/week for 6
months) and amitriptyline (PC, 10 mg/kg, i.p.) administration on anxiety-like behaviors were demonstrated by OFT (A-C) and EPM (D-F) in a PSNL-induced
neuropathic pain model. The effects of the various interventions on immobility time were measured using the TST (G); n = 22/group. All data were analyzed using
one-way ANOVA followed by the Newman-Keuls post hoc test. The results are indicated as the mean = SEM. ***P < 0.001 vs sham group, ###P < 0.001 vs
PSNL group, and &&&P < 0.05 vs AP group. ANOVA, analysis of variance; AP, acupuncture points; CP, control point; EPM, elevated plus-maze; OFT, open-field
test; PC, positive control; PSNL, partial sciatic nerve ligation; TST, tail suspension test.

Global DNA methylation in the hypothalamus (F[3, 20] = 4.792, P
= 0.0113) was not significantly increased in the PSNL group
compared to the sham group, but was significantly decreased in the
AP group (P < 0.001 vs PSNL group; Fig. 4l). DNA methylation in the

hypothalamus was negatively correlated with anxiety-like behaviors (r
= —0.5860, P = 0.0453 for OFT; r = —0.5301, P = 0.0763 for EPM),
and positively correlated with depression-like behaviors (- = 0.6364,
P = 0.0261 for TST). However, DNA methylation in the hypothalamus
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Figure 3. Effects of acupuncture on cognitive functions measured by Y-maze and NOR tests. Effects of acupuncture (AP and CP; 3 days/week for 6 months) and
amitriptyline (PC, 10 mg/kg, i.p.) treatment on cognitive impairment were examined using the Y-maze (A and B) and NOR (C and D) tests in a PSNL-induced
neuropathic pain model; n = 22/group. ***P < 0.001 vs sham group, ###P < 0.001 vs PSNL group, and &&&P < 0.001 vs AP group. The results were analyzed
using one-way ANOVA followed by the Newman-Keuls post hoc test. All data are shown as the mean = SEM. ANOVA, analysis of variance; AP, acupuncture
points; CP, control point; NOR, novel object recognition. PC, positive control; PSNL, partial sciatic nerve ligation.

was not correlated with nociceptive behaviors or cognitive dysfunc-
tion (r = 0.1947, P = 0.5443 for von Frey test; r = 0.1259, P =
0.6967 for acetone test; r = —0.2308, P = 0.4705 for Y-maze; r =
—0.3228, P = 0.3061 for NOR; Figs. 4J-L; Figs. S1l-L, available
online as supplemental digital content at http:/links.ww.com/PAIN/B143).

Significant difference was found among all the groups in global
DNA methylation in the HIP (F[3, 20] = 10.29, P = 0.0003).
Reduced DNA methylation after PSNL (P < 0.001 vs sham group)
was improved by AP treatment (P < 0.01 vs PSNL group; Fig.
4M). Global DNA methylation in the HIP was positively correlated
with nociceptive and depression-like behaviors (r = 0.6655, P =
0.0182 for von Frey test; r = 0.5105, P = 0.0899 for acetone test;
r=0.8042, P = 0.0016 for TST), and negatively correlated with
anxiety-like behavior and cognitive dysfunction (r = —0.7439,
P = 0.0055 for OFT; r = —0.7103, P = 0.0096 for EPM; r =
—0.4615, P = 0.1309 for Y-maze; r = —0.6561, P = 0.0205 for
NOR; Figs. 4N-P; Figs. STM-P, available online as supplemental
digital content at http://links.lww.com/PAIN/B143).

DNA methylation in AMG did not show a significant difference
between the 4 groups (AMG, F[3, 20] = 3.063, P = 0.0517; Fig.
4Q). Global DNA methylation in the AMG was not correlated with
any of the behaviors examined (r = 0.1274, P = 0.6931 for von
Frey test; r = 0.1678, P = 0.6021 for acetone test; r = 0.4615,
P = 0.1309 for TST; r = —0.3228, P = 0.3061 for OFT; r =
—0.3887, P = 0.2117 for EPM; r = —0.3846, P = 0.2170 for
Y-maze; r= —0.2526, P = 0.4282 for NOR; Figs. 4R-T, Fig. S1Q
— T, available online as supplemental digital content at http://
links.lww.com/PAIN/B143).

3.5. Acupuncture treatment induced DNA methylation
pattern changes in the prefrontal cortex

To investigate the acupuncture-specific methylated genes in the
PFC, WGBS was performed to determine DNA methylation in

PFC areas isolated from the brains of mice. DNA methylation
profiing in the promoter regions was performed to identify
differentially methylated regions (DMRs) in the sham vs PSNL and
PSNL vs AP group comparisons. Approximately 2451 hyper-
methylated genes and 1991 hypomethylated DMRs were
selected from a total of 4442 genes in the PSNL vs sham group
comparison (Fig. 5A), whereas 2217 hypermethylated genes and
2199 hypomethylated DMRs were selected from a total of 4416
genes in the PSNL vs AP group comparison (Fig. 5B). In addition,
DMR analysis indicated that the methylation pattern in the PSNL
group was distinct from that in the sham group (Fig. 5C), as well
as from the AP group (Fig. 5D). Therefore, acupuncture resulted
in DNA methylation alteration in the PFC after PSNL.

3.6. Acupuncture affected DNA methylation process-related
genes in the prefrontal cortex

Differentially methylated regions in the promoter regions, which
may affect the regulation of mMRNA expression, were analyzed
(Fig. 6A). Gene ontology analysis revealed high enrichments in
processes related to DNA methylation (P < 0.05) such as “DNA
metabolic process” (PSNL vs sham: P = 4.83 x 10~ '°, 128
genes; PSNL vs AP: P = 7.00 X 10722, 146 genes),
“chromosomal part” (PSNL vs sham: P = 2.08 X 10~ ' 126
genes; PSNL vs AP: P = 1.51 X 10~ "2, 119 genes), “chromatin
binding” (PSNL vs sham: P = 2.41 x 10~ '2, 88 genes; PSNL vs
AP: P =1.09 x 10" '°, 83 genes), “methylation” (PSNL vs sham:
P =3.45 x 107°, 46 genes; PSNL vs AP: P = 2.52 X 10~°, 49
genes), and “C-5 methylation of cytosine” (PSNL vs sham: P =
4.00 X 1072, 3 genes; PSNL vs AP: P = 3.91 X 102, 3 genes;
Fig. 6B). Kyoto Encyclopedia of Genes and Genomes pathway
analysis indicated high enrichments in pathways related to
metabolic and biological functions (protein synthesis, cell death,
and memory) (P < 0.05) such as “metabolic pathways” (PSNL vs
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Figure 4. Effects of acupuncture on global DNA methylation levels in the PFC, PAG, hypothalamus, HIP, and AMG. Changes in global DNA methylation in the PFC
(A), PAG (E), hypothalamus (1), HIP (M), and AMG (Q) after acupuncture (AP or CP) for 6 months (3 days/week); n = 6/group. *P < 0.05, **P < 0.01, **P < 0.001 vs
sham group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs PSNL group, and &&&P < 0.001 vs AP group in each brain area. The results were analyzed using one-way
ANOVA followed by the Newman—Keuls post hoc test. The data are expressed as the mean + SEM. Representative graphs showing correlations between global
DNA methylation levels in behavioral test results (von Frey test, EPM, and NOR) and each brain area: the PFC (B-D), PAG (E-H), hypothalamus (I-L), HIP (M-P),
AMG (Q-T); n = 3/group. Spearman rank correlation coefficients were calculated. ANOVA, analysis of variance; AMG, amygdala; AP, acupuncture points; CP,
control point; HIP, hippocampus; NOR, novel object recognition; PFC, prefrontal cortex; PAG, periaqueductal gray matter; PSNL, partial sciatic nerve ligation.
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sham: P =2.40 X 10”72, 229 genes; PSNLvs AP; P =8.13 X 108,
244 genes), “PIBK-Akt signaling pathway” (PSNL vs sham: P = 3.03
X 10774, 74 genes; PSNL vs AP: P = 6.35 X 10725, 71 genes),
“MAPK signaling pathway” (PSNL vs sham: P = 1.24 x 10722,
61 genes; PSNL vs AP: P = 3.17 X 107'°, 55 genes), “Ras
signaling pathway” (PSNL vs sham: P = 1.56 X 10 '®, 46 genes;
PSNL vs AP: P = 2.25 X 1072, 51 genes), and “MicroRNAs in
cancer” (PSNL vs sham: P = 1.65 X 10~ 4, 47 genes; PSNL vs AP:
P = 4.85x 10" '8 52 genes; Fig. 6B).

To identify genes methylated in response to acupuncture
treatment, we extracted 1364 overlapping genes in the PSNL vs
sham (total of 4442 genes) and PSNL vs AP (total of 4416 genes)
group comparisons (Fig. 6C). Overlapping genes (1364) shared
Mecp2, Dnmt1, Dnmt3a, and Dnmt3b associated with DNA
methylation in DNA metabolic processes (146) and metabolic
pathways (244) (Fig. 6D). Because Mecp2 and Dnmt familial
genes are known as the major players in the DNA methylation
process, '®162% we investigated whether methylation and mRNA
expression in these genes showed a different pattern. One-way
ANOVA showed a significant difference among groups in DNA
methylation in the promoter regions of the Mecp2 and Dnmt
familial genes (Mecp2, F[2, 6] = 5.645, P = 0.0418; Dnmt1, F[2,
6] = 6.115, P = 0.0357; Dnmt3a, F[2, 6] = 20.43, P = 0.0021;
Dnmt3b, F[2, 6] = 5.012, P = 0.0525), and the Newman—-Keuls
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post hoc test indicated that DNA methylation in the PSNL group
was increased in the PFC (Mecp2, P > 0.05; Dnmt1, P > 0.05;
Dnmt3a, P < 0.01; Dnmt3b, P > 0.05 vs each sham group), and
was lower in the AP vs the PSNL group (Mecp2, P < 0.05; Dnmt1,
P < 0.05; Dnmt3a, P < 0.01; Dnmt3b, P > 0.05 vs each PSNL
group; Figs. 6E-H). Furthermore, we investigated mRNA
expression levels of Mecp2 and Dnmt familial genes in the PFC.
One-way ANOVA indicated a significant difference among groups
in the mMRNA levels of Mecp2 and Dnmt familial genes (Mecp2, F
[2,6] = 2.648, P = 0.1498; Dnmt1, F[2, 6] = 11.52, P = 0.0088;
Dnmt3a, F[2, 6] = 13.43, P = 0.0061; Dnmt3b, F[2, 6] = 3.276, P
= 0.1092), and the Newman-Keuls post hoc test indicated that
acupuncture improved MRNA expression levels that were
reduced in the PSNL group (Mecp2, P > 0.05; Dnmt1, P <
0.01; Dnmt3a, P < 0.01; Dnmt3b, P > 0.05 vs each PSNL group;
Figs. 61-M). These results indicated that various genes, including
Mecp2, Dnmt1, and Dnmt3a as well as those involved in the DNA
methylation process, were restored by acupuncture.

3.7. Acupuncture reversed 5-mC, MeCP2, and DNMT
expression changes in the prefrontal cortex after PSNL

To confirm the 5-mC and MeCP2 expression levels in the PFC
neuron after acupuncture treatment (3 days/week for 6 months),
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Figure 5. Effects of acupuncture on DNA methylation patterns in the PFC. WGBS was performed to identify the genes methylated by acupuncture treatment for 6
months (n = 3/group). DNA methylation profiling was performed in the promoter regions based on differentially methylated regions (DMRs). Scatter plot
comparisons of DMRs in the PSNL vs sham (A) and PSNL vs AP (B) groups are shown. Heat maps of methylated genes in the PSNL vs sham (C) and PSNL vs AP
(D) group comparisons are shown. AP, acupuncture points; PFC, prefrontal cortex; PSNL, partial sciatic nerve ligation; WGBS, whole-genome bisulfite

sequencing.
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Figure 6. Effects of acupuncture on DNA methylation process-related genes in the PFC. Representative figure showing the inhibition of RNA transcription by DNA
methylation in the promoter region after acupuncture treatment (A). GO and KEGG pathway enrichment methylation patterns in promoter regions. Names
determined by GO analysis and KEGG pathways are shown on the left, and the bars on the right represent the —log (P-value) of the corresponding pathway
(numbers in parentheses show the gene counts) (B). Venn diagram showing the distribution of overlapping genes in the promoter region in the sham vs PSNL
(charcoal) and PSNL vs AP group comparisons (red) (C) and showing the shared genes among methylated genes in the DNA metabolic process and metabolic
pathway (D). The graphs show changes in methylation (E-H) and mRNA expression (I-M) of Mecp2, Dnmt1, Dnmt3a, and Dnmt3b in the PFC after treatment with
acupuncture (AP) for 6 months (3 days/week, n = 3/group). *P < 0.05, **P < 0.01 vs sham group, #P < 0.05, and ##P < 0.01 vs PSNL group. The data were
analyzed using one-way ANOVA followed by the Newman-Keuls post hoc test. The data are showed as the mean = SEM. ANOVA, analysis of variance; AP,
acupuncture points; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PFC, prefrontal cortex; PSNL, partial sciatic nerve ligation.
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5-mC (Fig. 7A) and MeCP2 (Fig. 7B) were costained with NeuN
for double-immunofluorescence analysis. One-way ANOVA with
the Newman-Keuls post hoc test for 5-mC- (F[3, 20] = 16.07, P
< 0.0001) and MeCP2-positive NeuN cells (F[3, 20] = 34.71, P <
0.0001) in mice with PSNL-induced neuropathic pain demon-
strated that AP treatment significantly increased global DNA
methylation in the PFC (5-mC, P < 0.001; MeCP2, P < 0.001 vs
PSNL), but DNA methylation in the PFC was not changed in the
CP group compared to that in the PSNL group (Figs. 7C-D).
Next, to confirm the changes in DNMT enzymes associated
with acupuncture treatment (8 days/week for 6 months) for
PSNL-induced neuropathic pain, DNMT1, DNMT3a, and
DNMT3b were examined by Western blot analysis in the PFC
tissues of the mouse model. One-way ANOVA showed significant
differences in the protein expression of DNMT1 (F[3, 12] = 10.85,
P = 0.0010) and DNMT3a (F[3, 12] = 7.601, P = 0.0041) in the
PFC among the 4 groups. The Newman—Keuls post hoc test
indicated that DNMT1 and DNMT3a expression levels were
significantly higher in the AP group than in the PSNL group
(DNMT1, P < 0.01; DNMT3a, P < 0.05, respectively). The PSNL
and CP groups did not show differences in DNMT1 or DNMT3a
expression levels in the PFC, respectively (Figs. 7E and F). One-
way ANOVA showed a significant difference in DNMT3b
expression among the groups (F[3, 12] = 3.918, P = 0.0366).
The Newman-Keuls post hoc test suggested that the DNMT3b
expression level was significantly decreased in the PSNL group
compared to that in the sham group (P < 0.01), and AP treatment
produced a minor improvement in DNMT3b expression (Fig. 7G).

3.8. Acupuncture affected cell death and cell growth-related
genes in the prefrontal cortex

In 2 methylation pattern genes, hypo-hyper methylated genes (DNA
methylation in the promoter of genes decreased in the PSNL group
and increased in the AP group) changed by 73.53%, which is more
than hyper-hypo methylated genes (DNA methylation in the
promoter of genes increased in the PSNL group and reduced in
the AP group). We identified the top 20 genes (Nir4a1, Chkb, Tekt4,
Abcb6, Chchd1, Tbx1, Aifm2, Mir7069, Fxr2, Adad1, Lypo6b, Arl8a,
Rip2, Gng7, Loxl4, Gm10432, Cpne2, Npffr1, Ttll1, and Zip787) that
were shared in the PSNL vs sham (hypomethylated genes) and
PSNL vs AP (hypermethylated genes) groups (Figs. 8A and B).

Next, we determined the expression levels of Nr4a1, Chkb,
Tekt4, Abcb6, Rasgrpi, and Rassfl mRNA in hypo-hyper
methylated and Ras pathway-related genes. One-way ANOVA
with the Newman-Keuls post hoc test for Nr4a7 (F[2, 6] = 28.15,
P = 0.0009), Rasgrp1 (F[2, 6] = 21.31, P = 0.0019), Rassf1 (F[2,
6] = 13.52, P = 0.0060), Chkb (F[2, 6] = 18.22, P = 0.0028),
Tekt4 (F[2, 6] = 9.661, P = 0.0133), and Abcb6 (F[2, 6] = 3.840,
P = 0.0844) in mice with PSNL-induced neuropathic pain
demonstrated that AP treatment significantly decreased the
MRNA expression levels in the PFC (Nr4at, P < 0.001; Rasgrp1,
P < 0.01; Rassf1, P < 0.01; Chkb, P < 0.01; Tekt4, P < 0.01;
Abcb6, P < 0.01 vs PSNL; Figs. 8C-l).

3.9. Mecp2 small interfering RNA increased cell death and
cell growth-related genes in the primary cortical neuron cells

To determine the causal relationship between Mecp2 and Nr4al,
Rasgrp1, Rassfl, and Chkb, we observed the Mecp2 mRNA
expression in neuronal cells treated with Mecp2 siRNA. Unpaired
two-tailed t-tests revealed that the Mecp2 mRNA expression (t4 =
9.500, P = 0.0007) in Mecp2 siRNA group was significantly lower
than that in the Control group (P < 0.001; Fig. 8J). In addition, we
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found that the expression of Nr4a1 (t4 = 10.06, P = 0.0006),
Rasgrp1 (t4 = 4.478, P = 0.0110), Rassf1 (t4 = 6.685, P = 0.0026),
and Chkb (t4 = 4.234, P = 0.0133) was significantly increased as a
result of the Mecp2 siRNA treatment (Nir4a1, P < 0.001; Chkb, P <
0.05; Rasgrp1, P < 0.05; Rassf1, P < 0.01 vs Control; Figs. 8K-N).

4. Discussion

Chronic neuropathic pain has multidimensional aspect from
nociception to comorbid emotional and cognitive discomfort.
Epigenetic mechanisms are involved in various comorbid
conditions in neuropathic pain, and acupuncture is efficacious
in such conditions.??%® However, the role of DNA methylation in
the context of acupuncture and neuropathic pain is not clear. Our
results indicate that acupuncture improved nociceptive and
emotional and cognitive impairment associated with PSNL-
induced neuropathic pain. Acupuncture reversed the decrease in
global DNA methylation by decreasing MeCP2 and DNMT
enzyme levels in the PFC induced by PSNL, and restored the
reduction of DNA methylation of Nr4a1, Chkb, and Ras pathway-
related genes. These results demonstrate the effect of acupunc-
ture on DNA methylation in mediating the sensory, emotional, and
cognitive impact of chronic neuropathic pain, and suggested
molecular mechanism in the PFC.

The central sensitization induced by peripheral nerve injury
contributes to neuropathic pain, and has a pernicious effect on
affective processing and cognitive function in both patients and
animal models.*6#75473 Consistent with recent studies,?*%°
PSNL mice with prolonged (6-month) mechanical hyperalgesia
and cold allodynia showed both anxiety and depression in OFT,
EPM, and TST tests, and working and recognition memory
deficits in Y-maze and NOR tests. By contrast, acupuncture
resulted in normalized emotional processing and cognitive
function and allodynia. The nonacupoint (CP) group did not show
these improvements, suggesting point specificity of acupoints
GB30 and GB34.

DNA methylation is an essential epigenetic mechanism for
regulating gene expression. 2246 DNA methylation plays a
critical role in several physiological functions, including pain
memory and synaptic plasticity.??>°® Here, we observed the
changes in global DNA methylation in PFC, PAG, hypothalamus,
HIP, and AMG. We found that those in the PFC were the most
highly correlated with both pain and comorbid behaviors
compared to other brain regions. Prefrontal cortex mediates
decision-making through information received from various brain
areas, so it can regulate various physiological functions.*’
Furthermore, PFC plays an important role in both pain and
comorbidity associated with chronic pain. Decrease of cortical
thickness in the PFC correlates with increase in pain intensity and
pain-related disability. The PFC activity was abnormal during
cognitive tasks requiring attention in the chronic low back pain
patients.®! Furthermore, reduction of gray matter in the PFC was
associated with the appearance of emotional dysfunction in
persistent neuropathic pain rats.® In recent studies, DNA
methylation in PFC decreased in mice with persistent pain and
emotional and cognitive impairment,®2® suggesting the impor-
tance of relationship between changes in DNA methylation in PFC
and comorbidity by pain. Moreover, restoration of DNA methyl-
ation levels in PFC by oral administration of S-
adenosylmethionine, a methyl donor, improves emotional and
cognitive functions impaired by spared nerve injury.?? Consistent
with these studies, acupuncture treatment resulted in restored
global DNA methylation in PFC, indicating that the modification in
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Figure 7. Effects of acupuncture on the expression levels of 5-mC, MeCP2, and DNMTs in the PFC. Histological examinations of the PFC showing expression of
5-mC (green) (A-C) and MeCP2 (green) (B-D) with NeuN (red) after acupuncture administration (AP or CP) for 6 months (3 days/week) in a PSNL-induced
neuropathic pain model (A and B); this representative image shows 5-mC-positive neuron cells (C) and MeCP2-positive neuron cells (D) in the PFC region (n = 6/
group). Scale bar: 100 pm. ***P < 0.01 vs sham group, ###P < 0.001 vs PSNL group, and ###P < 0.001 vs PSNL group. The results showed the changes in
protein expression levels of DNMT1 (E), DNMT3a (F), and DNMT3b (G) in the PFC after administration of AP or CP for 6 months (n = 4/group, *P < 0.05, **P < 0.01
vs sham group, #P < 0.05, ##P < 0.01 vs PSNL group, and &P < 0.05, &&P < 0.01 vs AP group). The results were analyzed using one-way ANOVA followed by
the Newman-Keuls post hoc test. All data are expressed as the mean = SEM. 5-mC, 5-methylcytosine; ANOVA, analysis of variance; AP, acupuncture points; CP,
control point; CpG, cytosine-phospho-guanine; DNMT, DNA methyltransferase; MeCP2, methyl-CpG binding protein 2; PFC, prefrontal cortex.

DNA methylation might be a promising therapeutic target for ~ chromatin binding, methylation, and C-5 methylation of cytosine
acupuncture treatment. using GO analysis, and the top 5 KEGG pathways were metabolic

We showed that in the genome-wide methylation patterns in ~ pathways, PISK-Akt signaling pathway, MAPK kinase signaling
the PFC associated with neuropathic pain and acupuncture, the  pathway, Ras signaling pathway, and microRNAs in cancer.
top 5 GO terms were DNA metabolic process, chromosomal part,  Among genes altered by acupuncture treatment in the promoter
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Figure 8. Effects of acupuncture on the methylation levels of cell death-related genes in the PFC. The graphs showing the genes of the hypo-hyper methylation
pattern (A) and top 20 in the hypo-hyper methylated genes (B) in the PFC. The graphs show the changes in the mRNA expression of Nr4a1, Rasgrp1, Rassf1,
Chkb, Tekt4, and Abcb6 (C-H) in the PFC after administration of AP or CP for 6 months. The graphs show changes in the mRNA expression of Mecp2, Dnmt1,
Dnmt3a, and Dnmt3b at 3 days after treatment with Mecp2 siRNA in the neuronal cell of the mouse frontal cortex (I-M). n = 3/group, *P < 0.05, **P < 0.01 vs sham
group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs PSNL group. All data were analyzed using one-way ANOVA followed by the Newman-Keuls post hoc test. All data
are shown as mean = SEM. ANOVA, analysis of variance; AP, acupuncture points; CP, control point; PFC, prefrontal cortex; PSNL, partial sciatic nerve ligation;

siRNA, small interfering RNA.

region, Mecp2, dnmt1, dnmt3a, and dnmt3b belonged to DNA
metabolic process and metabolic pathways, and these genes are
involved in DNA methylation. #2444 MeCP2 null-mice used in the
Rett syndrome model exhibit psychomotor and intellectual
disability, and overall metabolic imbalances (eg, mitochondrial
dysfunction).52°® Various types of neuropathic pain induce a
reduction in metabolic activity and lead to metabolic imbalances
such as mitochondrial dysfunction in DRG neurons.®7* Consis-
tent with previous studies, PSNL mice showed decreased 5-mC-
and MeCP2-positive neurons and reduced DNMT1 and DNMT3a

mRNA/protein expression in PFC. Maltreatment in adult male
mice causes decrease in Mecp2, Dnmt1, and Dnmt3a mRNA
levels in the medial PFC,* and MeCP2 null mice produces
functional hypoconnectivity in PFC that induces abnormal
behavior.®® Interestingly, in PFC of mice with chronic stress,
knockdown of Dnmt3a mRNA induces anxiety-like behavior,
which is inhibited by overexpressed Dnmt3a mRNA.'* In line with
these results, acupuncture increased MeCP2, DNMT1, and
DNMT3a mRNA/protein expression in the PFC, which may be
important for behavior normalization. Thus, we suggest that
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neuropathic pain increases DNA methylation in Mecp2, Dnmt1,
and Dnmt3a in the PFC, which contributes to reduction in global
DNA methylation in PFC and induces various abnormal behav-
iors, which are restored by acupuncture.

We identified genes with reduced DNA methylation in the PSNL
mice and genes with increased DNA methylation in acupuncture-
treated PSNL mice compared to the PSNL mice. The ratio of
hypo-hyper methylated genes was 73.53% in genes with a hypo-
hyper and hyper-hypo methylation pattern, and we sorted top 20
in genes with the hypo-hyper methylation pattern. Among the
hypo-hyper methylated genes, Nr4al is associated with the Ras
pathway' 2" and is involved in mitochondrial dysfunction and cell
death in preclinical studies.”® Nr4a1 is inhibited by knockdown of
Rasd1 in AtT20 cells.2" Rasgrp? mRNA expression increases in
Nr4a1-enhanced GFP mice compared with the wild-type mice. °
Interestingly, Nr4a1l mRNA expression increases in the brain of
patients with major depressive disorders and Alzheimer dis-
ease.’® Activation of NR4A1 after chronic stress induces
reduction in dendritic spine number and mitochondrial function
in PFC of mice.?® Here, we demonstrated that increased Nr4a1
mMRNA expression in the PSNL mice decreased after acupunc-
ture treatment. In addition, to confirm whether the Ras pathway is
actually involved, we examined its mMRNA expression and found
that the expressions of Rasgrp? and Rassfl mRNA were
increased in the PSNL mice, and restored by acupuncture
treatment. Rasgrp? increases the activation of Rassfl by
converting RasGDP to RasGTP, which in turn activates the Ras
pathway.3%:%6 A Ras family member enriched in brain is increased
in activated astrocytes by injured spinal cord.*® Previous studies
showed that Ras pathway plays important role in regulation of
mitochondrial function in the brain.3%® We found that DNA
methylation of Chkb (associated with mitochondrial dysfunction
and cell death) was restored after acupuncture treatment in the
PSNL mice. Activation of Chkb increases mitochondrial stress
signaling and oxidative stress in vivo and in vitro.® We also
showed its increased mMRNA expression in the PSNL mice was
reduced after acupuncture treatment. Finally, we tested the
changes in gene expression after Mecp2 siRNA treatment in
neuronal cells of the frontal cortex, and found that the mRNA
levels of Nr4atl, Rasgrp1, Rassf1, and Chkb were increased,
similar to previous results.®” Thus, we suggest that acupuncture
may improve the pain symptoms induced through increase in Ras
pathway- and mitochondrial function-related genes by reducing
DNA methylation in PFC of neuropathic pain. However, the role of
Ras pathway and mitochondrial function in the PFC of
neuropathic pain is still unknown, and further research is needed.

Because chronic pain induces overall structural and functional
changes in the CNS, alterations in DNA methylation in other brain
regions must be investigated. Here, we observed global DNA
methylation alterations in the HIP, AMG, PAG, and hypothalamus,
which are important regions for pain sensitivity and comorbidities
in chronic pain.®#19%877 We found that global DNA methylation
in PSNL mice decreased in PAG and increased in HIP, which
correlated with behavioral changes. Acupuncture treatments
significantly decreased global DNA methylation, which was
increased by PSNL in the HIP. To the best of our knowledge,
this is the first study showing an association between global DNA
methylation in the PAG and HIP of a PSNL model; further studies
are warranted to elucidate the exact mechanism of action.

Our study has several limitations. First, the causal relationship
between DNA methylation changes in the brain and comorbidity
with neuropathic pain or the effect of acupuncture was not
defined. Whether acupuncture directly increased the global DNA
methylation in the PFC is unclear because the experiments on the
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effect of acupuncture using siRNA or an antagonist were not
conducted. Future studies should establish the causal relation-
ship by inhibiting the effects of acupuncture on DNA methylation
in neuropathic pain. In our results, MAPK and PI3K-Akt signaling
pathway-related genes such as Mapkapk3, Bcl2l11, and Badnf
showed decrease in DNA methylation after acupuncture treat-
ment in PSNL mice, indicating a hyper-hypo methylation pattern
(26.47%). These pathway genes play important roles in the
analgesic effect of acupuncture.®*2%59 Thus, further studies are
needed on the MAPK and PI3K-Akt signaling pathways and
genes with hyper-hypo methylation patterns, including Map-
kapk3, Bcl2I11, and Bdnf.

Our results are consistent with the hypothesis that acupunc-
ture alters the extent of DNA methylation induced by neuropathic
pain. Peripheral nerve injury, which induces changes in global
DNA methylation in the PFC, was reversed using acupuncture.
Our results also indicate that modulation of DNA methylation- and
mitochondrial dysfunction-related genes may play a key role in
the acupuncture-induced reversal of physiological function
impairment caused by persistent neuropathic pain. Our findings
enhance the molecular understanding of neuropathic pain, and
may facilitate the discovery of new mechanisms of action in
acupuncture treatment.
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