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Abstract

Inflammatory pain presents a significant clinical challenge. AMP-activated protein kinase (AMPK) is recognized for its capacity
to alleviate inflammation by inhibiting transcription factors such as nuclear factor kappa B (NF-kB) and signal transducer and
activator of transcription (STAT). Our prior research demonstrated that AMPK reduces inflammatory pain by inhibiting NF-
kB activation and interleukin-| beta (IL-13) expression. However, the role of AMPK in regulating reactive oxygen species
(ROS) and inducible nitric oxide synthase (iNOS) by modulating STAT3 phosphorylation in inflammatory pain remains
inadequately understood. This study aims to investigate the role of AMPK in modulating STAT3 phosphorylation in the
macrophages of inflamed tissues to mitigate inflammatory pain. A Complete Freund’s Adjuvant (CFA)-induced inflammatory
pain model was established by subcutaneous injection into the plantar surface of the left hindpaw of adult male mice.
Behavioral tests of mechanical allodynia and thermal latency were used to determine nociceptive behavior. Immunoblotting
quantified p-AMPK and iNOS expression levels. Nuclear translocation of p-STAT3(Ser727) and STAT3 in macrophages was
assessed by western blot and immunofluorescence. ROS accumulation and mitochondrial damage in NR8383 macrophages
were detected by flow cytometry. Lentivirus infection cells experiment was performed to transfect vectors encoding the
STAT3 S§727D mutants. Treatment with the AMPK activator AICAR alleviated CFA-induced inflammatory pain, enhanced
AMPK phosphorylation, and reduced iNOS expression in inflamed skin tissues. AICAR effectively prevented STAT3 nuclear
translocation while promoting the phosphorylation of STAT3 (Ser727) in the cytoplasm. In vitro studies with CFA-stimulated
NR8383 macrophages revealed that AICAR increased STAT3(Ser727) phosphorylation, curtailed iNOS expression, and
attenuated ROS accumulation and mitochondrial damage. Furthermore, the S727D mutation, which enhances STAT3
phosphorylation, replicated the protective effects of AICAR against CFA-induced oxidative stress and mitochondrial
dysfunction. Our study shows that the AMPK acitvation downregulates iNOS expression by inhibiting the STAT3 nuclear
translocation and promotes cytoplasmic STAT3(Ser727) phosphorylation, which reduces ROS expression and mitochondrial
dysfunction, thereby alleviating inflammatory pain. These findings underscore the therapeutic potential of targeting AMPK
and STAT3 pathways in inflammatory pain management.
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Introduction

Inflammatory pain is a common form of chronic clinical
pain.! It is caused by hypersensitivity of peripheral sensory
nerve fibers stimulated by immune cells and inflammatory
mediators.? Tissues damage lead to the release of various
mediators from damaged cells and adjacent non-neural cells,
such as astrocytes, microglia, platelets and immune cells.
Inflammatory mediators in the extracellular environment
increase the sensitivity of nociceptive neurons.? In formalin-
induced inflammatory pain model, inhibition of interleukin-1
B (IL-1B), tumor necrosis factor-a. (TNF-a), inducible nitric
oxide synthetase (iNOS) and other inflammatory mediators
significantly alleviate inflammatory pain.* Also, macro-
phages release inflammatory mediators and nitric oxide,
which play an important role in inflammation and pain.>®

AMP-activated protein kinase (AMPK) is a member of
the family of metabolically sensitive protein kinases, which
contains o -catalytic subunits and (-and y-regulatory sub-
units.” AMPK activation can inhibit a variety of different
pro-inflammatory signal cascades, including pro-inflamma-
tory mechanistic target of rapamycin complex 1 (mMTORC1),
nuclear factor kappa B (NF-«B) and Janus kinase-signal
transducer and activator of transcription (JAK-STAT) path-
way.!! Our previous study has shown that AMPK activation
attenuates inflammatory pain through inhibiting NF-kB acti-
vation and IL-1B expression.!> However, the AMPK-STAT
pathway in inflammatory pain is unclear.

STAT3 is a member of the signal transducer and activator
of transcription (STAT) family, and usually transmits signals
from activated receptors or intracellular kinases to the
nucleus, thus activating and regulating gene transcription.'3
Phosphorylation of STAT3 at Ser727 (p-STAT3) enhances
transcription activity of STAT3." In addition, ZnCl, pro-
motes the phosphorylation of STAT3 in the cytoplasm, and

reduces the mitochondrial damage and accumulation of reac-
tive oxygen species (ROS) to alleviate the inflammatory
injury.!® Since both iNOS and ROS play an important role in
inflammatory pain,'®'8 it is possible that AMPK activation
alleviates inflammatory pain via inhibiting STAT3 nuclear
translocation and enhancing STAT3 phosphorylation in the
cytoplasm, thus inhibiting iNOS and ROS production.
Therefore, in the present study, we first determine whether
AMPK activation alleviates pain hypersensitivity and inhibits
the expression of iNOS in CFA-induced inflamed skin tissues.
We then determine whether AICAR inhibits nuclear transloca-
tion of STAT3 and promotes the phosphorylation of STAT3 at
Ser727 in the cytoplasm of macrophages, thus inhibiting the
expression of iNOS and production of ROS and the subse-
quent mitochondrial damage of macrophages caused by CFA.

Materials and methods

Animal models

The experimental protocol was approved by the Animal Care
and Use Committee at Huazhong University of Science and
Technology (2022 Ethics No.3603) and conformed to the ethi-
cal guidelines of the International Association for the Study of
Pain.!” The experiments were carried out in strict accordance
with the ethical guidelines of the International Association for
the Study of Pain. Male C57BL / 6 mice (8-9 weeks old) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Five mice were housed in each cage for
12h light and 12h dark(ambient temperature was 22-24°C),
and had free access to water and food. Before final experi-
ments, all mice were adapted to the environment first. As
reported previously,> 25ul CFA (Sigma, F5881-10ml) was
subcutaneously injected into the plantar of the left hindpaw to
induce inflammatory pain, and 25 pl normal saline (N.S.) was
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injected in mice as the control group.AICAR (#9944) was
obtained from Cell Signaling Technology, and AICAR
(20 pg/20pl) was administrated 7 days after CFA injection.

Nociceptive behavior test

The baseline threshold of pain was measured 3 days before injec-
tion of CFA, and the threshold of the third day was taken as the
baseline. Before testing the baseline values of mechanical allo-
dynia and thermal hyperalgesia, all mice were adapted to the test
environment for 30 min. The “up and down” method was used to
determine the mechanical pain threshold of mice.?’ After 30 min
of acclimation, we used von Frey (Stoelting, wood Dale, Italy) to
stimulate vertically the plantar surface of the left hind paw for 5,
and the rapid withdrawal or claw retraction of the hindpaw was
considered a positive response. The von Frey test was repeated
twice, and the average value was used as the mechanical thresh-
old. Hotplate test was used to measure the thermal pain thresh-
old, and the surface was maintained at 53°C. When the mice
were placed on the hotplate, the latency of rapid paw withdrawal
was considered the positive response. We set 205 as the cutoff to
prevent tissue damage.?! The hotplate test was repeated every
Smin for three times and the average value was calculated.

Western blot

According to the experimental design, after the treatment in
vivo, the mouse tissues were obtained for Western blot. Mice
were anesthetized with excess sodium pentobarbital, and local
inflammatory skin tissues were removed immediately and
minced with scissors. After the treatment, the NR8383 cells
were centrifuged at 1000 rpm for Smin to collect the sediments.
The tissues or NR8383 cells were then lysed by adding RIPA
Lysis Buffer (10 ul/mg for tissues, 100l for cells in a well of
six-well plates, #P0013B, Beyotime Biotechnology, China)
with 1mM protease and phosphatase inhibitor cocktail (Guge
Biotech, Wuhan, China). The lysate was centrifuged with
12,000g (4°C, 15min) and the supernatant was collected. The
protein contents of supernatant were detected by BCA
kit(#P0012, Beyotime Biotechnology, China). Protein solution
was boiled for 5min at 95°C with 1/4 volume 5x loading buffer
(Guge Biotech, Wuhan, China) and added to SDS-PAGE. Then,
we transferred the proteins to the PVDF membrane(Millipore
Corp.). The membranes were incubated with 5% skim milk or
5% BSA for 1h at room temperature. The membrane was
probed with the following primary antibodies: p-AMPK
(Thr172) (Cell Signaling Technology, #2535, 1:1000); AMPK
(Cell Signaling Technology, #2532, 1:1000); p-STAT3 (Ser727)
(Abcam, #ab30647, 1:1000); STAT3 (Abcam, #68153, 1:1000);
iNOS (Abcam, #178945, 1:1000); Histone-3 (Proteintech, #Cat.
No.10265-1-AP, 1:10000); GAPDH (Proteintech, #Cat.No.
60004-1-Ig, 1:8000); PB-actin (Santa Cruz Biotechnology,
sc-47778, 1:10000). Secondary antibodies are anti-rabbit HRP
and anti-mouse HRP (Beijing Kerui, 1:20000). Western blot
analysis was used to assess the proteins of cytoplasm and
nuclear extracts in local inflammatory tissues and NR8383
cells. We used Nucleoprotein and Cytoplasmic Protein

Extraction Kit (#P0027, Beyotime Biotechnology, China) to
extract nuclear and cytoplasmic proteins.

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated from local inflammatory skin tissues
and NR8383 cells using Trizol Reagent (Invitrogen, TRIzol®
Reagent, #15596-018). Spectrophotometer  (Thermo
Scientific, USA) was used to quantify the concentration of
the total RNA. We used Hifair® II 1st Strand cDNA Synthesis
SuperMix for qPCR (gDNA digester plus) for reverse tran-
scription of total RNA to ¢cDNA. We used Cham QTM
Universal SYBR® gPCR Master Mix(Nanjing, China) on the
Applied Biosystems QuantStudio 7 Flex (Thermo Fisher) for
qPCR. Expression values of the iINOS mRNA were normal-
ized to the corresponding mRNA levels of B-actin. We used
272ACt method to calculate relative expression levels of iNOS.
The following are sequence-specific primers used: mouse
iNOS FORWARDS’-3> CGGACGAGACGGATAGGCAG
AG, INOS REVERSE 5’-3° GGAAGGCAGCGGGCA
CATG; mouse B-actin FORWARD 5°-3° GTGCTATGTT
GCTCTAGACTTCG, B-actin REVERSE 5°-3 ATGCCAC
AGGATTCCATACC.

Immunofluorescence labeling

After the drug treatment and behavioral tests, mice were anes-
thetized with excess sodium pentobarbital and were transcardi-
ally perfused with 37 °C saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH, 7.4; 4 °C).
The local inflammatory skin tissues were quickly removed and
post-fixed for 8h in the same fixative solution and cryopro-
tected in 20% and 30% sucrose in 0.1 M phosphate buffer for
24h at 4 °C separately. The slices were cut to 15um using a
cryostat (—20°C), and were mounted on a gelatin-coated slide
and air dried for 6 h. For cell experiments, the cells were seeded
into a 24 well plate with polylysine (0.01%)-coated slides, and
then treated with drugs. At the end of the experiment, cells
were fixed with 4% paraformaldehyde for 15min, and washed
with 0.01M PBS. The sections were washed in 0.1 M PBS and
blocked for 1h with 5% donkey serum (0.2% tween-20) in
0.01M PBS and then incubated with primary antibodies at 4°C
overnight. The primary antibodies used included rabbit anti-p-
AMPK (Abcam, #ab23875, 1:250), mouse anti-CD68 (Abcam,
#ab955, 1:200), rabbit anti-p-STAT3 (Ser727) (Abcam,
#ab30647, 1:300), rabbit anti-STAT3(Abcam, #68153, 1:300).
The secondary antibodies used were donkey anti-rabbit IgG
conjugated with Dylight 594 (Jackson Immuno Research,
USA, 1:600) and donkey anti-mouse IgG conjugated with
Dylight 488 (Jackson Immuno Research, USA, 1:600).
Sections were incubated with DAPI for the nucleus staining for
Smin and then washed three times in 0.01M PBS for 5min.
Sections were cover-slipped with an anti-quenching mounting
media. Images were acquired using a fluorescence microscope
(BX51, Olympus, Japan) and were analyzed by using NIH
Image] software (Bethesda, MD, USA).
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Cell culture and treatment

A macrophage cell line (NR8383) was purchased from
Procell (Procell, Wuhan, China) and cultured in HyClone™
DMEM high glucose medium (GE healthcare life sciences,
HyClone Laboratories, USA) with penicillin/streptomycin
(100 U/10 mg/mL, #C0222, Beyotime Biotechnology, China)
and 20 % (v/v) fetal calf serum (Biological Industries,
Kibbutz Beit, Israel). Cells were grown in 50ml flasks under
standard cell culture conditions (37 °C, 5%CO,).

To determine whether AICAR induces activation of AMPK
to decrease iNOS expression, NR8383 cells were treated with
AICAR(0.5mM) and Compound C (Abcam, #ab120843,
20 uM) before N.S.(Control) or CFA (100 pug/ml) treatment.
NR8383 cells were exposed to CFA or vehicle for 24 h before
being collected for western blot and flow cytometry.

Lentivirus transfection

The wild type (WT) control vector and vectors encoding the
STAT3 Ser727 mutants were transfected into NR8383 cells
according to the manufacturer’s instruction. Briefly, cultured
NR8383 cells were transfected for 48h with the expression
vectors for STAT3 S727D (Lentivirus vector encoding a
m-Cherry—STAT3 fusion protein that carries a serine-to-aspar-
tate substitution at codon 727-m-Cherry—STAT3 S727D) and
WT STAT3 (Lentivirus vector encoding a m-Cherry—STAT3
fusion protein). The expression of m-Cherry-STAT3 and
m-Cherry-STAT3 S727D was detected by fluorescence micro-
scope. All vectors were constructed by Shanghai Genechem
Technology Co., Ltd, China. The transfection efficiency (70%—
80%) was evaluated by the percentage of cells with m-Cherry
48h after transfection. The cells were collected for immuno-
fluorescence and flow cytometry at the end of treatment.

Measurement of intracellular ROS

We used dye 2',7'-dichlorofluorescein diacetate (DCFDA)
(#S0033, Beyotime Biotechnology, China) to measure intra-
cellular ROS. NR8383 cells were loaded with DCFH-DA
(10 uM). DCFH-DA was diluted with serum-free medium
and incubated for 30minutes at 37°C. Then, cells were
washed and resuspended with 0.01M PBS. Finally, we used
BD LSRFortessa™, Special Order Research Product (FITC
channel) to detect the fluorescence intensity of DCF (mark-
ing ROS). Flow Jo 7.6 was used to analyze data.

Measurement of mitochondrial dysfunction

Mito-Tracker Red CMXRos (#C1049, Beyotime Biotechnology,
China) plays a role in labeling the mitochondria with biological
activity and detecting the change of mitochondrial membrane

potential. The normal cells show strong red fluorescence, and
cells with mitochondrial membrane potential dysfunction show
weaken red fluorescence. NR8383 cells were loaded with Mito-
Tracker Red CMXRos (200nM). Mito-Tracker Red CMXRos
was diluted with complete medium and incubated for 30 min-
utes at 37°C. Then, cells were washed and resuspended with
0.01M PBS. Finally, we used BD LSRFortessa™, Special
Order Research Product (PE-Texas Red-A channel) to detect the
fluorescence intensity. Flow Jo 7.6 was used to analyze data.

Statistical analyses

All data were expressed in mean = SEM and analyzed with
SPSS, version 26.0. Two-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test was used to determine
statistical difference in the thermal latency and withdrawal
thresholds between different groups. One-way ANOVA and
Newman Keuls post hoc test were used to analyze the protein
level and fluorescence intensity. The difference between two
groups was analyzed using unpaired Student's t test. P < 0.05
was considered to be statistically significant.

Results

Subcutaneous injection of the AICAR alleviated
CFA-induced pain hypersensitivity

Mice that received CFA injection exhibited mechanical
allodynia and thermal hyperalgesia. A single subcutaneous
administration of AICAR at day 7 after CFA injection sig-
nificantly suppressed mechanical allodynia and thermal
hyperalgesia (Figure 1(a) and (b)). AICAR treatment also
markedly promoted the phosphorylation of AMPK (Figure
1(c)—(e)). Immunocytochemical labeling showed the co-
labeling of macrophage and p-AMPK in local inflamma-
tory skin tissue. Immunofluorescence analysis showed that
AICAR can significantly promote the phosphorylation of
AMPK in CD68* macrophages (Figure 1(f)). The results
suggested that AICAR reduced inflammatory pain and
induced activation of AMPK in local inflammatory skin
tissues.

Activation of AMPK by AICAR significantly
inhibited the expression of iINOS

Our experimental hypothesis is that activating AMPK in
macrophages will reduce pain, as iNOS is a marker of pro-
inflammatory macrophages. CFA injection significantly
increased the protein and mRNA of iNOS. Treatment with
AICAR by a single subcutaneous injection at day 7 after CFA
injection significantly inhibited the expression levels of
iNOS and mRNA of iNOS (Figure 1(g)—(1)).
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Figure |. AICAR reduces inflammatory pain and increases AMPK phosphorylation, and inhibits protein and mRNA levels of iNOS in
inflamed skin tissues. (a, b) Mechanical allodynia and thermal hyperalgesia were measured at 2, 4, and 8h after treatment with AICAR or
vehicle (N.S.) in the 7th day. AICAR (20 ug/20 pl) was injected locally into the inflammatory site at day 7 after CFA injection. *P<0.05
versus Control group and #P <0.05 vs. CFA+VEH group (n=8per group, two-way ANOVA). (c—e) Gel images and group data showing
changes in AMPK/p-AMPK in inflamed skin tissues (n=3). Local inflammatory skin tissues were collected for Western blot 2 h after
treatment with AICAR or vehicle. *p < 0.05 versus Control group and #p < 0.05 versus CFA+VEH group (one-way ANOVA). (f)
Immunofluorescence images show co-localization of CD68 (green), p-AMPK (red) and DAPI in inflammatory skin tissues. Quantitative
analysis shows the relative immunofluorescence (IF) intensity of p-AMPK in CD68" macrophages. Scale bar represents 50 um. (g, h)

Gel images and group data show iNOS proteins in inflamed skin tissues (n=3). AICAR (20 pg/20 pl) was injected locally at day 7 after
CFA-induced inflammation. Local inflammatory skin tissues were collected for Western blot and qPCR 2 h after treatment with AICAR
or vehicle. (i) mMRNA level of iNOS in inflamed skin tissues(n=3). *b < 0.05 versus Control group and #p < 0.05 versus CFA+VEH group
(one-way ANOVA). VEH is the vehicle of AICAR (0.01 M PBS).
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Activation of AMPK inhibited STAT3 nuclear
translocation in macrophages and promoted
STAT3 (Ser727) phosphorylation in macrophage
cytoplasm

In CFA-induced inflammatory pain model, CFA significantly
increased the level of p-STAT3 (Ser727), and AICAR further
increased p-STAT3 (Ser727) in the total protein of inflamma-
tory skin tissues (Figure 2(a) and (c)). There was no signifi-
cant change in the total protein level of STAT3 in the control
group, CFA and CFA plus AICAR group (Figure 2(a) and
(b)).

We also detected STAT3 and p-STAT3 (Ser727) in cyto-
plasmic and nuclear. CFA significantly increased the level of
p-STAT3 (Ser727) and STAT3 in nuclear of inflammatory
skin tissues. AICAR reversed the effect of CFA (Figure 2(d)—
(f)). Meanwhile, compared with the CFA model group,
AICAR significantly increased the p-STAT3(Ser727) level
in the cytoplasmic protein of inflammatory skin tissues CFA
(Figure 2(g)—(1)). Immunofluorescence labeling showed the
STAT3 and phosphorylation of STAT3 (Ser727) in CD68*
macrophages. Immunofluorescence analysis showed that
AICAR significantly inhibited the nuclear translocation of
p-STAT3 and STAT3 in CD68" macrophages (Figure 2(j)
and (k)). These results suggested that CFA induced the
nuclear translocation of STAT3 in local inflammatory skin
tissue, and increased level of p-STAT3 (ser727) in the nuclei.
AMPK activation promoted the phosphorylation of STAT3
(Ser727), and increased the phosphorylation of p-STAT3
(Ser727) in the cytoplasm, and inhibited nuclear transloca-
tion of STAT3.

AMPK activation in NR8383 macrophages
promoted the phosphorylation of STAT3
(Ser727) in cytoplasm and inhibited the nuclear
translocation of STAT3 and the expression of
Inos

Compared with the CFA model group, AICAR significantly
inhibited the expression of iNOS and promote the phosphory-
lation of STAT3 (Ser727), and had no effect on STAT3.
Compound C, an AMPK antagonist, reversed the action of
AICAR (Figure 3(a)—(d)). It was confirmed that the activation
of AMPK promoted the phosphorylation of STAT3 (Ser727)
and inhibited the expression of iNOS in macrophages.
Compared with the control group, CFA significantly
increased the levels of p-STAT (Ser727) and STAT3 in the
nuclei, and decreased the levels of p-STAT3(Ser727) and
STAT3 in the cytoplasm. Compared with CFA group, AICAR
significantly decreased the levels of p-STAT3 (Ser727) and
STAT3 in the nuclei, and increased the levels of p-STAT3
(Ser727) and STAT3 in the cytoplasm. AMPK antagonist,
Compound C, reversed the effects of AICAR (Figure 4(a)—(e)).
Immunofluorescence labeling showed the distribution of

p-STAT3 (Ser727) and STAT3 in the cytoplasmic and nuclei of
NR8383 macrophages (Figure 4(f)).

Specific activation of AMPK alleviated ROS
accumulation and mitochondrial damage induced
by CFA in NR8383 macrophages

It has been reported that ZnCl, treatment promotes the phos-
phorylation of STAT3 (Ser727) in the cytoplasm, and attenu-
ates the mitochondrial damage and ROS accumulation to
alleviate the inflammatory damage in the rat model of myo-
cardial ischemia-reperfusion injury.!* Compared with the
control group, the fluorescence intensity of ROS in CFA
group significantly increased, and the fluorescence intensity
of Mito tracker red CMXRos in CFA group significantly
decreased. Compared with CFA group, ROS fluorescence
intensity of CFA plus AICAR group significantly decreased,
and the fluorescence intensity of Mito tracker red CMXRos
significantly increased. Compound C significantly reversed
the effect of AICAR (Figure 5(A)—(d)). These results sug-
gested that CFA induced ROS accumulation and mitochon-
drial damage in NR8383 macrophages. Activation of AMPK
attenuated ROS accumulation and mitochondrial damage in
NR8383 macrophages induced by CFA.

STAT3 phosphorylation mutation (S727D)
reduced ROS accumulation and mitochondrial
damage in NR8383 induced by CFA

The Ser727 site of STAT3 was mutated to aspartate to induce
constitutive STAT3 phosphorylation. As reported previ-
ously,'>?? the Ser727 site of STAT3 was mutated to aspartate
as continuous phosphorylation of STAT3. We used m-Cherry-
STAT3 S727D plasmid (m-Cherry STAT3 WT as negative
control) for transfection with lentivirus in NR8383 macro-
phages. Compared with the control group, the ROS level in
CFA plus WT group significantly increased. Compared with
CFA plus WT group, the ROS level in CFA plus S727D
group significantly decreased (Figure 6(a) and (b)). At the
same time, we tested the effect of S727D on mitochondrial
damage. Compared with CFA plus WT group, the fluores-
cence intensity of Mito tracker red CMXRos in CFA plus
S727D group significantly increased (Figure 6(C)—(e)).
These results indicated that AMPK activation promoted the
phosphorylation of STAT3 (Ser727) to alleviate ROS accu-
mulation and mitochondrial damage in macrophages caused
by CFA (Figure 7).

Discussion

AMPK (adenosine monophosphate activated protein kinase)
is a kinase that mainly regulates energy homeostasis.
Phosphorylation of Thr172 site is a marker of AMPK activa-
tion.?* In recent years, many studies have shown that AMPK
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Figure 2. AICAR inhibits STAT3 nuclear translocation and promotes STAT3 (Ser727) phosphorylation in the cytoplasm of inflammatory
skin tissues. (a—c) Gel images and group data of p-STAT3 (Ser727) and STAT3 in total protein of inflamed skin tissues (n=3). (d—f) Gel
images and group data of STAT3, p-STAT3 (Ser727) nuclear proteins and a nuclear reference protein Histone-3 (H3) in inflammatory
skin tissues(n=3). (g-i) Gel images and group data of STAT3, p-STAT3 (Ser727) proteins and an internal reference GAPDH in cytoplasm
skin tissues(n=3) respectively. AICAR (20 ig/20 pl) was injected locally at day 7 after CFA-induced inflammation. Local inflammatory skin
tissues were collected to extract total protein, cytoplasmic and nuclear proteins for western blot 2 h after AICAR treatment. *p <0.05
versus Control group and #p <0.05 versus CFA+VEH group (one-way ANOVA). VEH is the vehicle of AICAR (0.01 M PBS). (j, k)
Immunofluorescence images show subcellular distribution and co-localization of p-STAT3 (Ser727) (red), STAT3 (red), macrophage
(CD68) (green) and DAPI(blue) in inflamed skin tissues(n=3 repeats). Inmunofluorescence analysis shows that AICAR affects the nuclear
translocation of p-STAT3 and STAT3 in CDé68 cells. Scale bar, 50 um. VEH is vehicle, which is the vehicle of AICAR, sterile 0.0/M PBS.
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Figure 3. AICAR increases STAT3 (Ser727) phosphorylation and inhibits iNOS expression in NR8383 macrophages treated with CFA.
Western blot was carried out 24 h after CFA induced inflammatory response. Representative gel images (a) and group data (b—d) show
the expression of p-STAT3(Ser727), STAT3, iNOS and B-actin in NR8383 cells 24h after AICAR treatment (n=3 per group). *p <0.05
versus Control group, #p <0.05 vs. CFA+VEH group and &p < 0.05 versus CFA+AICAR group (one-way ANOVA). VEH is the vehicle

of AICAR (0.01 M PBS). CC, Compound C.

activation has anti-inflammatory and analgesic effects.?*? In
this study, we investigated the novel mechanism by which
AMP-activated protein kinase (AMPK) activation modulates
the STAT3 to produce analgesic effects in CFA-induced
inflammatory pain model. Our findings revealed that AMPK,
activated by AICAR, inhibited STAT3’s nuclear transloca-
tion and reduced the phosphorylation of p-STAT3 (Ser727)
within the nuclei, consequently leading to the downregula-
tion of inducible nitric oxide synthase (iNOS) overexpres-
sion. Additionally, AMPK activation facilitated cytoplasmic
phosphorylation of STAT3 (Ser727), thereby mitigating ROS
accumulation and alleviating mitochondrial dysfunction.
This study unveils a new pathway through which AMPK
exerts its anti-inflammatory and analgesic effects.

The phosphorylation of a-catalyzed threonine residues
(Thr172) is a more effective regulator than allosteric activa-
tion, which can increase AMPK activity by nearly 100 times.?¢
In pain model induced by spared nerve injury, activation of
AMPK reduces the excitability of dorsal root ganglion neu-
rons to relieve pain.?’ In the model of acute incision-induced
pain in mice, local administration of resveratrol cream or sys-
temic administration of metformin activates AMPK to allevi-
ate pain.?® When AMPKa is knocked out, the nociceptive

response is enhanced in inflammatory pain model mice.?’ In
the rat model of temporomandibular joint osteoarthritis,
AMPK activation mediates the inhibition of IL-1f and nitric
oxide to relieve the nociceptive pain.*” In this study, subcuta-
neous injection of AICAR activated AMPK to alleviate CFA-
induced pain hypersensitivity. It is in line with previous
reports. AICAR activated AMPK in macrophage(CD68™),
and inhibited iNOS expression of inflammation skin tissues
of CFA-induced. We know that iNOS is marker of pro-
inflammatory M1 macrophages and is involved in pain hyper-
sensitivity.>*!*? Next, we investigated the mechanism of
AMPK activation regulating iNOS expression.

There is a conserved SH2 (SRC homology 2) domain and a
C-terminal tyrosine residue (Y705) in the primary amino acid
sequence of STAT3. Phosphorylation of STAT3 (Y705) is the
key factor to activate STAT3 transcription function.* STAT3
is a transcription factor that interacts with peptide receptors on
the cell surface and mediates extracellular signals such as
cytokines and growth factors. Specifically, under the stimula-
tion of cytokines, STAT3 tyrosine phosphorylation has tran-
scription activity, and nuclear translocation of STAT3 dimer
achieves the transcription of target genes.**** In addition,
phosphorylation of STAT3 (Ser727) enhances transcription
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Figure 4. Activation of AMPK inhibits STAT3 nuclear translocation, reduces the level of p-STAT3 (Ser727) in the nuclei, and promotes

the phosphorylation of STAT3 (Ser727) in the cytoplasm of NR8383 cells treated with CFA. Cells were collected to extract nuclear
and cytoplasmic proteins for Western blot 24 h after AICAR treatment. Gel images (a) of p-STAT3(Ser727), STAT3, Histone-3 and
GAPDH proteins in the cytoplasm (d and e) and nuclei (b and c) of NR8383 (n=3 per group). *p» < 0.05 versus Control group, #p <0.05
versus CFA+VEH group and &p < 0.05 vs. CFA+AICAR group (One-way ANOVA). VEH is the vehicle of AICAR (0.0 M PBS). CC,
Compound C. Co-localization of STAT3 and p-STAT3 (ser727) in macrophages. (f) Immunofluorescence images show the effect of CFA
and AICAR on the subcellular distribution of p-STAT3 (Ser727) (red), STAT3 (red) and DAPI in NR8383 cells. Scale bar, 50 um.

activity of STAT3.%° In Raw 264.7 cells, LPS causes nuclear
translocation of STAT3, and p-STAT3 (Ser727) promotes the
transcription of iNOS in nuclei.’” In LPS-induced RAW264.7
macrophages, LPS can mediate the activation of Janus kinase
2 and the phosphorylation of STAT3 at Ser727 and Tyr705
sites, promoting the expression of inflammatory factors
including iNOS. Resokaempferol exerts its anti-inflammatory
effects by suppressing the activation of the NF-xB and STAT3
pathways, thereby inhibiting their nuclear translocation and
consequently downregulating the expression of inflammatory
cytokines.*® In LPS-induced sepsis rat model, the activation of

STAT3 by miR-34a mediates the expression and secretion of
iNOS in pulmonary macrophages.*’

Our study showed that CFA induced the up-regulation of
iNOS and increased phosphorylation of STAT3 (Ser727).
AICAR alleviated CFA-induced pain hypersensitivity, and
inhibited iNOS expression in CFA-induced inflammatory
skin tissues. Contrary to our hypothesis, we found that
AICAR promoted the phosphorylation of STAT3(Ser727).
Interestingly, our further study found that AICAR inhibited
the level of STAT3 and p-STAT3(Ser727) in the nuclei, and
increased the level of p-STAT3(Ser727) in the cytoplasmic
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Figure 5. Activation of AMPK attenuates ROS accumulation and mitochondrial damage induced by CFA in NR8383 cells. Peak
histograms (a) and group data (b) of DCFDA fluorescence intensity (n= 3 per group). Peak histograms (C) and group data (d) of
fluorescence intensity Mito tracker red CMXRos (n=3 per group). Cells were collected and stained with DCFDA and Mito tracker red
CMXRos for flow cytometry 24 h after AICAR treatment. *p < 0.05 versus Control group, #p < 0.05 versus CFA+VEH group and &
P<0.05 vs. CFA+AICAR group (one-way ANOVA). VEH is the vehicle of AICAR (0.01 M PBS). CC, Compound C.

protein of inflammatory skin tissues. In vitro studies utilized
NR8383 macrophages as the cell model for experimenta-
tion. CFA induced NR8383 macrophages inflammatory
response and increased iNOS expression. Meanwhile, CFA
increased the level of STAT3 and p-STAT3(Ser727) in
the nuclei. AICAR inhibited the level of STAT3 and
p-STAT3(Ser727) in the nuclei, and increased the level of
p-STAT3(Ser727) in the cytoplasm in NR8383 macrophages
after CFA treatment. Compound C reversed the effects of
AICAR. In vitro experiments, CFA induced a decrease of

total p-STAT3(Ser727) level in NR8383 cells. It contradicts
the experimental outcomes observed in vivo. According to
previous studies, promoting phosphorylation of STAT3
Ser727 leads to dephosphorylation of Y705 to inhibit STAT3
nuclear translocation.***! To sum up, we still concluded that
AMPK activation inhibited the increase of STAT3 and
p-STAT3(Ser727) in the nuclei to increase the expression of
iNOS. However, whether STAT3 directly or indirectly regu-
lates the expression of iNOS (nos2) upon nuclear transloca-
tion requires further investigation.
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Figure 6. Promoting STAT3 phosphorylation attenuates ROS accumulation and mitochondrial damage induced by CFA in NR8383
cells. (a, b) Peak histogram and group data of DCF fluorescence intensity (n=3 per group). (c, d) Peak histogram and group data of Mito
Tracker Red CMXRos (n=3per group). NR8383 cells were transfected with wild-type (m-Cherry-STAT3 WT) or the STAT3 Ser727
mutant (m-Cherry-STAT3 S727D) vectors, and then the cells were treated with CFA (100 pg/ml) for 24 h before flow cytometry.

*p < 0.05 vs. Control group and #p < 0.05 versus CFA+WT group (One-way ANOVA in b or unpaired Student’s t test in d and e).

*p < 0.05 versus Control group (n=3per group). (¢) m-Cherry fluorescence intensity of CFA+WT group and CFA+S727D group

without Mito Tracker Red CMXRos staining.

In addition, AMPK activation increased p-STAT3
(Ser727) in cytoplasm of macrophages, which may exert
anti-inflammation effect by regulating ROS accumulation.
ROS are intermediate products of normal oxygen metabo-
lism, which are involved in the regulation of cell prolifera-
tion and also have harmful effects on inflammatory
mediators.*? ROS are also involved in the occurrence of pain,

such as the recruitment of CX3CR1 positive monocyte mac-
rophages at the site of peripheral nerve injury after cancer
chemotherapy, which can release ROS to activate TRPA1
(transient receptor potential ankyrin 1) channel to induce
nociception.*” In vitro experiments, NR8383 macrophages
were used for cell experiments. CFA increased ROS level
and mitochondrial damage in NR8383 macrophages. AICAR
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Figure 7. Schematic diagram shows that AMPK activation regulates STAT3 to alleviate inflammatory pain. (a) In CFA-induced
inflammatory pain model, CFA causes STAT3 nuclear translocation in macrophages and increases the level of p-STAT3 (Ser727) in
the nuclei to promote the expression of INOS(Nos2 gene). Also, CFA induces ROS accumulation and mitochondrial dysfunction in
macrophages. (b) Activating AMPK with AICAR inhibits STAT3 nuclear translocation and decreases p-STAT3 (Ser727) in the nuclei
to reduce iNOS in macrophages. Activation of AMPK increases p-STAT3 (Ser727) in the cytoplasm to attenuate CFA-induced

mitochondrial damage and ROS accumulation.

inhibited the level of ROS and alleviated mitochondrial dam-
age after CFA treatment. Compound C reversed the effects of
AICAR.

Macrophages, pivotal in modulating inflammation and
pain, assume distinct roles in both the induction and resolu-
tion of pain.*** Macrophage polarization is a critical deter-
minant in the genesis and alleviation of pain. Ml
macrophages, which are quasi-activator types, generate pro-
inflammatory cytokines that enhance the sensitivity of pain
receptors, potentially instigating inflammatory pain.
Conversely, M2 macrophages, characterized as anti-inflam-
matory, secrete cytokines that counter inflammation, foster
tissue repair, and aid in the dissipation of pain.*4¢
Macrophages, as phagocytes, clear dead and dying cells
through efferocytosis, preventing secondary necrosis and
exacerbation of inflammation, thereby facilitating the resolu-
tion of inflammation.*’** Additionally, phagocytosis leads to
a reduction in the production of pro-inflammatory cytokines
by macrophages and an increase in the expression of special-
ized pro-resolving mediators (SPMs) and anti-inflammatory
cytokines, such as IL-10.*°° In a CFA-induced model of
inflammatory pain, day 7 is a critical time point for periph-
eral inflammation in animals. Electroacupuncture can inhibit
the activation of NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome in macrophages in

inflammatory skin tissue.’! Maresin 1 (MaR1), a pro-resolv-
ing mediator produced by macrophages, has been found to
stimulate macrophage phagocytosis, wound regeneration,
and control both inflammatory and neuropathic pain.? In
chronic pain conditions, there is no significant disparity in
the total macrophage population between sexes.’> However,
in chronic pain caused by inflammation activated by the
innate immune system, female mice are more sensitive to the
effects of macrophages.”>* Sex can directly affect the acti-
vation status of macrophages. In the research on the mecha-
nism by which allopregnanolone inhibits cytokines/
chemokines, it has been observed that allopregnanolone sup-
presses TLR4 activation in both males and females. However,
the inhibition of TLR7 signaling exhibits specificity toward
female donors.* Our study utilized adult male mice to inves-
tigate the potential mechanism by which AMPK-STAT par-
ticipates in the regulation of macrophage inflammatory
cytokine iNOS expression to exert analgesic effects. Further
research is warranted on the role of AMPK-STAT in macro-
phage polarization, efferocytosis, and the implications of
gender differences in analgesic mechanisms.

ROS in CFA group significantly increased, and the fluo-
rescence intensity of Mito tracker red CMXRos significantly
decreased. Compared with CFA group, ROS fluorescence
intensity of CFA plus AICAR group significantly decreased,
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the fluorescence intensity of Mito tracker red CMXRos sig-
nificantly increased. Compound C significantly reversed the
effect of AICAR. This study showed that CFA induced ROS
accumulation and mitochondrial damage in macrophages,
and specific activation of AMPK significantly attenuated
ROS accumulation and mitochondrial damage induced by
CFA. According to the previous reports, the Ser727 site of
STAT3 was mutated to aspartate(STAT3 S727D) as continu-
ous phosphorylation of STAT3.!%2* STAT3 S727D signifi-
cantly attenuated ROS accumulation and mitochondrial
damage induced by CFA. In this study, AMPK specific acti-
vation promotes the phosphorylation of STAT3 Ser727 in the
cytoplasm to reduce the ROS accumulation and mitochon-
drial damage induced by CFA. After nerve injury, the pro-
duction of NO can activate glial cells and infiltrating
macrophages, which induce prolonged iNOS transcription in
response to nerve damage. iNOS can lead to excessive neu-
ronal excitability. In the spared nerve injury rat model, intra-
peritoneal injection of the iNOS inhibitor 1400W can
improve pain behavior, while inhibiting the inflammatory
factors iNOS, IL-1B, and IL-1a to exert analgesic effects.>
In the formalin-induced pain mouse model, 2,2'-dipyridyl
diselenide can significantly improve pain behavior while
inhibiting the expression of spinal iNOS, NF-xB, and JNK
phosphorylation.’” iNOS-derived NO enhances the produc-
tion of mitochondrial ROS, which diffuses into the cyto-
plasm and further upregulate iNOS.*® In this study, the
activation of AMPK can inhibit the production of iNOS and
ROS in macrophages, thereby improving CFA-induced
inflammatory pain. However, the interrelationship between
iNOS and ROS and their mechanisms in regulating inflam-
matory pain still requires further investigation.

Conclusions

In summary, we have delineated the mechanism by which
AMPK activation regulates STAT3 to ameliorate inflamma-
tory pain in the CFA-induced inflammatory pain model.
AMPK activation inhibited the nuclear translocation of
STAT3, and reduced the phosphorylation of STAT3 (Ser727)
within macrophage nuclei, subsequently decreasing the ele-
vated expression of iNOS. Furthermore, AMPK activation
enhanced the phosphorylation of STAT3(Ser727) in the mac-
rophage cytoplasm, thereby mitigating ROS accumulation
and mitochondrial damage. Our identification of a novel
AMPK-mediated regulatory mechanism involving STAT3
and p-STAT3 (Ser727) in the mitigation of inflammatory
pain offers new perspectives for pain treatment and research.
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