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Impaired AMPK-CGRP signaling in the central nervous
system contributes to enhanced neuropathic pain in high-fat
diet-induced obese rats, with or without nerve injury
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Abstract. Obesity is associated with increased sensitivity
to pain, including neuropathic pain, but the precise mecha-
nisms are not fully understood. Recent evidence has revealed
that AMP-activated protein kinase (AMPK) in the central
nervous system (CNS) regulates the neuropeptide calcitonin
gene-related peptide (CGRP), a principal neurotransmitter
of the class C nerve fiber, which serves an important role in
initiating and maintaining neuropathic pain. AMPK has been
demonstrated to be downregulated in the CNS in obesity.
The present study hypothesized that obesity may lead to
increased sensitivity to neuropathic pain by downregulating
AMPK and upregulating CGRP expression levels in the
CNS. Sprague-Dawley rats consuming a high-fat diet (HF)
for 12 weeks developed obesity; they exhibited significantly
decreased levels of phospho (p)-AMPK and increased CGRP
expression levels in the spinal cord (SC) and dorsal root
ganglion (DRG), respectively, compared with rats consuming
a low-fat (LF) diet. HF-fed rats that underwent spared nerve
injury (SNI) also exhibited lower p-AMPK and higher CGRP
expression levels in the SC and DRG, compared with the corre-
sponding LF-diet rats. The 50% paw withdrawal threshold
(PWT; as measured by Von Frey testing) was significantly
lower in HF-fed compared with LF-fed rats, with or without
SNI. Through intrathecal treatment, the AMPK activator
5-aminoimidazole-4-carboxamide riboside (AICAR) or the
CGRP antagonist CGRP8-37 decreased CGRP expression
levels and increased the 50% PWT; however, the AMPK inhib-
itor dorsomorphin augmented CGRP expression levels and
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further reduced the 50% PWT in HF-fed rats, but not LF-fed
rats, with or without SNI. The results indicated that blocking
the AMPK-CGRP pathway may enhance neuropathic pain in
HF-induced obesity, with or without nerve injury. Targeting
AMPK in the CNS may be a novel strategy for the prevention
and treatment of obesity-associated neuropathic pain.

Introduction

Obesity has reached epidemic proportions worldwide and
is associated with insulin resistance, dyslipidemias, type 2
diabetes and neurodegenerative disorders (1). Emerging
evidence has revealed a link between obesity and increased
sensitivity to pain. For example, obese Zucker rats were found
to be more sensitive to thermal stimulation of the tail (2),
and diet-induced obese rats exhibited increased paw edema
following Freund's complete adjuvant-induced arthritis (3).
Also, diet-induced obese rats and obese Zucker rats exhib-
ited augmented peripheral inflammation and inflammatory
hyperalgesia in response to an intradermal injection of carra-
geenan (4-6). In addition, obesity has been associated with
enhanced neuropathic pain independent of diabetes (7), though
the underlying mechanism remains unclear. There are currently
no available pharmacological treatments for the preven-
tion or cure of obesity-associated pain. Therefore, a greater
understanding of the precise mechanisms of this pathology,
as well as the identification of potential drug targets, is of
considerable interest. AMP-activated protein kinase (AMPK)
is an important sensor of cellular energy status that serves a
key role in cellular energy homeostasis (8). AMPK has been
implicated in a number of diseases related to energy metabo-
lism, including obesity. In addition to the regulation of cellular
energy metabolism, AMPK may mediate the pain response
(as indicated in preclinical pain models) (9,10), and targeting
AMPK is now considered to be a novel strategy for the preven-
tion and treatment of pain (11). A recent study demonstrated
that the activation of AMPK alleviated trigeminal neuralgia by
downregulating the expression level of neuropeptide calcitonin
gene-related peptide (CGRP; a principal neurotransmitter of
nociceptive sensory C-fibers), and reducing neuroinflammation



1280

in the spinal trigeminal nucleus (12). The activation of AMPK
has also been reported to be impaired in the central nervous
system (CNS) of diet-induced obese animals (13).

The present study hypothesized that obesity may result in
increased sensitivity to neuropathic pain by downregulating
AMPK and upregulating CGRP-associated pathways in the
spinal cord (SC) and dorsal root ganglion (DRG). For this
purpose, a high-fat diet (HF)-induced obese rat model that
mimics human obesity syndrome was utilized, and mechanical
allodynia in rats with or without spared nerve injury (SNI) was
assessed.

Materials and methods

Animals. A total of 100 male Sprague-Dawley rats weighing
~70 g (4 weeks old; Liaoning Changsheng Biological Center,
Shenyang, China) were fed a high-fat diet (HF; fat-containing
45% kcal; Research Diets, Inc.) to induce obesity as previously
described (14). A further 100 male Sprague-Dawley rats were
given a low-fat diet (LF; contains 10% kcal of fat; Research
Diets, Inc), and 10 rats were allocated to each group as previ-
ously described (14). All animals were housed at a constant
temperature of 23-25°C, with 50% relative humidity and a
12-h light/dark cycle. The rats had ad libitum access to food
and autoclaved water. All experiments were conducted in
accordance with the Guiding Principles for Research Involving
Animal and Human Beings, and the experimental procedures
were approved by the Animal Care and Use Committee of
China Medical University (JACUC no. 20180121).

Chemicals and reagents. Phosphorylated (p)-AMPK™"7 and
total-AMPK antibodies were purchased from Cell Signaling
Technology, Inc. 5-Aminoimidazole-4-carboxamide riboside
(AICAR),dorsomorphin (DOR) and CGRP8-37 were purchased
from APExBIO. The CGRP ELISA kit was purchased from
Cusabio Technology LLC (cat. no. CSB-E08211r). All other
chemicals were purchased from Sigma-Aldrich; Merck KGaA.

Experimental protocols. To examine neuropathic pain in obese
animals, body weight and mechanical allodynia were measured
once a week during HF or LF feeding. At 10 and 12 weeks after
feeding, 20 rats from each group were sacrificed to collect the
SC and DRG for molecular studies. The remaining animals
were treated with an intrathecal AMPK activator (AICAR;
0.2 umol/kg), AMPK inhibitor (DOR; 0.2 gmol/kg), CGRP
antagonist (CGRP8-37; 20 pmol/kg) or the saline vehicle control
(VER) after 12 weeks, for a further 7 days. During treatment,
mechanical allodynia was recorded daily, and the SC and DRG
were collected at the end of the treatment course.

To investigate neuropathic pain following nerve injury in
obese animals, 12 weeks after HF or LF feeding, rats from
each group underwent SNI, and mechanical allodynia was
measured once a week for 14 days. At the 14-day time-point,
these animals were treated with AICAR, DOR or VEH for
7 consecutive days. During treatment, mechanical allodynia
was measured daily, and the SC and DRG were collected for
further studies following treatment.

Quantitative assessment of allodynia. Mechanical allo-
dynia was assessed using the Von Frey test as previously
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described (15). Briefly, the rats were placed in a cage with amesh
bottom, and calibrated cilia-Von Frey filaments were applied
perpendicularly to the hind paws until a positive response was
observed, which included withdrawal and licking or shaking
of the paws. The up-down method was used to determine
the mechanical force required to induce paw withdrawal in
50% of animals. A filament that was estimated to be close to
the 50% paw withdrawal threshold (PWT) was first used to
stimulate the animal. If the animal showed a positive response,
the next lowest-force filament was tested; if the animal did not
show a response, the next highest-force filament was tested.
A total of 4 readings were acquired and the 50% threshold
was calculated using the following formula: 50% contraction
threshold=10log(x) + kO; x was the strength of the last stimulus
used; k was the coefficient of different stimulation modes; and
0 (0=0.224) was the average value of the adjacent spacing of
each stimulation intensity (g).

SNI animal model. An SNI model that mimics nerve
injury-associated human neuropathic pain was induced as
previously described (16). Briefly, rats were anesthetized by
inhalation of 3% isoflurane, and the main sciatic nerve and its
branches in the hind limb were exposed. The phrenic nerve
and the common peroneal nerve were ligated or severed, and
small sural nerves were preserved. After 24 h, a significant
pain response was triggered in the hind paw and the lateral
aspect of the foot.

Lumbar catheterization of the spinal subarachnoid space. For
drug delivery to the lumbar subarachnoid space, lumber cathe-
terization was performed as described previously (17). Briefly,
the rat was anesthetized by inhalation of 3% isoflurane. An
incision lateral to the midline was made and a guided cannula
(20 G) was inserted into the subarachnoid space. The correct
localization was indicated by a tail-flicking action and hind
limb paralysis after administration of 2% lidocaine (10 pl)
through the catheter in wakened animals.

Specimen collection and processing. Rats were euthanized
individually in a transparent sealed box; 5 ml/kg sevoflurane
liquid was introduced into the box, and the rat was allowed to
inhale the vapor until death (~2 min). The L, ; SC and DRG
were isolated from the rat and stored at -80°C for subsequent
western blot and ELISA analyses.

Western blotting. The L, ¢ SC and DRG samples were homog-
enized in 400 1 homogenization buffer containing RIPA lysis
buffer (cat. no. PO013B; Beyotime Institute of Biotechnology).
The samples were incubated at 0°C for 30 min, followed by
centrifugation at 12,000 x g at 4°C for 10 min. The superna-
tant was collected and denatured by boiling for 5 min. Total
protein was quantified using the BCA method and was sepa-
rated using 12% SDS-PAGE gels (20 ug of protein was loaded
per lane), and then transferred to a polyvinylidene fluoride
membrane. The membrane was blocked with blocking buffer
containing 5% fat-free milk for 30 min at room tempera-
ture and incubated with the following primary antibodies
at 4°C overnight: Rabbit anti-p-AMPK™"7? (1:1,000; cat.
no. 50081s; Cell Signaling Technology, Inc.), rabbit anti-total
APMK (1:1,000; cat. no. 5832s; Cell Signaling Technology,
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Inc.) and rabbit anti-GAPDH (1:1,000; cat. no. 5174s; Cell
Signaling Technology, Inc.). The membrane was then washed
and incubated with a horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody (1:10,000; cat. no. zb-2301;
ZSGB BIO) for 2 h at room temperature, prior to devel-
oping with ECL reagent (EMD Millipore). The results were
acquired and analyzed using a molecular imager (Gel Doc™
XR; 170-8170) and the associated Quantity One 4.6.5 soft-
ware (Bio-Rad Laboratories, Inc.). Statistical analysis was
performed using the optical density ratio of the target protein
bands to that of the GAPDH band, and the expression levels
of phosphorylated proteins were normalized according to the
following formula: (phosphorylated protein/GAPDH)/(total
protein/GAPDH).

ELISA. The concentrations of CGRP in the SC and DRG were
measured using an ELISA kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions.

Statistical analysis. All data are presented as the
mean + standard error of the mean. Statistical analyses were
performed using GraphPad Prism 7 (GraphPad Software,
Inc.,). Two-way repeated measures ANOVA was conducted on
PWT measurements, followed by the Bonferroni correction to
identify the significant differences between groups at different
time points. ELISA and western blotting results between
groups were compared using one- or two-way ANOVA
followed by the Bonferroni correction. P<0.05 was considered
to indicate a statistically significant difference.

Results

Mechanical allodynia and CGRP signaling in obesity. Prior
to HF feeding, body weight was similar between rats assigned
to the HF and LF groups (Fig. 1A). After 6 weeks of feeding,
the HF-fed rats had gained significantly more body weight
than the LF-fed rats, and this trend continued throughout the
12-week dietary period. After 10 weeks of feeding, the mean
body weight in HF-fed rats was approximately double that of
the LF-fed rats, indicating that a HF diet resulted in obesity
in rats.

Mechanical allodynia was assessed with the Von-Frey
test and the 50% PWT was measured. The 50% PWT was
significantly lower in HF-fed rats compared with LF-fed rats
at 10 weeks, and this trend persisted until 12 weeks (Fig. 1B).

The CGRP pathway has been suggested to serve an
important role in mediating neuropathic pain (18,19). To
examine the possible molecular mechanisms responsible for
enhanced mechanical allodynia in HF-fed rats, the expression
levels of CGRP in the SC and DRG were measured and were
comparable between the groups at 10 weeks, but significantly
higher in HF-fed rats than in LF-fed rats at the 12-week point
(Fig. 1C).

To further examine whether increased CGRP in the SC
and DRG was associated with enhanced mechanical allodynia
in HF-fed rats, HF- and LF-fed rats were treated with the
intrathecal CGRP antagonist CGRP8-37 or the saline VEH
control for 7 consecutive days, after 12 weeks of feeding. As
shown in Fig. 1D, the 50% PWT was significantly lower in
HF-fed rats compared with LF-fed rats receiving intrathecal
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VEH. Intrathecal CGRP8-37 significantly increased the 50%
PWT in HF-fed rats throughout the 7 days when compared
with VEH treatment. Intrathecal CGRP8-37 did not alter the
50% PWT in LF-fed rats.

Effects of modulating the AMPK pathway on mechanical
allodynia in obesity. Activation of AMPK has been shown
to mediate neuropathic pain via the CGRP pathway (11);
therefore, the role of the AMPK pathway in regulating neuro-
pathic pain in obesity was examined. As presented in Fig. 2,
intrathecal treatment with AICAR for 7 days significantly
increased the 50% PWT in HF-fed rats compared with VEH
treatment (Fig. 2A). By contrast, intrathecal treatment with the
AMPK inhibitor DOR for 7 days further decreased the 50%
PWT in HF-fed rats compared with VEH treatment (Fig. 2B).
Neither AICAR nor DOR had any effect on the 50% PWT in
LF-fed rats.

The expression of p-AMPK™"72 in the SC was signifi-
cantly lower in HF-fed rats at both 10 and 12 weeks, compared
with that in LF-fed rats (Fig. 2C). The level of p-AMPK™72 in
the SC of HF-fed rats was increased by intrathecal treatment
with AICAR, decreased by DOR treatment, and unchanged
by CGRPS8-37 treatment (Fig. 2D). Additionally, the levels of
CGPR in the SC of HF-fed rats were decreased by AICAR
and CGRP8-37 treatment, but increased by DOR treatment
(Fig. 2E). None of the treatments had any notable effect on
p-AMPK™""2 or CGPR expression levels in LF-fed rats.

Mechanical allodynia and the AMPK-CGRP pathway in
obesity after SNI. To investigate neuropathic pain following
nerve injury in obese animals, SNI was induced after
12 weeks of HF or LF feeding, and mechanical allodynia was
measured for 14 consecutive days. At 2 weeks after SNI, rats
were treated with intrathecal AICAR, DOR, CGRP8-37 or
VEH, and mechanical allodynia was measured for another 7
consecutive days. As shown in Fig. 3, HF-fed rats exhibited
a significantly lower 50% PWT than LF-fed rats at all time
points following SNI (Fig. 3A). Intrathecal treatment with
AICAR (Fig. 3B) or CGRP8-37 (Fig. 3C) increased the 50%
PWT, whereas DOR (Fig. 3D) further reduced the 50% PWT
in HF-fed rats compared with LH-fed rats.

The expression levels of CGRP in the SC (Fig. 4A) and
DRG (Fig. 4B) were significantly higher in HF-fed rats than in
LF-fed rats following SNI. Intrathecal treatment with AICAR
or CGRP8-37 reduced the levels of CGRP expression in the
SC and DRG in both study groups. By contrast, intrathecal
treatment with DOR augmented the expression levels of
CGRP in the SC and DRG of HF-fed rats, compared with
those in LF-fed rats. Moreover, p-AMPK™'72 (Fig. 4C) in the
SC was lower in HF-fed rats compared with LF-fed rats after
SNI. Intrathecal treatment with AICAR or CGRPS8-37 upregu-
lated p-AMPK™"72 in SC, whereas intrathecal treatment with
DOR decreased the expression of p-AMPK™72 in the SC of
HF-fed rats compared with that in LF-fed rats after SNI. As
the present sudy focused on the effect of neuropathic pain in
rats fed a HF diet, there was no concern about some changes in
the rats fed a LF diet. A significant decrease in the expression
of p-AMPK™172 was not observed in the LF group after DOR.
It is hypothesized that the SNI model itself may have an effect
on the expression of p-AMPK™"72,
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Figure 1. PWT, body weight and CGRP expression in rats fed with HF or LF diets for 12 weeks. Alterations in (A) body weight, (B) 50% PWT (as measured
by the Von Frey test) and (C) expression levels of CGRP in the SC and DRG. "P<0.05 vs. respective LF group. (D) Effects of intrathecal treatment with a
CGRP antagonist (CGRP8-37) on 50% PWT in rats fed an HF or LF diet. "P<0.05 vs. LF+VEH; "P<0.05 vs. HF+VEH. n=10 per group. PWT, paw withdrawal
threshold; CGRP, calcitonin gene-related peptide; SC, spinal cord; DRG, dorsal root ganglion; HF, high fat; LF, low fat; VEH, vehicle.

Discussion

The primary findings of the present study were: i) HF-induced
obese rats with or without nerve injury exhibited enhanced
mechanical pain sensitivity, which was inhibited by the
AMPK activator AICAR or the CGRP antagonist CGRP8-37,
and exaggerated by the AMPK inhibitor DOR; ii) HF-induced
obese rats with or without nerve injury showed decreased
levels of p-AMPK™""2 and higher expression levels of CGRP
in the SC and DRG; iii) p-AMPK™"7 in the SC and DRG of
HF-induced obese rats was upregulated by AICAR, which also
reduced the expression levels of CGRP; and iv) p-AMPK™172
in the SC and DRG of HF-induced obese rats was downregu-
lated by DOR, which also augmented the expression levels of
CGRP. Collectively, these data suggested that the enhanced
neuropathic pain in HF-induced obese rats with or without
nerve injury was due to decreased AMPK activity in the SC
and DRG, which resulted in increased CGRP expression levels.

Neuropathic pain is defined as pain resulting from injury or
disease affecting the peripheral nervous system or CNS. Injury
to the peripheral nervous system due to trauma, metabolic
disease or exposure to drugs is the fundamental etiology of
neuropathic pain (20). The common symptomology of neuro-
pathic pain includes exquisite hypersensitivity to mechanical
stimulation (20). A recent study demonstrated that HF-induced

obese animals exhibited increased neuropathic pain (21), but
the mechanisms are not fully understood. Additionally, it is
unclear whether neuropathic pain is enhanced in obesity
following nerve injury. In the present study, it was discovered
that HF-induced obese rats possessed enhanced mechanical
pain sensitivity compared with LF-fed control rats, which is
consistent with a previous study (21). The present study also
extended previous research by demonstrating that mechanical
pain sensitivity remained higher in HF-induced obese rats
than in LF-fed control rats after nerve injury (22).

Emerging evidence has indicated that the AMPK pathway
in the SC and DRG serves a prominent role in the mediation
of neuropathic pain (9). The activation of AMPK negatively
regulates activity-dependent protein synthesis and other
signaling pathways that drive neuronal plasticity in neuro-
pathic pain, resulting in reduced nociceptor excitability (23).
Systemic activation of AMPK with either metformin or
A769662 in rodents, following peripheral nerve injury,
attenuates mechanical hypersensitivity (24,25). Additionally,
activation of AMPK in the SC in a rat model of neuropathic
pain reduced mechanical hypersensitivity by inhibiting the
expression of proinflammatory cytokines, and upregulating
that of the glutamate transporter after nerve injury (26).
In vitro experiments using patch-clamp electrophysiology
on DRG neurons demonstrate that the activation of AMPK
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Figure 2. PWT, expression of p-AMPK and CGRP in rats given an AMPK agonist or inhibitor. (A) 50% PWT in HF-fed rats and LF-fed rats treated with
the intrathecal AMPK activator AICAR. “P<0.05 vs. respective LF group; “P<0.05 vs. respective HF+VEH group. (B) 50% PWT in HF-fed rats and LF-fed
rats treated with the intrathecal AMPK inhibitor DOR. "P<0.05 vs. respective LF group; “P<0.05 vs. respective HF+DOR group. (C) Expression levels of
p-AMPK™"72in the SC at 10 and 12 weeks after HF or LF feeding. “P<0.05. (D) Effect of intrathecal AICAR, DOR and CGRP8-37 on p-AMPK ™2 in HF- and
LF-fed rats. (E) Effects of intrathecal AICAR, DOR and CGRP8-37 on expression levels of CGRP in the SC of HF- and LF-fed rats. “P<0.05. n=10 per group.
PWT, paw withdrawal threshold; HF, high fat; LF, low fat; AMPK, AMP-activated protein kinase; AICAR, 5-aminoimidazole-4-carboxamide riboside; DOR,
dorsomorphin; p-AMPK, phosphorylated-AMPK; SC, spinal cord; CGRP, calcitonin gene-related peptide; VEH, vehicle.

with metformin or A769662 reduces the excitability of DRG  of neuropathic pain following injury (24). In the present study,
neurons; these neurons are widely believed to induce ectopic ~ p-AMPK™172 levels in the SC and DRG were significantly
activity causing an ongoing burning pain, a prominent feature  lower in HF-induced obese rats compared with LF-fed control
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Figure 3. PWT 14 days after SNI and following administration of an AMPK agonist or inhibitor for 7 days. (A) 50% PWT in HF- and LF-fed rats following
SNI. "P<0.05 vs. respective LF+SNI group. (B) Effect of intrathecal AICAR on 50% PWT in HF- and LF-fed rats with SNI. (C) Effect of intrathecal CGRP8-37
on 50% PWT in HF- and LF-fed rats with SNI. (D) Effect of intrathecal DOR on 50% PWT in HF- and LF-fed rats with SNI. "P<0.05 vs. respective LF+SNI
(VEH) group; "P<0.05 vs. respective HF+SNI (VEH). n=10 per group. PWT, paw withdrawal threshold; HF, high fat; LF, low fat; SNI, spared nerve injury;
AICAR, 5-aminoimidazole-4-carboxamide riboside; DOR, dorsomorphin; VEH, vehicle.

rats after 10 weeks of HF feeding, indicating that AMPK
signaling was impaired in HF-induced obesity. This finding
is consistent with a previous study illustrating impaired
AMPK-signaling in the CNS of HF-induced obese rats (13).
To understand whether impaired AMPK-signaling in the SC
and DRG accounts for enhanced mechanical pain sensitivity
in obesity, animals were treated with the intrathecal AMPK
activator AICAR or AMPK inhibitor DOR. This revealed
that AICAR increased AMPK activity in the SC and DRG of
HF-induced obese rats with or without nerve injury, leading to
decreased mechanical pain sensitivity. By contrast, intrathecal
DOR further reduced AMPK activity in the SC and DRG in
HF-induced obese rats (with or without nerve injury), resulting
in exaggerated mechanical pain sensitivity. These data clearly
demonstrated that impaired AMPK activity in the SC and
DRG may be a primary contributor to enhanced neuropathic
pain in HF-induced obesity.

CGRP is a neuropeptide that is primarily generated in the
central and peripheral nervous systems, particularly in the SC,
DRG and trigeminal ganglion (27). CGRP in the SC serves an
important role in chronic pain by facilitating the introduction
of synaptic pain information via protein kinase A and protein
kinase C second messenger pathways, and participating in
the generation and maintenance of allodynia and hyper-
pathia (27-30). CGRP expression levels were increased in
animals after peripheral nerve injury, and serve an important
role in generating and maintaining pain behavior (27,31). In
the present study, the 50% PWT in HF-fed rats was signifi-
cantly reduced compared with that of LF-fed rats, at both 10
and 12 weeks of feeding. Additionally, the expression levels of
CGRP in the SC and DRG of HF-fed rats were significantly
higher than in LF-fed rats at 12 weeks. However, there was
no significant difference between the two groups at 10 weeks.
Furthermore, the 50% PWT of the HF group decreased
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AI, DOR or CGRP8-37 on p-AMPK™2 in the SC in HF- and LF-fed rats with SNI. “P<0.05. n=10 per group. AICAR, 5-aminoimidazole-4-carboxamide
riboside; DOR, dorsomorphin; CGRP, calcitonin gene-related peptide; SC, spinal cord; DRG, dorsal root ganglion; HF, high fat; LF, low fat; SNI, spared nerve

injury; p-AMPK, phosphorylated-AMPK; VEH, vehicle.

significantly at 10 weeks, which may have been associated
with oxidative stress. Previously, increased levels of oxida-
tive stress biomarkers such as malondialdehyde (MDA), SOD
and reactive oxygen species (ROS). have been detected in the
plasma of obese patients (31,32). Animal models have also
revealed that weight loss, dietary restriction and exercise can
also decrease the expression levels of these biomarkers (33).
There is increasing evidence that the nervous system under-
goes oxidative stress reactions following noxious stimulation

and inflammation, and that the production of oxidation prod-
ucts increases; this results in damage to nerve tissue, which
is an important contributor to neuropathic pain (34,35).
Zhao et al (36) found that MDA concentrations increased,
and that superoxide dismutase activity was decreased in a
neuropathic pain rat model. The present study indicated that
AMPK phosphorylation was also significantly reduced in the
HF group at 10 weeks; this suggests that AMPK may have an
important regulatory effect on intracellular oxidative stress,
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which may subsequently inhibit the generation of ROS (37,38).
Therefore, it was hypothesized that the 50% PWT reduction
may be associated with reduced AMPK phosphorylation,
resulting in increased levels of oxidative stress; this will be the
focus of future investigations.

Inhibiting CGRP expression in the SC has been proven to
significantly ameliorate pain behavior after peripheral nerve
injury (27,29). A recent study revealed that AMPK mediates
neuropathic pain by regulating CGRP (12). Consistent with
previous studies (27,31), the present study observed a signifi-
cant increase in CGRP expression levels in the SC and DRG
of HF-induced obese rats (with or without nerve injury), and
treatment with CGRP8-37 prevented an increase in mechan-
ical pain sensitivity to a significant degree; this indicates that
increased HF-induced obesity may result in increased levels of
CGRP expression in the SC and DRG, contributing to enhanced
neuropathic pain. Moreover, the levels of CGRP expression in
the SC and DRG of HF-induced obese rats were decreased by
AICAR, but further increased by the AMPK inhibitor DOR,
indicating that AMPK in the SC and DRG mediates neuro-
pathic pain in HF-induced obesity via the CGRP pathway.

The present study revealed that the administration of an
AMPK agonist (AICAR) or CGRP inhibitor (CGRP8-37)
significantly increased the 50% PWT compared with VEH
administration in HF-fed rats, but neither AICAR nor CGRP8-37
had this effect in LF-rats. Obesity is associated with multiple
chronic conditions that lead to pain, such as osteoarthritis,
peripheral vascular disease, lower back pain and neuropathic
pain (39-42).In addition, overweight patients appear to experience
more severe paroxysmal pain, and their neuropathic-negative
symptoms tend to be aggravated (43). A large number of studies
have revealed that neuropathic pain is associated with increased
expression levels of proinflammatory factors (including IL-1p,
IL-6 and IL-8); adipose tissue is an endocrine organ, generating
various cytokines such as leptin, adiponectin, TNF-a, inter-
leukins (IL-1p, IL-6, IL-8, IL-10) and other biologically active
factors involved in metabolism and immunity (44.,45). Studies
have shown that serum expression levels of TNF-a and IL-6
are significantly decreased in obese patients after strict dietary
intake (46). Therefore, it was hypothesized that AMPK reduc-
tion, CGRP enhancement and increased neuropathic pain may
be reversed following weight loss in HF-induced obese rats,
though further experiments are needed to verify this claim.

In conclusion, the present study demonstrated that AMPK
activity was reduced in the SC and DRG of HF-induced obese
rats. Reduced AMPK activity resulted in increased CGRP
production in the SC and DRG, contributing to enhanced
neuropathic pain in HF-induced obese rats, with or without
nerve injury. These results suggested that obesity may decrease
AMPK activity in the CNS, indicating that AMPK may be a
novel therapeutic target for obesity-related neuropathic pain.
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