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Selective inhibition of adenylyl cyclase subtype
1 reduces inflammatory pain in chicken of
gouty arthritis

Ren-Hao Liu1,2, Wantong Shi1,2, Yu-Xiang Zhang2, Min Zhuo1,2,3, and Xu-Hui Li1,2

Abstract
Lack of uricase leads to the high incidence of gout in humans and poultry, which is different from rodents. Therefore, chicken is
considered to be one of the ideal animal models for the study of gout. Gout-related pain caused by the accumulation of urate in
joints is one type of inflammatory pain, which causes damage to joint function. Our previous studies have demonstrated the
crucial role of calcium-stimulated adenylyl cyclase subtype 1 (AC1) in inflammatory pain in rodents; however, there is no study
in poultry. In the present study, we injected mono-sodium urate (MSU) into the left ankle joint of the chicken to establish a gouty
arthritis model, and tested the effect of AC1 inhibitor NB001 on gouty arthritis in chickens. We found that MSU successfully
induced spontaneous pain behaviors including sitting, standing on one leg, and limping after 1–3 h of injection into the left ankle
of chickens. In addition, edema and mechanical pain hypersensitivity also occurred in the left ankle of chickens with gouty
arthritis. After peroral administration of NB001 on chickens with gouty arthritis, both the spontaneous pain behaviors and the
mechanical pain hypersensitivity were effectively relieved. The MSU-induced edema in the left ankle of chickens was not affected
by NB001, suggesting a central effect of NB001. Our results provide a strong evidence that AC1 is involved in the regulation of
inflammatory pain in poultry. A selective AC1 inhibitor NB001 produces an analgesic effect (not anti-inflammatory effect) on
gouty pain and may be used for future treatment of gouty pain in both humans and poultry.
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Introduction

Gouty pain is an inflammatory pain caused by the accumu-
lation of urate in joints and tissue around joints.1,2 Poultry and
humans have similar purine nucleotide metabolic pathways,
and they have something in common in uric acid syntheses and
metabolism. Particularly, both of them lack uricase.3,4 Dif-
ferent from the high cost of the uricase-deficient mouse model
and the complexity of model construction, the establishment of
the chicken model of gouty arthritis has advantages in the
similarity of the uric acid metabolism pathway and the sim-
plicity of operation.5,6 Therefore, chicken is an ideal animal for
studying gouty arthritis.

Spontaneous pain, movement-induced pain, and joint
allodynia are the main characteristics of gouty pain.7,8 This is
related to the enhancement of the nociceptive input of the

spinal cord and the excitability of cortices induced by the
inflammatory response at the joint.9,10 Calcium-stimulated

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use,
reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE

and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

1Center for Neuron and Disease, Frontier Institutes of Science and
Technology, Xi’an Jiaotong University, Xi’an, China
2Institute of Brain Research, Qingdao International Academician Park,
Qingdao, Shandong, China
3Faculty of Medicine, Department of Physiology, University of Toronto,
Toronto, ON M5S 1A8, Canada

Corresponding Authors:
Xu-Hui Li, Center for Neuron and Disease, Frontier Institutes of Science
and Technology, Xi’an Jiaotong University, Xi’an 710049, China.
Email: lixuhui0207@163.com

Min Zhuo, Institute of Brain Research, Qingdao International Academician
Park, Qingdao 266199, Shandong, China.
Email: min.zhuo@utoronto.ca

https://us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/17448069211047863
https://journals.sagepub.com/home/mpx
https://orcid.org/0000-0003-4376-6252
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
mailto:lixuhui0207@163.com
mailto:min.zhuo@utoronto.ca


adenylyl cyclase 1 (AC1) is a downstream protein of glu-
tamatergic N-methyl-D-aspartate receptor (NMDAR). High
expression of AC1 in the spinal cord and pain-related cortices
can cause long-term potentiation (LTP) of synaptic trans-
mission and contribute to chronic pain.11–13 In addition,
studies on neuropathic pain and inflammatory pain have
shown that AC1 inhibitor (NB001) or AC1 gene knockout
can alleviate pain and pain-related anxiety behaviors on
chronic pain mice, such as NB001 alleviate CFA-induced
arthritis-related pain.14–16 Moreover, when NB001 was used
in animal models, no obvious side effects were observed.17 At
present, the treatment of gouty pain is mainly through non-
steroidal anti-inflammatory drugs and glucocorticoids.18,19

Long-term use of these two treatment methods will cause
serious side effects that cannot be ignored. Studying the
regulatory effect of AC1 on gouty chickens can not only
provide new ideas for the clinical intervention of gouty pain
but also effectively promote the development of the poultry
industry.

In the present work, we injected mono-sodium urate
(MSU) into the left ankle joint of chickens to establish a gouty
arthritis model and observed the changes of pain behaviors of
chickens at different time points. We found that spontaneous
pain behaviors (including sitting, standing on one leg, and
limping (Table 1)), ankle edema, ankle stiffness, and the
reduction of mechanical pain threshold occurred in the
chickens after 1 h of MSU injection. Furthermore, peroral
administration of the AC1 inhibitor (NB001, 10 mg/kg) to
chickens with gouty arthritis effectively relieved the pain of
chickens’ ankle joints but did not affect the ankle edema of
chickens, which was consistent with our previous studies in
mice.14 Our results suggest that AC1 pathway is involved in
the regulation of gouty pain, not by anti-inflammatory effect,
which can provide a new idea for the future clinical inter-
vention of gouty pain.

Materials and methods

Animals

Male and female adult silky chickens aged 20weeks were used
in all experiments. All animals were randomly housed under an
artificial light/dark cycle (lights on 7 am–7 pm) with food and
water provided ad libitum. Animals acclimated to the labo-
ratory environment for at least 1 week before the experiment
begins. All experiment protocols were approved by the Ethics
Committee of Xi’an Jiaotong University and the Ethics
Committees of Qingdao International Academician Park.

Mono-sodium urate injection and
NB001 administration

Mono-sodium urate (MSU, 0.2 mL, 40 mg/mL) was injected
into the left ankle joint cavities of chickens to induce gouty
arthritic pain of the ankle joint. The same volume of saline was
injected into the left ankle joint cavities of the control chickens.
Behavioral tests before MSU or saline injection were per-
formed as the baseline. And the same behavioral tests were
performed in the same environment at 1 h, 2 h, 3 h, and 4 h on
the first day, and seventh day after MSU or saline injection,
respectively. According to the pain response at different time
after MSU injection, chickens were peroral administrated with
NB001 (10 mg/kg) or saline at 1.5 h after MSU injection, and
behavioral tests were performed at 2 h after MSU injection.

Assessment of ankle joint edema

To quantify the effects of NB001 on joint inflammation, a
flexible ruler was used to evaluate the circumference of the
chicken ankle at different time points before and after in-
jection of MSU, NB001, or saline.

Table 1. Behaviors recorded in the chickens with MSU-induced gouty arthritis.

Behaviors Description

Sittinga Ventral side contact with the ground
Flinchinga Raising one leg and stand on the other leg alone
Limpinga Abnormal limb using and walking posture with weight distributed uneven on feet
Standing on both legs Both feet touch the ground at the same time
Walking Normal limb using and walking posture with weight distributed even on both feet
Scratching Claws scratch the ground
Grooming Preening feathers by beak
Pecking at food Touching food by beak
Pecking environment Touching cage or the outside of the cage by beak
Drinking Touching water by beak
Phonating Making any sound

aSpontaneous pain behaviors.
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Evaluation of spontaneous pain behaviors

Spontaneous pain is a behavioral phenotype of joint pain that
has been used to evaluate arthritis.20 Paw flinching and sitting
down are two indicators of spontaneous pain. Flinches were
calculated as the number and time of chickens raised their left
paws. Sits were calculated as the number and time of chickens
sat down on the ground without supporting their body on their
legs. In order to detect flinching and sitting behaviors, chicken
was placed in a cage with a length of 70 cm, a width of 50 cm,
and a height of 60 cm for 30 min acclimation. The number and
time of spontaneous flinch and sit were recorded during 5 min.

As previously reported, limb use was measured on a scale
of 5 to 0 during spontaneous movement.21,22 Chickens were
placed in a cagewith the length of 70 cm, thewidth of 50 cm and
the height of 60 cm for 30 min acclimation. Limb use was
detected during 5 min. According to previous reports,21,22 limb
use was scored: 5 = normal; 4 = partial limp, but not prominent;
3 = prominent limp; 2 = partial non-use of left limb; 1 = vast
non-use of left limb; and 0 = complete non-use of left limb.

Measurement of mechanical withdrawal threshold

The chickens were placed in cages to acclimate for 30min before
the experiment. Mechanical withdrawal threshold was measured
withVon Freyfilaments, a series of filaments (10, 15, 26, 60, 100,
180, and 300 g) was applied to the left ankle cavity and evaluated
by left limb responsiveness to different stimulation. If the animal
did not respond to the maximum filament (300 g), 300 g would
be used as the final mechanical threshold. The filaments were
applied vertically to the surface center of the joint cavity with
enough force to cause a slight bend to remain for 6 s. According
to the up-down strategy, a mechanical withdrawal threshold was
detected 5 times with the stimulation interval of 10 min. Positive
reactions include pecking, and swift withdrawal of the paw.

Measurement of ankle joint stiffness

Methods for examining joint stiffness scores have been re-
ported as previous.14 One experimenter immobilized the
chicken and another experimenter bent and extended the left
ankle (once in each direction). The standards for stiffness
scores are as follows: score 2, there were restrictions of joint
movement in both bending and extension; score 1, there was a
restriction of joint movement only in one direction (bending
or extension); and score 0, there was no restriction in two
directions, normal bending, or extension joint movement.

Data analysis

The data were presented as means ± SEM. Statistical com-
parisons between two groups were performed to identify sig-
nificant differences. When the data were normally distributed
and the variance was homogeneous, a two-tail unpaired Stu-
dent’s t-test was used. When the distribution was not normal or

the variance was not homogeneous, the Mann–Whitney U test
was used. * p < 0.05 was considered statistically significant.

Results

Mono-sodium urate–induced spontaneous pain
behaviors

AnMSU-induced gouty arthritic pain model was used to assess
arthritic pain of ankle joints in chickens. After injection of MSU
into the ankle cavity, various behaviors of the chickens were
observed and recorded (Table 1). Flinching, sitting, and limping
weremeasured as three important indicators of spontaneous pain
(Figure 1(a)). After MSU injection, the number of flinching and
sitting behaviors of gouty chickens increased significantly and
reached the peak at 1 h (saline: 3.6 ± 0.9; MSU: 15.5 ± 2.6; p <
0.01; Figure 1(b)). Compared with saline group, the number of
flinching and sitting were still increased at 2 h (saline: 3.8 ± 0.6;
MSU: 10.8 ± 2.1; p < 0.01; Figure 1(b)) and 3 h (saline: 3.4 ±
0.5; MSU: 7.8 ± 1.4; p < 0.05; Figure 1(b)) after MSU injection
in chickens. Finally, the number of flinching and sitting were
basically restored to the level of saline at 4 h afterMSU injection
(saline: 3.4 ± 0.5; MSU: 4.8 ± 0.7; p > 0.05; Figure 1(b)). To
observe the effect of MSU on spontaneous pain more com-
prehensively, in addition to counting the number of flinching
and sitting, we alsomeasured the total duration time and average
duration time of these behaviors. The total time of flinching and
sitting in chickens reached 105.0 ± 36.5 s during 5 min testing
period at 2 h after MSU injection, which was significantly
increased compared with 6.5 ± 2.7 s in saline-injected chickens
(p < 0.01; Figure 1(c)). Compared with the saline group, the
average time of flinching and sitting were significantly in-
creased at 1 h (saline: 1.4 ± 0.5 s; MSU: 5.6 ± 2.6 s; p < 0.05;
Figure 1(d)), 2 h (saline: 1.9 ± 0.9 s; MSU: 14.8 ± 5.9 s; p <
0.05; Figure 1(d)), 3 h (saline: 1.9 ± 1.0 s;MSU: 6.2 ± 2.0 s; p <
0.05; Figure 1(d)), and 4 h (saline: 1.4 ± 0.6 s;MSU: 16.2 ± 8.8
s; p < 0.05; Figure 1(d)) afterMSU injeciton in chickens. These
results suggest that injection of MSU into chicken ankles
induces spontaneous pain behaviors.

To observe the behavior of limping in chickens after MSU
injection, the uses of limb were observed and measured in free
movement chickens after MSU injection, and limping was
rated on a scale of 5 to 0. Subsequent toMSU injection into left
ankle cavity, the score of limping decreased rapidly and
reached the peak at 2 h (saline: 4.8 ± 0.2; MSU: 1.6 ± 0.5; p <
0.01; Figure 1(e)), and basically returned to the level of saline
group at 4 h (saline: 4.9 ± 0.1;MSU: 4.6 ± 0.2; p > 0.05; Figure
1(e)). These results indicate that injection of MSU into the
chicken ankles induces limping and recovers 4 h later.

Mono-sodium urate decreased mechanical
withdrawal threshold

To further detect other pain-related behaviors in arthralgia, we
measured the mechanical withdrawal threshold in the MSU-
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induced arthralgia model of chickens. The mechanical with-
drawal threshold in left ankle joint of chickens decreased
significantly at 1 h (saline: 245.0 ± 28.2 g; MSU: 121.5 ±
33.2 g; p < 0.05; Figure 2(a)) and 2 h (saline: 245.0 ± 28.2 g;
MSU: 111.5 ± 32.2 g; p < 0.05; Figure 2(a)) after the injection
with MSU into the left ankle cavity. In the MSU model group,
the mechanical withdrawal threshold of the ipsilateral ankle
with an injection of MSU at 1 h or 2 h was 121.5 ± 33.2 g and
111.5 ± 32.2 g respectively, which were significantly lower
than 300.0 ± 0.0 g and 270.0 ± 19.6 g in that of the contralateral

ankle (1 h: p < 0.01; 2 h: p < 0.01; Figure 3(a)). These results
indicate thatMSU injection into the chicken ankles reduces the
mechanical withdrawal threshold of the ipsilateral ankle.

MSU-induced joint inflammatory symptoms

After the injection of the MSU inflammatory substance, the
chicken ankles experienced some inflammatory reactions,
such as stiffness and swelling. To quantify the inflammatory
response in the MSU-induced arthralgia model in chickens,

Figure 1. Mono-sodium urate–induced spontaneous pain behaviors in chickens of gouty arthritis. (a) Pictures of chickens standing normally
before MSU injection; sitting, flinching, and limping after MSU injection. (b) Injection of MSU increased the number of spontaneous pain
behaviors in chickens of gouty arthritis at 1 h after MSU injection and disappeared at 4 h after injection. (c), (d) 1 h after MSU injection, the
total time in 5 min and average time of each flinching and sitting of chickens suffering gouty arthritis increased and disappeared after 4 h. (e)
After MSU injection, the limping behaviors of chickens with gouty arthritis increased significantly and disappeared at 4 h after injection. *p <
0.05, **p < 0.01, MSU (n = 8) vs. saline (n = 8).
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the stiffness and circumference of the ankle joint were
measured. Joint stiffness, as an indicator of arthritis, was
assessed by the bending and extension test.23 Before MSU
injection, both ankles of all chickens were no restrictions in
bending and extending. Compared with the saline group, the
bending and extension of the MSU-injected ankle were
significantly limited after injection of MSU, showing signif-
icant differences at 1 h (saline: 0.4 ± 0.2; MSU: 1.3 ± 0.3; p <
0.05; Figure 2(b)) and 2 h (saline: 0.1 ± 0.1; MSU: 1.5 ± 0.3; p
< 0.01; Figure 2(b)), and basically recovered to the level of
baseline at 4 h (saline: 0.1 ± 0.1; MSU: 0.3 ± 0.2; p > 0.05;

Figure 2(b)). Compared with contralateral group, the stiffness
scores of the ipsilateral ankles also showed significant differ-
ences at 1 h (contralateral: 0.1 ± 0.1; ipsilateral: 1.3 ± 0.3; p <
0.01; Figure 3(b)) and 2 h (contralateral: 0.0 ± 0.0; ipsilateral:
1.5 ± 0.3; p < 0.01; Figure 3(b)) after MSU injection to the left
ankles. Taken together, our results suggest that injection of
MSU increases ipsilateral limb stiffness in chickens.

To detect the swelling of the ankle joint, one experimenter
held the chicken in place while the other used a soft ruler to
measure the circumference of the ankle joint cavity. Sig-
nificant swelling of the left ankles appeared at 1 h (saline: 6.8

Figure 2. Mono-sodium urate–induced mechanical withdrawal threshold decreased and edema of left ankle in chickens of gouty arthritis. (a)
1 h after MSU injection, the left ankle of the chicken mechanical withdrawal threshold decreased. (b–d) After MSU injection, the stiffness
score and circumference of the left ankle in chickens suffering gouty arthritis showed significant differences compared with the saline group. In
the schematic diagram of ankle swelling (c) of the same scale (red area), after injection of MSU, the black arrow indicates that there is no edema,
and the blue arrow indicates that there is edema. *p < 0.05, **p < 0.01, MSU (n = 8) vs. saline (n = 8).
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± 0.3 cm; MSU: 7.8 ± 0.4 cm; p < 0.05; Figures 2(c) and (d))
and 2 h (saline: 6.8 ± 0.3 cm; MSU: 7.7 ± 0.3 cm; p < 0.05;
Figure 2(c)) after MSU injection, and gradually recovered.
After MSU was injected into the left ankle joint, there were
significant differences in ipsilateral and contralateral ankle
swelling at 1 h (contralateral: 6.6 ± 0.3 cm; ipsilateral: 7.8 ±
0.4 cm; p < 0.05; Figure 3(d)) and 2 h after MSU injection
(contralateral: 6.7 ± 0.3 cm; ipsilateral: 7.7 ± 0.3 cm; p < 0.05;
Figure 3(d)). These results show that injection of MSU into
chicken induces inflammatory swelling of ipsilateral ankle.

Long-term effects of MSU-induced gouty arthritis
on behaviors

To test whether the MSU-induced arthralgia model would
transform into long-term chronic pain, all behavioral tests
were performed again on the seventh day after the injection of
MSU or saline in the left ankle cavity. Compared with the
saline group, the MSU group showed no significant differ-
ences in spontaneous pain, mechanical withdrawal threshold,
and inflammatory response on the seventh day after injection
(Figures 1–3). These results indicate that the MSU-induced
gouty arthritis model did not transform into chronic pain,
which returned to normal condition after 4 h.

Effects of NB001 on spontaneous pain behaviors

To test the effect of NB001 (AC1 inhibitor) on spontaneous
pain in the MSU-induced arthritis pain model in chickens,
based on the behavioral results of the previous model, 1.5 h
after MSU injection into the left ankle, peroral administration
of NB001 (10 mg/kg) or saline was performed and a series of
behavioral experiments were tested at 0.5 h after NB001 or
saline application (Figure 4(a)). Compared with the saline
group, the numbers of flinching and sitting in spontaneous
pain did not show a statistically significant difference after
peroral administration of NB001 (MSU + saline: 10.9 ± 1.3;
MSU + NB001: 6.6 ± 1.9; p > 0.05; Figure 4(b)). However,
the total time during 5 min testing period (MSU + saline: 99.4
± 26.9 s; MSU + NB001: 9.5 ± 3.8 s; p < 0.01; Figure 4(c))
and average time of each reaction (MSU + saline: 14.8 ± 3.3 s;
MSU + NB001: 1.6 ± 0.4 s; p < 0.05; Figure 4(d)) were
significantly decreased. After peroral administration of
NB001, the score of limping increased significantly and the
limb using of chickens was more normal (MSU + saline: 1.6 ±
0.5; MSU + NB001: 4.5 ± 0.2; p < 0.01; Figure 4(e)). The
results indicate that NB001 administration obviously relieves
gout-related spontaneous pain, which has a certain analgesic
effect on the spontaneous pain of MSU-induced ankle ar-
thritic pain in chickens.

Figure 3. Differences in mechanical withdrawal threshold and inflammatory symptoms of ipsilateral and contralateral ankles in chickens of
MSU-induced gouty arthritis. (a) Compared with the contralateral ankle, the ipsilateral ankle of chickens decreased the mechanical
withdrawal threshold at 1 h after MSU injection (b) After MSU injection, the stiffness score of ipsilateral ankle of chickens with gouty arthritis
showed significant differences compared with contralateral ankle. (c, d) After MSU injection, the circumference of ipsilateral ankle of chickens
with gouty arthritis showed significant differences compared with contralateral ankle. *p < 0.05, **p < 0.01, ipsilateral (n = 8) vs.
contralateral (n = 8).
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NB001 increased the mechanical
withdrawal threshold

To detect the effect of NB001 on mechanical withdrawal
threshold of arthritis pain model in chickens, peroral ad-
ministration of NB001 or saline was performed on MSU-
induced arthritis animals, respectively. Compared with the
saline group, the mechanical withdrawal threshold was sig-
nificantly increased after NB001 administration (MSU +
saline: 111.5 ± 32.2 g; MSU + NB001: 285.0 ± 15.0 g; p <
0.01; Figure 5(a)). There was no significant difference in the
mechanical withdrawal threshold between the ipsilateral
ankle and the contralateral ankle in the MSU-induced arthritis

pain chickens that were treated by NB001 (contralateral:
300.0 ± 0.0 g; ipsilateral: 285.0 ± 15.0 g; p > 0.05; Figure
6(a)). These results suggest that NB001 restored the me-
chanical pain threshold of the limb and reduced gouty pain in
the animals suffering gouty arthritis.

NB001 exerted no effect on inflammatory edema but
relieved stiffness

To test the effect of NB001 on the inflammatory symptoms of
the MSU-induced arthritis model, the stiffness and swelling
tests of animals suffering the MSU-induced arthritis were
performed after NB001 or saline administration, respectively.

Figure 4. The effect of NB001 on spontaneous pain behaviors in chickens of gouty arthritis. (a) The schematic figures of administration route
and time-line for peroral administration of NB001 or saline into chickens of gouty arthritis. (b) NB001 didn’t affect the number of
spontaneous pain behavior on chickens with gouty arthritis. (c, d) NB001 decreased the total time in 5 min and the average time of each
flinching and sitting in chickens with gouty arthritis. (e) NB001 significantly improved the limping behavior of chickens suffering gouty arthritis.
*p < 0.05, **p < 0.01, MSU + saline (n = 8) vs. MSU + NB001 (n = 8).
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Figure 5. Effects of NB001 on mechanical withdrawal threshold and edema in the ipsilateral ankle of chickens suffering gouty arthritis. (a, b)
NB001 significantly improved the mechanical pain threshold and stiffness score of the ipsilateral ankle in chickens with gouty arthritis. (c)
NB001 didn’t alleviate the inflammatory edema of the ipsilateral ankle in chickens with gouty arthritis. **p < 0.01, MSU + saline (n = 8) vs. MSU
+ NB001 (n = 8).

Figure 6. Effects of NB001 on mechanical withdrawal threshold and inflammatory symptoms of ipsilateral and contralateral ankles in
chickens of MSU-induced gouty arthritis. (a, b) After NB001 application, there were no significant differences between ipsilateral and
contralateral ankles in the mechanical pain threshold and stiffness score of gouty arthritis chickens. (c) After NB001 application, inflammatory
edema of the ipsilateral ankle was also significantly higher than that of the contralateral in the chickens with gouty arthritis. *p < 0.05, ipsilateral
(n = 8) vs. contralateral (n = 8).
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For stiffness experiments, NB001 was found to reduce
stiffness scoring in chickens with MSU-induced arthritis,
which means it lowered the limits of bending and extending
(MSU + saline: 1.5 ± 0.3; MSU + NB001: 0.4 ± 0.2; p < 0.01;
Figure 5(b)). There was no significant difference in bending
and extension between the ipsilateral and contralateral ankles
after NB001 application in MSU-injected chickens (contra-
lateral: 0.1 ± 0.1; ipsilateral: 0.4 ± 0.2; p > 0.05; Figure 6(b)).
In the swelling experiment, NB001 had no effect on the
circumference of the ankle, and the ankle was still swollen
after the application of NB001 to the chickens with arthritis
pain (MSU + saline: 7.7 ± 0.3 cm; MSU + NB001: 7.5 ±
0.4 cm; p > 0.05; Figure 5(c)). And the ipsilateral ankle was
noticeably swollen compared to the contralateral (contralat-
eral: 6.5 ± 0.4 cm; ipsilateral: 7.5 ± 0.4 cm; p < 0.05; Figure
6(c)). The results suggest that NB001 does not affect the
inflammatory swelling of MSU-induced arthritis pain in
chickens but reduces stiffness.

Discussion

Gouty pain is seriously affecting human health and the de-
velopment of the poultry industry. However, there is a lack of
effective and low side effect medicine for the treatment of
gouty pain in both humans and poultry.2,18,19 Chicken is
considered to be one of the ideal animal models of gout due to
lack of uricase.3,4 In the present work, we injected MSU into
the left ankle joint of chickens to establish a gouty arthritis
model. We found that the ankle joint of chickens generated
spontaneous pain behaviors for several hours by injection of
MSU, and the left ankle joint was showed pain hypersen-
sitivity for mechanical stimulus. The ankle edema and
stiffness were also observed in the chicken model of gouty
arthritis. Finally, peroral administration of AC1 inhibitor
effectively relieved ankle pain but had no significant effect on
inflammatory symptoms of chickens with gouty arthritis. Our
results provide evidence for the first time that AC1 regulates
gouty pain in chickens.

Adenylyl cyclase 1 signaling pathway regulates gouty
pain in chickens

Adenylyl cyclase 1 is a functional protein widely distributed
in neurons of mammalian and birds.12,24–26 Previous studies
in rodents have shown that AC1 plays a crucial role in the
generation of chronic pain. Genetic knockout or pharmaco-
logical inhibition of AC1 reduces pain behavioral responses
of neuropathic pain and inflammatory pain.11,14,17,27,28 Our
present study found that AC1 is also involved in the regu-
lation of gouty pain in chickens, although we did not explore
the upstream and downstream molecules of the AC1 sig-
naling pathway involved in the regulation of gouty pain in
chickens. We found that selective inhibition of the AC1 by
NB001 in gouty chickens significantly alleviated spontaneous

pain and mechanical hypersensitivity. Rodent studies have
shown that calcium-stimulated AC1 is essential for central
synaptic plasticity, such as NMDAR-dependent LTP, which is
a key cellar mechanism for chronic pain.11,12 Our unpublished
data also show that there is LTP in the dorsolateral corticoid
area of chicken, which is similar to the functional area of
anterior cingulate cortex in rodents and humans.29,30 Taken
together, these results indicate that AC1 signaling pathway
regulates gouty pain in chickens potentially possessed the same
mechanism as in rodents. In addition, a few studies on pain in
chickens show that the increase of Ca2+ in neurons also leads to
pain behaviors and inhibition of transient receptor potential A1
(TRPA1) significantly reduces such pain-related behaviors.31,32

Combined with the previous researches, we propose NMDAR-
AC1-TRPA1 pathway may also participate in the regulation
of gouty pain in chickens, but the exact mechanism needs to
be further explored.

Anti-AC1 has analgesic but not anti-inflammatory
effects on gouty pain

Gouty pain is one major form of inflammatory pain. Studies
have shown that gouty pain in chickens is mainly transmitted
by C fibers, which is similar to rodent studies.10 In addition,
the results of chicken neural circuits have shown that there are
similar functional and anatomical pain neural circuits be-
tween chickens and rodents.29,30,33 In the rodent model of
arthritis, Tian et al. reported that NB001 has an analgesic
effect, but it does not relieve the inflammatory symptoms in
the joints of mice with arthritis.14 This result is consistent
with our present data in chickens that although NB001 had
analgesic effect on the gouty pain chickens, the edema of the
ankle joint had not been improved by NB001. This is because
AC1 is mainly located in the central neurons of rodents and
chickens, and the analgesic effect of AC1 inhibitor may be
induced by inhibiting the central synaptic plasticity. These
results indicate that central synaptic plasticity may also
contribute to MSU-induced gouty pain.

NB001 may be a new strategy for gouty pain
treatment in the clinic and poultry industry

Previous studies have shown that intraperitoneal, intracere-
bral injection, or peroral administration of NB001 reduces
pain-related behavioral responses in rodents with neuropathic
or inflammatory pain.17,34,35 In our present study, peroral
administration of NB001 in chickens also significantly re-
duced spontaneous pain behaviors and mechanical hyper-
sensitivity in gouty pain chickens. These data show that the
peroral administration of NB001 has a good therapeutic effect
on gouty pain. In addition, we did not find that NB001 had
obvious side effects on gouty chickens. After administration
of NB001, the spontaneous pain behaviors, the mechanical
withdrawal threshold, and the motor behaviors of
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contralateral ankle joints were not significantly changed.
These data are consistent with that the data of animal ex-
periments17 and our unpublished clinical trials, indicating that
NB001 has no obvious side effects on animals and humans.
Furthermore, we also found that NB001 had an analgesic
effect on both male and female chickens, which is consistent
with our one recent study in that we found NB001 showed an
analgesic effect in female mice.35

In nature, both humans and poultry are the high incidence
groups of gout.36 Gouty pain significantly reduces the quality
of life for poultry and affects the economic benefits of the
poultry industry.36 Currently, non-steroidal anti-inflammatory
drugs and glucocorticoids are mainly used in the treatment of
gout.18,19 Long-term use of these two treatments has serious
side effects on humans. The two drugs have not been used in
the poultry industry due to the cost and food health concerns.
Our current results show that NB001 has an analgesic effect on
gouty joint pain in chickens. Combined with the previous
research results of NB001, NB001 may become a new anal-
gesic medicine for gouty pain in the poultry industry.
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