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ARTICLE INFO ABSTRACT

Keywords: Sirtuine5 (SIRT5) is an important molecule involved in the pathology of inflammatory diseases.
Moxibus.tion To investigate the impact of SIRT5 on the analgesic effectiveness of moxibustion, we established a
A'g‘lgesm ) complete Freund’s adjuvant- (CFA-) induced inflammatory pain in mice model. Moxibustion was
IS?R;;"matory pain applied at the Zusanli (ST36) acupoint in mice with inflammatory pain. The analgesic effec-

tiveness was evaluated by thermal hyperalgesia and mechanical allodynia tests in the right paws
after CFA injection. The expression of inflammatory cytokines, including the pro-inflammatory
factors IL-1p and TNF-a, and the anti-inflammatory factors IL-4 and TGF-p expressions, was
evaluated using by ELISA. Furthermore, SIRT5 was evaluated by immunofluorescence and
western blotting. The results showed that, compared with the CFA group, both thermal and
mechanical pain thresholds increased with moxibustion and the SIRT5 inhibitor MC3482 inter-
vention at ST36. Additionally, compared to the CFA-induced group, the inflammatory mediators,
including IL-1f and TNF-a, decreased, while the anti-inflammatory cytokines IL-4 and TGF-f
increased with moxibustion and MC3482 ST36 acupoint injection. Western blot results showed a
decreased expression of SIRT5 at the ST36 site with moxibustion and MC3482 injection,
compared to the CFA-induced group. SIRT5 expression in the right paw of mice injected with
moxibustion and MC3482 was higher than that in the CFA-induced group. This study revealed
that SIRT5 expression is involved in moxibustion analgesia and may be a potential mediator in the
regulation of analgesia.

1. Introduction

Pain is the most unbearable sensation that is driven by various stimuli such as irradiation, physical damage, microbial infection,
and metabolic overload [1]. Currently, non-steroidal anti-inflammatory drugs (NSAIDs) are preferred for pain in the clinic [2]. The
long-term use of NSAIDs cause serious health risks, including gastrointestinal and cardiovascular side reactions; new therapeutic
targets are under exploration [3]. Recent evidence has revealed that both the immune and nervous systems are activated in response to
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pain by modulating calcium influx and the release of interleukins and neurotransmitters [4].

Sirtuins are a class of evolutionarily conserved nicotinamide adenine dinucleotide (NAD+)-dependent enzymes, which are
composed of seven sirtuin paralogs (SIRT1-7) with divergent terminal primary structures responsible for different subcellular local-
izations [5]. NADH and its oxygenated NAD + are sensitive sensors of mitochondrial metabolism and calcium influx in cells, which
plays a pivotal role in balancing the nervous and immune systems [6]. Calcium oscillations influence NF-kB interleukins expression
[7]1. As a member of the sirtuins family, Sirtuin 5 (SIRT5) is located in both the mitochondria and cytosol [8]. Large-scale proteomic
analysis has proven that SIRT5 acts as a global regulator of lysine succinylation, malonylation, and glutarylation and plays a critical
role in cellular homeostasis, including glycolysis, the tricarboxylic acid cycle, fatty acid oxidation, and nitrogen metabolism [9,10].
Evidence has now accumulated to document the roles of SIRT5 as a significant regulator in diseases, such as colitis, rheumatoid
arthritis (RA), and sepsis, which has been suggested to be a potential target in regulating inflammatory diseases [11-13]. The defi-
ciency of SIRT5 enhances the severity of inflammation by promoting TNF-a and IL-1p release in macrophages [11,12].

Moxibustion is a part of external treatment in Traditional Chinese Medicine and is considered as one of the possible alternative
treatments with fewer adverse effects [14]. This strategy has been used for analgesia since ancient times and has been proven to be an
effective and safer therapy than NSAIDs [15]. However, the mechanism by which moxibustion elevates pain is complicated. Recent
studies have mainly focused on regulating the immune function, adjusting metabolism, and modulating neuro-related factors [16-21].

The immune system and metabolism play a major role in the pathogenesis of pain analgesic mechanism of moxibustion. SIRTS5, an
important mediator of immunity and metabolism, has attracted our attention. In this study, we established a complete Freund’s
adjuvant (CFA)-induced inflammatory pain model to investigate the role of SIRT5 in moxibustion analgesia.

2. Materials and methods
2.1. Animal

Adult male C57BL/6J mice, weighing 22 + 2 g, were purchased from Shanghai Model Organisms Co., Ltd. All mice were kept on a
12-h light/dark cycle at 24 °C, and 40-50% humidity, with free access to food and water. After being adaptively fed for one week, mice
were randomly divided into control, CFA, CFA + Moxi (moxibustion), CFA + MC3482 (MC3482 injected at ST36 acupoint), and CFA +
MC3482-+Moxi groups. After all the interventions, the mice were inhaled ethyl ether for narcosis and then were subjected to cervical
dislocation. All animal experiments were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals and the ethical guidelines of the International Association for the Study of Pain [22]. All experimental
procedures were approved by the Animal Care and Use Committee of Chengdu University of Traditional Chinese Medicine (reference
number: AECCDUTCM-2018-11).

2.2. CFA-induced inflammatory pain model

The inflammatory pain model was established by injecting 20 pL complete Freund’s adjuvant (CFA) (Sigma-Aldrich, St. Louis, MO,
USA) into the plantar surface of the right hind paw [23]. Local swelling and behavioral disability appeared within 24 h. Mice in the
control group were injected with 20 pL normal saline.

2.3. Moxibustion intervention

Moxibustion was carried out on the fourth day of the CFA-induced pain model after CFA injection. Before moxibustion intervention,
the fur was located at moxibustion site-ST36 (Zusanli acupoint, located 2 mm lateral to the anterior tubercle of the tibia in the anterior
tibial muscle and 4 mm distal to the knee joint lower point) was shaved to expose. The CFA + Moxi, and CFA + MC3482-+Moxi groups
were operated with moxa sticks (length: 120 mm, diameter: 5 mm, Nanyang Hanyi Moxibustion Technology Development Co., Ltd.,
China) and the distance between the skin of ST36 and the lighted moxa sticks was controlled within 1.5 cm. The intervention was given
for 5 days in total.

2.4. MC3482 intervention
MC3482 (MedChemExpress, Co. Ltd) is a specific sirtuin5 (SIRT5) inhibitor. MC3482 ST36 acupoint injection was performed on the

fourth day of the CFA-induced pain model. The CFA + MC3482 and CFA + MC3482 + Moxi groups were injected with MC3482 (25 pM,
20 pl) at site-ST36 after the fur was shaved [24]. The control, CFA, and CFA + Moxi groups were injected with 20 pl saline. The
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Fig. 1. Timeline for foot volumes and pain threshold measurements.



C.-y. Zuo et al. Heliyon 9 (2023) e17765
intervention was administered for five days (Fig. 1).
2.5. Behavior tests

The timeline for measuring pain thresholds is illustrated in Fig. 1. Before behavioral tests, mice acclimated to housing facilities for 5
days. Pain thresholds of the injured hind plantar were determined to reflect pain levels. Thermal hyperalgesia was assessed using
radiant heat (PL-200, Techman, Chengdu, China), and thermal withdrawal latency (TWL) was defined as time mice removed hind
paws from heat source. A 20s cut-off prevented potential tissue damage. Mechanical allodynia was evaluated by detecting paw me-
chanical withdrawal threshold with a dynamic plantar aesthesiometer (37450, UGO Basile, Germany) [25]. Mice were independently
placed in the transparent acrylic box under the wire mesh bench, allowing access to the hind paw plantar surface. After 30 min
acclimation, paw withdrawal threshold (PWT) was defined as the force to push mice to withdraw their hind paws. Each heat or force
stimulus applied 3 times at 5 min intervals at each time point; the average threshold was taken.

2.6. ELISA assay

Mice were anesthetized with an overdose of chloral hydrate and euthanized by cervical dislocation. Tissue samples were carefully
collected from the mice hind paws. In strict adherence to the manufacturer’s guidelines, the concentrations of IL-1f, TNF-a, IL-4, and
TGF-p in the paw tissues were precisely measured and quantified using ELISA kits. The ELISA procedures were followed meticulously
to ensure accurate detection and reporting of the cytokine levels.

2.7. Immunofluorescence

Mice were anesthetized with an overdose of choral hydrate and with the cervical dislocation execution. The right ankle joint of
mice was taken and samples collected were decalcified in 13% EDTA (pH 7.3), then placed in 30% sucrose overnight and embedded in
OCT at —20 °C the next day. Frozen sections were cut (30 pm) and placed on glass micro slides coated with APS. Sections were fixed in
4% paraformaldehyde and incubated in a blocking solution containing 3% BSA, 0.02% Na N30.1%, and Triton X-100 in PBS for 2h at
room temperature. After blocking, sections were incubated with the appropriate primary antibodies in a blocking solution at 4 °C
overnight. The primary antibodies used were: anti-SIRT5 (1:400) from ProteinTech. The secondary antibody was a goat anti-rabbit
(1:500) antibody (ProteinTech Group, Chicago, IL, USA). Slides were mounted with coverslips and visualized using a fluorescence
microscope (CKX41 with an Olympus U-RFLT50 Power Supply Unit; Olympus, Tokyo, Japan). Image-pro plus 6.0 (Media Cybernetics,
Inc., Rockville, MD, USA) was applied to analyze the integrated optic density (IOD) and pixel area (AREA), and calculated the average
optical (AO), AO = IOD/AREA.

2.8. Western blotting

The tissues were immediately excised to extract proteins. Sampled proteins were prepared by adding a lysis buffer containing 250
mM NacCl, 50 mM Tris-HCl pH 7.4, 50 mM sodium F, 1%NP-40, 0.02%Na N3, 5 mM EDTA, 1 mM Na3VO04, and 1 x protease inhibitor
cocktail (AMRESCO, Solon, OH, USA). After homogenization using a Bullet Blender homogenizer (Next Advance, NY, USA), the
extracted proteins (30 pg per sample assessed by BCA protein assay) were subjected to 8% SDS-Tris glycine gel electrophoresis and
transferred to a PVDF membrane. The membrane was blocked with 5% non-fat milk in TBS-T buffer (10 mM Tris pH 7.5, 100 mM NaCl,
0.1% Tween 20), incubated with the primary antibody in TBS-T with 1% bovine serum albumin for 1 h at room temperature. After
peroxidase-conjugated secondary antibody (1:5000) was used, the image intensities of specific bands were quantified using ImageJ
software (Bethesda, MD, USA). Antibodies used in the experiments were: anti--ACTIN (ProteinTech Group, Chicago, IL, USA), and
anti-SIRT5 (ProteinTech Group, Chicago, IL, USA).

2.9. Statistical analysis

Results are expressed as mean + standard error of the mean (SEM). Statistical evaluation was carried out by GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA) to conduct analyses. Thermal threshold measurement and paw withdraw latency results
were evaluated by repeated-measures two-way ANOVA followed by Bonferroni’s post hoc test to make comparisons across groups over
time. One-way ANOVA followed by the Fisher post hoc test for multiple comparisons or by unpaired t-test for comparisons for
comparisons between two groups was employed for biochemical data to detect differences. In all cased p < 0.05 was considered to be
significant.

3. Results
3.1. Moxibustion and MC3482 injection at ST36 relieved CFA-induced hypersensitivity in Hindpaws
The pain threshold, after three days of CFA stimuli, of paw withdrawal latency (PWL) and thermal withdrawal latency (TWL) in the

CFA, CFA + Moxi, CFA + MC3482, and CFA + Moxi + MC3482 groups was significantly lower than that in control group (p < 0.01)
(Fig. 2). After five days of intervention, with a day off, the PWL and TWL tests were given on day 11. Both PWL (Fig. 2A) and TWL
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(Fig. 2B) scores increased (compared with the CFA group, p < 0.05) with moxibustion and MC3482 intervention at ST36.

Compared with the control group data (n = 12), PWL (A) and TWL (B) scores significantly decreased (p < 0.01) with CFA inter-
vention in the CFA (n = 12), CFA + Moxi (n = 12), CFA + MC3482 (n = 12), and CFA + MC3482 + Moxi (n = 12) groups. The scores
increased after the intervention in the CFA + Moxi, CFA + MC3482, and CFA + MC3482 + Moxi groups in comparison with those in
model group (p < 0.05). *p < 0.05, in the CFA group; ap < 0.01, and in the control group.

3.2. Inflammatory cytokines changes within Moxi and MC3482 intervention

To identify the changes in inflammatory cytokines in the right paws induced by Moxi and MC3482, we measured the levels of
inflammatory cytokines, including pro-inflammatory cytokines IL-18 and TNF-o, and anti-inflammatory cytokines IL-4 and TGF-f
using ELISA (Fig. 3). Compared to the blank control, there was a significant increase in the levels of IL-1p (Fig. 3A) and TNF-a (Fig. 3B);
meanwhile, the levels of TGF-p (Fig. 3D) decreased in the CFA group (p < 0.05). Compared to the CFA group, the levels of the in-
flammatory cytokine IL-1p decreased in the CFA + Moxi, CFA + MC3482, and CFA + MC3482 + Moxi groups (p <0.05), and there
were no statistical differences among the CFA + Moxi, CFA + MC3482, and CFA + MC3482 + Moxi groups in comparison with the
control group (p > 0.05) (Fig. 3A). Additionally, compared to the CFA group, the level of TNF-a decreased in the CFA + Moxi, CFA +
MC3482, and CFA + MC3482 + Moxi groups (p < 0.05); these expressions were still higher than those in the control group (p < 0.05)
(Fig. 3B). Concerning anti-inflammatory cytokines, the level of IL-4 increased in the CFA + Moxi and CFA + MC3482 + Moxi groups
compared to that in the CFA group (p < 0.05), and no statistical difference was observed among the control, CFA, and CFA + MC3482
groups (p > 0.05) (Fig. 3C). Compared to the CFA group, TGF-p expression was significantly higher in the control, CFA + Moxi, CFA +
MC3482, and CFA + MC3482 + Moxi groups (p < 0.05) (Fig. 3D).

Pro-inflammatory cytokines IL-1p and TNF-a expression increased in the CFA group (n = 8) compared to the control group (n = 8)
(*p < 0.05), and went down with Moxi (n = 8) and MC3482 (n = 8) intervention. Compared with CFA group, anti-inflammatory
cytokines IL-4 and TGF-p increased in the CFA + Moxi (n = 8) and CFA + MC3482+Moxi (n = 8) groups. *p < 0.05, vs CFA
group, #p < 0.05, vs control group.

3.3. SIRTS5 expression at the stimulated sites of ST36 with moxibustion

Western blotting results showed that, compared with the control group, SIRT5 expression slightly increased in the CFA group, but
there was no statistical difference between these two groups (p > 0.05). Compared to the blank control, SIRT5 expression decreased in
CFA + MC3482, CFA + MC3482 + Moxi groups (p < 0.05). In comparison to the CFA group, SIRT5 expression was significantly
reduced in the CFA + Moxi, CFA + MC3482, CFA + MC3482 + Moxi groups (p < 0.05) (Fig. 4). These results implied that both
stimulating Moxi and MC3482 decreased SIRT5 expression at the ST36 stimulated site.

The control group (n = 5), CFA inflammatory pain model (n = 5), CFA + Moxi inflammatory pain with moxibustion group (n = 5),
CFA + MC3482 inflammatory pain with MC3482 ST36 site injection group (n = 5), CFA + MC3482 + Moxi inflammatory pain with
MC3482 ST36 site injection and moxibustion stimulation group (n = 5). *p < 0.05, compared with the CFA group. #p < 0.05, vs
control group.

3.4. SIRT5 expression at the right hind paws of mice with moxibustion

The results from immunohistochemistry showed that SIRT5 immunoreactivity in the CFA + Moxi, CFA + MC3482, and CFA +
MC3482 + Moxi groups was higher than that in the CFA group (p < 0.05) (Fig. 5A and B). Western blotting was performed to further
quantify SIRT5 expression (Fig. 6A). The results showed that SIRT5 expression in the CFA group was dramatically lower than that in
the control group (p < 0.05) (Fig. 6). After moxibustion and MC3482 intervention, compared to the CFA group, the expression of
SIRT5 was enhanced in the CFA + Moxi, CFA + MC3482, CFA + MC3482 + Moxi groups (p < 0.05) (Fig. 6B).

The control group (n = 5), CFA inflammatory pain model (n = 5), CFA + Moxi inflammatory pain with moxibustion group (n = 5),
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Fig. 2. Pain threshold changes of mice with moxibustion and MC3482 intervention at ST36 on inflammatory pain.
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Fig. 4. Moxi and MC3482 decreased SIRT5 expression at ST36 skin of mice with CFA-induced pain tested by Western blotting.

CFA + MC3482 inflammatory pain with MC3482 ST36 site injection group (n = 5), CFA + MC3482 + Moxi inflammatory pain with
MC3482 ST36 site injection and moxibustion stimulation group (n = 5). A. Representative immunohistochemistry image of SIRT5
expressions. B. Statistical analyze of SIRT5 immunoreactivity among these five groups. *p < 0.05, compared with the CFA group. Scale
bars 20 pm.

The control group (n = 5), CFA inflammatory pain model (n = 5), CFA + Moxi inflammatory pain with moxibustion group (n = 5),
CFA + MC3482 inflammatory pain with MC3482 ST36 site injection group (n = 5), CFA + MC3482 + Moxi inflammatory pain with
MC3482 ST36 site injection and moxibustion stimulation group (n = 5). A. Representative Western blot image of SIRT5 expressions. B.
Statistical analyze of SIRT5 expressions among these five groups. *p < 0.05, compared with the CFA group.

4. Discussion

Evidence demonstrated that moxibustion is an effective methods for treating inflammatory pain [26-28]. Therefore, in this study, a
CFA-induced inflammatory pain model was established and the ST36 acupoint was selected as the site for moxibustion and injection of
the SIRTS inhibitor MC3482. Given the fact that ST36 is a significant acupoint in pain management, according to the traditional
Chinese medicine theory, and recent modern research evidence [29-32]. Our results revealed that injecting MC3482 independently or
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Fig. 5. Moxi and MC3482 enhanced SIRT5 expression at the foot of mice with CFA-induced pain tested by immunofluorescence.
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Fig. 6. Moxi and MC3482 enhanced SIRT5 expression at the foot of mice with CFA-induced pain tested by Western blotting.

in combination with moxibustion at ST36 improved the pain threshold in CFA-induced mice. There were no statistical differences
among the three intervened groups, while there was a tendency that the moxibustion combined with MC3482 group had better thermal
analgesia compared to groups using moxibustion or MC3482 independently. These results indicate that inhibition of SIRT5 expression
at ST36 is an effective method of pain relief and suggest that SIRT5 may participate in the moxibustion analgesia mechanism.
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Inflammatory mediators activated by immune cells are also thought to contribute to CFA-induced inflammatory pain [33,34].
Pro-inflammatory cytokines, such as IL-1f and TNF-a, are positively associated with the pathological process of pain, whereas
anti-inflammatory cytokines, such as IL-4 and TGF-p, result in resolving inflammation and diminishing pain [35,36]. Pro-inflammatory
cytokines, including IL-1p and TNF-a, are released when inflammation occurs and are mainly expressed in the peripheral blood and
affected tissues [37]. Evidence suggests that utilizing intraplanar CFA induces mechanical and thermal hypersensitivity [50-53], and
excites IL-1p and TNF-a release [38-40]. Our results demonstrates that IL-1p and TNF-a expression is accelerated in CFA-induced mice
and restrained by moxibustion and MC3482 ST36 acupoint injections. IL-4 and TGF-f} are important anti-inflammatory cytokines with
diverse roles, such as wound repair, M2 macrophages activations, and T-cell proliferation [41,42]. After the initial inflammatory phase
subsides, TGF-p has an important impact on tissue regeneration and inhibition of proinflammatory functions [43]. This suggests that
reducing pro-inflammatory mediators and increasing anti-inflammatory cytokines may facilitate inflammatory pain recovery.
Moreover, the expression level of TGF-p increased substantially with moxibustion and MC3482 ST36 acupoint injection, both inde-
pendently and in combination, compared to that in CFA-induced mice. IL-4 signaling decreases the production and activity of several
pain-related pro-inflammatory cytokines, such as IL-1p, COX-2, and NLRP3 [37]. Recent studies reported that IL-4 dampen the
proinflammatory cytokine response by mediating macrophages to continuously produce opioid peptides and ameliorate pain [44].
These results showed that IL-4 expression was slightly increased when the SIRTS5 inhibitor was applied to ST36 independently. While
when combined with moxibustion, IL-4 expression increased significantly. Previous evidence revealed that IL-4 and SIRTS are
important regulators of pain relief, in the regulation of the macrophage immune response. Evidence demonstrated that these two
regulators can act as initial mediators by transferring pro-inflammatory M1 macrophages to anti-inflammatory M2 macrophages to
reduce pain [11,44,45]. Thus, this experiment suggests that the inflammatory response due to inflammatory pain could be relieved by
moxibustion and SIRT5 inhibition at ST36. The results also implied the possibility that SIRT5 participated in pain relief via IL-4 in
macrophages as an important mechanism of moxibustion, which needs further investigation.

MC3482 is a specific SIRT5 inhibitor that reduces SIRT5 expression at ST36. SIRT5 belong to the sirtuin family, and is involved in a
complication, coordinated interplay between energy metabolism and genome stability and acts as a redox sensor to maintain cellular
homeostasis [46]. SIRT5 has recently emerged as one of the most researched sirtuin family members. This is probably due to the
absence of particular phenotypes or striking dysmetabolism in SIRT5-null mice under basal conditions [5]. SIRT5 primarily resides in
the mitochondria and plays a distinct role in desuccinylase, deglutarylase, and demalonylase activities in the mitochondria [47].
Previous studies reported that tissues with high metabolic activity, such as the brain and muscle, exhibit high expression levels of
SIRT5, which regulates protein substrates that are involved in glycolysis, electron transport chain, TCA cycle, ROS detoxification,
ketone body formation, fatty acid f-oxidation, and nitrogenous waste management among other processes [48,49].

Additionally, we detected the expression of SIRT5 in the tissues at the ST36 acupoint and in the right paw of mice. These results
showed that the expression of SIRT5 at the ST36 acupoint skin decreased after both moxibustion and MC3482 intervention. SIRT5
expression increased in the foot of mice with moxibustion and MC3482 intervention. MC3482 is a specific SIRT5 inhibitor with no
effects on other sirtuin activities. Previous evidence suggested that SIRT5 participates in inflammatory diseases, including arthritis,
lung fibrosis, aging, obesity, and colitis [S0-52]. Our researches demonstrated that SIRT5 blocked IL-1p production in macrophages to
prevent DSS-Induced Colitis in Mice [11,45]. SIRTS overexpression plays as an anti-inflammatory role in TNF-a-induced inflammation
[53]. The difference between our research and previous reports is that we found that inhibition of SIRT5 expression at ST36 could
improve pain perception in CFA-induced mice by increasing SIRT5 expression in the paws. Notably, MC3482 is a specific SIRT5 in-
hibitor, this implies that the downregulation of SIRT5 expression at ST36 dampens the analgesic effect of moxibustion.

ST36 is an important acupoint in pain management according to the traditional Chinese medicine theory since ancient times [54].
Modern research has revealed that applying electroacupuncture at ST36 instead of at other acupoints drives the vagal-adrenal
anti-inflammatory axis in mice [55]. These studies imply that the acupoint itself has specificity. Similarly, researchers found that
applying downregulated anti-inflammatory mediators, such as caffeine or upregulated pro-inflammatory mediators, such as adenosine
triphosphate at ST36 stimulated analgesic effectiveness [56,57]. Previous studies have showen that SIRT5 acts as an anti-inflammatory
regulator. In this study, although SIRT5 expression was blocked at the ST36 acupoint, its expression in the right paw was enhanced,
which is consistent with previous anti-inflammatory and pain relief roles of SIRT5; while further studies are needed to reveal the
mechanism of the role of SIRT5 in moxibustion analgesia [12,58].

This study showed that SIRTS expression is involved in moxibustion analgesia, but much research is still required to elucidate how
the inhibition of SIRT5 at ST36 increases SIRTS expression in the paw.

5. Conclusion

In conclusion, these findings show that moxibustion at ST36 could achieve analgesia and mediate pro- and anti-inflammatory
mediators. SIRT5 participates in moxibustion analgesia.
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