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Abstract

Background
Pain is often refractory to most current analgesics, thus emphasizing the necessity for improved
therapeutic medications. Oxidative insult is critical for spinal nociception sensitization. Recent studies
report the removal of peroxynitrite by the 1st -line anti-malaria drug dihydroartemisinin (DHA) in several
neurological disorders. Herein, we explored whether DHA inhibits pathological pain and investigated the
potential targets of DHA in pain treatment.

Methods
Pain-related behaviors were evaluated to examine the effect of DHA on acute in�ammatory pain induced
by Complete Freund’s Adjuvant (CFA), chronic neuropathic pain after peripheral nerve injury and paclitaxel
application, as well as sarcoma-induced bone cancer pain in mice. Spinal SIRT3 activity, 3-nitrotyrosine
production, peroxiredoxin-3 acetylation, spine morphology and synaptic plasticity were detected to
elucidate substantially involved cascades.

Results
Intrathecal DHA administration prevented CFA-induced mechanical allodynia and thermal hyperalgesia
and NMDA-induced acute spontaneous pain. Intrathecal DHA treatment impaired the initiation and
maintenance of chronic neuropathic pain and cancer pain. Oral DHA therapy was effective against acute
and chroinc pain. Furthermore, DHA reduced the spinal SIRT3 inactivation, 3-nitrotyrosine accumulation,
peroxiredoxin-3 hyperacetylation and dendritic spine density in our pain models. Analgesic effect of DHA
was eliminated by spinal SIRT3 inhibition. Additionally, DHA delivery blocked CFA and peripheral nerve
injury mediated synaptic transmission in vitro.

Conclusion
DHA alleviates acute and chronic pain by increasing spinal SIRT3 activity to inhibit peroxiredoxin-3
hyperacetylation and peroxynitrite accumulation to impair structural and functional synaptic plasticity,
suggesting that DHA may be a therapeutic strategy for pain-relief in clinics.

Introduction
Pain affects up to 30% of adults and imposes a heavy �nancial burden to patients worldwide [1].
Treatment of pain continues to be a major clinical challenge. Accumulating evidence emphasizes that
nitroxidative insult drive spinal pain perception and central sensitization [2–5]. Yet, the speci�c
mechanisms underlying pain development remain unclear.
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Hyperactivity of N-methyl-d-aspartate (NMDA) receptor is required for peroxynitrite generation and
mitochondrial oxidative damage during in�ammatory pain and opioid-induced hyperalgesia in rodents [6,
7]. Mitochondrial nicotinamide adenosine dinucleotide (NAD+)-dependent histone deacetylase sirtuin3
(SIRT3) is identi�ed as a key signaling molecule for peroxynitrite detoxi�cation by deacetylating
mitochondrial antioxidant enzymes, such as peroxiredoxin-3 (PRDX3) and manganese superoxide
dismutase (MnSOD) [8, 9]. Furthermore, inactivation of SIRT3 is a cardinal feature of MnSOD acetylation
in the maintenance of carrageenan-induced hyper-nociceptive phenotype [10]. However, little is known
whether targeting SIRT3 and PRDX3 modi�cation may improve pain outcomes.

Recent progress has advanced our understanding in the attenuation of hyper-in�ammation and
immunoreaction by Chinese traditional herbs, especially artemisinin (Artemisia annua), which is isolated
from plant Qinghaosu. Dihydroartemisinin (DHA), an active metabolite of artemisinin compounds,
currently represents the mainstay for malaria treatment with little toxicity [11, 12]. Intriguingly, DHA
exhibits multi-immunomodulatory properties of anti-in�ammation, anti-oxidation and anti-viral infection
in several pathological conditions [13–15]. Recently, we have revealed that artesunate, as a derivative of
artemisinin, impairs PRDX3 hyperacetylation and nociceptive neuronal excitability in remifentanil-induced
hyperalgesia [16]. Nevertheless, whether and how DHA attenuates pathological pain by modulating
nitroxidative responses remains largely unknown.

In this study, we characterized the potential role of intrathecal (i.t.) DHA in acute and chronic pain using
several mouse models, including Complete Freund’s adjuvant (CFA)-induced acute in�ammatory pain,
NMDA-caused spontaneous pain, chronic neuropathic pain after spared nerve injury (SNI) and paclitaxel
application, as well as sarcoma-induced bone cancer pain. Also, spinal SIRT3-dependent nitroxidation
and synaptic plasticity were evaluated to validate the anti-nociceptive mechanisms of DHA in these pain
models.

Materials And Methods
Animals

Adult male C57BL/6J mice, 8-10 weeks old, were raised in an arti�cially regulated 12-h light-dark
environment with free access to food and water. All animals were purchased from the experimental
animal center of the Chinese Academy of Military Medical Science. All experimental studies and
protocols were conducted in strict accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and approved by the Animal Ethical and Welfare Committee of Tianjin
Medical University General Hospital (Tianjin, China).

Drug and administration

DHA (Aladdin, D110217, China) and the selective SIRT3 inhibitor 3-TYP (Selleck, S8628, Shanghai, China)
were dissolved in 1% dimethyl sulfoxide (DMSO, Sigma-Aldrich, D2650, USA) for i.t. injection. The
intrathecal injection [17] was performed under brief anesthesia of sevo�urane (induction, 3.0%, surgery,
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1.5 %, Maruishi Pharmaceutical Co., Ltd., Japan) and made between the levels of L4 and L5 using a 30-G
needle, 5 μl of the reagent was given when the re�exive tail �ick was observed.

Pain models establishment

To generate in�ammatory pain, a freshly diluted CFA (1 mg ml-1, 20 μl, Sigma-Aldrich, F5881, USA) was
injected via the intraplantar route [18]. Mice that received an injection of the same volume of 1% DMSO
served as controls.

Spontaneous pain was induced by i.t. NMDA (1 nmol, Sigma-Aldrich, M3262, USA) injection [19]. Mice
that received an injection of the same volume of normal saline served as controls. Following injection,
animals were immediately placed in an observation chamber, and nociceptive behaviors were recorded
for a 10-minutes period. The cumulative response time of positive behaviors, including scratching, biting,
rolling, and licking, was measured [19].

To produce spared nerve injury (SNI) in mice, the mice were anaesthetized with 1.5% sevo�urane and their
left hind limb was sterilized. A 15-mm longitudinal incision was made in the skin followed by blunt
dissection of the biceps femoris muscle to expose the sciatic nerve. In SNI mice, the common peroneal
and sural nerves were ligated with 6-0 silk suture and transected distal to the ligature [20], after which the
wound was closed, compression hemostasis was performed, and the skin was sutured with 4-0 silk
suture. In sham mice, the nerves were only exposed without ligation.

To generate chemotherapy-associated neuropathic pain, paclitaxel (6 mg kg-1, Sigma-Aldrich, 580555,
USA) was injected intraperitoneally [19]. Mice that received an injection of the same volume of vehicle
(1% DMSO) served as controls.

To generate bone cancer pain, the 2472 NCTC murine sarcoma cells (2×105, 5 μl, American Type Culture
Collection, USA) were injected into the distal femur condyle as previous report [21]. Mice that received an
injection of the same volume of vehicle (culture solution) served as controls.

Behavioral testing

All tests were conducted between 10:00 am and 3:00 pm on that day in a temperature-controlled room at
24°C. The baseline threshold was tested 1 day before the treatment, and the mice were habituated 2
hours per day in the testing apparatus for 3 days prior to the baseline threshold test.

In the von Frey test, the mice were placed on a test platform with a grid spacing of 1.5 mm, covered with a
plexiglass box of 49 × 33 × 40 cm, and allowed to acclimatize for 2 hours. The paw withdrawal threshold
(PWT) of the mice was measured with the von Frey �laments (Stoelting, USA) between 0.16 and 2 g using
the up-and-down method. Starting with 0.16 g to stimulate the left hind paw, licking or withdrawal during
the 5-seconds stimulus was considered as a positive response. The force was reduced in the case of a
positive reaction, otherwise, the force was increased, and �nally the PWT was calculated [22]. With
reference to the frequency behaviors, a 0.4 g von Frey �lament was used to stimulate hindpaws for 10
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times with 30-seconds interval, and the number of withdrawal responses was calculated as frequency
[23].

In the Hargreaves test, the mice were gently immobilized in the Hargreaves radiant heat apparatus (IITC
Life Science, USA), the heat source was placed underneath the mouse’s hindpaw, and the time from place
to withdrawal was recorded as paw withdrawal latency (PWL) [18]. To prevent tissue empyrosis, the
cutoff time was set at 10 seconds.

In the motor function test, mice were tested for three trials separated by 10 minutes intervals using
Rotarod system (IITC Life Science, USA). During the tests, the speed of rotation was accelerated from 4 to
40 rpm in 5 minutes, and the falling latency was recorded [17].

The same investigator blinded to the treatments collected the behavioral data.

Western blot analysis

The mice were deeply anaesthetized with 3% sevo�urane and sacri�ced. The whole spinal cord was
blown out with cold PBS from the tail end to the head end, and L4-L5 sections were taken out. The spinal
dorsal horn was dissected on a weighing paper and immediately placed into liquid nitrogen for
preservation after weighing. Total protein was extracted from the L4 to L5 dorsal horn using RIPA
(Thermo, 89900, USA), and the protein content was measured using the bicinchoninic acid assay
(Thermo, A53225, USA). Protein samples (30 μg) were separated by 10% SDS-PAGE gel electrophoresis
and membrane transfer, after which the nitrocellulose membrane of the transformed protein was placed
into TBS/T containing 5% skimmed milk powder, sealed at room temperature for 2 h, and then incubated
with the following primary antibodies: 3-nitrotyrsine (3-NT, 1:500, Abcam, ab198491, UK), SIRT3 (1:500,
Cell Signaling Technology, 2627, USA), PRDX3 (1:2000, Abcam, ab73349), acetyl Lysine (1:2000, Abcam,
ab190479), and β-actin (1:2000, Abcam, ab8227). The membranes were then incubated with horseradish
peroxidase-conjugated anti-mouse (1:2,000, KPL, 074-1806, USA) or anti-rabbit (1:2,000, KPL, 074-1506,
USA) secondary antibodies, and the bands were visualized using Supersignal HRP Chemiluminescence
Substrates (Millipore, WBKLS100, USA). The images were captured using Alpha FluorChem FC3 and
calculated using bundled software (Alpha Innotech, UK).

Immuno�uorescence

The mice were deeply anaesthetized and transcardially perfused with pre-cooled PBS following 4%
paraformaldehyde. The whole spinal cord was blown out using the hydraulic pressure method. The L4-L5

spinal cord was dissected and dehydrated in 30% sucrose for 2 days. The tissues were then frozen in
O.C.T. and cut into 5-µm frozen sections using a cryostat (Leica Biosystems, Germany). The sections were
blocked with 0.3% Triton X-100 for 10 min and 5% goat serum for 1 h. They were then incubated with
primary antibodies overnight at 4°C. The following primary antibodies were used: anti-SIRT3 (1:100, Cell
Signaling Technology, 2627, USA), anti-NeuN (1:200, Abcam, ab177487), anti-GFAP (1:200, Cell Signaling
Technology, 12389), and anti-IBA-1 (1:200, Abcam, ab178847). After rinsing three times with PBS, the
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sections were incubated with �uorescence-labeled secondary antibody for 1 h. Images were collected
using a �uorescence microscope (Olympus, Japan), and the analysis was performed using Image J
software.

SIRT3 deacetylase activity assay

As previously described [10], SIRT3 deacetylase activity was determined using the SIRT3 activity assay kit
(Fluorimetric) (Abcam, ab156067, UK). Brie�y, the spinal cord tissues were homogenized within
mitochondrial extraction buffer, after which they were centrifuged at 700 g at 4 °C for 10 min, and the
supernatant was centrifuged at 3,000 g for 15 minutes. The pellets were used for SIRT3 deacetylation
activity freshly following the manufacturer protocol. Finally, read �uorescence intensity was read using
microtiter plate �uorometer (Thermo, USA) with excitation at 360 nm and emission at 460 nm.

Spinal cord slice preparation and patch-clamp recordings

Spinal cord slice preparation and patch-clamp recordings were prepared as previously reported [22].
Brie�y, the mice were euthanized with 3% sevo�urane, followed by removing the L4-L5 lumbar spinal cord
segment and kept in pre-oxygenated chilled arti�cial cerebrospinal �uid (aCSF). Transverse slices (400-
600 μm) were cut on a vibrating microslicer. The slices were perfused with oxygen-containing aCSF at
36°C for 1 hour prior to the experiment. The whole cell patch-clamp recordings were made from lamina IIo
neurons in voltage-clamp mode. After establishing the whole-cell con�guration, neurons were held at -70
mV to record spontaneous excitatory postsynaptic currents (sEPSCs). The resistance of a micropipette
was 3-8 MΩ. Membrane currents were ampli�ed with an Axopatch 200B ampli�er (Axon Instruments) in
voltage-clamp mode. Signals were �ltered at 2 kHz and digitized at 5 kHz. Data were stored with a
personal computer using pCLAMP 10 software and analyzed with Mini Analysis (Synaptosoft Inc.). To
measure evoked EPSCs (eEPSCs) in lamina IIo neurons, dorsal root enter zone was stimulated through a
concentric bipolar electrode (FHC) with an isolated current stimulator. C �ber input monosynaptic neurons
were stimulated with a test pulse protocol (0.1 ms with intensity of 3 mA and 30 s pulse interval), which
was delivered by S88. The signal was �ltered at 2 kHz. Synaptic strength was quanti�ed by the peak
amplitudes of eEPSCs.

Golgi staining

As described previously [22], the freshly dissected spinal dorsal horns were immersed in 20 mL of a Golgi-
Cox solution for 2 weeks at room temperature. Then, the dorsal horns were transferred into 30% sucrose
for a minimum of 2 days to enhance the pliability. Sections (100 μm) were placed on 2% gelatinized
microscope slides, rinsed in distilled water for 1 min, soaked in ammonium hydroxide for 30 min in the
dark, rinsed in distilled water for 1 min again, and placed in Kodak Fix for image capture for 30 min.
Subsequently, the slides were rinsed with distilled water for 1 min, 50% alcohol for 1 min, 70% alcohol for
1 min, 95% alcohol for 1 min, 2 times with 100% alcohol for 5 min, and a solution of 100% alcohol and
xylene for 15 min was performed. The slides were cover-slipped with permount. Images were acquired
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with an Olympus eclipse 80i microscope (Olympus, Tokyo, Japan). To examine the morphologies of
dendritic spines, individual spine was manually traced and counted.

Statistical analysis

All statistical analyses were performed with SPSS 18.0 software (SPSS, USA). All animals were randomly
assigned to experimental conditions, and no data were excluded for observation and statistics. All data
were expressed as mean ± SEM (standard error of mean). The sample size was calculated as we
previously described 22,23 . The Shapiro-Wilk test was used for determining the normality of data
distribution, and parametric statistics were applied. The homogeneity of variance was validated using the
Levene test. The statistical analyses of behavioral data were performed by two-way or one-way analysis
of variance (ANOVA) with Bonferroni post-hoc comparisons. The results of biochemical and
electrophysiological experiments were analyzed using one-way ANOVA with Bonferroni post-hoc
comparisons. A P value < 0.05 was considered statistically signi�cant.

Results
Intrathecal pretreatment with DHA alleviated in�ammatory pain induced by CFA

To investigate a speci�c role of DHA in acute in�ammatory pain, the model of intraplantar CFA (1mg
ml−1, 20 μl) injection was employed and i.t. DHA (1, 10 and 100 μg) was administered 60 minutes prior to
CFA intervention. First, we found no change in the baseline of peripheral mechanical and thermal
sensitivity between groups (Fig. 1A-C). Intriguingly, DHA at 10 μg and 100 μg but not 1 μg reduced CFA-
induced in�ammatory pain, as characterized by the abrupt increase in paw withdrawal mechanical
threshold (F (5, 42) = 134.6, P < 0.0001, n = 8, two-way ANOVA, Fig. 1A), the signi�cant decrease in paw
withdrawal mechanical frequency (F (5, 42) = 87.28, P < 0.0001, n = 8, two-way ANOVA, Fig. 1B) and the
considerable increase in paw withdrawal thermal latency (F (5, 42) = 147.6, P < 0.0001, n = 8, two-way
ANOVA, Fig. 1C). Such analgesia of DHA strongly started at 3 hours and lasted for 1-3 days following CFA
administration in a dose-dependent manner. Noteworthy, DHA at 100 μg failed to affect normal
nociceptive sensitivity and locomotor function in vehicle-treated mice (Fig. 1), suggesting that DHA at 100
μg was effective and safe for our model.

To explore whether SIRT3-associated nitroxidative insult is involved in anti-nociception of DHA, the
alterations of spinal SIRT3, 3-nitrotyrosine and PRDX3 were examined on day 1 after CFA injection, when
CFA mice showed most obvious pain to noxious stimuli and DHA exhibited a robust pain-inhibition. Our
biochemical results revealed that CFA induced the reduction in SIRT3 expression and activity as
compared to vehicle-treated animals (Fig. 2A-C). Surprisingly, DHA increased SIRT3 expression and
activity in CFA-treated mice (Fig. 2A-C). Double staining also revealed that SIRT3 highly co-localized with
a neuronal marker NeuN but not astrocytic marker GFAP and microglial marker IBA-1, thus suggesting the
primary expression of SIRT3 by the spinal dorsal horn neurons (Fig. 2D). Further, immunostaining veri�ed
the decrease of SIRT3 expression in CFA mice and the increase of SIRT3 expression after DHA
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intervention (Fig. 2E). 3-nitrotyrosine is well recognized as a biomarker for endogenous peroxynitrite
accumulation [24]. Western blot assay revealed that DHA markedly inhibited the over-expression of spinal
3-nitrotyrosine in CFA animals (Fig. 2A and B). As parallel, DHA protected against CFA-induced spinal
PRDX3 hyperacetylation (Fig. 2A and B).

All these data suggested that CFA induced the rapid spinal SIRT3 inactivation, peroxynitrite formation,
and PRDX3 hyperacetylation, whereas DHA reversed these alterations and thus attenuating the severity of
acute in�ammatory pain in mice.

Intrathecal injection of DHA impaired neuropathic pain after SNI

After the alleviation of acute pain by DHA was conformed, we investigated the e�ciency of DHA at
improving SNI-induced chronic neuropathic pain. First, mice received three injections of DHA (i.t., 100 μg)
daily from days 4 to 6 (in the early phase) after SNI procedures. Von Frey tests showed that DHA
signi�cantly diminished SNI-induced mechanical allodynia, as re�ected by the long-lasting increase in
paw withdrawal threshold (F (2, 105) = 206.5, P = 0.003, n = 8, two-way ANOVA, Fig. 3A), and the
signi�cant decrease in paw withdrawal frequency (F (2, 105) = 222.8, P =0.001, n = 8, two-way ANOVA,
Fig. 3B) in SNI animals. The robust anti-allodynia sustained for 1 week after termination of the third
treatment. Separately, the Hargreaves test revealed that DHA produced transient inhibitory effects on the
established thermal hyperalgesia, as indicated by the extension in paw withdrawal latency (F (2, 105) =
489.8, P < 0.0001, n = 8, two-way ANOVA, Fig. 3C) on day 7 after SNI operation. Also, a single treatment of
DHA on 14 days after SNI produced a rapid and transient suppression of the established mechanical
allodynia for 5 hours (F (1, 50) = 21.7, P < 0.0001, n = 6, two-way ANOVA, Fig. 3D) and heat hyperalgesia
for 1 hour (F (1, 50) = 4.364, P = 0.0418, n = 6, two-way ANOVA, Fig. 3E).

Interestingly, our biochemical data discovered that DHA up-modulated spinal SIRT3 expression and
activity, and inhibited 3-nitrotyrosine formation and PRDX3 hyperacetylation on day 7 after SNI
intervention (Fig. 3F-H). These �ndings suggested that DHA suppressed the generation and maintenance
of peripheral nerve injury-induced chronic neuropathic pain by reducing nitroxidation.

Intrathecal treatment with DHA mildly impaired chemotherapy-induced peripherally mechanical allodynia

Next, DHA (i.t., 100 μg) was administered daily for 3 consecutive days on days 4, 5, and 6 (in the early
phase) after intraperitoneal injection of paclitaxel (6 mg kg-1) to validate its analgesic role in
chemotherapy-induced chronic pain. We found that DHA elicited a short-term increase in paw withdrawal
threshold on day 7 after paclitaxel exposure (F (2, 105) = 190.4, P =0.046, n = 8, two-way ANOVA, Fig. 4A),
whereas there were no signi�cant differences in paw withdrawal frequency and paw withdrawal latency
(Fig. 4B and C). Also, a single delivery of DHA in the late phase (on day 14 after paclitaxel injection) only
exhibited a transient and signi�cant inhibition of the established mechanical allodynia for 1 hour (F (1,
50) = 6.813, P = 0.012, n = 6, two-way ANOVA, Fig. 4D and E). These data demonstrated that DHA slightly
and transiently impaired the initiation and development of chemotherapy-induced mechanical allodynia,
but not thermal hyperalgesia.
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Intriguingly, spinal decreases of SIRT3 expression and activity, as well as 3-nitrotyrosine overload and
PRDX3 hyperacetylation in paclitaxel-treated animals were reversed after i.t. DHA delivery (Fig. 4F-H),
suggesting the involvement of SIRT3 and PRDX3 pathways in the analgesic effect of DHA in
chemotherapy-induced peripheral neuropathy.

Intrathecal injection of DHA protected against bone cancer pain

To further examine the protective effect of DHA on bone cancer pain, repetitive DHA (i.t., 100 μg) was
delivered on a daily basis from days 4 to 6 (in the early phase) after the injection of NCTC sarcoma cells
into the distal femur condyle. Strikingly, DHA produced a long-term and signi�cant inhibition of
mechanical allodynia and thermal hyperalgesia, which persisted for more than 7 days, as manifested by
the increase of paw withdrawal threshold (F (2, 105) = 484.4, P =0.005, n = 8, two-way ANOVA, Fig. 5A),
the decrease of paw withdrawal frequency (F (2, 105) = 263.4, P =0.002, n = 8, two-way ANOVA, Fig. 5B)
and the extension of paw withdrawal latency (F (2, 105) = 1228, P =0.033, n = 8, two-way ANOVA, Fig. 5C)
in animals with cancer pain. Furthermore, a single treatment of DHA on day 14 after sarcoma exposure
signi�cantly inhibited the established mechanical allodynia for 3 hours (F (1, 50) = 27.97, P < 0.0001, n =
6, two-way ANOVA, Figure 5D) and heat hyperalgesia for 1 hour (F (1, 50) = 4.975, P = 0.0302, n = 6, two-
way ANOVA, Fig. 5E). More importantly, mice exhibited the spinal elevations of 3-nitrotyrosine production,
PRDX3 hyperacetylation and SIRT3 inactivation on day 7 after tumor cells injection, which was restrained
by repeated administration of DHA (Fig. 5F-H).

Intrathecal pretreatment with DHA relieved spontaneous pain induced by NMDA

Subsequently, we assessed whether DHA was equally valid in NMDA-induced spontaneous pain. DHA (i.t.,
100 μg) was administered 60 minutes before NMDA exposure (i.t., 1 nmol). Herein, we reported that
spontaneous nociception-like behaviors including dramatic scratching and rolling emerged from 1 minute
and were sustained for 9 minutes (Fig. 6A) in NMDA mice. Strikingly, NMDA only induced obvious pain
behaviors from 2 to 5 minutes in female mice with DHA pretreatment (F (1, 154) = 783.8, P < 0.0001, n =
8, two-way ANOVA, Fig. 6A), suggesting that the unbearable pain was weakened and shortened by DHA.
Besides, DHA pretreatment reduced NMDA-caused spinal SIRT3 inactivation, 3-nitrotyrosine formation,
PRDX3 hyperacetylation (Fig. 6B-D).

Oral administration of DHA relieves the established acute and chronic pain

Given that DHA is often administered via oral delivery for the treatment of malaria in clinical patients [25,
26], we next investigated whether oral DHA therapy was also effective against acute and chronic pain.
According to previous reports, dose of DHA varying from 1 mg kg−1 to 100 mg kg−1 has been widely used
in many animal models of different diseases with universally acknowledged e�cacy and safety records
[27]. Thus, we selected and administered DHA (50 mg kg−1) by gavage on 1 day following CFA injection,
and on 14 days after SNI surgery, paclitaxel delivery and sarcoma cells implantation, respectively.
Intriguingly, oral DHA therapy relieved the decrease of paw withdrawal mechanical threshold and paw
withdrawal thermal latency due to peripheral in�ammation, nerve injury and bone cancer (P < 0.05, n = 8,
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Fig. 7). Oral delivery of DHA also inhibited chemotherapy-induced mechanical allodynia (P < 0.05, n = 8,
Fig. 7E). Such analgesia persisted for 3-5 hours after oral exposure to DHA in our acute and chronic pain
models.

DHA inhibited spinal synaptic plasticity in in�ammatory pain, neuropathic pain and cancer pain

Given the critical role of spinal synaptic plasticity in acute and chronic pain [19, 22], we examined whether
DHA could modulate excitatory synaptic transmission in pain development. First, the frequency but not
the amplitude of sEPSCs in lamina o neurons of spinal cord slices on 1 day following peripheral CFA
intervention was up-regulated (P = 0.016, Fig. 8A). Further, peripheral nerve injury increased the frequency
of sEPSCs on 7 days after SNI exposure (P = 0.015, Fig. 8B). Strikingly, both CFA and SNI induced
increases of sEPSCs were reduced by DHA pretreatment (P = 0.045 and P = 0.04, Fig. 8A and B),
indicating the inhibition of neurogenic in�ammation-induced synaptic plasticity by DHA (Fig. 8A and B).
As parallel, the CFA and SNI potentiated the evoked EPSCs (eEPSCs) after the dorsal root stimulation (Fig.
8D and E), suggesting the unique contribution of in�ammation and nerve trauma to glutamate release
from central terminals of primary dorsal root ganglion (DRG) afferents in neuronal responsiveness
following noxious stimulation. Furthermore, both CFA and SNI failed to increase the amplitude of the
eEPSCs in the present of DHA (Fig. 8A and B), suggesting that DHA impaired noxious stimuli-induced
synaptic activity via peripheral and presynaptic mechanisms. Additionally, recent studies have
recapitulated the signi�cance of dendritic spine morphogenesis in excitatory synaptic functional
plasticity, after nerve injury, bone fracture and opioid treatment, which is indispensable for central
sensitization and pain development [22-24]. Our results veri�ed the increase of spine density following
SNI surgery, paclitaxel injection and sarcoma cells implantation (P < 0.05, Fig. 8E-G). Intriguingly, DHA
administration inhibited the up-regulated number of dendritic spines in mice with neuropathic pain and
bone cancer pain (P < 0.05, Fig. 8E-G), demonstrating the suppression of structural spine plasticity by
DHA. Collectively, these �ndings suggest that DHA may cause pain alleviation through reducing spinal
synaptic plasticity.

Spinal SIRT3 inhibition eliminated the analgesic effect of DHA on acute and chronic pain

Then, we further tested whether SIRT3 is involved in the antinociceptive effect of DHA. The selective
SIRT3 inhibitor 3-TYP was injected intrathecally (single injection, 10 μg) at 30 minutes after DHA
treatment. Interestingly, the attenuation of CFA-induced mechanical allodynia and thermal hyperalgesia
by DHA (i.t., 100 μg) was completely reversed after 3-TYP delivery (Fig. 9A and B). Furthermore, 3-TYP
intervention impaired the protective effect of DHA on SNI-induced up-regulation of peripheral mechanical
and heat sensitivity (Fig. 9C and D). The transient inhibition of paclitaxel-induced mechanical allodynia
by DHA was signi�cantly compromised after 3-TYP application (Fig. 9E and F). Also, spinal suppression
of SIRT3 was su�cient to eliminate analgesic role of DHA in bone cancer pain mice with sarcoma cells
implantation (Fig. 9G and H). Collectively, these behavioral data further illustrated that SIRT3 might be a
therapeutic target of DHA analgesia in acute and chronic pain conditions.
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Discussion
As an active metabolite of artemisinin derivatives, DHA has saved millions of patients suffering from
malarial infections [26, 27]. Recently, DHA has gained particular interest on account of its multiple
pharmacologic actions against oxidative stress, in�ammation and cancer [28]. In the present
investigation, the central �ndings are: First, spinal exposure to DHA alleviates CFA-induced mechanical
allodynia and thermal hyperalgesia in a dose-dependent manner, and reduces CFA-caused spinal SIRT3
inactivation, 3-nitrotyrosine formation, as well as PRDX3 hyperacetylation. Second, pre-administration of
DHA impairs NMDA-induced transient spontaneous pain. Third, spinal delivery of DHA not only inhibits
neuropathic pain following peripheral nerve injury and paclitaxel injection but also diminishes bone
cancer pain after sarcoma cells implantation. spinal up-regulations of peroxynitrite toxi�cation and
PRDX3 hyperacetylation in these chronic pain models are suppressed by DHA. Fourth, oral therapy of
DHA is effective in acute and chronic pain treatment. Fifth, the increase in both CFA in�ammation- and
peripheral nerve injury-induced excitatory synaptic transmission is disrupted by DHA intervention. DHA
also reduces the number of dendritic spines in neuropathic pain and cancer pain. Sixth, antinociception
of DHA was compromised by spinal inhibition of SIRT3. These �ndings therefore recapitulate the
analgesic effect of DHA on pain by controlling spinal nitroxidative stress and synaptic plasticity (Fig. 10),
suggesting that the DHA treatment can be used as a promising therapeutic approach for the
management of pain with different etiologies.

Nitroxidative stress-induced post-translational protein modi�cations are responsible for spinal neuronal
hyper-excitability and synaptic potentiation, which further involves central sensitization-driven pain
development [2–7, 25]. Acetylation of PRDX3 at 253-lysine residue reduces its enzymatic capability and
causes reactive oxygen species (ROS) overload, which is a leading determinant in protein oxidation [9].
SIRT3 can deacetylate PRDX3/MnSOD and raise its activity to eliminate ROS [29, 30]. It is noteworthy
that spinal over-expression of SIRT3 up-modulates MnSOD activity and causes pain alleviation in
diabetic peripheral neuropathy in animals [31]. We previously elucidated that peroxynitrite overload by
MnSOD inactivation aggravates nitroxidative insult, which underlies remifentanil-induced post-incisional
hyperalgesia in rats [7, 24]. Still, the correlation of SIRT3 and PRDX3 in pain initiation and chroni�cation
remains unclear. Herein, we initially reported the up-regulation of PRDX3 acetylation and 3-nitrotyrosine
level, and the down-regulation of SIRT3 expression and activity in mice with acute and chronic pain
following CFA injection, NMDA exposure, SNI surgery, paclitaxel delivery and sarcoma cells implantation,
respectively. Mechanistically, these phenomena strongly suggest that SIRT3 inactivation reduce its ability
to deacetylate PRDX3 and detoxify peroxynitrite, which is indispensable for spinal nociceptive processing
(Fig. 10), and that inhibiting this may provide a novel therapeutic target for pain conditions.

It is noteworthy that artemisinin and its derivatives possess potent antioxidant and neuroprotective
properties [32–34]. Artemether improves cognitive dysfunction and cortical neurons apoptosis through
reducing lipid peroxidation and synthesizing antioxidant proteins (SOD and HO-1) in Alzheimer's disease
[32]. Artemisinin protects against spinal root avulsion by inhibiting ROS-dependent oxidative responses to
improve axonal remyelination and motor function [33]. Additionally, artesunate regulates mitochondrial
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function and antioxidant enzyme activity in experimental cerebral malaria [34]. Recently, Bang and his
colleagues demonstrate the reduction of bacterial infection severity, cytokine secretion, pain-like
behaviors and septic death by artesunate treatment [13]. Of note, we provided several lines of evidence to
support the therapeutic effect of DHA in pathological pain of multiple etiologies. First, single delivery of
DHA was su�cient and effective in the mitigation of NMDA-induced spontaneous pain and CFA-induced
acute in�ammatory pain. Second, repetitive injections of DHA also impaired peripheral nerve injury-
induced persistent neuropathic pain, paclitaxel-induced mechanical allodynia and sarcoma-caused
cancer pain, respectively. Third, both oral and intrathecal DHA therapy relieved the established chronic
pain following nerve trauma and bone cancer. Fourth, DHA treatment enhanced SIRT3 activity and down-
regulated PRDX3 hyperacetylation and 3-nitrotyrosine synthesis in mice with pain following peripheral
in�ammation, nerve injury, chemotherapy and cancer. Fifth, the analgesic potency of DHA was eliminated
by spinal SIRT3 inhibition. Sixth, DHA reversed CFA- and nerve trauma- induced the increase in spinal
sEPSCs frequency and eEPSCs amplitude in vitro. Seventh, DHA reduced dendritic spines number in mice
with nerve trauma, chemotherapy and bone cancer. Taken together, DHA protects against the generation
and maintenance of acute and chronic pain through mitigating spinal SIRT3 inactivation-mediated
PRDX3 hyperacetylation and nitroxidative insult, and subsequent neuronal plasticity by peripheral and
presynaptic inhibition (Fig. 10).

Indeed, apart from its antioxidant effects, artemisinin and its derivatives exhibit special anti-in�ammatory
function [13, 35]. Acute pain is a protective response involving in�ammation. Chronic pain following
nerve damage, chemotherapy and cancer is critically initiated by continuous neuroin�ammation [3, 36,
37]. Caspase-6 activation is capable of enhancing synaptic responsiveness by accelerating microglial
secretion of chemokines, cytokines recruitment and releasing glutamate from primary afferent terminals
[38, 39]. Our recent study has reported that spinal caspase-6 cleavage modulated structural modi�cations
in dendritic spine and functional potentiation in glutamatergic synapses through microglia activation in
tibial fracture-associated long-lasting allodynia in rodents [22]. Consequently, it will be of great interest to
investigate whether caspase-6-mediated microgliosis and neuroin�ammatory responses is a canonical
downstream contributor in the mechanisms of DHA analgesia.

In the past decades, we have witnessed the exciting medical advancement, but it is still short of effective
and safe therapy for pain-alleviation [40]. Non-steroidal anti-in�ammatory drugs and acetaminophen
must be cautiously utilized in patients undergoing hepatocyte dysfunction, renal insu�ciency and peptic
ulcer [41, 42]. α2-δ anticonvulsants, tricyclic antidepressants, NMDA receptor antagonists and
norepinephrine reuptake inhibitors are only partially bene�cial to neuropathic pain, moreover, their clinical
application is often limited by some dosage-related side-effects, such as sedation, somnolence and
dizziness [43, 44]. Opioids, as 1st -line potent analgesics, frequently cause nausea, addiction,
constipation, itch, hyperalgesia and tolerance [45–47]. Therefore, substitute pharmaceuticals for pain-
relief are eagerly required. Notably, artemisinin has been utilized for so long with highly e�cient
performance, extremely low toxicity and relatively competitive price [28]. Although DHA represents a short
half-life, we discovered that single application of DHA alleviated irritative chemicals such as CFA-induced
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in�ammatory pain for 1–3 days, and that the anti-nociceptive effect of repetitive DHA injections could
last for 1 week in persistent neuropathic pain and cancer pain. It is possible that DHA was administered
before establishment of pain behaviors to effectively block spinal nociceptive transduction and central
sensitization. Unfortunately, our results cannot explain these observations, which need to be further
investigated. Furthermore, in order to evoke a longer duration of analgesia (weeks longer), a more rational
strategy may be to separate the repetitive applications through several days. One intriguing point of our
�ndings is that we examined and identi�ed the analgesic potency of DHA following oral delivery, which it
is of great importance to take proper account of the route of administration for clinical use. A possible
limitation of this study is that all experiments were conducted in male rodents and might not be
representative for females, which should be addressed by future prospective studies. Another weakness
is the failure to explore whether other artemisinin derivatives (such as artemether and artesunate) is also
effective against pathological pain.

In conclusion, the current �ndings recapitulate an unconventional pharmacological role of DHA in the
alleviation of acute and chronic pain by up-regulating spinal SIRT3 activity to inhibit PRDX3
hyperacetylation-mediated nitroxidative insult, and subsequent synaptic plasticity in mice. Thus, although
there is no evidence with the bene�cial effects of DHA on patients with pain, we consider that DHA may
emerge as a promising therapeutic candidate for pain-relief in clinic.
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Figure 1

Pre-administration of DHA reduces CFA-induced acute in�ammatory pain in a dose-dependent manner.
DHA (i.t., 1, 10, 100 μg, indicated by red arrow) was injected 60 minutes before intraplantar CFA (1 mg/ml,
20 μl) intervention. The development of mechanical allodynia was evaluated by paw withdrawal
mechanical threshold (A) and paw withdrawal mechanical frequency to 0.4 g �lament (B) in von Frey test
after vehicle (1% DMSO) and CFA treatment. The development of heat hyperalgesia was assessed by
paw withdrawal thermal latency (C) in Hargreaves test in CFA-treated mice. (D) An accelerating rotarod
test was utilized for measuring motor function after i.t. DHA injection with different dosages. Results (n =
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8) are expressed as mean ± SEM and analyzed by two-way ANOVA with Bonferroni post hoc
comparisons. #P<0.05, ##P<0.01, ###P<0.001.

Figure 2

Pre-administration of DHA reduces CFA-induced spinal PRDX3 hyperacetylation and nitroxidative insult.
DHA (i.t., 100 μg) was injected 60 minutes before intraplantar CFA (1 mg ml-1, 20 μl) intervention in mice.
(A and B) Western blot showed the increased levels of spinal SIRT3, and the decreased levels of 3-
nitrotyrosine overload and PRDX3 hyperacetylation after CFA injection by DHA pretreatment, respectively.
(C) DHA rescued the decrease of SIRT3 enzymatic activity in CFA-injected mice. (D) Double staining of
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SIRT3 (red) with markers (green) of different cells in the spinal dorsal horn—microglia (IBA-1), astrocyte
(GFAP), and neuron (NeuN). Scale bar, 100 μm. (E) Representative images of spinal SIRT3 (red) in CFA
and DHA-treated animals on 0 (baseline) and 1 day post injection (dpi). Scale bar, 100 μm. All
biochemical data (n = 5) were collected on day 1 after CFA injection and analyzed by one-way ANOVA
with Bonferroni post hoc comparisons. All data are expressed as mean ± SEM. ***P<0.001 vs. group
Vehicle (1% DMSO), #P<0.05, ##P<0.01, ###P<0.001 vs. group CFA+DMSO. AFU, arbitrary �uorescence
unit. 

Figure 3

Intrathecal injection of DHA reduces SNI-induced persistent neuropathic pain and spinal nitroxidative
insult. (A-C) repetitive administration of DHA (100 μg) on days 4, 5, and 6 (indicated by red arrows) after
SNI (spared nerve injury) surgery drastically alleviated postoperative mechanical allodynia and thermal
hyperalgesia. (D-E) Single application of DHA (100 μg) on days 14 after SNI reduced the established
neuropathic pain. All behavioral results (n = 6-8) were analyzed by two-way ANOVA with Bonferroni post
hoc comparisons. (F-G) Western blot showed the changes of spinal SIRT3 expression, 3-nitrotyrosine
overload, and PRDX3 hyperacetylation after SNI by repeated DHA therapy, respectively. (H) Repeated
injection of DHA rescued the decrease of SIRT3 enzymatic activity in SNI surgery mice. All biochemical
data (n = 5) were collected on day 7 after SNI and analyzed by one-way ANOVA with Bonferroni post hoc
comparisons. All data are expressed as mean ± SEM. ***P<0.001 vs. group Sham, #P<0.05, ##P<0.01,
###P<0.001 vs. group SNI+DMSO. ns, not signi�cant, AFU, arbitrary �uorescence unit.  
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Figure 4

Intrathecal injection of DHA reduces chemotherapy-induced persistent mechanical allodynia and spinal
nitroxidative insult. (A-C) Repetitive administration of DHA (100 μg) on days 4, 5, and 6 (indicated by red
arrows) after intraperitoneal paclitaxel (PTX, 6 mg kg-1) injection drastically alleviated long-lasting
mechanical allodynia. (D-E) Single application of DHA (100 μg) on days 14 after PTX exposure reduced
the established mechanical allodynia. All behavioral results (n = 6-8) were analyzed by two-way ANOVA
with Bonferroni post hoc comparisons. (F-G) Western blot showed the changes of spinal SIRT3
expression, 3-nitrotyrosine overload, and PRDX3 hyperacetylation after paclitaxel injection by repeated
DHA therapy, respectively. (H) Repeated injection of DHA rescued the decrease of SIRT3 enzymatic
activity in paclitaxel-injected mice. All biochemical data (n = 5) were collected on day 7 after paclitaxel
injection and analyzed by one-way ANOVA with Bonferroni post hoc comparisons. All data are expressed
as mean ± SEM. ***P<0.001 vs. group Vehicle (1% DMSO), #P<0.05 vs. group PTX+DMSO. ns, not
signi�cant, AFU, arbitrary �uorescence unit. 
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Figure 5

Intrathecal injection of DHA reduces chronic bone cancer pain and spinal nitroxidative insult. (A-C)
Repetitive administration of DHA (100 μg) on days 4, 5, and 6 (indicated by red arrows) after sarcoma
cells (2×105, 5 μl) implantation drastically alleviated postoperative mechanical allodynia and thermal
hyperalgesia. (D-E) Single application of DHA (100 μg) on days 14 after sarcoma cells exposure reduced
the established bone cancer pain. All behavioral results (n = 6-8) were analyzed by two-way ANOVA with
Bonferroni post hoc comparisons. (F-G) Western blot showed the changes of spinal SIRT3 expression, 3-
nitrotyrosine overload, and PRDX3 hyperacetylation after sarcoma cells implantation by repeated DHA
therapy, respectively. (H) Repeated injection of DHA rescued the decrease of SIRT3 enzymatic activity in
mice with sarcoma cells implantation. All biochemical data (n = 5) were collected on day 7 after sarcoma
cells implantation and analyzed by one-way ANOVA with Bonferroni post hoc comparisons. All data are
expressed as mean ± SEM. **P<0.01, ***P<0.001 vs. group Sham, #P<0.05, ##P<0.01, ###P<0.001 vs. group
Sarcoma+DMSO. ns, not signi�cant, AFU, arbitrary �uorescence unit.

Figure 6
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Pre-administration of DHA reduces NMDA-induced spontaneous pain and spinal nitroxidative insult. (A)
The spontaneous pain induced by NMDA (i.t., 1 nmol) was abrogated by DHA (i.t., 100 μg) pre-treatment.
*P<0.05 vs. baseline, #P<0.05 vs. group NMDA+DMSO. All behavioral results (n = 8) were analyzed by two-
way ANOVA with Bonferroni post hoc comparisons. (B-C) Western blot showed the changes of spinal
SIRT3 expression, 3-nitrotyrosine overload, and PRDX3 hyperacetylation after NMDA injection by DHA. (D)
DHA pre-treatment rescued the reduction of SIRT3 activity in NMDA-injected mice. Biochemical results (n
= 5) were analyzed by one-way ANOVA with Bonferroni post hoc comparisons. All data are expressed as
mean ± SEM. ***P<0.001 vs. group Vehicle (normal saline), ##P<0.01, ###P<0.001 vs. group NMDA+DMSO.
ns, not signi�cant, AFU, arbitrary �uorescence unit.

Figure 7

Oral administration of DHA alleviated the existing acute and chronic pain. DHA (50 mg kg−1, indicated by
red arrow) was administered by gavage on 1 day following CFA injection, and on 14 days after SNI
surgery, paclitaxel delivery and sarcoma cells implantation, respectively. (A-B) CFA-induced acute
in�ammatory pain and (C-D) SNI-induced neuropathic pain were ameliorated by oral delivery of DHA. (E-
F) Behavioral test showed the attenuation of PTX-evoked mechanical allodynia but not thermal
hyperalgesia by oral DHA therapy. (G-H) Oral DHA application impaired the established bone cancer pain.
Results (n = 8) are expressed as mean ± SEM and analyzed by two-way ANOVA with Bonferroni post hoc
comparisons.
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Figure 8

Synaptic plasticity in acute and chronic pain was inhibited by DHA treatment. (A) Traces of sEPSCs in
lamina IIo neurons of spinal cord slices on day 1 after treatment with CFA (intraplantar, 1 mg ml-1, 20 μl)
and DHA (i.t., 100 μg). (B) Traces of sEPSCs in lamina IIo neurons of spinal cord slices on day 7 following
SNI surgery and DHA (i.t., 100 μg) treatment. Frequency and amplitude of sEPSC were shown in panel
below. (C) Traces of eEPSCs following dorsal root stimulation in the presence of CFA and DHA. (D) Traces
of eEPSCs in the presence of SNI and DHA. Amplitude of eEPSC was shown in panel below. (E-G)
Representative photomicrographs of spine morphology in the dorsal horn on day 7 after SNI surgery,
paclitaxel injection and sarcoma cells implantation were shown. Intrathecal DHA (100 μg) was
repetitively injected on days 4, 5, and 6 after SNI surgery, paclitaxel injection and sarcoma cells
implantation, respectively. The density of dendritic spines was evaluated. All data (n = 5) are expressed
as mean ± SEM and analyzed by one-way ANOVA with Bonferroni post hoc comparisons. *P< 0.05, **P<
0.01, ***P< 0.001. 
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Figure 9

Spinal SIRT3 inhibition eliminated the analgesic effects of DHA on acute and chronic pain. DHA (i.t., 100
μg) was injected on 1 day following CFA injection, and on 14 days after SNI surgery, paclitaxel delivery
and sarcoma cells implantation, respectively. The selective SIRT3 inhibitor 3-TYP (10 μg) was injected
intrathecally at 30 minutes after DHA treatment. (A-B) The reduction of CFA-induced in�ammatory pain
by DHA was reversed after 3-TYP application. #P<0.05, ##P<0.01, ###P<0.001 vs. group CFA+DMSO,
*P<0.05, ***P<0.001 vs. group CFA+DHA. (C-D) The alleviation of SNI-induced neuropathic pain by DHA
was compromised after 3-TYP application. #P<0.05, ###P<0.001 vs. group SNI+DMSO, *P<0.05, ***P<0.001
vs. group SNI+DHA. (E-F) The attenuation of PTX-evoked mechanical allodynia by DHA was eliminated
after 3-TYP application. #P<0.05 vs. group PTX+DMSO, **P<0.01 vs. group PTX+DHA. (G-H) The inhibition
of bone cancer pain by DHA was impaired after 3-TYP application. #P<0.05, ###P<0.001 vs. group
Sarcoma+DMSO, *P<0.05, **P<0.01 vs. group Sarcoma+DHA. Results (n = 8) are expressed as mean ±
SEM and analyzed by two-way ANOVA with Bonferroni post hoc comparisons.
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Figure 10

Schematic illustration of the proposed analgesic mechanism of DHA in acute pain and chronic pain in
mice. Glutamate-NMDA receptor activation in the spinal dorsal horn after peripheral tissue injury, nerve
trauma, chemotherapy and sarcoma causes cellular calcium in�ux, reducing SIRT expression and activity.
Inactivated SIRT facilitates PRDX3 hyperacetylation, which drives the interaction between superoxide and
nitric oxide, leading to PN accumulation and oxidative stress. DMT1 (-) IRE -mediated iron overload may
aggravate PN-induced oxidative stress. Then, oxidative stress promotes dendritic spines morphogenesis
and AMPA receptor-mediated synaptic transmission, which contributes to the development of
in�ammatory pain, neuropathic pain and cancer pain. More importantly, DHA inhibits SIRT3 inactivation
to impair oxidative stress and synaptic plasticity, thereby achieving pain-relief. 
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