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Background: Currently, medical treatment of inflammatory pain is limited by a lack of safe
and effective therapies. Triptonide (TPN), a major component of Tripterygium wilfordii
Hook.f. with low toxicity, has been shown to have good anti-inflammatory and neuroprotec-
tive effects. The present study aims to investigate the effects of TPN on chronic inflamma-
tory pain.

Materials and Methods: Inflammatory pain was induced by intraplantar injection of
complete Freund’s adjuvant (CFA). TPN’s three different doses were intravenously adminis-
tered to compare the analgesic efficacy: 0.1 mg/kg, 0.5 mg/kg, and 2.0 mg/kg. The foot
swelling was quantitated by measuring paw volume. Mechanical allodynia and thermal
hyperalgesia were assessed with von Frey filament testing and Hargreaves’ test, respectively.
Western blots, qRT-PCR and immunofluorescence tests were used to analyze the expression of
pAKT, tumor necrosis factor-o. (TNF-a.), interleukin 1 beta (IL-1p), and interleukin 6 (IL-6).
Two AKT inhibitors, AKT inhibitor [V and MK-2206, were used to examine AKT’s effects on
pain behavior and cytokines expression.

Results: Intravenous treatment with TPN attenuated CFA-induced paw edema, mechanical
allodynia, and thermal hyperalgesia. Western blotting and immunofluorescence results
showed that CFA induced AKT activation in the dorsal root ganglion (DRG) neurons.
However, these effects were suppressed by treatment with TPN. Furthermore, TPN treatment
inhibited CFA-induced increase of pro-inflammatory cytokines, including TNF-a, IL-1f, and
1L-6. Consistent with the in vivo data, TPN inhibited LPS-induced Akt phosphorylation and
inflammatory mediator production in ND7/23 cells. Finally, intrathecal treatment with AKT
inhibitor IV or MK-2206, attenuated CFA-induced mechanical allodynia and thermal hyper-
algesia, and simultaneously decreased the mRNA expression of TNF-a, IL-1f, and IL-6 in
DRG.

Conclusion: These data indicate that TPN attenuates CFA-induced pain potentially via
inhibiting AKT-mediated pro-inflammatory cytokines production in DRG. TPN may be
used for the treatment of chronic inflammatory pain.
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Introduction

Tripterygium wilfordii Hook. f., a member of the Celastraceae family of plants, is one of
the fundamental herbs in traditional Chinese herbal medicine. The diterpenoid triepoxide
chemicals are the main biologically active ingredients in the root of Tripterygium
wilfordii. They have been used as a part of systematic medication to treat a wide variety
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of diseases, including cancer, lupus, rheumatoid arthritis,
Alzheimer’s disease, Parkinson’s disease, and rheumatoid
arthritis."

Triptolide (TPL) was the first monomer isolated from
Tripterygium wilfordii and structurally characterized in
1972.* TPL was shown to be able to relieve many different
types of pain. It can effectively relieve neuropathic pain by
inhibiting microglial activation and astrocytes in the spinal

dorsal horn.>®

TPL also attenuates cancer pain via suppres-
sing the up-regulation of Chemokine (C-C motif) ligand 5
and histone deacetylases in the spinal glial cells.”* In addi-
tion, TPL inhibits the activation of extracellular signal—
regulated kinase (ERK) pathway and the production of
inflammatory cytokines in the spinal cord dorsal horn
induced by inflammation.’ Recently, TPL was reported to
have a potent anti-depressive function by its influences on
hippocampal neuroinflammation in a rat model of depres-
sion comorbidity of chronic pain.> However, clinical reports
showed that TPL exposure resulted in the injury of some
organs, including liver, kidney, heart, testes, and ovary in
humans.'®'? Severe hepatotoxicity was also shown after
TPL exposure in animals.'®'>'*

Triptonide (TPN) is another bioactive component of
Tripterygium wilfordii. It was reported that TPN does not
induce severe liver toxicity in animals.*'> TPN acts as
a novel potent anticancer drugs with low toxicity.'®'® The
differences between the chemical structures of TPL and
TPN are the substituent groups at C-14 position in which
TPL is with C-14-hydroxyl and TPN is with C-14-carbonyl
(Figure 1A and B). The metabolomics study shows that the
hydroxyl group at C-14 in the molecular structure of TPL
plays an important role in its hepatotoxicity.'>*°

Sensitization of peripheral nociceptors by pro-
inflammatory factors is a major factor of neuropathic pain
and inflammation pain.”"** The tumor necrosis factor-alpha

(TNF-a), interleukin-1 beta (IL-1§) and interleukin-6 (IL-6)

A

o)

Figure | Chemical structures of triptolide (A) and triptonide (B).

in the dorsal root ganglia (DRG) contributes to the pathogen-
esis of chronic pain.23725 Phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) pathway regulate the TNF-a, IL-1
and IL-6 expression in different cells.**’ PI3K/AKT path-
way could be activated in DRG neurons and spinal glial cells
in different pain models.”® *° Recent studies showed that
TPN can diminish AKT signaling pathways in cervical can-
cer cells or lymphoma cells.'*' Although the analgesic func-
tion of TPL has been studied, whether TPN has an analgesic
effect and the underlying mechanisms remain unknown.

The intraplantar injection of complete Freund’s adjuvant
(CFA) is frequently used to establish a chronic inflammatory
pain model since it can trigger inflammatory responses,
including the formation of an inflammatory infiltrate, swel-
ling and cytokine release. In this study, we investigated
whether systemic treatment with TPN can attenuate noci-
fensive behaviors in the CFA-induced inflammatory pain
model. We also explored the possible analgesic mechanisms
of TPN by assaying the activation of AKT pathway and the
production of inflammatory cytokines.

Materials and Methods

Animals

Adult ICR male mice (6 to 8 weeks) were obtained from
the Animal Care and Use Committee of Nantong
University. Animals were kept under a 12/12 h light/dark
cycle at a temperature of 23 + 2°C, humidity (50-60%)
with free-feeding. All behavioral experiments were per-
formed between 9 am and 6 pm. All in vivo studies were
performed in accordance with the UK Animals Scientific
Procedures Act (1986) and were approved by the Animal
Care and Use Committee of Nantong University.

CFA Pain Model and Drug Administration

Inflammatory pain was induced by intraplantar injection of
20 pL CFA (100%; Sigma—Aldrich) in the left hind paws
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under brief anesthesia with isofluorane (2%; RWD Life
Science, Shenzhen, China). TPN was purchased from
Chengdu Mansite Biotechnology (Sichuan, China). To eval-
uate if TPN has analgesic effects, We used four experimental
treatments: control group (saline injection), light-dose TPN
treatment group (0.1 mg/kg), medium-dose TPN treatment
group (0.5 mg/kg), and high-dose TPN treatment group
(2.0 mg/kg). Each treatment started 1 hour before CFA
injection by intravenous injection of a single daily bolus
(0.25 mL) for 5 consecutive days (Figure 2A). To analyze
CFA’s effect on AKT’s phosphorylation and cytokines’
expression in vivo, we had set a naive group that only
received an intraplantar injection of saline (0.9% NaCl, 20
pL/mouse) in the left hind paw. To investigate the involve-
ment of AKT activation in CFA-induced inflammatory pain,
intrathecal injection (i.t.) of the AKT inhibitors: AKT
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inhibitor IV (Sigma-Aldrich, Saint Louis, MO) or MK-
2206 (MCE, NJ, USA) was performed in mice.

Paw Edema Measurement

Paw volumes were measured by plethysmometry (Ugo
Basile Plethysmometer, Comerio, Italy) before CFA injec-
tions and 1, 2, 3, 4, and 5 days after TPN administration.
Edema was expressed by paw volume (mL).

Behavioral Analysis

For the von Frey test, the animals were put in boxes on an
elevated metal mesh floor daily for at least 2 d before
baseline testing and allowed 30 min for habituation before
the examination. The plantar surface of the left hind paw
was stimulated with a series of von Frey hairs with loga-
rithmically incrementing stiffness (0.02-2.56 g, Stoelting).
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Figure 2 TPN treatment attenuates CFA-induced paw swelling, mechanical allodynia, and thermal hyperalgesia. (A) Schematic diagram of the timeline for CFA injection,
drug treatment, and behavioral testing. (B) Change in paw volume, (C) Mechanical allodynia and (D) Thermal hyperalgesia of CFA-injected mice treated with various doses
of TPN. Two-way ANOVA followed by Bonferroni’s test was applied for statistical comparison between groups, n= 7~8 mice/group, *P < 0.05, **P < 0.0, ***P < 0.001, CFA
vs CFA + TPN (0.5mg/kg), “P < 0.05, *P < 0.01, ™#P < 0,001, CFA vs CFA + TPN (2 mg/kg).
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The 50% paw withdrawal threshold was determined using
Dixon’s up-down method. For the Hargreaves test, the
animals were put in a plastic box placed on a glass plate,
and the plantar surface was exposed to a beam of radiant
heat through a transparent glass surface (Life Science).
The baseline latencies were adjusted to 10-14 s with
a maximum of 20 s as a cutoff to prevent potential injury.
All the behavioral experimenters were done by individuals
who were blinded to the treatment of the mice.

Cell Cultures

Mouse neuroblastoma/rat DRG neuron hybrid ND7/23
(RRID: CVCL _4259) cells were grown under standard
cell culture conditions (5% CO,, 37°C) in High Glucose
’Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum and 100 U/
mL Penicillin-Streptomycin. ND7/23 cells were incubated
with 1 pg/mL Lipopolysaccharides (LPS, Sigma—Aldrich,
St. Louis, MO, USA) for 6 h. The treatment of the 1 ng/
mL TPN or the treatment of 1 ug/mL AKT inhibitor IV
was started 1 h prior to LPS treatment.

Western Blotting

Western blotting analysis of pAKT levels were performed
using samples collected from four experimental groups
(Naive n=3, CFA n=3, CFA + TPN (0.5 mg/kg), n = 3,
CFA + TPN (2 mg/kg), n = 3). The tissues or cells were
homogenized in a lysis buffer containing protease and phos-
phatase inhibitors (Sigma-Aldrich) and 30 pg of proteins were
loaded for each lane and separated on SDS-PAGE gel (10%).
After the transfer, the blots were incubated overnight at 4°C
with the pAKT primary antibody (RRID: AB 2716452; rab-
bit, 1:1000; Cell Signaling Technology, USA). For loading
control, the blots were probed with AKT primary antibody
(RRID: AB 2225340; rabbit, 1:1000; Cell
Technology, USA). Then the membranes were incubated
with secondary antibodies (Dylight 800, Donkey Anti-Rabbit
IgG, 1:10,000, Millipore). Protein bands were detected using
the Odyssey System (Li-COR, NE, USA), and the intensity of
each band was quantified using Image J (NIH, MD, USA).

Signaling

Immunohistochemistry

Animals were deeply anesthetized with isoflurane and per-
fused through the ascending aorta with saline followed by 4%
paraformaldehyde with 0.1 M phosphate buffer. After the
perfusion, the L4-L5 DRG were removed and postfixed in
the same fixative overnight. DRG (8-15 um) were cut in
a cryostat and processed for immunofluorescence. DRG was

first blocked with 1% bovine serum albumin for 2 h at room
temperature, then incubated overnight at 4°C with the pAKT
primary antibody (RRID: AB 2716452; rabbit, 1:200; Cell
Signaling Technology, USA). The sections were then incu-
bated for 2 h at room temperature with Cy3-conjugated sec-
ondary antibodies (1:1000; Jackson ImmunoResearch). The
stained sections were examined with Leica SP8 Gated STED
Wetzlar,
Germany). The pAKT fluorescence intensity were measured

confocal microscope (Leica Microsystems,

by Imagel.

Real-Time qPCR

Total RNA was extracted from L4-6 DRG with the Trizol
reagent (Invitrogen, Carlsbad, CA, USA). One microgram
of total RNA was converted into cDNA using PrimeScript
RT reagent kit (Takara, Shiga, Japan). qPCR analysis was
performed with the Real-Time Detection System by SYBR
green I dye detection (Takara). The cDNA was amplified
using the following primers: GAPDH forward, 5-AAA
TGG TGA AGG TCG GTG TGA AC-3"; GAPDH reverse,
5'-CAA CAA TCT CCA CTT TGC CAC TG-3'; TNF-a
forward, 5-GTT CTA TGG CCC AGA CCC TCA C-3';
reverse, 5'-GGC ACC ACT AGT TGG TTG TCT TTG-3';
IL-1f forward, 5'-TCC AGG ATG AGG ACA TGA GCA
C-3'; reverse, 5-GAA CGT CAC ACA CCA GCA GGT
TA-3"; IL-6 forward, 5'-TAG TGG ATG CTA CCA AAC
TGG A-3; reverse, 5'-TGT GAC TCC AGC TTA TCT
CTT G G-3".

Quantification and Statistics

All data were analyzed by researchers blinded to the reagents
used. All data were analyzed by GraphPad Prism (version
5.01) and presented as mean = SEM. P <0.05 was considered
statistically significant. Behavioral data were analyzed using
two-way ANOVA. Western blotting, immunofluorescence
density and qPCR data were compared using one-way
ANOVA. Student’s t-test (2-tailed) was used to analyze
gPCR data if only 2 groups were applied.

Results

Triptonide Attenuates CFA-Induced
Inflammatory Pain

To test the anti-nociceptive effect of TPN in CFA-induced
inflammatory pain, different doses of TPN or vehicle were
intravenously injected daily for 5 consecutive days, with the
first injection of TPN given at 1 h before CFA (Figure 2A).
On Day 1, the left hind paw volume of the CFA group was
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increased by approximately 2-fold compared to the baseline
(Figure 2B). TPN at 0.5 mgkg or 2.0 mg/kg caused
a statistically significant decrease of paw swelling from day
1 to day 5 after CFA injection compared with untreated CFA
mice [Figure 2B, (Treatment /' 3 150y = 30.08, P < 0.0001;
Time F (s, 150y = 61.09, P < 0.0001; treatment * time inter-
action F (;5, 150y = 1.201, P = 0.2770; two-way ANOVA
followed by Bonferroni’s multiple comparisons test (com-
pare treatment means), *** P < 0.001, CFA vs CFA+TPN
(0.5mg/kg)), “* P < 0.001, CFA vs CFA+TPN (2.0mg/kg)].
Bonferroni’s multiple comparisons test (within each time
point, compare treatments) was further used to assess statis-
tical significance between controls and the treatments at the
same time point. At almost each time point, both 0.5 mg/kg
or 2.0 mg/kg TPN treatments can significantly attenuate
CFA-induced footpad edema [Figure 2B, ** P < 0.01, ***
P <0.001, CFA vs CFA+TPN (0.5mg/kg), * P <0.05, " P <
0.01, " P < 0.001, CFA vs CFA+TPN (2.0mg/kg)]. This
revealed that TPN alleviated CFA-induced paw edema and
had a strong anti-inflammatory effect.

In order to evaluate the effect of TPN on inflammatory
pain, behavioral tests were performed in all groups of animals.
CFA induced significant mechanical allodynia by decreasing
the mechanical threshold induced by mechanical stimuli
from day 1 to day 5 after CFA (Figure 2C). The intravenous
administration of TPN significantly attenuated mechanical
allodynia at 0.5 mg/kg or 2.0 mg/kg, but not at 0.1 mg/kg
[(Treatment F (3, 150y = 7.196, P = 0.0002; Time F (s, 1s50) =
72.60, P < 0.0001; treatment * time interaction I (i5, 150) =
1.334, P = 0.1885; two-way ANOVA followed by
Bonferroni’s multiple comparisons test (compare treatment
means)), ** P < 0.01, CFA vs CFA+TPN (0.5mg/kg), ™ P <
0.01, CFA vs CFA+TPN (2.0mg/kg)]. The Bonferroni’s multi-
ple comparisons test (within each time point, compare treat-
ments) showed that TPN at 2 mg/kg or at 0.5 mg/kg had no
effect on CFA-induced mechanical allodynia during the first 3
days following CFA injection, but started to show a reversal
effect at 4 days and maintained till 5 days [Figure 2C, * P <
0.05, ** P <0.01, CFA vs CFA+TPN (0.5mg/kg); * P < 0.05,
## P <0.001, CFA vs CFA+TPN (2.0mg/kg)].

Meanwhile, TPN substantially attenuated CFA-induced
thermal hyperalgesia at 2 mg/kg or at 0.5 mg/kg [Figure 2D,
(Treatment F (3, 15y = 21.73, P < 0.0001; Time F (5, 150) =
42.25, P <0.0001; treatment * time interaction F (15, 150y =
2.563, P = 0.002; Two-way ANOVA followed by
Bonferroni’s multiple comparisons test (compare treatment
means), ** P <0.01, CFA vs CFA+TPN (0.5mg/kg)), ## p <
0.001, CFA vs CFA+TPN (2.0mg/kg)]. TPN attenuated

thermal hyperalgesia at days 3, 4 and 5 after CFA injection
[Figure 2D, Bonferroni’s multiple comparisons test (within
each time point, compare columns), * P <0.05, CFA vs CFA
+TPN (0.5mg/kg), “* P<0.001, CFA vs CFA+TPN (2.0mg/
kg)]. These data suggest that repeated TPN administration
attenuates CFA-induced pain hypersensitivity, both mechan-
ical allodynia and thermal hyperalgesia.

TPN Inhibits CFA-Induced AKT
Activation in DRG

To determine whether the analgesic effects of TPN were
associated with inhibition of the AKT signaling pathways,
we evaluated the expression level of phosphorylation of
AKT (pAKT) in the DRG. Western blotting showed that
pAKT was significantly increased at 5 days after CFA injec-
tion. Treatment with TPN (2 mg/kg) significantly decreased
CFA-induced pAKT upregulation (Figure 3A and B, F 3 gy =
9.506, P = 0.0051, one-way ANOVA followed by
’Bonferroni’s multiple comparisons test, * P < 0.05, Naive vs
CFA, ** P <0.01, CFA vs CFA+TPN). Immunofluorescence
analysis also showed upregulation of pAKT expression in
DRG from animals injected with CFA. Treatment with TPN
(2 mg/kg) significantly attenuated the CFA-induced upregula-
tion of pAKT (Figure 3C and D, Area F (5, 19y = 56.24, P <
0.001, Intensity F 5 19y =41.81, P <0.001, one-way ANOVA
followed by ’Bonferroni’s multiple comparisons test,
P <0.001, Naive vs CFA, *** P < 0.001, CFA vs CFA
+TPN), which was consistent with the Western blotting
results. Double immunostaining further showed that pAKT
was expressed in the DRG neurons (Figure 3E).

TPN Inhibits CFA-Induced Increase of

TNF-q, IL-1B, and IL-6 in the DRG

Because TPL is involved in the regulation of GFAP and /1BA1
expression, which are markers for astrocytes and microglia,
respectively, we examined their mRNA expression in the
DRG after repeated TPN administration. CFA did not induce
GFAP and IBA1 expression, and TPN treatments also did not
affect expression levels of them in DRG (Figure 4A and B,
GFAP, F (3, 20)=2.086, P =0.1343; IBAI, F (3, 20y = 0.5977,
P =0.6239, one-way ANOVA). TNF-a, IL-1f and IL-6 are
important pro-inflammatory cytokines in mediating periph-
eral sensitization and neuropathic pain.**3* To check
whether the anti-nociceptive effect of TPN is associated
with the downregulation of pro-inflammatory cytokines, we
checked TNF-a, IL-1f, and IL-6 expression. qPCR results
showed that, compared with control animals, TNF-a, IL-15,
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Figure 3 TPN treatment decreases pAKT expression in the DRG neurons. (A and B) pAKT expression of CFA-injected mice treated or untreated with TPN. pAKT
expression was increased in DRG at 5 days after CFA injection, and recovered in CFA + TPN (2 mg/kg) animals. n = 3, one-way ANOVA followed by Bonferroni’s multiple
comparisons test, "P <0.05, Naive vs CFA, *P < 0.01, CFA vs CFA+TPN; (C) Immunostaining of pAKT in the DRG; (D) Statistical data show the number of pAKT positive
neurons and pAKT staining intensity in the DRG. n = 5 mice/group, one-way ANOVA followed by Bonferroni’s multiple comparisons test, “**P <0.001, Naive vs CFA, ¥*p <
0.001, CFA vs CFA+TPN. (E) Double staining of pAKT with a neuronal marker; B-tubulin (TUJ1) in the DRG at 5 days after CFA. Scale bars: 250 um.

and /L-6 mRNAs were significantly increased in animals
after 5 days of CFA injection. Both the dose of 0.5 mg/kg
and 2.0 mg/kg TPN treatments significantly reduced the
CFA-induced mRNA increases of TNF-a, IL-1f, and IL-6
(Figure 4C-E, TNF-a, F (3, 15,=5.568 P =0.009; IL-1§, F 3,
18y=9.987, P=0.0004; IL-6, F 3, 15y=5.944, P=0.07; one-
way ANOVA followed by Bonferroni’s multiple
comparisons test, # P <0.05 " P<0.01, Naive vs CFA, *
P <0.05, ** P<0.01, *** P <0.001, CFA vs CFA+TPN).
These data indicate TPN’s inhibitory effect on CFA-induced
TNF-o., IL-1p, and IL-6 expression in the DRG.

TPN Attenuates LPS-Induced pAKT
Activation, and TNF-q, IL-1f3, and IL-6
Expression in the ND7/23 Cells

To further confirm that TPN can attenuate pAKT activation
in DRG neurons under inflammatory conditions, we used the

classical exogenous foll-like receptor 4 ligand LPS to stimu-
late ND7/23 cells, a DRG neuron cell line, to mimic inflam-
matory conditions in vitro. We first checked pAKT
expression after incubation with LPS (1 pg/mL) for 6
hours. Western blotting showed that LPS induced a rapid
and dramatic increase of pAKT expression. Pre-incubation
with TPN, 1 hour before LPS application, markedly inhibited
LPS-induced AKT phosphorylation by 43.2% (Figure 5A
and B, F o, ¢ = 22.85, P = 0.0016, one-way ANOVA
followed by Bonferroni’s multiple comparisons test, ™ P <
0.01, Vehicle vs LPS, ** P<0.01, LPS vs LPS+TPN), which
was consistent with the in vivo results (Figure 3A and B).
To examine whether TPN inhibit TNF-a, IL-1§, and IL-6
expression via pAKT, we pretreated ND7/23 cells with AKT
inhibitor, AKT inhibitor IV, 1 h before LPS application. As
shown in Figure 5C-E, the qRT-PCR results showed that TPN
(1 pg/mL) treatment blocked CFA-induced TNF-a, IL-1§, and
IL-6 increase (TNF-a, F 2, 13y = 20.70, P < 0.0001; IL-1p,

submit your manuscript

3200

Dove

Journal of Pain Research 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove Ling et al
A 2.0 B 15.
ég 15 §g1 0
o g o g ]
Eg W0 Eso
< 1
53 0.5 88051
0.0 0.0.
CFA - + + + CFA - + + +
TPN - 0 05 2.0 TPN - 0 05 20
(mg/kg) (mg/kg)
3 * 8 Kk 3 *
— # T = | - =
Q) o ## *k o *
< = < =26 - < =
s 82 | | g @ | g 2° |
£ 2 E 24 £ 2
S Ty S 3 © =,
S 2 €5 2 £
0 0. 0
CFA - + + + CFA - + + + CFA - + + +
TPN - 0 05 2.0 TPN - 0 05 2.0 TPN - 0 05 2.0
(mg/kg) (mg/kg) (mg/kg)

Figure 4 TPN decreases CFA-induced upregulation of TNF-g, IL-1£, and IL-6 increases. (A and B) Effect of TPN treatment on expression of GFAP (A) and IBA! (B) in DRG
from CFA-treated mice. (C-E) Effects of TPN on the mRNA expression levels of TNF-a. (C), IL-15 (D), and IL-6 (E). TPN treatment with both medium dose (0.5 mg/kg) and
high dose (2 mg/kg) decreased TNF-q, IL-1f, and IL-6 upregulation after CFA injection. n = 5 mice/group, one-way ANOVA followed by Bonferroni’s multiple comparisons
test, P < 0.05, "P < 0.01, Naive vs CFA, *P < 0.05, *P < 0.01, ¥ < 0.001, CFA vs CFA+TPN.

F (5, 11y=8.133, P=0.0068, IL-6, F (> 15)=61.09, P <0.0001;
one-way ANOVA followed by Bonferroni’s multiple compar-
isons test, * P <0.05, ** P <0.01, *** P<(0.001, LPS vs LPS
+TPN). In consistent with TPN’s effect, pretreatment with
AKT inhibitor IV (1 pg/mL) also significantly decreased LPS-
induced TNF-a, IL-1p, and IL-6 upregulation (Figure SC-E,
P < 0.01 and " P < 0.001, one-way ANOVA). These data
suggest that TPN is involved in pAKT-mediated upregulation
of TNF-a, IL-1f3, and IL-6 in activated ND7/23 cells by LPS.

AKT Inhibitor Attenuates CFA-Induced
Pain Hypersensitivity and Upregulation of
TNF-q, IL-1p, and IL-6 in DRG

To define whether AKT is associated with CFA-induced
pain hypersensitivity and the upregulation of inflammatory
cytokines, mice were injected intravenously with the AKT
inhibitors AKT inhibitor IV (1 pg/10 pL) or MK-2206 (1
pg/10 pL) 3 days after CFA injection. The behavioral
results showed that the administration of AKT inhibitor
IV slightly reduced mechanical allodynia without signifi-
cant difference (Figure 6A). But, it can attenuate thermal

hyperalgesia at 6 h (Figure 6B, Treatment, I (|, ss5)=7.773
and P = 0.0073, Time, F 4 ss5) = 8.480 and P < 0.0001;
treatment * time interaction, F' (4 ss) = 4.208 and P =
0.0048, two-way ANOVA followed by Bonferroni’s multi-
ple comparisons test, *** P < 0.001). Intravenous admin-
istration of MK-2206 attenuated both mechanical
allodynia (Figure 6C, Treatment, F' (; ¢o) = 5.872, P =
0.0184, Time, F' (4, 60y = 202.1, P < 0.0001; treatment *
time interaction, Fu, ¢0) = 5.713, P = 0.0006, Two-way
ANOVA followed by Bonferroni’s multiple comparisons
test, ¥** P < 0.001) and thermal hyperalgesia (Figure 6D,
Treatment, F (1, 60y = 26.76, P < 0.0001, Time, F (4, 60y =
20.52, P < 0.0001; treatment * time interaction, £ (4 60y =
4.355, P = 0.0037, two-way ANOVA followed by
Bonferroni’s multiple comparisons test, ** P < 0.01, ***
P < 0.001). These results revealed that inhibition of AKT
could relieve CFA-induced pain behavior.

As shown in Figure 6E and F, AKT inhibitor IV or MK-
2206 treatment also significantly decreased the mRNA
expression of TNF-o, IL-1$ and IL-6 (* P < 0.05, ** P <
0.01, Student’s #-test). Taken together, these data suggest that
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Figure 5 TPN decreases LPS-induced pAKT expression and the production of inflammatory cytokines in ND7/23 cells. (A and B) pAKT expression of LPS-induced ND7/23
Cells treated or untreated with TPN (I pg/mL). pAKT expression was increased after LPS application and recovered in the LPS + TPN group. n = 3, one-way ANOVA
followed by Bonferroni's multiple comparisons test, “*P < 0.01, Vehicle vs LPS, **P < 0.01, LPS vs LPS+TPN. (C-E) Effects of TPN, and AKT inhibitor IV on the mRNA
expression levels of TNF-a (C), IL-I13 (D), and IL-6 (E). Both TPN treatment (I pg/mL) and AKT inhibitor [V treatment (I pg/mL) decreased TNF-a, IL-1B, and IL-6
upregulation after LPS incubation. n = 5, one-way ANOVA followed by Bonferroni’s multiple comparisons test, *P < 0.05, **P < 0.01, ***P < 0.001, LPS vs LPS+TPN, #p <

0.05 and ##Pp < 0.001, LPS vs LPS+ AKT inhibitor IV .

the AKT signaling pathway is involved in the development of
CFA-induced inflammatory pain, and inhibition of AKT phos-
phorylation reduces the upregulation of inflammatory cyto-
kines in the DRG.

Discussion
In this study, we investigated the anti-nociceptive effect of
systemic injection of TPN on CFA-induced pain hypersen-
sitivity and explored possible mechanisms. Our results
demonstrated that TPN administration attenuated CFA-
induced edema and pain hypersensitivity. Meanwhile,
TPN treatment inhibited the AKT signaling pathway and
the expression of TNF-a, IL-1f3, and IL-6 in the DRG after
CFA injection. AKT pathway acts as an upstream signal-
ing pathway in CFA-induced upregulation of TNF-a, /L-
1f, and IL-6. TPN may exert an analgesic effect via
inhibition of the CFA-induced DRG AKT-TNF-o/IL-1p/
1L-6 (Figure 7).
Previous studies showed that TPL could prevent and

signaling pathway

attenuate neuropathic pain, cancer pain, and inflammatory

pain in mice or rats via inhibiting central immune response,””
inhibiting the upregulation of the expression of histone dea-
cetylases in spinal glial cells,® or inhibiting spinal glial
activation.” However, the role of TPN in chronic pain has
not yet been studied. We first demonstration that repeated
intravenous injection of TPN before CFA injection persis-
tently attenuated CFA-induced thermal hyperalgesia and
mechanical allodynia. TPN dose-dependently inhibited CFA-
induced thermal hyperalgesia. However, there is no signifi-
cant difference in mechanical allodynia between the 0.5 mg/
kg and 2.0 mg/kg TPN groups. This may result from the
target molecules or signaling pathways of TPN play more
important roles in thermal pain sensitivity processing.
Besides, the injection of TPN could also effectively reduce
paw edema caused by CFA. Overall, these findings indicate
that TPN has analgesic properties.

Although the pAKT signaling pathway typically regu-
lates cell growth and survival, increasing evidence indi-
cates the involvement of this pathway in the development

and maintenance of chronic pain.*®*” Our data further
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Figure 6 AKT inhibitor attenuates CFA-induced pain hypersensitivity and production of TNF-, IL-15, and IL-6 in the DRG. (A-D) Effects of AKT inhibitors administration,
AKT inhibitor IV or MK-2206, on mechanical allodynia and thermal hyperalgesia in CFA-induced inflammatory pain mice. Two-way ANOVA followed by Bonferroni’s
multiple comparisons test, *P < 0.01, **P < 0.001. (E and F) Intrathecal injection of AKT inhibitor [V or MK-2206 decreased expression of TNF-g, IL-15, and IL-6 in the
DRG. n = 6. *P < 0.05, **P < 0.01, AKT inhibitor IV vs CFA group, or MK-2206 vs CFA, Student’s t-test.
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Figure 7 Schematic representation of the mechanism of action of TPN in analgesia. Black arrows depict promotion. Red T-bar represents inhibition. Intraplantar injection of
CFA can activate the AKT signaling pathway in DRG neurons, promoting the expression of pro-inflammatory genes, including TNF-a, IL-1, and IL-6. Intravenous TPN could
inhibit Akt phosphorylation and downstream gene expression, thereby relieving pain. The illustration was created with BioRender (BioRender.com).
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showed that pAKT was predominantly expressed in DRG
neurons after CFA injection. In agreement with our results,
pAKT expression in neurons was found in the DRG fol-
lowing paclitaxel treatment.*® Here, intraplantar injection
of CFA induced pain hypersensitivity and increased pAKT
expression in the DRG, which was inhibited by TPN
administration, suggesting that the anti-nociceptive effect
of TPN may be mediated by pAKT-mediated peripheral
sensitization in the DRG. In accordance with our results,
emerging evidence indicates that TPN suppressed the
expression of pAKT on in vitro or in vivo models of
different kinds of cancers.'>*' One report has indicated
that TPN inhibits pAKT expression by suppressing
a proto-oncogene Lyn in lymphoma.' Specifically, how
the TPN inhibited pAKT signaling pathways in DRG
neurons requires further exploration.

TNF-o., IL-1f and IL-6 are well-known pro-inflammatory
cytokines that have been implicated in inflammatory pain.*
Our data showed that the expression of TNF-a, IL-1f, and IL-
6 was increased in DRG neurons after CFA injection and was
inhibited by TPN treatment. 7NF-a was expressed in the
majority of the voltage-gated sodium channel (Nav) 1.3-posi-
tive or Nav1.8-positive neurons and up-regulated the expres-
sion of Navl.3 and Navl.8 in DRG neurons following
peripheral nerve injury.>> Cleaved IL-1f expression was sig-
nificantly increased in small-sized DRG neurons after CFA
injection into the hind paw.*’ JL-6 was up-regulated in the
ipsilateral L4 and L5 DRG neurons and in the bilateral
lumbar spinal cord following LS5-ventral root transaction
and contributed to the development of neuropathic pain.**
Therefore, TPN may attenuate pain hypersensitivity via the
inhibition of 7TNF-a, [IL-1f, and [L-6-mediated
neuroinflammation.

Pharmacological inhibition of pAKT inhibited TNF-a,
1L-1§, and IL-6 production in vitro. Previous studies have
demonstrated that inhibition of pAKT pathway prevented
the LPS-induced expression of 7NF-a in human bronchial
epithelial cells.*' Diesel exhaust particles exposure can
activate the AKT signaling pathway and further up-
regulate /L-1f protein expression in primary human bron-
chial epithelial cells.*' Studies from Caco-2 cells and
fibroblast-like synoviocytes showed that /L-/7-mediated
induction of /L-6 was transduced via activation of AKT
and NF-«B,*” while mitogen-activated protein kinase
(MAPK) are not likely to participate in the process.*®
Therefore, it is highly likely that the p-AKT pathway
acts as an upstream signaling pathway, up-regulated the
expression of cytokines TNF-a, IL-1f, and IL-6 in the

different cells. Both AKT Inhibitor IV and MK-2206 can
relieve CFA-induced chronic inflammatory pain and the
mRNA expression of TNF-a, IL-1f, and IL-6 in vivo.
However, AKT Inhibitor IV showed a slightly weaker
inhibition effect. Possible reasons are as follows; 1. The
two drugs may have different absorption rates and degra-
dation rates in DRG; 2. AKT inhibitor IV targets the ATP-
binding site of a kinase upstream of AKT downstream of
PI3K. In contrast, MK-2206 inhibits the autophosphoryla-
tion of AKT at threonine 308 and serine 473 directly; 3.
The different action mechanisms of them may lead to
a different degree of compensatory effects. Collectively,
these findings suggest that the TPN may exert its analgesic
effect through the inhibition of DRG AKT- TNF-a/IL-1§/
IL-6 signaling.

Conclusion

Our present study demonstrated that intravenous treatment
with TPN significantly attenuated CFA-induced pain
hypersensitivity, associated with decreased TNF-a, IL-1p,
and IL-6 expression, and decreased pAKT activation in
DRG neurons. These data suggest that TPN could attenu-
ate inflammatory pain via the inhibition of pAKT/TNF-o-
IL-6-IL-1p signaling pathway axis in DRG neurons. Our
work provides valuable information for the preclinical and
clinical study of TPN to treat chronic inflammatory pain.
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