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Abstract

Background: Pain is an unpleasant sensory experience that usually plays a protective role. Inflammatory pain is often severe
and stubborn, which has a great impact on the quality of life of patients. However, there has been no breakthrough in the
treatment strategy and mechanism of inflammatory pain.

Methods: This study investigated the analgesic effect of tetrahydropalmatine (THP) in rats injected with complete Freund’s
adjuvant (CFA)-induced inflammatory pain. Allodynia and gait analysis of rats were used to evaluate the analgesic effect at
different time points before and after operation. THP (2.5, 5, and 10 mg/kg) was administered intraperitoneally once daily for
7 days post Day 3. The expression levels of TNF-o and IL-1f in the spinal cord were measured by enzyme-linked immu-
nosorbent assay. The activation of astrocytes and microglial cells in the spinal cord was tested by western blot before and
after THP treatment. The apoptosis of glial cells was tested by flow cytometry after treatment with THP in the primary
cultured glial cell model.

Results: CFA treatment induced significant allodynia and caused abnormal gait in rats. Administration of THP at 10 mg/kg
significantly alleviated CFA-induced inflammatory pain behaviors. Moreover, CFA-induced activation of glial cells and the
increased levels of TNF-a and IL-1 5 were inhibited by THP administration. In addition, THP promotes apoptosis in primary
cultured glial cells. This study suggests the possible clinical utility of THP in the treatment of inflammatory pain.
Conclusion: THP plays an analgesic role by inhibiting the activation of glial cells and promoting apoptosis.
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Molecular Pain

Glial cells in the spinal cord, including astrocytes and
microglia, play crucial roles in the occurrence and main-
tenance of inflammatory pain.>* The activation of these
glial cells is usually concentrated in the intracellular
signal cascade involving the phosphorylation of p38
MAP kinase, which leads to the increased expression
and release of TNF-o, IL-18, and IL-18.>® TNF-o and
IL-1§ can induce central sensitization directly by
enhancing excitatory synaptic transmission of the
spinal cord, which plays an important role in the main-
tenance of chronic inflammatory pain.” After sciatic
nerve transection or L5 spinal nerve injury, apoptosis
of neurons and glial cells appears in the dorsal root gan-
glion of rats.®” The role of glial apoptosis in pain, espe-
cially in inflammatory pain, is still unclear.

Tetrahydropalmatine (THP), an active component of
traditional Chinese herbs derived from the corydalis
Yanhusuo, has been reported to possess anti-inflamma-
tory and antinociceptive effects.'®!'! Although THP is a
traditional analgesic medicine in the clinic, the mecha-
nism of its antinociceptive effect is still unclear. Whether
this traditional analgesic can attenuate the regulation of
glial cell activation and apoptosis is still unknown.

In this study, we aimed to assess the effects of THP on
CFA-induced inflammatory pain and its potential
mechanisms.

Materials and methods

Materials

THP (purity >99.0%) was purchased from Shanghai
Selleck Chemicals (Shanghai, China). CFA and lipopo-
lysaccharides were purchased from Sigma (St. Louis,
United States). Primary antibodies against GFAP, Iba-
1, NF-xB, p-NF-xB and GAPDH were purchased from
Abcam (Cambridge, UK). All secondary antibodies con-
jugated with horseradish peroxidase (HRP) were pur-
chased from Beyotime (Shanghai, China). Fetal bovine
serum was purchased from Gibco (St. Louis, United
States). Dulbecco’s modified Eagle’s medium (DMEM)
was purchased from Corning (Manassas, USA). All of
the chemicals and reagents used were of standard bio-
chemical quality.'?

Animals

All animal experiments were conducted in accordance
with the International Association for Study of Pain
Guidelines and approved by the Animal Care and Use
Committee of Jiaxing University (Jiaxing, China). Adult
male Sprague-Dawley rats (180-200g) were obtained
from the Experimental Animal Center of Jiaxing
University. Rats were randomly assigned and placed in
plastic cages to drink and eat freely in a 12:12 h light/dark

cycle. The rats adapted to the new environment for a
week. All efforts were made to minimize animal suffering
and the number of animals used.

Experimental designs and THP treatment

Rats were separated into 6 groups: the Con+ Veh,
Con+THP 10mg/kg, CFA+Veh, CFA + THP
2.5mg/kg, CFA+THP S5mg/kg and CFA-+THP
10mg/kg groups (each group was 8 rats). The last 4
groups of rats, after disinfection of the skin of the left
hind foot with iodophor, inhaled isoflurane (Yuyan,
Shanghai, China) for short-term anesthesia. Then,
100 uL of CFA was injected subcutaneously in the
center of the left hindpaw followed by gentle pressure
to avoid leakage to induce inflammatory pain, while the
control animals were injected with an equal volume of
0.9% saline in the same position.'*> THP was suspended
in 5% DMSO. Different concentrations of THP (2.5, 5,
and 10mg/kg) were injected (i.p.) on Day 3 once daily
for 7 successive days and were freshly prepared prior to
conducting the experiments.'* All behaviors of animals
were tested at 2h after administration during testing
days. Animals were accommodated for 30min in the
testing room before behavioral tests and were sacrificed
to quickly collect the L.4-5 spinal segmental tissues after
behavior tests on Day 9 to carry out the next experiment.
At the end of the experiment, all animals were eutha-
nized with a narcotic overdose (isoflurane).

Mechanical allodynia test

Mechanical allodynia was tested by using a set of von
Frey monofilaments (Institute of Biological Medicine,
Academy of Medical Science, China) according to a pre-
vious study.'®> Before each test, rats were placed in a
transparent plexiglass compartment (50 x 20 x 20 cm)
for 30 min to adapt to the environment. After five con-
secutive tests with an interval of 10s, the average of these
values was taken to generate the paw withdrawal thresh-
old (PWT). All behavioral testing was conducted by
investigators blinded to the experimental treatment
conditions.

Heat hyperalgesia test

Heat hyperalgesia was determined by a significantly
shortened latency of foot withdrawal in response to
heat stimulation. In brief, the heat plate was focused
on a portion of the hind paw, and a radiant thermal
stimulus was delivered to that site. The stimulus was
shut off automatically when the hind paw moved (or
after 20s to prevent tissue damage). Thermal stimuli
were delivered 3 times to each hind paw at 10-min
intervals.
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CatWalk gait analysis

On the same day as the last von Frey test, gait analysis
was conducted using the CatWalk XT 10.0 system
(Noldus  Information Technology, Netherlands).'®
CatWalk XT is a system for quantitative assessment of
footfalls and gait in rats. It consists of a walkway, which
the animal can move directly across. A closed corridor is
fixed on a glass panel, with red background lights above
the corridor, and a green light reflects on the glass panel.
A camera was installed below the setting to record the
paw prints illuminated by green light when the rat paw
touched the glass plate as it walked along the corridor.
Captured footprint data were analyzed by special soft-
ware to calculate related variable values, such as the foot-
print length and maximum contact area of the paw.'”

Primary cell culture and treatment

Primary glial cell cultures were extracted from cerebral
cortices of postnatal day male Sprague-Dawley rats. In
short, rat cerebral cortices were extracted in sterile cold
PBS, dissociated into single cells with 0.125% trypsin at
37°C and filtered through a 70-um nylon mesh. All cells
were plated onto 75 cm? flasks for 2 weeks in high-glucose
DMEM containing 10% FBS and 1% penicillin-
streptomycin solution. To obtain primary astrocytes, 75
cm? flasks containing mixed glial cells were sealed with
foil and shaken at 250 rpm on a rotary shaker at room
temperature (RT) overnight.”® The conditioned culture
medium was then discarded, and the cells were dissociated
using 0.25% trypsin and centrifuged at 2000 rpm for
30min. After centrifugation, the pellet (primary astro-
cytes) was collected and used for experiments. To
obtain primary microglia, mixed glial cultures were incu-
bated with 0.25% trypsin diluted 1:4 in serum-free
DMEM for 20-30min in a 5% CO, incubator at
37°C.2° The upper layer of astrocytes was discarded,
and the remaining microglia were used for the next exper-
iment. To determine whether THP inhibits primary glial
activation, rat primary cells were treated with lipopoly-
saccharide (LPS, 1 ug/ml) or PBS (1% DMSO) for 30 min
followed by THP (100 uM) or PBS for 5.5h. Then, we
collected cell samples after trypsin digestion to detect the
protein expression of proteins by western blot.

Immunofluorescence staining

To verify the identity and assess the purity of isolated
glial cells, immunofluorescence microscopy was used.
Briefly, cells plated on poly-D-lysine-coated coverslips
were fixed in 4% paraformaldehyde at room tempera-
ture for 20min and incubated with 2% bovine serum
albumin at RT for 60 min. Then, the cells were incubated
with primary antibodies against GFAP (1:200, mouse,
Abcam) and IBAT1 (1:100, rabbit, Abcam) overnight at

4°C. The secondary antibodies used were DyLight 488-
conjugated goat anti-rabbit IgG (1:200, EarthOx) and
Alexa Fluor 594-conjugated goat anti-mouse IgG
(1:200, Invitrogen) and incubated at RT for 60min.
Finally, Antifade Mounting Medium with DAPI
(Vector Lab, USA) was added for nuclear staining.
Images of glial cells were captured using a fluorescence
microscope (Zeiss, Germany).

Western blot analysis

L4-5 spinal segmental tissue or cultured cells were
homogenized for 30min on ice in RIPA lysis buffer
(Beyotime, China) containing a mixture of phosphatase
and proteinase inhibitors. The sample was centrifuged at
4°C at 16,000rpm for 20min, and then the protein
supernatant was collected. The concentration of total
protein was measured by BCA protein assay
(Beyotime, China). Equal amounts of total proteins
(30 pg/lane) were separated on a 10% SDS-PAGE gel
and then transferred onto NC membranes. The mem-
brane was blocked with 5% nonfat milk in PBS at RT
for 1h and incubated with antibodies against GFAP
(1:1000, rabbit, Abcam), IBA1 (1:500, rabbit, Abcam),
NF-kB (1:500, rabbit, Abcam) and GAPDH (rabbit,
1:5000; CST) overnight at 4°C. This membrane was
washed and further incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:5000,
Beyotime) at RT for 1h. The signals were developed
using Pierce ECL western blotting Substrate. The inten-
sity of blots was quantified with densitometry using
Alpha EaseFC software (Bio-Rad, USA). All protein
bands were normalized to GAPDH.

Cytokine measurement

The L4-5 spinal segmental tissue was homogenized using
PBS buffer containing protease inhibitors. The sample
was centrifuged at 4°C at 16,000 rpm for 15min, and
then the supernatant was collected. TNF-o and IL-1p
levels were determined by ELISA using Abcam Kkits
(Abcam, USA) according to the manufacturer’s instruc-
tions. Reading was performed at absorbance (450 nm)
using an enzyme-labeled instrument (Bio Tek, USA).

Cell apoptosis analysis

Cell apoptosis analysis was conducted with the Annexin
V-FITC Apoptosis Detection Kit (Beyotime, China).
The test was carried out following the manufacturer’s
recommendations. Rat primary cells were grown for
12h in 6-well plates and then treated with 1 pg/ml LPS
or 200 umol/L THP (with 1 pg/ml LPS) for 6 h; control
wells were left untreated. Cells were collected by trypsi-
nization and resuspended in binding buffer. Annexin V-
FITC and propidium iodide (PI) were added to the
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Figure I. THP reduces CFA induced mechanical allodynia and heat hyperalgesia. Rats were treated with THP or vehicle (i. p.) once daily
for 7 days post Day 3. (a) and(b) Intraperitoneal injection of THP dose dependently alleviated the mechanical allodynia and heat hyper-
algesia in CFA induced inflammatory pain rats and this effect was observed at 5/10 mg/kg doses. (c) and (d) Intraperitoneal injection of THP
time-dependently alleviated the mechanical allodynia and heat hyperalgesia in CFA induced inflammatory pain rats and this effect was

observed at 2 h after THP injection. The results were exhibited as mean + SD. (n =8). *P < 0.05, **P < 0.01, **P < 0.001 vs. Con + Veh

group. #P < 0.05, ## P < 0.01 vs. CFA +Veh group.

binding buffer and incubated for 30min at RT in the
dark. Analyses were performed on a BD LSR Fortessa
flow cytometer (BD, USA) as soon as possible.?!

Statistical analysis

All results were given as means &+ S.E.M. One-way or two-
way analysis of variance followed by Tukey’s post hoc test
was performed (GraphPad 5.0, USA). A p value of <0.05
was considered statistically significant. The analysis was
carried out using SPSS software (SPSS Inc., USA).

Results

THP alleviates CFA-induced mechanical allodynia and
heat hyperalgesia
THP was reported to possess anti-inflammatory and

antinociceptive effects.””> We evaluated the antinocicep-
tive effect of THP in CFA-induced inflammatory pain.

After administration (i.p.) of CFA, the mechanical with-
drawal threshold and latency time showed a significant
decrease on Day 3 as a mark of successful modeling. The
effect of THP at 5mg/kg and 10 mg/kg (once daily for
7 days post Day 3) was initiated on Day 5 after the sur-
gery (Figure 1(a) and (b)), and the dose of 2.5 mg/kg did
not significantly relieve mechanical allodynia or heat
hyperalgesia after CFA surgery. Last treatment with 5/
10mg/kg THP alleviated mechanical allodynia and heat
hyperalgesia in CFA-induced inflammatory pain rats in
a time-dependent manner (Figure 1(c) and (d)), and this
effect was observed on Day 9. These data show that
THP can relieve CFA-induced inflammatory pain.

Effect of THP on functional gait changes in
CFA-induced inflammatory pain rats
The evaluation of gait parameters using CatWalk gait

analysis is considered to be an objective method to eval-
uate inflammatory pain caused by CFA.* In this study,
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Figure 2. Effect of THP on functional gait-changes in CFA induced inflammatory pain rats. Rats were treated with THP or vehicle (i. p.)
once daily for 7 days post CFA injected surgery. (a) Images of rats walking on the CatWalk were showed as above. Comparing these
demonstrates increased duration of contact with the surface for the uninjured limb, compared with the injured, while the print repre-
sentations above (RH, RF, LH, LF) shows the print-area in contact with the plate. Notice that the injured hind paw (LH: Left Hind,
arrowhead) has a much smaller print-area, primarily with the heel of the paw. (b) Maximum contact area (cm?); the maximum surface area
of a paw that comes into contact with the glass plate. Presented as a ratio between surgery and unsurgery hind paws. (c) Print length (cm);
the print length of a paw. Presented as a ratio between surgery and unsurgery hind paws. The results were exhibited as mean 4= SD. (n =5).
P < 0.01, ¥*P < 0.001 vs. Con group. ###P < 0.001 vs. CFA group.

we measured the maximum foot size contact area and
hind paw print length gait parameters to display pain-
related behaviors in rats. As shown in Figure 2(a),
Catwalk gait analysis was conducted after 2 h of admin-
istration of THP (10 mg/kg, i.p. once daily) on Day 7
after CFA injection surgery. In comparison with the Con
group, the CFA group had obviously reduced the max-
imum contact area and print length gait parameters on
Day 7 postsurgery (Figure 2(b) and (c)), which indicated
CFA-induced pain hypersensitivity in rats. Meanwhile,
these reductions were significantly reversed by THP
treatment. These results suggest that THP treatment
alleviates pain-related behaviors in rats with CFA-
induced inflammatory pain, as indicated by the improve-
ment of CatWalk gait parameters.

THP promotes cell apoptosis in primary glial cells

Glial cell activation was reported to play an important
role in CFA-induced inflammatory pain.?***> We studied
the effect of THP on the apoptosis of astrocytes and
microglia by flow cytometry in a primary cultured glial
cell model. The purity of primary cultured astrocytes
and microglial cells prepared from neonatal rat glia by
shaking was approximately 90% by GFAP/Iba-1 and
DAPI immunofluorescence staining identification

(Figure 3(a) and (b)). As shown in Figure 3(c) and (d),
THP significantly increased the percentage of apoptotic
glial cells induced by LPS treatment. THP significantly
promoted the apoptosis of astrocytes and microglia, as
shown by flow cytometry.

THP attenuated the activation of astrocytes and
microglia in the spinal cord of rats with inflammatory
pain

We explored whether astrocyte and microglial activation
in the spinal cord of CFA-induced rats could be modu-
lated by THP. Treatment with THP reduced CFA-
induced expression of glial fibrillary acidic protein
(GFAP, astrocyte activation marker) and induction of
brown adipocyte 1 (Iba-1, microglial activation marker),
as observed by the reduction in intensity of western blot-
ting (Figure 4(a) and (b)). We also explored the effect of
THP on the activity of astrocytes and microglia in pri-
mary culture (Figure 4(c) and (d)), which was consistent
with the results in the rat spinal cord. These results sug-
gested that THP treatment inhibited the activation of
astrocytes and microglia in the spinal cord of CFA-
induced inflammatory pain and a primary glial cell
model.



Molecular Pain

a —_
(a) £ 100
=2
8
a
2 60
o
T 40
&
§ 20
GFAP o=t DAPI o " GFAP
(b) £ 100
»
8 o0
E 60
G a0
g
E 20
o
Iba-1 S DAPI = & =
(c) Astrocytes-Con Astrocytes-LPS Astrocytes-LPS+THP
o] 0.3% 38% | ] 0.8% 27% | 19% 175% | & Astrocytes
=3 =3 23 @ 50 e
] E 3 = =
-] ] r ; o 40
=3 Yatio = S = el
3 il 3 ; R0 S g
&" Q Qe E 1 qt Q2 ; Q. MQ2 g »
= 4 L e iy vpets O T 5
E 94:2% 17% 94.2% -2.3% 53:8% k-] :
,&i gt L i Q4 Q4 § 10 ns
ER P ;
4 = SR Attt E e g Con LPS LPS+THP
10° 107 1 0 102 0? 10* 10%
FITC-A FITC-A
(d) Microglia-Con Microglia-LPS Microglia-LPS+THP ‘
P = Microglia
- 0.6% 54% - 0.5% 5.9% " 1.3% 15.9% < -
] o oy ;s w 25
1 3 8
20
'r-?! : 'Ej '*9:, A§
3 el n Rt ¥ 7 3 15
L a a 3 g
= 2.6% 2 B % 7.1% ; 10 1.3
1 @
by o] g s
- =
2 ULAALL MLLLLLL P 4 Rl e g P Lbs LPSITHP
0 mFITC-Am W 0 I0= o

Figure 3. THP promotes primary glial cells apoptosis by LPS treatment. Following 6 h treatment with LPS (I pg/ml)) or THP (100 pM),
primary astrocytes and microglia were determined by flow cytometry. (a) and (b) The purity of primary cultured astrocytes and microglia
cells prepared from neonatal rat glia by the shaking was approximate 90% (n = 3) by GFAP/Iba-1 and DAPI immunofluorescence staining
identification. Scale bar 50 um. (c) and (d) The percentage of astrocytes and microglia apoptosis significantly increased after THP treatment
by flow cytometry. The results were exhibited as mean £ SD. (n =4). **P < 0.001 vs. LPS group.

THP suppresses CFA-induced increased levels of
cytokines and NF-xB activation

Upregulation of inflammatory cytokines is usually asso-
ciated with glial activation and NF-xB activation, which
are involved in the process of CFA-induced inflamma-
tory pain.’®?® Therefore, we evaluated the efficacy of
THP in CFA-induced spinal cord cytokine production
and NF-kB activation. CFA significantly increased the
expression of TNF-a (Figure 5(a)) and IL-1p (Figure 5
(b)), which were reduced after treatment with THP. In
addition, CFA significantly increased the phosphoryla-
tion level of NF-xB (Figure 5(c) and (d)), which was

reduced after treatment with THP, as observed by the
reduction in the p-NF-xB/NF-xB ratio. Importantly,
treatment with 10mg/kg THP reduced spinal cord
inflammatory  cytokine expression and NF-xB
activation.

Discussion

Previous clinical and experimental studies have con-
firmed the analgesic effect of THP.?>?%3% Recent studies
have shown that THP can alleviate hypochondriac pain,
chest pain, headache and abdominal pain in humans 2%
and inflammatory and bone cancer pain in experimental
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Figure 4. THP inhibits astrocytes and microglia activation. (a) and (b) Repetitive administration of THP at 10 mg/kg (once daily for 7 days
post Day 3) significantly suppressed astrocytes and microglial cells activation in spinal cord tissue of rats. (c) and (d) Treatment of THP at
100 1M significantly suppressed astrocytes and microglial cells activation in primary glial cells. The results were exhibited as mean & SD.
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Figure 5. THP suppresses CFA induced spinal cord increased levels of cytokine and NF-xB activation. Seven days after intraplantar
injection of CFA (100 ul per paw), the spinal cord was dissected for determination of TNF-o (a), IL-1 (b) and NF-«B activation (c) and (d)
by ELISA. NF-xB activation was observed as a reduction of phosphorylated NF-xB/NF-xB ratio. The results were exhibited as mean £ SD.
(n=15). *P < 0.05, *P < 0.01, **P < 0.001 vs. Con group. #P < 0.05 vs. CFA group.

animals."**!" However, the mechanism underlying the = D1/2 dopamine receptors in the striatum and hypotha-
analgesic effect of THP remains unclear. Previous stud-  lamic arcuate nucleus, thus activating the descending
ies have shown that THP mediates analgesia by blocking  antinociceptive system from the periaqueductal gray to
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the spinal dorsal horn and inhibiting nociceptive signal
transduction.'®*? Few studies have shown the role of
THP in the spinal cord, but the spinal cord is the main
central system of pain. Therefore, this study addresses
the analgesic effect of THP at the level of spinal cord
tissue.

In this study, we explored the analgesic role of THP in
a CFA-induced inflammatory pain model. Our results
indicated that high-dose THP can delay and reverse allo-
dynia and gait abnormalities induced by CFA in a dose-
dependent manner. The analgesic effect of THP may be
applicable by suppressing the activation of glial cells,
promoting apoptosis, and inhibiting the increase in
inflammatory factors. To the best of our knowledge,
this study demonstrated that THP can significantly
reduce the allodynia induced by CFA, which provides
new experimental evidence for THP in the treatment of
inflammatory pain and the expansion of clinical
application.

In this study, by behavioral testing, we found that
intraperitoneal injection of THP significantly inhibited
and reversed CFA-induced pain-related behaviors in a
dose-dependent manner. The analgesic effect of THP is
related to inhibiting the activation of astrocytes and
microglia induced by inflammation and reducing the
activation of NF-xB and the production of TNF-«
and IL-16. In the bone cancer pain model, however,
THP showed no effect on astrocyte activation and only
significantly suppressed microglial cell activation. Our
results showed that THP significantly inhibited the
activation of astrocytes in a primary culture astrocyte
model and a rat CFA-induced inflammatory pain
model. THP has a strong inhibitory effect on primary
cultured glial cells, leading to apoptosis of glial cells,
especially microglia, which may be the reason that the
expression of Iba-1 after THP application was much
lower than that in the control group. Cytokines have
been shown to play important roles in central and
peripheral sensitization in chronic pain and are
known to be upregulated after nerve injury.** In addi-
tion, it has been reported that THP can inhibit the
ERK/NF-xkB pathway in a rat liver ischemia-
reperfusion injury model.** In this study, we also
found that THP inhibited the activation of NF-xB in
CFA-induced inflammatory pain.

THP alters the expression of molecules involved in
apoptosis in primary glial cells. We studied the effect
of THP on the apoptosis of astrocytes and microglia
by flow cytometry in a primary cultured glial cell
model. The results showed that THP could promote
the apoptosis of two kinds of glial cells, which may be
the mechanism by which THP inhibits the activation of
glial cells. However, it was reported that THP inhibited
neuronal apoptosis in the cerebral cortex.®
Immunohistochemistry staining (the apoptosis marker)

using tissues from rats in control, CFA and CFA + THP
groups could provide better evidence. In the future
study, we will adding this experiment to more compre-
hensively confirm the role of THP in promoting glial cell
apoptosis. In this study, we did not detect the effect of
THP on apoptosis in primary cultured neurons, which
requires further study.

In summary, THP at high doses can effectively relieve
CFA-induced pain-related behavior. Mechanisms under-
lying THP-induced attenuation of inflammatory pain
may be partially mediated by promoting glial apoptosis
and inhibiting glial cell activation, as well as inhibiting
NF-xB activation and release of the inflammatory cyto-
kines TNF-o and IL-1p, in the spinal cord. However,
current studies cannot exclude other possible mecha-
nisms of THP in the treatment of inflammatory pain,
such as sedation. This study provides experimental evi-
dence to confirm the possible analgesic mechanism of
THP in inflammatory pain and suggests the
clinical application of THP in the treatment of
inflammatory pain.
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