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chinensis and their action
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Triterpenoid saponins from Stauntonia chinensis have been proven to be a
potential candidate for inflammatory pain relief. Our pharmacological studies
confirmed that the analgesic role of triterpenoid saponins from S. chinensis
occurred via a particular increase in the inhibitory synaptic response in the
cortex at resting state and the modulation of the capsaicin receptor. However,
its analgesic active components and whether its analgesic mechanism are limited
to this are not clear. In order to further determine its active components and
analgesic mechanism, we used the patch clamp technique to screen the chemical
components that can increase inhibitory synaptic response and antagonize
transient receptor potential vanilloid 1, and then wused in vivo animal
experiments to evaluate the analgesic effect of the selected chemical
components. Finally, we used the patch clamp technique and molecular
biology technology to study the analgesic mechanism of the selected
chemical components. The results showed that triterpenoid saponins from S.
chinensis could enhance the inhibitory synaptic effect and antagonize the
transient receptor potential vanilloid 1 through different chemical components,
and produce central and peripheral analgesic effects. The above results fully
reflect that "traditional Chinese medicine has multi-component, multi-target, and
multi-channel synergistic regulation”.

KEYWORDS

stauntonia chinensis, triterpenoid saponins, analgesia, neural signal transduction,
transient receptor potential vanilloid 1

Abbreviations: TSS, triterpenoid saponins extracted from Stauntonia chinensis; TRPV1, transient receptor
potential vanilloid |; SD, Sprague—Dawley; mIPSC, miniature inhibitory postsynaptic current; DRG, dorsal
root ganglion; IPSCs, inhibitory postsynaptic currents; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione;
mMEPSC, miniature excitatory postsynaptic current; PTX, picrotoxin; TTX, tetrodotoxin; CAP, capsaicin;
CPZ, capsazepine; MOD, mean optical density; SEM, standard error of the mean; ANOVA, analysis of
variance; BIC, bicuculline.
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1 Introduction

Stauntonia  chinensis, a plant belonging to the family
Lardizabalaceae, is a traditional Chinese medicine, known as “Ye
Mu Gua” (Feng et al, 2019). Its roots, stems, and leaves have anti-
nociceptive and anti-inflammatory effects that have been evaluated in
vivo (Gao et al., 2009). At present, the point injection of S. chinensis has
the most significant clinical analgesic effect and is used to relieve cancer
pain (Yan, 2017), various neuropathic pain (Gao and Yuan, 2019), limb
pain (Ma et al., 2012), and rheumatic pain (Gou and Li, 2016).
Although the main raw material for this injection is Stauntonia
chinensis, the specific effective components of this injection are unclear.
Since 1984, adverse reactions to S. chinensis injections have been
reported in succession. After the application of S. chinensis injection,
patients had allergic reactions, such as eosinophilia, shortness of breath,
and palpitations. Moreover, Ye Wenbo et al. have reported that at a
concentration of >500 mg/L, S. chinensis injections were harmful to the
cells (Zhang et al., 2010). Therefore, exploring the active ingredients
with a clear analgesic mechanism from the raw material of S. chinensis is
crucial for the development of safer and more effective analgesic drugs.
A previous investigation of S. chinensis has demonstrated that this
evergreen herb is rich in triterpenoid saponins (Wang et al., 1989a;
Wang et al., 1989b; Wang et al., 1990; Wang et al,, 1991). Gao et al.
and Zhang et al. confirmed the anticancer, anti-inflammatory, and
analgesic effects of the triterpenoid saponins extracted from S.
chinensis (TSS) (Zhang et al, 1998; Gao et al, 2008). We also
confirmed that TSS specifically impairs the threshold of thermal-
and chemical-stimulated acute pain. We analyzed its analgesic
mechanism and observed that it selectively increased spontaneous
inhibitory synaptic release and gamma-aminobutyric acid (GABA)-
induced charge transfer in mouse cortical neurons (Chen S, et al.,
2018). Additionally, we discovered that its peripheral analgesic effect
was closely related to the modulation of the capsaicin receptor,
transient receptor potential vanilloid 1 (TRPV1) (Chen et al., 2022).
To determine the analgesic active components and their action
mechanism of TSS, we first extracted and separated a variety of
triterpenoid saponin components from TSS and then screened the
components that could increase miniature inhibitory postsynaptic
current (mIPSC) in cortical neurons and modulate TRPV1 in dorsal
root ganglion (DRG) neurons by conducting patch clamp experiments.
Subsequently, we established the animal models of pain, and
determined the analgesic effects of the screened components using
in vivo animal experiments. Finally, we further determined the analgesic
mechanism of the screened components through patch clamp and
molecular biology experiments. Our results indicated that the
components Cl10 and C9 from TSS exhibited analgesic effects.
C10 showed analgesic effect by increasing the mIPSC frequency that
related to GABA 4 receptors, whereas C9 eased the pain by modulating
TRPV1 in DRG neurons. These results suggest that TSS exerts
corresponding analgesic effects through different components.

2 Materials and methods
2.1 Selected TSS components

In our previous study, a variety of triterpenoid saponin
components from S. chinensis was obtained and identified by using
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the settled extracted and separated methods (Chen et al., 2014). In this
paper, eight known triterpene glycoside and two new compounds
were extracted, separated, and identified. In the early stages, we
specifically studied the analgesic effects of compounds 6 and
7 separately. Unfortunately, these two compounds did not have
analgesic effects, and did not show the modulatory effect on
mIPSC and TRPV1 in the patch clamp pre-experiments, so they
were not included in the scope of screening compounds in this paper.

The remaining eight components were 28-O-3-D-glucopyranosyl-
(1—6)-B-D- glucopyranosyl-30-norhederagenin (Compound 1), 3-O-
B-D-xylopyranosyl-(1—3)-a-L-  rhamnopyranosyl-(1—2)-a-L-arabi
nopyranosyl-30-norhederagenin (Compound 2), 3-O-a- Larabino
pyranosyl-30-norhederagenin ~ (Compound ~ 3), sinofoside A
(Compound 4), yemuoside YMI11 (Compound 5),3-O--D-
xylopyranosyl-(1—3)-a-L-rhamnopyranosyl-(1—2)-a-L-arabinopyran
osyl hederagenin (Compound 8), hederasaponin D (Compound 9), and
28-0-B-D-glucopyranosyl-(16)-f-
(Compound 10). In order to further explore the analgesic

D-glucopyranosyl-hederagenin

mechanism of TSS, we screen the effective analgesic ingredients
from the monomeric components of TSS in the following
experiment. The extraction, separation, and identification of the
above components were completed by Professor Guang-zhong Yang.
The structural identification, extraction process, and purity of the
components are detailed in the references (Chen et al., 2014).

2.2 Experimental animals

The Kunming mice and Sprague-Dawley (SD) rats used in this
study were purchased from the Hubei Research Center of
Laboratory Animals [Grade SPF, SCXK (Hubei) 2015-0018]. For
behavioral experiments, animals acclimatized to the laboratory
conditions for at least 1 week prior to experimentation. The mice
and rats were housed at a temperature of 22°C + 2°C under a 12 h
light/12 h dark cycle and maintained with food and water. All
experimental procedures involving mice and rats were performed
under a protocol approved by the animal research ethics committee
of South-Central Minzu University (No 2021-scuec-013).

2.3 Cell culture

2.3.1 Cortical neurons

Cortical neurons were dissociated from newborn pups of Kunming
mice as described previously (Wang X, et al., 2020). Briefly, the mouse
cortical neurons were dissected and digested with 0.25% trypsin-EDTA
(Ethylene Diamine Tetraacetic Acid) (Gibco) at 37°C for 12 min, then
plated on glass coverslips coated with poly-L-lysine (Sigma) at a density
of 80,000 cells per 12-mm X 12-mm. Cells were cultured at 37°C with
5% CO2 in MEM (Minimum Essential Medium) with the addition of
2% (v/v) B27 (Gibco), 0.5% (w/v) glucose (Sigma), 100 mg/L transferrin
(Sigma), 5% (v/v) fetal bovine serum (Gibco), and 2mM Ara-C
(Sigma). Electrophysiological analysis was performed after the
neurons were cultured for 13, 14 days.

2.3.2 DRG neurons

DRG neurons were dissociated from SD rats as described

previously (Chen et al, 2022). One-month-old SD rats
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(80-120 g) were stunned by heavy blow on the head and
decapitated. L4-L6 lumbar DRGs were dissected and digested
with Trypsin (0.3 mg/mL)/Collagenase I (1 mg/mL) at 37°C for
25-30 min. Neurons were mechanically dissociated with gentle
pipetting. DRG neurons were plated on poly-D-lysine-coated
coverslips and maintained in DMEM (dulbecco’s modified eagle
medium) supplied with 10% fetal bovine serum (Gibco), 3.7 g/L
NaHCO;, and 1% penicillin/streptomycin for 2 h before patch-
clamp recordings.

2.4 Electrophysiological recordings

2.4.1 Recordings in cortical neurons

A HEKA EPC10 amplifier (HEKA) was used for electrophysiological
recordings in whole-cell patch clamping mode as described previously
(Wang X, et al., 2020). Patch pipettes were generated from borosilicate
glass capillary tubes (World Precision Instruments, Inc.) by using a P-97
pipette puller (Sutter). Whole-cell pipette solution was prepared by
120 mM CsCl, 10 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid), 03 mM Na-GTP (guanosine triphosphate),
10mM EGTA (glycol-bis-(2-aminoethylether)-N,N,N’,N'-tetraacetic
acid), and 3 mM Mg-ATP, adjusted pH to 7.2 with CsOH; the cell
bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM
CaCl,, 10 mM glucose, and 10 mM HEPES-NaOH, adjusted pH to
74 with NaOH. The osmotic pressure of the pipette and cell bath
solutions were adjusted to 305 and 315, respectively. To isolate inhibitory
postsynaptic currents (IPSCs), 20 uM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and 50 M AP-50 were supplied to the bath solution. To
isolate the miniature excitatory postsynaptic current (mEPSC), 100 uM
picrotoxin (PTX) was supplied to the bath solution. To monitor mIPSC
and mEPSC, 1 uM tetrodotoxin (TTX) was added to the bath solution,
blocking action potential. Evoked IPSCs were recorded with 90 uA
stimulus pulses. During the recording, different concentrations of
drugs were used to incubate neurons according to the needs of the
different experimental requirements in the text. GABA-evoked release
was measured with 200 uM GABA applied to the neurons for 20 s as
previous reported (Chen S, et al,, 2018). Current signals were low-pass
filtered at 2 kHz (Bessel) and digitized at 10 kHz (Bessel).

2.4.2 Recordings of capsaicin-induced
TRPV1 currents in DRG neurons

TRPVI currents were recorded by using an EPC10 amplifier
(HEKA). DRG neurons were placed in an open recording bath filled
with bathing solution contained 145 mM NaCl, 5 mM KCI, 2 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM D-glucose, and
pH was adjusted to 7.4. The osmolarity was adjusted to
315-325 mOsmol/L. Glass electrodes (recording electrodes,
1.65 + 0.05pum outer diameter) were pulled with a P97 puller
(Sutter) and filled with an internal solution contained 140 mM
KCl, 2mM MgCl,, 10mM Na,ATP, 2.5mM CaCl,, 10 mM
EGTA, and 10 mM HEPES, and pH was adjusted to 7.2. The
osmolarity was adjusted to 305-315 mOsmol/L. All testing was
performed at approximately 22 °C.

The clamp voltage (Vh) was set to - 60 mV for all experiments,
and capsaicin (CAP)-evoked currents were recorded in voltage
clamp mode. Capsaicin-evoked whole-cell currents were filtered
and the signal sampling frequency was 1 kHz. Membrane potentials
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absolute values mV), and

TRPV1 currents were expressed as absolute values (nanoamperes,

were expressed as (millivolts,
nA) or multiples of changes compared with basal values. Capsaicin
was dissolved into stock solution of 1 mmol/L by dehydrated
alcohol, and then diluted into 1 pmol/L by the external solution.
(CPZ), the
TRPV1 receptor, was prepared at a concentration of 10 pmol/L

Capsazepine competitive antagonist of the
using the same method. All drugs were administered through a
multi-channel rapid micro drug delivery system (Yibo Life Science

Instrument).

2.5 Animal behavior

2.5.1 Hot plate test

In brief, we used a hot/cold plate stimulator (UGO BASILE S.R.L
Biological Research Apparatus 2036 Gemonio VA Italy). The
temperature of the hot plate was maintained at 55°C + 0.5°C during
the test. One day before the test, we selected the mice with a pain
threshold of 5-30s. The negative control group was injected with
isotonic saline and the positive control group was injected with aspirin
(20 mg/kg intraperitoneally). C10 (20 uM) and C9 (4 uM) were injected
respectively in the experimental group with a content of 0.2 mL/10 g.
Before the drug administration, the pain threshold of each mouse was
measured twice and its mean value was taken as the basic threshold. The
pain threshold of mice in each group was measured 30, 60, 90, and
120 min after drug administration. If there was no licking reaction in
mice within 60 s, it was recorded as 60 s.

2.5.2 Acetic acid-induced writhing test

Acetic acid was used to induce pain of peripheral origin. The
negative control group was injected with isotonic saline and the positive
control group was injected with TSS (20 mg/kg intraperitoneally). C10
(20 uM) and C9 (4 uM) were injected respectively in the experimental
group with the content of 0.2 mL/10 g. The mice were pretreated with
the above different drugs 30 min before acetic acid injection. The mice
were placed in a glass cylinder and the number of writhing responses in
mice for 15 min was recorded as the pain threshold after intraperitoneal
injection of 1% acetic acid.

2.5.3 Formalin and capsaicin tests

The method for the formalin test was same as before (Chen S., et al.,
2018). The formalin test was made by subcutaneous injection of 5%
formalin (20 pL/paw) into the right posterior leg. The nociceptive
response produced by mice after capsaicin injection was mainly
licking the injection site, so the time spent licking the paw was
recorded as the pain threshold. The negative control group was
injected with isotonic saline and the positive control group was
injected with TSS (20 mg/kg intraperitoneally). C10 (20 uM) and C9
(4 uM) were injected respectively in the experimental group with a
content of 0.2mL/10g. The mice were pretreated with the above
different drugs 30 min before formalin injection. Formalin injection
can cause two stages of pain sensation, the first stage lasting for about
5 min immediately after injection, and the second stage lasting for about
15-45 min after injection. The mice were placed in a glass cylinder and
the licking times of mice in the two stages were recorded separately.

The capsaicin test was made by subcutaneous injection of
200 uM capsaicin (20 pL/paw) into the right posterior leg. The
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pain threshold was the time of licking paw after capsaicin injection.
The negative control group was injected with isotonic saline and the
positive control group was injected with TSS (20 mg/kg
intraperitoneally). C10 (20 uM) and C9 (4 uM) were injected
respectively in the experimental group with a content of 0.2 mL/
10 g. The mice were pretreated with the above different drugs 30 min
before capsaicin injection. The mice were placed in a glass cylinder
and the licking time of mice within 5 min from the injection of
capsaicin was recorded.

2.5.4 Complete freund’s adjuvant (CFA)-induced
inflammatory pain model

Adult male SD rats (180-200 g) were placed in a glass coverslip
of 56 x 16 x 30 cm for 30 min to adapt to the environment before
testing pain thresholds. The thermal paw withdrawal latency was
measured by use of a full-automatic plantar heat stimulation (KW-
600, Nanjing Calvin). Each rat was measured three times with an
interval of 5 min. The mean value of the three measurements was
defined as the thermosensitive threshold. Rats with a threshold of
less than 5 s were eliminated. If there was no licking reaction in mice
within 30s, it was recorded as 30s.

500 uL. Complete Freund’s adjuvant (CFA) and 500 uL
isotonic saline were pumped and mixed in the syringe until
they became a milky white and sticky liquid. The skin of the
right hind paw of the rats was wiped with a cotton ball moistened
with 75% ethanol. Then, the CFA model was made by
subcutaneous injection of configured CFA (20 pL/paw) into
the right hind paw. After 48 h CFA injection, we tested the
thermal paw withdrawal latency to observe if the pain model
was successfully made. The negative control group was injected
with isotonic saline and the positive control group was injected
with aspirin (20 mg/kg intraperitoneally). C10 (20 uM) and C9
(4 uM) were injected respectively in the experimental group with
a content of 0.2 mL/10 g. On the first day of administration, the
thermosensitive threshold was measured 30, 60, 90 and 120 min
after drug administration to determine the optimal drug onset
time. All the drugs were continuously administered for 5 days.

2.6 Immunofluorescence and western blot

After the CFA-induced inflammatory pain model behavioral
test on the fifth day, the adult male SD rats were decapitated. Half
of the DRGs were post-fixed with 4% paraformaldehyde. The
DRGs were embedded using paraffin, and then sliced with a
thickness of 7 um. The prepared tissue slices were dewaxed,
dehydrated, and antigen repaired. Then, the slices were
cleaned with TBS (pH 7.4Tris-HCI buffer) and incubated with
10% donkey serum (antGene ANTO051) at room temperature for
20 min. We used rabbit anti TRPV1 antibody (Abcam, 1:500 with
QuickBlock™ Primary Antibody Dilution Buffer for Immunol
Staining, Beyotime) as the primary antibody. We used Alexa
Fluor®594 donkey anti-rabbit 1gG (H + L) (Thermo Fisher
A21207, 1:400 with QuickBlock™ blocking buffer for Immunol
staining, Beyotime) as the secondary antibody. Then, the sections
were washed with TBS again and DAPI (4',6-diamidino-2-
added (Roche 216,276, 1:500). After
washing, the slices were sealed and photographed under a

phenylindole) was
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fluorescence microscope (Olympus, DP72, Japan). Five
random visual field images with a magnification of 400 times
for each sample were selected for measurement. The mean optical
density (MOD) of each visual field was calculated by Image]
software.

The other half of the DRGs were also removed and stored
at —80°C. DRG tissues were dissociated by strong RIPA Lysis
Buffer (50 mM Tris-HCI pH 8.0.150 mM NacCl, 1% TritonX-
100,1% PMSF). The DRG tissues were ground on ice and
centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant
was removed and the protein concentration of DRG tissues
measured using the BCA (bicinchoninic acid) protein assay kit.
The protein supernatant was added with 5 x protein loading
buffer and boiled at 100°C for 10 min in a metal bath. The
protein samples were loaded with 10 pg total protein per lane
and separated on 10% sodium dodecyl sulfate-polyacrylamide

and 0.45um PVDF
fluoride) (Merck  KGaA,
Darmstadt, Germany). At room temperature, the membranes
were blocked with TBST (pH 7.4 Tris-HCl buffer with the

addition of Tween) containing 5% skim milk for 1h. The

gelelectrophoresis transferred to

(polyvinylidene membranes

membranes were washed three times for 5 min with TBST.
We used rabbit polyclonal antibody to TRPV1 (1:500 in 5%
skimmed milk powder/TBST, Absin, abs147070) as the
primary antibody and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) Mouse McAb (1:1000 in 5% skimmed milk
powder/TBST, proteintech, 60,004-1-1g) as the internal
control antibody. We used goat anti-rabbit IgG HRP (1:
10,000 in 5% skimmed milk powder/TBST, biosharp,
BLO03A) as the secondary antibody to TRPV1. We used goat
anti-mouse IgG HRP (1:10,000 in 5% skimmed milk powder/
TBST, biosharp, BLO01A) as the secondary antibody to GAPDH.
A gel imaging analysis system (Bio-Rad, United States) was used
to capture the signals. Image processing and analysis software in
Java was used for analysis of gray scale values.

2.7 ELISA

The DIV13 cortical neurons were used for ELISA (enzyme
linked immunosorbent assay) test. Firstly, the culture medium of
neurons were removed. Neurons were washed with PBS (phosphate
buffer solution), three times, maintained with 1 uM C10 medium in
37°C for 1h, washed with PBS again, and then shattered by
ultrasound within new 1 mL PBS, destroying cells and releasing
cAMP (Cyclic adenosine monophosphate). After centrifugation at
4°C, the supernatant was carefully collected. The cAMP levels of
neurons treated with or without C10 were tested using the mouse
cAMP ELISA kit (ZC-38246). The experiment was repeated three
times independently.

Three groups of rats were used for the experiments; one group
was a normal control group, one group was used to prepare CFA-
induced inflammatory pain models as described above, and the
other group was continuously administered C10 (20 uM, 0.2 mL/
10 g) for analgesia based on the CFA model. After continuous
treatment for 5 days, the cerebral cortex was obtained from rats
and the GABA content in each group’s tissues was measured using
an GABA ELISA kit (ZC-37903).
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C10 and C9 are the candidates of the effective monomers for TSS increasing mIPSC. (A) Example traces of mIPSC were recorded from the cultured
cortical neurons that were incubated with seven monomers (2 uM) for 60 min, independently. M represents the mixture of eight monomers (each with a
concentration of 2 yM); the combination of C and the number represents a certain compound; M-C number means the mixture of eight monomers with
a certain compound removed. (B, C) Statistical summary of the increase rate of mIPSC frequency and normalized amplitude of mIPSC described in
(A). At least 21 cells of each group were analyzed from six or more independent cultures. Statistical assessments were performed by one-way ANOVA and

Dunnett’s test comparing each group to the M group.

2.8 Statistical analysis

Data were expressed as the mean + standard error of the mean
(SEM) and analyzed though SPSS software (version 17.0) and Prism
6.01 (GraphPad). Comparison of data between two groups was
performed using t-tests. Comparison between multiple sets of data
was performed using analysis of variance (ANOVA) and Dunnett’s
test. Statistical significance was determined as p < 0.05. All specific
statistical methods and results are presented in the figure legends.

3 Results

3.1 Selected TSS components capable of
modulating mIPSC and TRPV1

3.1.1 Selected TSS components capable of
increasing mIPSC in cortical neurons

Pain sensation is closely related to signal transduction of
neurons in the cerebral cortex. Our previous studies have
revealed that the analgesic effect of TSS is likely due to an
enhancement of mIPSC in mouse cortical neurons (Chen S,
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et al,, 2018). In order to identify the ingredients with analgesic
effects, we used a reverse screening method, removing one
component from the mixed eight component solution each time
and then testing the effects of the remaining seven component
mixtures on neurons using a patch-clamp. We found that the
increased frequency of mIPSC was reversed after the absence of
C10 and C9 components, respectively (Figures 1A-C), suggesting
C10 and C9 as the potential analgesic active ingredients in TSS.

3.1.2 Selected TSS components capable of
antagonizing TRPV1 in DRG neurons

Studies have demonstrated that TSS made from S. chinensis has
an analgesic effect, and that its analgesic mechanism may be related
to the modulation of TRPV1 (Chen et al., 2022). To further explore
the pharmacological components that inhibit CAP-induced
TRPV1 currents in DRG neurons, the above-mentioned reverse
screening method was used. The effects of eight saponin component
mixtures and seven other saponin component mixtures on CAP-
induced TRPV1 currents were tested (Figures 2A, B). The recorded
current was almost completely suppressed by capsazepine (CPZ),
proving that it was the CAP-induced TRPV1 current. The results of
the patch-clamp experiments also showed that the CAP-induced
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FIGURE 2

C9 is the candidate of the effective monomers for TSS inhibiting the TRPV1 currents. (A) Example traces of TRPV1 currents induced by CAP were
recorded from the rat DRG neurons that were treated with random seven monomers (2 uM), independently. M represents the mixture of eight monomers
(each with a concentration of 2 pM); the combination of C and the number represents a certain compound; M-C number means the mixture of eight
monomers with a certain compound removed. (B) Statistical summary of normalized CAP-induced TRPV1 currents. At least six neurons of each
group were analyzed from at least 10 rats. Statistical assessments were performed by one-way ANOVA and Dunnett’s test comparing each group to the M

group; ***, p < 0.001.

TRPV1 current was reduced by applying the eight saponin
component mixtures, which was consistent with the effects of
TSS. Interestingly, the inhibitory effect was abolished with the
absence of C9 component, indicating that C9 was likely the key
component of the TSS that acted on TRPVI.

3.2 Analgesic effects of C9 and C10 on
different pain models

To determine whether the C10 and C9 components have
analgesic effects, the hot plate test, acetic acid-induced writhing
test, formalin, capsaicin, and complete Freund’s adjuvant (CFA)-
induced chronic inflammatory tests were conducted in mice as
follows.

3.2.1 Hot plate test

For observing the nociceptive activity of C10 and C9 on
thermal-stimulated acute pain, the mice were injected
intraperitoneally with isotonic saline, aspirin (20 mg/kg), C10
(20 uM), or C9 (4 uM), respectively. The pain threshold was
tested at 30, 60, 90, and 120 min after administration. The
application of aspirin for 60 min and 90 min, and C10 for 30,
90 s, and 120 min could alleviate acute pain caused by thermal
stimulation in mice (Figure 3A). However, C9 had no effect on the
acute pain caused by thermal stimulation. The phenotype of C10 is
similar to that of aspirin (Chen S., et al., 2018), suggesting that
C10 is an effective component of the TSS for resisting thermally-

stimulated acute pain.

3.2.2 Acetic acid-induced writhing test
To discover the nociceptive activity of C10 and C9 on chemically

stimulated acute visceral pain, the mice were injected

C10
after

intraperitoneally with isotonic saline, aspirin (20 mg/kg),
(20puM), or C9 (4uM) separately.
04mL of 1% acetic
intraperitoneally injected. The number of twists per mouse was

Sixty mins

administration, acid solution was
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recorded within 0-15 min. Compared with the control, aspirin, C10,
and C9 could significantly inhibit the number of writhing events
induced by acetic acid (Figure 3B), indicating that the pain threshold
of the mice significantly increased. This is similar to TSS (Chen S.,
et al., 2018), indicating C10 and C9 as effective components of TSS
for alleviating acute visceral pain caused by glacial acetic acid
in mice.

3.2.3 Formalin and capsaicin tests

For understanding the nociceptive activity of C10 on chemically
stimulated acute pain, the mice were treated with isotonic saline,
aspirin (20 mg/kg), C10 (20 uM), or C9 (4 uM). After 60 min of
administration, 0.02 mL of 5% formalin solution was injected into
the right hindfoot of the mice, and the cumulative licking time of
each mouse in the first and second phases was recorded. Compared
with the control, aspirin, C10, and C9 remarkably inhibited the
licking time in the second phase, but did not alter the licking time in
the first phase (Figure 3C), similar to the TSS phenotype (Chen S.,
et al, 2018). This suggests that both C10 and C9 are analgesic
components of the TSS.

In addition, we tested the effects of C9 and C10 in the capsaicin-
induced pain model. The mice were treated with isotonic saline,
aspirin (20 mg/kg), C10 (20 uM), and C9 (4 uM), respectively.
Aspirin and C9 decreased the time spent by mice licking their
injected paws (Figure 3D). This indicated that the capsaicin-induced
pain was significantly inhibited by aspirin and C9 but not by CI10.
These results showed that C9 specifically relieved capsaicin-induced
acute neuropathic pain.

3.2.4 CFA-induced chronic inflammatory pain
model rats

The rats were divided into five groups as follows: unmodelled
control, modeled saline, modeled aspirin, modeled C9, and modeled
C10 groups. By comparing the thermal radiation pain thresholds of
rats in the unmodelled control and the modeled groups, the CFA-
induced chronic inflammatory pain model was successfully
established after 48 h. After successful modeling, in order to
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FIGURE 3

Effects of C10 and C9 on animal pain tests. (A) Effect of C10 and C9 against the hot plate test. Statistical assessments were performed by two-way
ANOVA and Dunnett’s test comparing each group to the isotonic saline group; ***, p < 0.001. (B) Effect of C10 and C9 against the capsaicin test. (C) Effect
of C10 and C9 against formalin-induced licking in the first phase and second phase in mice. (D) Effect of C10 and C9 against capsaicin-induced licking in
mice. Statistical assessments (B—D) were performed by one-way ANOVA and Dunnett's test comparing each group (n = 10) to the isotonic saline
group; *, p < 0.05; ***, p < 0.001. (E) Short-term analgesic effect of C10 and C9 on CFA-induced inflammatory pain rats. Statistical assessments were
performed by two-way ANOVA and Dunnett's test comparing each group (n = 6) to the modeled saline group. The administration time had an impact on
the administration effect (p < 0.0001). The statistical results indicated that the p-values between the modeled saline control group and the other groups
were all less than 0.0001. (F) Long-term analgesic effect of C10 and C9 on CFA-induced inflammatory pain rats. Statistical assessments were performed
by two-way ANOVA and Dunnett's test comparing each group (n = 6) to the modeled saline group. The statistical results indicated that the p-values
between the modeled saline group and the other groups were all less than 0.0001
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FIGURE 4

Time and concentration dependence of the effects of C10 on mIPSC. (A, B) The example traces and normalized mIPSC frequency recorded from
cultured cortical neurons with different concentrations (0.05, 0.1, 0.2, 2, and 20 pM) of C10 treatment for 60 min, separately. The EC50 of C10 was
0.1563 + 0.0272 uM analyzed by Hill fitting. (C, D) The example traces and normalized mIPSC frequency recorded from cultured cortical neurons with
treatment of 0.2 uM C10 for 30, 60, and 90 min, individually. (E) The example traces (left) and normalized frequency (right) of mIPSC recorded from
cortical neurons in brain slices with different concentrations (0.08 uM, 0.4 uM, and 2 pM) of C10 treatment for 60 min, individually. (F) The example traces
(left) and normalized frequency (right) of mIPSCs recorded from cortical neurons in brain slices with 0.4 uM C10 for 30, 60, and 90 min, individually. (G, H)
The example traces and normalized mIPSC frequency measured from cultured cortical neurons for 4 or 8 h restoring after 0.2 uM C10 treatment for
60 min. At least 25 cells from three independent cultures for (B, D), 19 cells from six mice, and 15 cells from three independent cultures for (H) were
analyzed. Statistical assessments (D—F) were performed by one-way ANOVA and Dunnett's test comparing each group to the control group. Statistical
assessments (H) were performed by t-test. **, p < 0.01; ***, p < 0.001.
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determine the optimal administration time for analgesic effects, the
thermal radiation pain response thresholds of the rats were
measured on the first day of administration for 30, 60, 90, and
120 min. These results indicate that aspirin, C9, and C10 all
exhibited analgesic effects with C9 showing the best analgesic
effect 120 min after administration (Figure 3E). Therefore, during
continuous administration, the thermal radiation pain threshold of
the rats was 120 min after administration. After 5 consecutive days
of administration, all data were statistically analyzed. After
continuous administration for 5 days, both C9 and C10 exhibited
long-term analgesic effects on chronic inflammatory pain similar to
that of aspirin (Figure 3F).

Thus, both C10 and C9 can relieve pain, although their action
mechanisms were different.

3.3 Characteristics and mechanism of C10 in
enhancing mIPSC

3.3.1 Time- and concentration-dependent effects
of C10 on mIPSC

The abovementioned experimental results indicated that the
absence of C9 and C10 both abolished the increased frequency of
mIPSC (Figures 1A-C). This suggested that C10 and C9 may be
potential active analgesic ingredients of TSS. To further confirm the
effective components for increasing mIPSC frequency, we tested the
effects of C9 with different concentrations on cultured cortical
neurons. The results exhibited that the frequency of mIPSC was
not increased by the application of the C9 component with
concentrations of 0.2/2/20 uM (Supplementary Figures SI1A, B).
This result excluded the role of C9 in increasing the frequency of
mIPSC. Subsequently, we investigated the role of C10 in cortical
neurons.

Firstly, we analyzed the time- and concentration-dependent
effects of C10 on mIPSC. We monitored the mIPSC of cultured
cortical neurons after incubating cultured neurons with different
concentrations of C10 (0.05, 0.1, 0.2, 2, and 20 uM) for 60 min,
respectively. Within a certain range, as the concentration of
C10 increased, the frequency of mIPSC gradually increased
(Figures 4A, B). When C10 exceeded 1uM, the frequency of
mIPSC was unable to increase continuously. According to the
Hill fitting, the EC 50 was 0.1563 + 0.0272 uM. Then, we
monitored the mIPSC of cultured cortical neurons after
incubation with 0.2 uM C10 for 30, 60, and 90 min, respectively.
Compared with the control, incubation with C10 for 30, 60, or
90 min could all increase the frequency of mIPSC (Figures 4C, D).
As the incubation time was prolonged, the increased effect became
more apparent.

Secondly, we also tested the concentrations and time
dependence of C10 in brain slices. The slices were applied with
different concentrations of C10 (0.08, 0.4, and 2 uM) for 60 min
separately. According to the obtained mIPSC, all the C10 group
(including 0.08/0.4/2 uM) had significantly increased frequency of
mIPSC (Figure 4E), in accordance with the results of cultured
neurons. We also tested the time dependence of C10 in neurons of
the cortex slices (Figure 4F). Consistently, incubating slices with
C10 for 60 or 90 min could both increase the frequency of mIPSC.
However, incubating slices with C10 for 30 min did not change the
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frequency of mIPSC, which was inconsistent with the results in
cultured neurons. Maybe a longer time is required for the drug to
diffuse and work in the slices because of the large number of cells in
the brain slice and tissue thickness. These results once again
proved that C10 enhanced the inhibitory synaptic transduction
of neurons in mouse cortex with a time- and concentration-
dependent manner.

Thirdly, we investigated the enhancing duration of inhibitory
synaptic transduction induced by C10 in mouse cortical neurons.
C10 in 0.2 pM was applied in the cultured neurons for 60 min. The
cells were then washed and incubated in a culture medium for 4 or
8 h for recovery. The recorded mIPSC revealed that, compared to
neurons without C10 incubation, the frequency of mIPSC still
significantly increased after 4h of restoration (Figures 4G, H).
However, after 8h of restoration, the phenomenon of mIPSC
frequency-increase disappeared (Figures 4G, H). This indicates
that the action of C10 could last for at least 4 h.

In summary, the above experimental results unanimously
support that C10 is an effective analgesic active component of
TSS, and its role is related to enhancing inhibitory synaptic
signaling.

3.3.2 Effects of C10 on synaptic signaling
transduction

To elucidate the role of C10 in synaptic signal transduction, we
recorded the action potential evoked IPSC and mEPSC from
cultured cortical neurons with an application of 0.2 or 2 uM C10.
The frequency and amplitude of the mEPSC (Supplementary
Figures S2A, B) and the amplitude of the evoked IPSC
(Supplementary Figures S2C, D) remained unchanged with the
C10 treatment. It seems that CI0 only affects the inhibitory
spontaneous synaptic signal transmission process rather than the
induced rapid vesicle release or excitatory spontaneous release,
which is consistent with the phenotype of TSS (Chen S., et al,
2018). These data further confirm that C10 is an active ingredient
of TSS.

3.3.3 C10 modulating mIPSC through the GABA
signaling pathway related to the GABA, receptor
To further elucidate the molecular mechanism of C10 analgesia,
we predicted possible signaling pathways or targets of C10 based on
its known molecular structure. Briefly, possible signaling pathways
or potential targets were predicted by using the Swiss Target
Prediction database, and then analyzed with the Kyoto
Encyclopedia of Genes and Genomes (KEGG). The categories
were arranged from top to bottom according to p-value
(Supplementary Figure S2A). The results indicate that 21 possible
signaling pathways may be potential targets for C10 active
components, including the neuroactive ligand-receptor
interaction, calcium signaling pathway, c¢cGMP-PKG signaling
pathway, and TRP channels. Also, a protein interaction network
was generated to analyze the interaction relationships based on the
predicted potential target genes (Supplementary Figure S3B).
Based on the above predictions and the results of previous
studies, we selected three pathways that were more likely to be
associated with C10 analgesia: the cAMP-PKA signaling pathway,
TRPV1 receptor, and GABA receptor for further experimental

verification.
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FIGURE 5

C10 modulating mIPSC through the GABA signaling pathway that related to GABA receptors (A) The GABA content of the brain cortex from the CFA
animal models treated with or without C10 was quantified by ELISA assay. Control, the normal rat group; isotonic saline, the CFA model group; and C10,
the CFA model group treated with 20 uM C10 with a content of 0 mL/10 g. The data of each group came from seven animals. (B) The example traces and
charge transfer induced by 20-s 200 uM GABA recorded from cultured cortical neurons incubated with or without 0.2 uM C10 for 60 min. At least

9 cells from three independent cultures were analyzed. (C) The example traces, mIPSC frequency, and amplitude recorded from cultured cortical
neurons incubated with or without 0.2 uM C10 for 60 min. BIC, bicuculline, the GABA4 receptor specific competitive antagonists. At least 18 cells from
four independent cultures were analyzed. Statistical assessments (A) were performed by one-way ANOVA and Dunnett's test comparing each group to
the control group. Statistical assessments (B, C) were performed by t-test. *, p < 0.05; **, p < 0.01.

Initially, the cCAMP of neurons that were incubated for 60 min
with or without 1 uM C10 was tested by ELISA. The presence of
C10 did not influence cAMP content in neurons (Supplementary
Figure S4A). Moreover, the mIPSC were recorded from the neurons
with the addition of the PKA-pathway inhibitor H-89 (1 uM). The
presence of H-89 did not alter the increase in mIPSC frequency
when neurons were treated with C10 (Supplementary Figure S4B).
Hence, the two experimental results indicate that the analgesic effect
of C10 is not mediated through the cAMP-PKA signaling pathway.

Previous studies have shown that TSS inhibits TRPV1 channel
currents in DRG neurons and produces analgesic effects (Chen et al.,
2022). Thus, we investigated whether TRPV1 is a potential target of
C10 by using TRPV1 agonists and antagonists. The mIPSC were
recorded from brain slices under the condition of TRPV1 channel
opening or closing, with or without 0.4 uM C10 incubation.
Statistical analysis revealed that capsaicin increased the frequency
of mIPSC to a certain extent when activating the TRPV1 receptor
with or without C10 (Supplementary Figure S4C). When the
TRPV1 receptor was closed by CPZ, the frequency of mIPSC
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recovered. After incubation with C10, the mIPSC frequency of
the neurons increased independent of the state of the
TPRV1 channel. Thus, the analgesic effect of C10 may not be
related to TRPV1.

Next, we verified the involvement of the GABA receptor in the
C10. The CFA pain model was prepared and treated with C10 for
5 days for analgesia. The GABA content of the rat cerebral cortex
was measured using ELISA. C10 increased the content of GABA in
the cerebral cortex of rats after C10 administration (Figure 5A). We
then measured the GABA-induced charge transfer in neurons
treated with or without C10. Interestingly, C10 exposure
significantly increased the total charge transfer with 200 pmol/L
GABA application (Figure 5B). This is consistent with the results of
our previous study reporting that TSS increases GABA-induced
charge transfer, further confirming Y-50 as an active ingredient in
TSS analgesia.

MIPSC were monitored in brain slices with or without
C10 incubation. The mIPSC frequency was always increased by
C10. The specific competitive antagonist bicuculline (BIC) was used
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FIGURE 6

Concentration dependence and competitive antagonism of the effects of C9 on TRPV1 currents induced by CAP. (A) The example traces of

TRPV1 currents recorded from DRG neurons with different concentrations (0.0002, 0.002, 0.02, 0.2, 2, and 20 uM) of C9 treatment, separately. (B)
Concentration dependence curve of the inhibition on CAP-induced TRPV1 currents of C9. The EC50 of C9 was 0.0369 + 0.0044 uM analyzed by Hill
fitting. (C) Example trace of TRPV1 currents recorded from DRG neurons treated with 0.1 yM C9 in the application of different capsaicin
concentrations (0.01 M, 0.1 uM, 0.4 uM, 1 pM, 10 pM, 20 pM, and 50 pM). (D) Concentration dependent curves of TRPV1 currents induced by CAP in the
presence or absence of C9. The number of DRG neurons in each group was no less than six.

to inhibit GABA 4 receptors. Statistical analysis exhibited that upon
BIC application, the mIPSC signals were almost completely
suppressed, even with the addition of C10 (Figure 5C). This
indicated that almost all the mIPSC signals we recorded were
mediated by GABA, receptors, including the increase in the
mIPSC signals induced by C10.

The above data clarified that C10-increased inhibitory synaptic
signal transduction is mediated by the GABA signaling pathway,
which is related to GABA4 receptors.

3.4 Characteristics and mechanism of
C9 modulating TRPV1

3.4.1 Concentration-dependent inhibition of C9 on
CAP-induced TRPV1 currents

To observe the effect of different C9 concentrations on the peak
value of the CAP-induced TRPV1 current, the inhibition rate of the drug
on the peak value of the CAP-induced TRPV 1 current was calculated by
multiplying the ratio of the difference between the peak current before
and after administration and the peak current before administration by
100%. C9 inhibited the CAP-induced TRPVI currents in a
concentration dependent manner (Figure 6A). The inhibition rate of
CAP-induced TRPV1 current by 2 uM of C9 could reach over 70%.
Using the Hill equation to fit the concentration dependence curve of
C9 inhibiting CAP-induced TRPV1 current, we could obtain the half
effective concentration as (0.0369 + 0.0044) uM and the Hill coefficient
of (0.6748 + 0.0540) (Figure 6B).
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3.4.2 C9 competitively antagonize TRPV1

DRG neurons were treated with different concentrations of
CAP, and the concentration dependence of the peak value of the
CAP-induced TRPVI1 current was observed. A concentration-
dependent curve was drawn using the concentration of CAP as
the abscissa and the normalized TRPV1 current value as the
ordinate. The normalized TRPV1 current value is calculated by
dividing the recorded peak value of CAP-induced TRPV1 current by
the average value of the peak value of 0.5uM CAP-induced
TRPV1 current. Subsequently, the mixture of CAP with different
concentrations and 0.1 pM C9 was given to DRG neurons, and then
we also observed whether the concentration dependence of the peak
value of CAP-induced TRPV1 current changed in the presence of
0.1 uM C9 (Figure 6C).

Accordingly, concentration-dependence curves were plotted.
The two concentration-dependent curves were compared. If the
peak value of the high concentration of CAP-induced
TRPV1 current did not decrease in the presence of 0.1 uM C9, it
indicated that C9 competed with CAP to antagonize TRPV1. By
contrast, the peak value of the high concentration CAP-induced
TRPVI1 current decreased, indicating that C9 and CAP non-
competitively antagonized TRPV1. As presented in Figures 6C,
D, when 0.1 uM C9 existed, the normalized TRPV1 current value
induced by 50 uM CAP was 2.346 *
difference (p > 0.05) was observed when 0.1 uM C9 was not obtained

0.545, and no significant
(Figure 6D). The above results showed that there is a competitive

antagonistic relationship between C9 and CAP when TRPV1 is
inhibited.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1275041

Gong et al. 10.3389/fphar.2023.1275041
A modeled saline unmodeled control modeled aspirin modeled C9
o - - -
- - - -
Merge
50um
B T C \@\ D 16 ———xx
< N &\Q %
» & K )
=, *kk & & > () -
T 60q & R & & 3
= 6?) O b@ 66 S
o S &£ S S S, 1.0
©3 < S & & g
8= 404 5
"gﬁ 40 anti-TRPV1| Ml s S 95 kDa f
>
S6 T T T T g 0.5+
2 § 201 : | | : g
Zs | 1 1 1 £
> ! 1 1 1
o
g0 anti-GAPDH| 4l W Sl @l (36 kD2 0@ & & @
Q> (o) N O AN
NS S
SCRCAS & &
X N2\ ob Ob P b?) &
FF&F T &€
N & <€ S
>
FIGURE 7

Effects of C9 on TRPV1 expression by using immunofluorescence and WB assay. (A) Immunofluorescence showed the expression of TRPV1 receptor
protein in DRG neurons. Scale bar, 50 um. (B) The fluorescence optical intensity of TRPV1 protein. The number of slices read per group was not less than
five. (C) An example of WB experiment results also showed the expression of TRPV1 receptor protein in DRG neurons. (D) The standardization ratio of
TRPV1 to GAPDH band densities in DRG neurons of various drug-treated CFA-induced inflammation pain rats (Four batches for all the groups)
Statistical analysis was performed using one-way ANOVA and Dunnett’s test comparing each group to the modeled saline group. **, p < 0.01; ***, p <

0.001.

3.4.3 Effects of C9 on TRPV1 expression

After the experiment on chronic inflammatory pain induced by
CFA in rats, DRG was used for immunofluorescence and Western
blotting (WB) assays to observe the expression level of TRPV1. The
results of immunofluorescence results were consistent with those of
WB assay (Figure 7).

The TRPV1 protein expression in the modeled saline group was
significantly increased compared with that in the unmodeled control
group. This indicates that chronic inflammatory pain could
upregulate the TRPVI expression in rat DRG neurons. The
expression of TRPV1 protein in rat DRG neurons did not change
in the modeled aspirin group compared with that in the modeled
saline group, indicating that aspirin did not regulate TRPV1 protein
expression, and its analgesic effect was not related to TRPV1. The
expression of TRPV 1 protein in DRG neurons of rats in the modeled
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C9 group was significantly downregulated compared with that in the
modeled saline group. Thus, C9 can downregulate the expression of
TRPV1 protein, which is closely related to the analgesic effect of
C9 in rats with chronic inflammatory pain.

4 Discussion

Our previous studies have demonstrated that the analgesic effect
of TSS was achieved through two mechanisms, one is increasing the
frequency of mIPSC in mouse cerebral cortex neurons (Chen S.,
et al,, 2018) and the other is modulating TRPV1 in DRG neurons
(Chen et al., 2022). However, as TSS is a multi-component mixture,
which component or components in TSS produce analgesic effects
through the aforementioned mechanisms is unclear. In this study, by
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screening the components from triterpenoid saponins, we identified
that component C10 and component C9 increased the frequency of
mIPSC in mouse cortical neurons and modulated the TRPV1 in
DRG neurons, respectively. Both C10 and C9 effectively relieved
pain in various animal models (Figure 2). These results indicated
that the analgesic effect of TSS was mainly produced by its two
components, C10 and C9, through different analgesic pathways.

Based on the previously reported results (Chen et al., 2014), we
obtained a total of ten types of components from TSS. We studied
compounds 6 and 7 in the early stages and did not observe good
analgesic effects; therefore, these two components were excluded
from this screening. Given that the amount of eight components
extracted and separated was not large, to screen the key active
ingredient from the eight components in a small amount, we did not
use the method of screening by separately observing the modulatory
effect of a certain component on mIPSC and TPRVI. Instead, the
eight components were initially mixed to detect their modulatory
effects on mIPSC and TRPV1.

After determining that the component mixture could increase
the frequency of mIPSC in mouse cortical neurons and modulate
TRPV1 in DRG neurons, we removed one component from the
mixture each time and observed the modulatory effect of the
remaining mixture composed of seven components on mIPSC
and TPRV1. Subsequently, the effect of removing one component
was compared with that of the original mixture of eight components.
The component with the most significant difference in effect that
was removed from the mixture is the key active ingredient. Using
this method, we quickly and in small amounts screened out the key
active ingredients, C9 and C10, that regulate mIPSC and TRPV1,
respectively.

The relationship between inhibitory synaptic transmission and
pain relief has been fully recognized (Vanghan and Christie, 1997;
Funai et al., 2014; Leonardon et al., 2022). In our previous studies, we
have found that TSS alleviated pain by increasing the frequency of
mIPSC (Chen S, et al., 2018), but the specific analgesic mechanism
remains unclear. Here, we showed that the phenotype of the
component C10 is very similar to that of TSS, not only
increasing the frequency of mIPSC in cortical neurons (Figures 1,
4) but also exhibiting good analgesic effects in animal pain models
(Chen S, et al., 2018). Our results indicates that C10 is the main
component of TSS in the cerebral cortex for pain relief.

To further identify the analgesic targets of C10, we utilized
network pharmacology to predict potential signaling pathways
based on the structure of C10. C10 increased the frequency of
mIPSC and was associated with GABA, receptors. Our data
indicated that C10 not only increased the release of GABA, but
also enhanced the GABA, receptor-mediated charge transfer
induced by GABA (Figures 5A, B).

y-Aminobutyric acid subtype receptors, a kind of pentameric
ligand-gated chloride ion channel receptor, are the most prominent
mediators of inhibitory signals in the central nervous system and
play a pivotal role in anesthesia (Zhou and Guan, 2021). GABA,
receptors are heteropentamers, consisting of subunits from six a
subunits (al-6), three f§ subunits (f1-3), three y subunits (y1-3), and
others (Zhu et al, 2018). Although the amino acid sequence,
expression level, and localization of each subunit in brain tissue
species have been well studied, how many different isomers are
formed by their interactions and how these isomers function, in
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cooperation or separately, remain unclear (Ghit et al., 2021; Arias
et al, 2023). The most common GABA,Rs in the brain are
B2, y2
y2p2alP2al counterclockwise (as shown in the abstract graph)
(Daniel and Ohman, 2009; Ghit et al,, 2021). The role of GABA
receptors in inhibitory currents is influenced by subunit

composed of two al, two and one arranged

composition and arrangement (Minier and Sigel, 2004; Hannan
et al,, 2020). The mature receptor has a central chloride ion channel
that is gated by the neurotransmitter GABA and is regulated by
many general anesthetics, such as propofol and etomidate (Zhou
and Guan, 2021; Ghit et al., 2021; Chen Q., et al., 2018; Alvarez and
Pecci, 2018). GABA, receptors are mainly distributed in the
postsynaptic of synapse, where GABA neurotransmitters can
bind to GABA, receptors, causing chloride ion channels to open
and increasing intracellular anions in milliseconds, leading to cell
membrane depolarization, thus mediating the transmission of
inhibitory signals. GABA, receptors are widely reported to be
involved in the regulation of pain signals and chronic pain status.
These anesthetics, which target GABA, receptors used in clinical
settings, although effective, also have certain side effects. Therefore,
new analgesics that targeting GABA 4 receptor need to be developed.

Interestingly, we identified that C10, a traditional Chinese
medicinal ingredient derived from natural plants, has an
analgesic effect on the GABA, receptors. In our data, we found
that the component C10 from TSS could increase inhibitory neural
signal transduction (Figures 1, 4). The release of GABA in neurons
and GABA-induced currents both increased after being treated with
C10 (Figures 5A, B). However, the inhibitory effects of GABA in the
cortex are mediated by two types of receptors: ionic GABA,
receptors and metabotropic GABAp receptors. The GABA-
induced rapid current was theoretically mediated by GABA,
receptors (Figure 5B) and almost all the mIPSC signals were
inhibited by the specific inhibitor BIC of GABA, receptors
5C). Thus, it that
increases inhibitory transduction by

(Figure can be inferred
C10
modulating the GABA signaling pathway, which is mediated by
GABA, receptors.

In our experiment, the neurons were treated with C10 for

reasonably

synaptic signal

60 min. Hence, we may not completely rule out the role of
GABAjg C10
transduction in cortical neurons by increasing the GABA release.
Whether C10 acts directly or indirectly on the GABA, receptors
remains unclear. According to the literature, GABA 4R agonists play

here. enhanced inhibitory synaptic signal

important roles in anesthesia and sedation (Zhou and Guan, 2021).
Etomidate, propofol, and barbiturates directly activate GABARs
(Garcia et al., 2010). Propofol is a dialkyl phenol that directly binds
to the a+/B— or a+/y— interface of GABA 4R (Maldifassi et al., 2016).
Barbiturates, a kind of commonly used anesthetic drug, bind to
TMD in a+/B- interface of the GABA,R (Chiara et al, 2016).
Benzodiazepines, of which the core chemical structure is the fusion
of benzene ring and diazo heterocycle, bind to the N-terminal at
binding sites a/f and a/y interfaces, and increase Cl~ conductance
(Sigel and Liischer, 2011). Etomidate, an imidazole type intravenous
hypnotic, binding to the p+/a— interface of the GABA4R, enhance
the activity of GABA 4R to quickly induce general anesthesia (Chiara
et al., 2012; Stewart, et al, 2013). However, we compared the
structure of C10 with these known drugs that can directly bind
to GABAAR and observed that the structural similarity is low. In
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addition, we used molecular docking to predict the interaction
between C10 and GABALR and identified a very small
probability of direct interaction. Therefore, C10 may indirectly
regulate the GABAAR receptor-mediated signaling pathway.
Indeed, more research is needed to elucidate these regulatory
mechanisms.

TRPV1 is highly enriched in DRG and its involvement in
inflammatory pain is well documented (Wu et al., 2021). During
inflammation, many signaling pathways and inflammatory
mediators can cause aberrant peripheral neuronal activity
(Sondermann et al, 2019). Importantly, many of these pathways
converge and sensitize TRPV1 (Salazar et al., 2009). TRPV1 reacts to
a variety of both chemical and physical stimuli (Caterina et al.,
1997). In most cases, these stimuli cause the opening of a pore in the
channel-receptor complex and elicit a transmembrane ion current.
In particular, the data show that extracellular acidification of the
environment increases TRPV1 receptors’ sensitivity to capsaicin
(Ryu et al.,, 2003). Since acidification of the environment is an
important sign of a developing inflammatory response (Grivennikov
et al,, 2010), potentiation of TRPV1 receptors, when combined with
the effect of other agonists (e.g., CAP), can be considered part of the
signaling mechanism triggered in a cell in response to inflammation
(Tsvetkov et al., 2017).

In a model of acute inflammatory pain, C9 demonstrated
similar or even better analgesic effects than aspirin in terms of
body-twisting response stimulated by glacial acetic acid or in
terms of the paw-licking response stimulated by formalin and
capsaicin. The results of patch-clamp experiments indicated
that the peak value of TRPV1 current activated by CAP
recorded on DRG neurons could be rapidly reduced by the
transient addition of C9. Further research revealed that the
relationship between C9 and CAP was competitive antagonism,
that is to say C9 was similar to CPZ and was also a competitive
antagonist of TRPV1.

Sa Xiao et al. have reported that all allosteric regulatory ligands
significantly inhibit capsaicin-induced Ca®" influx through the
TRPV1 channel (Xiao et al, 2019). The molecular structure
that CPZ, AMG517,
tetrahydropalmatine all have similar H receptor/donor parts and

analysis  showed loureirin B, and
substituted benzene ring moiety, while the hydrophobic aliphatic
side chain portion was significantly different. From the structure of
C9, it could be seen that its aglycone was hederagenin. Hederagenin
also has abundant H receptor/donor parts and a substituted benzene
ring moiety, whereas the hydrophobic aliphatic side chain portion is
greatly different. From the results of component screening, the
different structure is also important. Because the aglycone of
C10 is also hederagenin, C10 did not induce a significant
regulatory effect on TRPVI, similar to C9. Among the eight
screened components, only the aglycones of C9 and C10 were
hederagenin. This also shows their unique structure in terms of
pain relief. In fact, there have been literature reports that
hederaginin itself could produce analgesic effects by regulating
TRPV1 (Zhang, et al., 2020).

In addition to blocking TRPV1 activation, reducing the
expression or TRPV1 via siRNA transfection, pharmacological
intervention, and other methods can dramatically alleviate
inflammatory and neuropathic pain (Warwick et al, 2019).
Zheyin Wang et al. have reported that baicalin ameliorates

Frontiers in Pharmacology

14

10.3389/fphar.2023.1275041

neuropathic pain by suppressing TRPVI upregulation in the
DRG of rats with neuropathic pain (Wang Z., et al, 2020).
Moreover, Ping Li et al. found that baicalin might play a
promising analgesic role in the DRG of rats implanted with
tumor cells by preventing the upregulation of TRPV1 (Li et al,
2020). He-Ya Qian et al. reported an effective analgesic effect of
metformin on mechanical allodynia in rats with bone cancer pain,
which may be mediated by the downregulation of ASIC3 and
TRPV1 (Qian et al., 2021).

The results of WB and immunofluorescence experiments
revealed that after 5days of successful modeling, the expression
of TRPVI was upregulated in DRG neurons of CFA-induced
chronic inflammatory pain rats. Continuous administration of
C9 for 5days effectively restored the upregulated TRPV1 to
normal levels. These results indicated that the pharmacological
intervention with C9 downregulates TRPV1 and alleviates
inflammatory pain.

It is worth mentioning that, initially, we believed that both
C9 and C10 could produce good analgesic effects and that there may
be some overlap in their action mechanisms. However, the
experimental results indicate that the receptors and pathways
regulated by the two compounds are completely different.
Although the aglycones of both compounds are hederagenin, the
significant difference in the action target may be attributed to the
differences in the groups connected to the hederagenins. However, it
cannot be concluded that the roles of TRPV1 and postsynaptic
response in pain generation and transmission are not completely
without intersections. A study by Daisuke Uta et al. provides
fundamental evidence that chronic inflammation and neuropathic
pain models amplify the release of glutamate by activating TRPV1 in
central axon terminals (Uta et al., 2019).

Further, we will investigate the analgesic effects of C9 and C10 in
different combinations, which may yield unexpected results.
Nevertheless, TSS produces analgesic effects through different
components C9 and C10, through peripheral and central
analgesic pathways, respectively, which precisely demonstrates the
characteristics of the multi-component, multi-target, and multi-
pathway effects of traditional Chinese medicine and provides a
lateral pharmacological basis for “a traditional Chinese medicine
is a small compound".

5 Conclusion

Our results revealed that C10 and C9 are effective analgesic
components in TSS. Their analgesic mechanism is to act on neurons
in the cerebral cortex and DRG neurons in the spinal cord,
effect by
signal transduction related to GABA,

respectively. C10 exhibited analgesic increasing
inhibitory synaptic
receptors in the cerebral cortical neurons, while C9 showed

analgesic effect through modulating TRPV1 in DRG neurons.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1275041

Gong et al.

Ethics statement

The animal study was approved by the animal research ethics
committee of South-Central Minzu University (No 2021-scuec-
013). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

J-HG and SC carried out the part of the experiments and wrote the
manuscript, C-MZ, BW, QY and Y-TC carried out the experiments of
TRPV1, Z-XZ conducted network pharmacology analysis, Z-YZ, J-HZ,
HL, YR carried out the experiments of mIPSC, G-ZY extracted,
separated, and identified chemical components from TSS, RZ
participated in the project investigation, X-FY contributed to the
planning of the work and revised the paper.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. We thank
the support of the National Natural Science Foundation of China
(grant numbers 32170699 and 32200560), National Science
Foundation of Hubei (grant number 2022CFB906), the special
fund for basic scientific research of the Central Colleges, South-

References

Alvarez, L. D., and Pecci, A. (2018). Structure and dynamics of neurosteroid binding
to the alpha (1) beta (2) gamma (2) GABA(A) receptor. J. Steroid Biochem. Mol. Biol.
182, 72-80. doi:10.1016/j.jsbmb.2018.04.012

Arias, H. R, Pierce, S. R., Germann, A. L., Xu, S. Q., Ortells, M. O., Sakamoto, S., et al.
(2023). Chemical, pharmacological, and structural characterization of novel
acrylamide-derived modulators of the GABA(A) receptor. Mol. Pharmacol. online
104, 115-131. doi:10.1124/molpharm.123.000692

Caterina, M. J., Schumacher, M. A, Tominaga, M., Rosen, T. A,, Levine, J. D., and
Julius, D. (1997). The capsaicin receptor: a heat-activated ion channel in the pain
pathway. Nature 389 (6653), 816-824. doi:10.1038/39807

Chen, Q., Wells, M. M., Arjunan, P., Tillman, T. S., Cohen, A. E,, Xu, Y., et al. (2018).
Structural basis of neurosteroid anesthetic action on GABA(A) receptors. Nat.
Commun. 9 (1), 3972. doi:10.1038/s41467-018-06361-4

Chen, S., Du, P, Cheng, S., Yang, G. Z,, Li, J., and Yang, X. F. (2022). Analgesic
activity of triterpenoid saponins from Stauntonia chinensis and their modulation
on capsaicin receptor. Asia-Pacific Tradit. Med. 18 (12), 29-35. do0i:10.11954/
ytctyy

Chen, S., Rong, Y., Liu, M., Cheng, S., Liu, X,, Li, X,, et al. (2018). Analgesic Effects of
triterpenoid saponins from Stauntonia chinensis via selective increase in inhibitory
synaptic response in mouse cortical neurons. Front. Pharmacol. 9, 1302. doi:10.3389/
fphar.2018.01302

Chen, Y., Yang, F., Wang, S., Wang, D. B,, Xu, ], and Yang, G. Z. (2014). Triterpenoid
saponins from Stauntonia chinensis. Bull. Korean Chem. Soc. 35 (4), 1212-1214. doi:10.
5012/bkes.2014.35.4.1212

Chiara, D. C,, Dostalova, Z., Jayakar, S. S., Zhou, X., Miller, K. W., and Cohen, J. B.
(2012). Mapping general anesthetic binding site(s) in human a1p3 y-aminobutyric acid
type A receptors with [*H]TDBzl-etomidate, a photoreactive etomidate analogue.
Biochemistry 51 (4), 836-847. doi:10.1021/bi201772m

Chiara, D. C,, Jounaidi, Y., Zhou, X., Savechenkov, P. Y., Bruzik, K. S., Miller, K. W.,
et al. (2016). General Anesthetic Binding Sites in Human a4f38 y-Aminobutyric Acid
Type A Receptors (GABAARS). J. Biol. Chem. 291 (51), 26529-26539. doi:10.1074/jbc.
M116.753335

Daniel, C., and Ohman, M. (2009). RNA editing and its impact on GABAA receptor
function. Biochem. Soc. Trans. 37 (6), 1399-1403. doi:10.1042/BST0371399

Frontiers in Pharmacology

15

10.3389/fphar.2023.1275041

Central Minzu University (grant number CZZ23001), and the
Knowledge Innovation Program of Wuhan-Shuguang (SZY23007).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1275041/
full#supplementary-material

Feng, T.T.,Fu,H. Z,, Yang, Y. S., Zhou, Z. Q., Dai, M., Bi, H. Y., et al. (2019). Two new
noroleanane-type triterpenoid saponins from the stems of Stauntonia chinensis. Nat.
Prod. Res. 33 (9), 1269-1276. doi:10.1080/14786419.2018.1470515

Funai, Y., Pickering, A. E., Uta, D., Nishikawa, K., Mori, T., Asada, A, et al. (2014).
Systemic dexmedetomidine augments inhibitory synaptic transmission in the
superficial dorsal horn through activation of descending noradrenergic control: an
in vivo patch-clamp analysis of analgesic mechanisms. Pain 155 (3), 617-628. doi:10.
1016/j.pain.2013.12.018

Gao, H,, Wang, Z,, Yang, L., Yu, Y., Yao, Z. H.,, Wang, N. L,, et al. (2008). Five new
bidesmoside triterpenoid saponins from Stauntonia chinensis. Magn. Reson Chem. 46
(7), 630-637. doi:10.1002/mrc.2222

Gao, H., Zhao, F., Chen, G. D., Chen, S. D., Yu, Y., Yao, Z. H,, et al. (2009).
Bidesmoside triterpenoid glycosides from Stauntonia chinensis and relationship to
anti-inflammation. Phytochemistry 70 (6), 795-806. doi:10.1016/j.phytochem.2009.
04.005

Gao, L., and Yuan, Y. X. (2019). Wide Awake Secondary Tendon Reconstruction.
Clin. Misdiagnosis Mistherapy 32 (9), 35-41. doi:10.1016/j.hcl.2018.08.004

Garcia, P. S., Kolesky, S. E., and Jenkins, A. (2010). General anesthetic actions on
GABA(A)  receptors.  Curr.  Neuropharmacol. 8 (1), 2-9. doi:10.2174/
157015910790909502

Ghit, A., Assal, D., Al-Shami, A. S., and Hussein, D. E. E. (2021). GABA(A) receptors:
structure, function, pharmacology, and related disorders. J. Genet. Eng. Biotechnol. 19
(1), 123. doi:10.1186/s43141-021-00224-0

Gou, Y. Y., and Li, J. F. (2016). Clinical observation on the treatment of shoulder joint
periarthritis with wild papaya injection combined with acupuncture and moxibustion
and TDP radiation. Shaanxi J. Traditional Chin. Med. 37 (5), 544-547. doi:10.3969/j.
issn.1000-7369.2016.05.012

Grivennikov, S. L, Greten, F. R, and Karin, M. (2010). Immunity, inflammation, and
cancer. Immun. Inflamm. cancer 140, 883-899. doi:10.1016/j.cell.2010.01.025

Hannan, S, Minere, M., Harris, J,, Izquierdo, P., Thomas, P., Tench, B, et al. (2020).
GABAAR isoform and subunit structural motifs determine synaptic and extrasynaptic receptor
localisation. Neuropharmacology 169, 107540. doi:10.1016/j.neuropharm.2019.02.022

Leonardon, B., Cathenaut, L., Vial-Markiewicz, L., Hugel, S., Schlichter, R, and
Inquimbert, P. (2022). Modulation of GABAergic synaptic transmission by NMDA

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2023.1275041/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1275041/full#supplementary-material
https://doi.org/10.1016/j.jsbmb.2018.04.012
https://doi.org/10.1124/molpharm.123.000692
https://doi.org/10.1038/39807
https://doi.org/10.1038/s41467-018-06361-4
https://doi.org/10.11954/ytctyy
https://doi.org/10.11954/ytctyy
https://doi.org/10.3389/fphar.2018.01302
https://doi.org/10.3389/fphar.2018.01302
https://doi.org/10.5012/bkcs.2014.35.4.1212
https://doi.org/10.5012/bkcs.2014.35.4.1212
https://doi.org/10.1021/bi201772m
https://doi.org/10.1074/jbc.M116.753335
https://doi.org/10.1074/jbc.M116.753335
https://doi.org/10.1042/BST0371399
https://doi.org/10.1080/14786419.2018.1470515
https://doi.org/10.1016/j.pain.2013.12.018
https://doi.org/10.1016/j.pain.2013.12.018
https://doi.org/10.1002/mrc.2222
https://doi.org/10.1016/j.phytochem.2009.04.005
https://doi.org/10.1016/j.phytochem.2009.04.005
https://doi.org/10.1016/j.hcl.2018.08.004
https://doi.org/10.2174/157015910790909502
https://doi.org/10.2174/157015910790909502
https://doi.org/10.1186/s43141-021-00224-0
https://doi.org/10.3969/j.issn.1000-7369.2016.05.012
https://doi.org/10.3969/j.issn.1000-7369.2016.05.012
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1016/j.neuropharm.2019.02.022
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1275041

Gong et al.

receptors in the dorsal horn of the spinal cord. Front. Mol. Neurosci. 15, 903087. doi:10.
3389/fnmol.2022.903087

Li, P, Bi, Y., Deng, Y. C, Xiong, D. L., and Li, A. X. (2020). Baicalin ameliorates bone
cancer pain by suppressing TRPV1 in rat dorsal root ganglia. Nat. Product. Commun. 15
(1), 1934578X1989956-7. doi:10.1177/1934578X19899562

Ma, Y., Ma, J. G, and Ma, J. P. (2012). Analysis of the therapeutic effect of local
injection of wild papaya injection on shoulder pain after stroke. Ningxia Med. J. 34 (10),
997-998. doi:10.13621/j.1001-5949.2012.10.006

Maldifassi, M. C., Baur, R, and Sigel, E. (2016). Functional sites involved in
modulation of the GABAA receptor channel by the intravenous anesthetics
propofol, etomidate and pentobarbital. Neuropharmacology 105, 207-214. doi:10.
1016/j.neuropharm.2016.01.003

Minier, F., and Sigel, E. (2004). Positioning of the alpha-subunit isoforms confers a
functional signature to gamma-aminobutyric acid type A receptors. Proc. Natl. Acad.
Sci. U. S. A. 101 (20), 7769-7774. doi:10.1073/pnas.0400220101

Qian, H. Y., Zhou, F., Wu, R, Cao, X. J., Zhu, T., Yuan, H. D,, et al. (2021). Metformin
attenuates bone cancer pain by reducing TRPV1 and ASIC3 expression. Front.
Pharmacol. 12, 713944. doi:10.3389/fphar.2021.713944

Ryu, S. 7., Liu, B. Y., and Qin, F. (2003). Low pH potentiates both capsaicin binding
and channel gating of VRI1 receptors. J. Gen. Physiol. 122 (1), 45-61. doi:10.1085/jgp.
200308847

Salazar, H., Jara-Oseguera, A., and Rosenbaum, T. (2009). The TRPV1 channel as a target
for the treatment of pain. Rev. Neurol. 48 (7), 357-364. doi:10.33588/rn.4807.2009124

Sigel, E., and Liischer, B. P. (2011). A closer look at the high affinity benzodiazepine
binding site on GABAA receptors. Curr. Top. Med. Chem. 11 (2), 241-246. doi:10.2174/
156802611794863562

Sondermann, J. R,, Barry, A. M., Jahn, O., Michel, N., Abdelaziz, R., Kugler, S., et al.
(2019). Vtilb promotes TRPV1 sensitization during inflammatory pain. Pain 160 (2),
508-527. doi:10.1097/j.pain.0000000000001418

Stewart, D. S., Hotta, M., Desai, R., and Forman, S. A. (2013). State-dependent
etomidate occupancy of its allosteric agonist sites measured in a cysteine-substituted
GABAA receptor. Mol. Pharmacol. 83 (6), 1200-1208. doi:10.1124/mol.112.084558

Tsvetkov, E. A., Potatieva, N. N., and Bolshakov, K. V. (2017). Voltage-dependent
interaction of capsaicine and protons on TRPV1-receptors. Acta Naturae 9 (1), 75-80.
doi:10.32607/20758251-2017-9-1-75-80

Uta, D., Yoshimura, M., and Koga, K. (2019). Chronic pain models amplify transient
receptor potential vanilloid 1 (TRPV1) receptor responses in adult rat spinal dorsal
horn. Neuropharmacology 160, 107753. doi:10.1016/j.neuropharm.2019.107753

Vaughan, C. W., and Christie, M. J. (1997). Presynaptic inhibitory action of opioids
on synaptic transmission in the rat periaqueductal grey in vitro. J. Physiol. 498 (2),
463-472. doi:10.1113/jphysiol.1997.sp021872

Wang, H. B, Yu, D. Q, Liang, X. T., Watanabe, N., Tamai, M., and Omura, S. (1990).
Structures of two nortriterpenoid saponins from Stauntonia chinensis. J. Nat. Prod. 53
(2), 313-318. doi:10.1021/np50068a007

Frontiers in Pharmacology

16

10.3389/fphar.2023.1275041

Wang, H. B, Yu, D. Q, Liang, X. T., Watanabe, N., Tamai, M., and Omura, S. (1989a).
The structures of yemuoside YM10 and YM12 from Stauntonia chinensis. Acta Pharm.
Sin. 24 (6), 444-451.

Wang, H. B, Yu, D. Q,, Liang, X. T., Watanabe, N., Tamai, M., and Omura, S.
(1989b). Yemuoside YM7, YM11, YMI13, and YM14: Four nortriterpenoid
saponins from Stauntonia chinensis. Planta Med. 55 (3), 303-306. do0i:10.1055/
5-2006-962013

Wang, H. B, Yu, D. Q, Liang, X. T., and Yemuoside, I. (1991). A new nortriterpenoid
glycoside from Stauntonia chinensis. J. Nat. Prod. 54 (4), 1097-1101. doi:10.1021/
np50076a029

Wang, X., Gong, J., Zhu, L., Wang, S., Yang, X,, Xu, Y., et al. (2020). Munc13 activates
the Muncl8-1/syntaxin-1 complex and enables Munc18-1 to prime SNARE assembly.
EMBO J. 39 (16), e103631. doi:10.15252/embj.2019103631

Wang, Z., Ling, D., Wu, C,, Han, J., and Zhao, Y. (2020). Baicalin prevents the up-
regulation of TRPV1 in dorsal root ganglion and attenuates chronic neuropathic pain.
Vet. Med. Sci. 6 (4), 1034-1040. doi:10.1002/vms3.318

Warwick, C. A, Shutov, L. P., Shepherd, A. J., Mohapatra, D. P., and Usachev, Y. M.
(2019). Mechanisms underlying mechanical sensitization induced by complement C5a:
the roles of macrophages, TRPV1, and calcitonin gene-related peptide receptors. Pain
160 (3), 702-711. doi:10.1097/j.pain.0000000000001449

Wu, Y. Q, Tong, Z. Q,, and Wan, Y. (2021). Temperature sensor TRPV1 regulates
pain. Prog. Biochem. Biophysics 2 (48), 1392-1397. doi:10.16476/j.pibb.2021.0303

Xiao, S., Zhang, Y., Song, P., Xie, J., and Pang, G. (2019). The investigation of allosteric
regulation mechanism of analgesic effect using SD rat taste bud tissue biosensor.
Biosens. Bioelectron. 126, 815-823. doi:10.1016/j.bi0s.2018.11.046

Yan, X. X. (2017). Clinical effect of auricular point injection with wild papaya
injection for moderate and severe cancer pain. Inf. Traditional Chin. Med. 34 (4),
104-107. doi:10.19656/j.cnki.1002-2406.2017.04.031

Zhang, D., Sun, J. X,, Yang, B, Ma, S. S., Zhang, C. L., and Zhao, G. P. (2020).
Therapeutic Effect of Tetrapanax papyriferus and Hederagenin on Chronic
Neuropathic Pain of Chronic Constriction Injury of Sciatic Nerve Rats Based on
KEGG Pathway Prediction and Experimental Verification. EVID-BASED COMPL
Alt. 2020, 2545806. doi:10.1155/2020/2545806

Zhang, X. Y., Tang, Y. Z.,, and Zhao, S. Y. (1998). Experimental study on the analgesic
and anti-inflammatory effects of Tablet Stauntonia. . Guangdong Pharm. Univ. 14 (3),
195-196. doi:10.16809/j.cnki.1006-8783.1998.03.014

Zhang, X. Z., Ye, W. B., and Zhou, L. N. (2010). Effects of injection stauntoniae on the
growth of mouse spinal neurons under aerum free and anoxia condition in vitro.
J. Shanghai Normal Univ. 39 (2), 189-193.

Zhou, W., and Guan, Z. (2021). Ion channels in anesthesia. Adv. Exp. Med. Biol. 1349,
401-413. doi:10.1007/978-981-16-4254-8_19

Zhu, S., Noviello, C. M, Teng, J., Walsh, R. M., Jr, Kim, J. J., and Hibbs, R. E. (2018).
Structure of a human synaptic GABA(A) receptor. Nature 559 (7712), 67-72. doi:10.
1038/s41586-018-0255-3

frontiersin.org


https://doi.org/10.3389/fnmol.2022.903087
https://doi.org/10.3389/fnmol.2022.903087
https://doi.org/10.1177/1934578X19899562
https://doi.org/10.13621/j.1001-5949.2012.10.006
https://doi.org/10.1016/j.neuropharm.2016.01.003
https://doi.org/10.1016/j.neuropharm.2016.01.003
https://doi.org/10.1073/pnas.0400220101
https://doi.org/10.3389/fphar.2021.713944
https://doi.org/10.1085/jgp.200308847
https://doi.org/10.1085/jgp.200308847
https://doi.org/10.33588/rn.4807.2009124
https://doi.org/10.2174/156802611794863562
https://doi.org/10.2174/156802611794863562
https://doi.org/10.1097/j.pain.0000000000001418
https://doi.org/10.1124/mol.112.084558
https://doi.org/10.32607/20758251-2017-9-1-75-80
https://doi.org/10.1016/j.neuropharm.2019.107753
https://doi.org/10.1113/jphysiol.1997.sp021872
https://doi.org/10.1021/np50068a007
https://doi.org/10.1055/s-2006-962013
https://doi.org/10.1055/s-2006-962013
https://doi.org/10.1021/np50076a029
https://doi.org/10.1021/np50076a029
https://doi.org/10.15252/embj.2019103631
https://doi.org/10.1002/vms3.318
https://doi.org/10.1097/j.pain.0000000000001449
https://doi.org/10.16476/j.pibb.2021.0303
https://doi.org/10.1016/j.bios.2018.11.046
https://doi.org/10.19656/j.cnki.1002-2406.2017.04.031
https://doi.org/10.1155/2020/2545806
https://doi.org/10.16809/j.cnki.1006-8783.1998.03.014
https://doi.org/10.1007/978-981-16-4254-8_19
https://doi.org/10.1038/s41586-018-0255-3
https://doi.org/10.1038/s41586-018-0255-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1275041

	Central and peripheral analgesic active components of triterpenoid saponins from Stauntonia chinensis and their action mech ...
	1 Introduction
	2 Materials and methods
	2.1 Selected TSS components
	2.2 Experimental animals
	2.3 Cell culture
	2.3.1 Cortical neurons
	2.3.2 DRG neurons

	2.4 Electrophysiological recordings
	2.4.1 Recordings in cortical neurons
	2.4.2 Recordings of capsaicin-induced TRPV1 currents in DRG neurons

	2.5 Animal behavior
	2.5.1 Hot plate test
	2.5.2 Acetic acid-induced writhing test
	2.5.3 Formalin and capsaicin tests
	2.5.4 Complete freund’s adjuvant (CFA)-induced inflammatory pain model

	2.6 Immunofluorescence and western blot
	2.7 ELISA
	2.8 Statistical analysis

	3 Results
	3.1 Selected TSS components capable of modulating mIPSC and TRPV1
	3.1.1 Selected TSS components capable of increasing mIPSC in cortical neurons
	3.1.2 Selected TSS components capable of antagonizing TRPV1 in DRG neurons

	3.2 Analgesic effects of C9 and C10 on different pain models
	3.2.1 Hot plate test
	3.2.2 Acetic acid-induced writhing test
	3.2.3 Formalin and capsaicin tests
	3.2.4 CFA-induced chronic inflammatory pain model rats

	3.3 Characteristics and mechanism of C10 in enhancing mIPSC
	3.3.1 Time- and concentration-dependent effects of C10 on mIPSC
	3.3.2 Effects of C10 on synaptic signaling transduction
	3.3.3 C10 modulating mIPSC through the GABA signaling pathway related to the GABAA receptor

	3.4 Characteristics and mechanism of C9 modulating TRPV1
	3.4.1 Concentration-dependent inhibition of C9 on CAP-induced TRPV1 currents
	3.4.2 C9 competitively antagonize TRPV1
	3.4.3 Effects of C9 on TRPV1 expression


	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


