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Abstract: Chemotherapy-induced neuropathic pain (CINP) is a severe adverse effect of platinum-
and taxane-derived anticancer drugs. The pathophysiology of CINP includes damage to neuronal
networks and dysregulation of signal transduction due to abnormal Ca?* levels. Therefore, methods
that aid the recovery of neuronal networks could represent a potential treatment for CINP. We
developed a mouse model of paclitaxel-induced peripheral neuropathy, representing CINP, to
examine whether intrathecal injection of decursin could be effective in treating CINP. We found that
decursin reduced capsaicin-induced intracellular Ca?* levels in F11 cells and stimulated neurite
outgrowth in a concentration-dependent manner. Decursin directly reduced mechanical allodynia,
and this improvement was even greater with a higher frequency of injections. Subsequently, we
investigated whether decursin interacts with the transient receptor potential vanilloid 1 (TRPV1). The
web server SwissTargetPrediction predicted that TRPV1 is one of the target proteins that may enable
the effective treatment of CINP. Furthermore, we discovered that decursin acts as a TRPV1 antagonist.
Therefore, we demonstrated that decursin may be an important compound for the treatment of
paclitaxel-induced neuropathic pain that functions via TRPV1 inhibition and recovery of damaged
neuronal networks.

Keywords: CINP; decursin; recovery of damaged neuronal network; TRPV1 antagonist; lead compound

1. Introduction

Chemotherapy-induced neuropathic pain (CINP) is a severe side-effect of platinum
and taxane-derived anti-cancer drugs. The incidence of CINP increases with an increase
in the frequency and dosage of anticancer agents [1]. The principal symptoms of CINP
include paresthesia and dysesthesia, which are induced by touch and warm or cool tem-
peratures [1]. In severe cases, CINP can lead to complete impairment of mobility and
severe disability [2]. Moreover, structural brain changes, such as axonopathy, small-fiber
degeneration, demyelination, and atrophy, are often observed in the peripheral nerves of
patients with CINP and rodent models of CINP; these changes are primarily caused by
neurotoxicity induced by anticancer agents [2]. Currently, there is a remarkable lack of
US Food and Drug Administration-approved drugs for CINP, despite the severity of this
condition [3].

Decursin, which is one of the active compounds present in Angelica gigas Nakai,
a Korean medicinal herb, is known to have several biological actions, including anti-
inflammatory, wound healing, and anticancer effects [4—6]. In a previous study, we found
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that decursin could upregulate the transcription of genes encoding extracellular matrix re-
modeling proteins, inflammatory cytokines, and growth factors in human keratinocytes [7].
Interestingly, the genes upregulated by decursin are closely related to the maintenance
of neuronal networks and recovery of damaged neuronal networks [7]. Moreover, it has
been reported that CINP can cause severe damage to the peripheral nervous system [1].
Therefore, we hypothesized that decursin could be effective in ameliorating CINP. To this
end, we investigated the analgesic activity of decursin in in vitro and in vivo experiments
and examined its mechanism of action in reducing CINP.

2. Materials and Methods
2.1. Monitoring Chemical-Induced Intracellular Calcium lon Levels in F11 Cells

In this experiment, we used F11 cells instead of dorsal root ganglion cells to avoid
some typical drawbacks. Namely, the use of dorsal root ganglion cells has been associated
with the need to sacrifice a large number of animals, labor-intensive isolation procedures,
heterogeneity of the cytochemical phenotype, and the presence of non-neuronal cells that
can cause artifacts [8]. F11 cells were grown in a culture dish (100 mm diameter, SPL Life
Science, Pocheon, Korea) to 90% confluency at 37 °C. The cells (1 x 10° cells/mL) were then
transferred to black 96-well optical-bottom plates with a glass coverslip (Thermo Fisher
Scientific, Waltham, MA, USA) and incubated at 37 °C for 24 h for cell attachment. After
incubation, the medium was discarded and the wells were washed thrice with 200 pL of
buffer (pH 7.4), which was composed of 145 mM NacCl (Sigma-Aldrich, Milwaukee, WI,
USA), 5 mM KCl (Sigma-Aldrich, Milwaukee, WI, USA), 1 mM CaCl, (Sigma-Aldrich,
Milwaukee, WI, USA), 1 mM MgCl, (Sigma-Aldrich, Milwaukee, WI, USA), 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich, Milwaukee,
WI, USA), and 10 mM glucose. Subsequently, 100 uL of the buffer, containing 5 uM of
Fura-2 AM (ThermoFisher Scientific, Waltham, MA, USA) and 0.1% of pluronic F-127
(ThermoFisher Scientific, Waltham, MA, USA), was added to each well and incubated
at 37 °C for 30 min. A multi-well plate reader (Tecan Infinite M200, Tecan, Médnnedorf,
Switzerland) was set up below to monitor intracellular Ca?* levels in F11 cells. The emission
fluorescence intensity at 510 nm for each individual well was determined by alternating
excitation wavelengths of 340 nm and 380 nm for 3 s each for 30 cycles. After 9 cycles,
500 nM of capsaicin (Sigma-Aldrich, Milwaukee, WI, USA) dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, Milwaukee, WI, USA) and decursin (each 0.5 pL, Sigma-Aldrich,
Milwaukee, WI, USA) with capsaicin were added to the control and treatment groups,
respectively. In the case of menthol (Sigma-Aldrich, Milwaukee, WI, USA), we treated
with 200 uM of menthol dissolved in deionized water instead of capsaicin. We used the
average emission fluorescence intensity at 510 nm during the first 9 cycles as the baseline
and divided the emission fluorescence intensities of each cycle by the baseline to normalize
the data. Finally, we used the average of the data corresponding to 10 cycles after the 10th
cycle to calculate the normalized Ca?* level in each group.

2.2. Measurement of Neurite Outgrowth of F11 Cells in the Presence of Paclitaxel

F11 cells were grown in a culture dish (100 mm diameter) to 90% confluency at 37 °C.
The cells were transferred to a polymer coverslip-bottomed culture dish (35 mm diameter,
ibidi, Grafelfing, Germany) and incubated for 12 h in 10 nM of paclitaxel dissolved in
DMSO at 37 °C. After incubation and washing with medium, the cells were treated with
different concentrations of decursin dissolved in DMSO with fresh medium and incubated
at 37 °C for 12 h. The Neurite Outgrowth Staining Kit (Invitrogen, Waltham, MA, USA) was
used to visualize neurite outgrowth, according to the instruction manual. The medium was
discarded after incubating the F11 cells with decursin at 37 °C for 12 h, and the culture dish
was washed twice with Hank’s Balanced Salt Solution, containing calcium and magnesium
(Sigma-Aldrich, Milwaukee, WI, USA). A working solution containing 1x cell membrane
stain and 1 x cell viability indicator was subsequently added to the plate, and the plate was
incubated at 37 °C for 15 min. The working solution was discarded and 1x Background
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Suppression dye solution was added to the plate. The cell membrane and cell viability
were observed using the Cy3 (Chroma, Pauling Foothill Ranch, CA, USA) and FITC filter
set (Chroma, Pauling Foothill Ranch, CA, USA), respectively. Subsequently, 10 images
were captured per plate using a cooled charge-coupled device camera (Optinity, Korea Lab
Tech., Seongnam, Korea) under an inverted fluorescence microscope equipped with a 20 x
objective lens (IX73, Olympus, Tokyo, Japan). Image] software (1.53, National Institutes of
Health, Betheda, MD, USA) was used to analyze neurite number and length.

2.3. Establishment of the Mouse Model of Paclitaxel-Induced Neuropathic Pain

The experimental protocol (GU-2018-02) for the management and care of animals was
reviewed and approved by the Animal Care and Use Committee of Gachon University,
Incheon, South Korea.

Eight-week-old adult C57BL /6] male and female mice were purchased from OrientBio,
South Korea, and acclimated to the laboratory for 1 week. These mice were allowed free
access to a general mouse diet and tap water in their cage environment. The cage room
was maintained at 22 & 2 °C with a 12-h light/dark cycle. Paclitaxel (Sigma-Aldrich,
Milwaukee, WI, USA) was dissolved in DMSO and diluted with a mixture of ethanol
(Sigma-Aldrich, Milwaukee, WI, USA) and Cremophor EL (Sigma-Aldrich, Milwaukee,
WI, USA) at a 1:1 ratio. Paclitaxel (2 mg/kg, diluted with phosphate-buffered saline) was
injected intraperitoneally four times at three-day intervals, over 12 days, to establish the
paclitaxel-induced neuropathic model. The mechanical allodynia test was conducted on
days 7 and 14 after the first injection of paclitaxel, and we selected mice that exhibited a
50% withdrawal threshold (g) that was below 0.3 to investigate the effect of decursin.

2.4. Determination of the Effect of Decursin in the Mouse Model of Paclitaxel-Induced
Neuropathic Pain

For this experiment, decursin was first dissolved in DMSO, and this solution was
diluted in Dulbecco’s phosphate-buffered saline by 10-fold. Each mouse was intrathecally
injected with 5 uL of diluted decursin three times at 2-day intervals, for 6 days, to examine
whether decursin could improve mechanical allodynia in the mouse model of paclitaxel-
induced neuropathic pain. Intrathecal injections into the L5-L6 intervertebral space of
unanesthetized mice were made using a 10 L. Hamilton syringe connected to a 30-gauge
needle [9]. The effect of this compound was measured using the 50% paw withdrawal
threshold, based on the von Frey method [10]. The mice were habituated to an elevated
platform with a mesh floor for 30 min. The plantar side of the hind paw was stimulated with
calibrated von Frey filaments (NC12775-99, North Coast Medical, Morgan Hill, CA, USA).
The 50% paw withdrawal thresholds were calculated using the up-down method [10].
The mechanical allodynia test for monitoring the analgesic activity of this compound was
conducted every 2 days at an appropriate time after the injection of decursin, for a total of
three times over 6 days.

2.5. Prediction of Target Proteins Using Swisstargetprediction

SwissTargetPrediction (http:/ /www.swisstargetprediction.ch (accessed on 25 Febru-
ary 2021)) is a web tool that can be used to predict the most probable protein targets of small
molecules, and which allows the user to select the host from among Homo sapiens, Mus mus-
culus, and Rattus norvergicus [11]. We input the structure of decursin using the canonical Sim-
plified Molecular Input Line Entry System string CC(=CC(=0)OC1CC2=C(C=C3C(=C2)C=
CC(=0)03)OC1(C)C)C, which was provided by PubChem (https:/ /pubchem.ncbi.nlm.nih.
gov (accessed on 25 February 2021)), into the SwissTargetPrediction web tool and selected
protein targets that were closely associated with capsaicin-related proteins for Homo sapiens.

2.6. Monitoring Transient Receptor Potential Vanilloid 1 (TRPV1)-Mediated Ca®* in Human
TRPV1 Stable Cell Line-HEK293

We monitored TRPV1-mediated Ca2* in the human TRPV1 stable cell line HEK293,
based on the method described by Roh et al. [12]. Human TRPV1 HEK293 stable cells
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were placed on poly-D-lysine-coated coverslips (Sigma-Aldrich, Milwaukee, WI, USA) and
loaded with 2 uM Fura-2 AM (Thermo Fisher Scientific, Waltham, MA, USA) for 40 min at
37 °C in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific, Waltham,
MA, USA) and transferred to the chamber. Subsequently, they were placed onto an inverted
microscope (BX51WI, Olympus, Tokyo, Japan) and perfused continuously with a balanced
bath solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, and 10 mM glucose. The solution was adjusted to a pH of 7.4 using NaOH. Calcium
imaging was performed at 25 °C. Cells were illuminated with a 175-W Xenon arc lamp, and
excitation wavelengths (340/380 nm) were selected using a Lambda DG-4 monochromator
wavelength changer (Shutter Instrument, Novato, CA, USA). The 340/480 nm fluorescence
ratio was measured using digital video microfluorometry with an intensified camera
(optiMOS, QImaging, Surrey, BC, USA) coupled to a microscope and software (Slidebook
6, 3i, Intelligent Imaging Innovations, Denver, CO, USA). The perfusion system was driven
by gravity and had a flow speed of 1 mL/min. The cells were treated with this compound
at different concentrations to determine the effect of decursin on capsaicin-induced TRPV1
activation. The half maximal inhibitory concentration (ICsp) of decursin was calculated after
dose-response fitting using OriginPro software (9.0, OriginLab, Northampton, MA, USA).

2.7. Immunoblotting

F11 cells were grown in a culture dish (100 mm diameter) to 90% confluency. After
washing, the F11 cells were starved in DMEM with 0.5% fetal bovine serum for 12 h. After
removing the starved medium, DMEM-treated F11 cells were treated with 2 uM of de-
cursin with 10% fetal bovine serum as a growth medium. These cells were then harvested
after incubation for 30 min. Cell lysates were prepared with RIPA buffer (Sigma-Aldrich,
Milwaukee, WI, USA) containing kinase inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI,
USA)and protease inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI, USA). After centrifu-
gation with 12,000 g for 10 min, the soluble fractions were used for Western blotting.

The soluble fractions were separated using SDS-PAGE (30 ug per lane) and transferred
onto a polyvinylidene difluoride membrane (PVDEF, Sigma-Aldrich, Milwaukee, WI, USA).
After blocking the membrane with TBS-T (150 mM NaCl, 10 mM Tric-HCL, 0.1% Tween 20,
pH 8.0) containing 3% BSA (Sigma-Aldrich, Milwaukee, WI, USA) for 1 h, the membrane
was incubated with primary antibodies against p-CREB (1:200, Santa Crux Biotechnology,
Dallas, TX, USA), total-CREB (1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), p-Akt
(1:250; Cell Signaling, Danver, MA, USA), total-Akt (1:1000; Cell Signaling, Danver, MA,
USA), and (3-actin (1:2000; Millipore, Schwalbach, Germany) at 4 °C overnight diluted
in TBS-T containing 0.5% BSA. This membrane was washed three times in TBS-T and
incubated with Anti-Rabbit IgG-HRP (1: 5000; Calbiochem, San Diego, CA, USA) as a
secondary antibody at room temperature for 2 h. After washing the membrane with TBS-T
three times, each protein was detected by treatment of 1-Step Chloronaphthol Substrate
Solution (Thermo Fisher Scientific, Waltham, MA, USA). After scanning each membrane,
the quantification of each protein band was analyzed using Image]J (National Institutes of
Health, Bethesda, MD, USA).

2.8. Statistical Analysis

Data were analyzed using Student’s t-tests and paired t-tests. A p-value of <0.05 and
<0.01 was considered as statistically significant. The computer program Excel (Microsoft
365, Microsoft, Redmond, WA, USA) was used in all statistical analyses. All data are
expressed as the mean + SEM.

3. Results
3.1. Decursin Reduced the Sudden Increase of Intracellular Ca®* in F11 Cells

We treated F11 cells with different concentrations of decursin in the presence of
capsaicin to determine whether decursin could reduce intracellular Ca®* levels in damaged
neuronal cells. Previous work has reported that capsaicin induces typical pain symptoms
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such as allodynia and hyperalgesia in vivo [13]. Thus, we treated F11 cells with capsaicin
to examine intracellular Ca?* level. The intracellular levels of Ca?* increased dramatically
following treatment with capsaicin, and slowly reduced to the basal level within 70 s
(Figure 1A) in the positive-control group. However, the rapid elevation in intracellular
Ca?* levels was inhibited in a concentration-dependent manner in the decursin-treated
group (Figure 1A). Treatment with 0.5 and 1 uM decursin significantly inhibited the
elevation of intracellular Ca?* by up to 64.5% and 91.2%, respectively (Figure 1B). In
addition, we carried out this experiment using menthol (instead of capsaicin), which also
increases intracellular Ca* in damaged neuronal cells. Interestingly, decursin did not
effectively reduce intracellular Ca?* increases that were induced by menthol treatment
(Supplementary Figure S1). This implied that decursin might contribute to a decrease in
capsaicin-induced membrane depolarization, which is principally observed in neurons
involved in CINP owing to the higher levels of intracellular Ca%* [1].
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Figure 1. Intracellular Ca?* levels after decursin treatment in F11 cells in the presence of capsaicin. (A) Intracellular Ca?+

levels after treatment with decursin every 3 s. The red arrow indicates the duration of treatment with capsaicin and
decursin. NC: The negative control treated with DMSO only; PC: The positive control treated with 500 nM of capsaicin,
without decursin. (B) Average intracellular Ca?* levels after treatment with decursin. The average was quantified from the

normalized A340/380 ratio for 10 cycles after treatment with the decursin solution at the 10th cycle, as shown in (A). The

normalized A340/380 ratio was calculated using the following formula: [ratio of fluorescence intensity at 510 nm (emission)

to that at 340 nm (excitation)]/[ratio of fluorescence intensity at 510 nm (emission) to that at 380 nm (excitation)]. ** p < 0.01,

assessed using paired t-tests. This experiment was conducted in triplicate.

3.2. Decursin Induced Neuronal Differentiation of F11 Cells by Increasing Neurite Outgrowth

As stated earlier, patients with CINP and rodent models of CINP exhibit structural
damage to the peripheral nervous system; thus, one potential strategy for treating CINP is
facilitating the recovery of the damaged neuronal networks [1]. To test this, we exposed F11
cells in the presence of 10 nM of paclitaxel and treated cells with different concentrations of
decursin. Thereafter, we assessed neurite outgrowth to determine the efficacy of decursin
in facilitating neuronal differentiation and, by extension, recovery of the damaged neuronal
network. Neurite number and length increased in a concentration-dependent manner
following decursin treatment (Figure 2). Worth noting is that 2 pM of decursin increased
the number and length of neurites by 2.41 times and 1.32 times, respectively (Figure 2B,C).
This indicates that decursin can facilitate the regeneration of damaged neuronal systems.
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Figure 2. Number and length of F11 neurites in the presence of paclitaxel by decursin treatment. (A) The left, middle, and

right images represent non-treatment, treatment with 10 nM of paclitaxel, and decursin treatment, respectively. The white
bar represents 10 um. (B) The effect of decursin on the number of neurites in F11 cells. (C) The effect of decursin on the
length of F11 neurites. NC: Negative control, treated with DMSO only. The number and length of F11 neurites shown in

the graphs were determined from 10 images in each case, which were averaged. The number and length of F11 cells were
normalized according to the F11 cells treated by DMSO only (NC), because the number and length of F11 cells treated by
paclitaxel were extremely reduced, as seen in the middle panel of (A). * p < 0.05 and ** p < 0.01, determined using Student’s

t-tests. This experiment was conducted in triplicate.

3.3. Decursin Alleviated Mechanical Allodynia in the Mouse Model of Paclitaxel-Induced
Peripheral Neuropathy

From the various taxane-derived anticancer drugs, we chose to use paclitaxel to de-
velop the CINP model, via intraperitoneal injection. The level of mechanical allodynia was
measured using the up-down method and von Frey filaments. First, we confirmed the es-
tablishment of the paclitaxel-induced model of neuropathic pain in experimental mice using
the 50% withdrawal threshold before treatment with decursin; mice that exhibited a 50%
withdrawal threshold were considerably more sensitive to mechanical allodynia than mice
in the control group (Figure 3). The reduction of mechanical allodynia was not obvious
after the first intrathecal injection of 50 mg/kg decursin (Figure 3). However, mechanical
allodynia significantly decreased after the second injection of 50 mg/kg decursin; this de-
crease peaked immediately after the decursin injection and reduced over time (Figure 3).
Interestingly, the reduction of mechanical allodynia, as a measure of the analgesic ability of
decursin, was even more prolonged after the third injection of 50 mg/kg decursin (Figure 3).
This demonstrated the analgesic ability of decursin in the in vivo model of paclitaxel-induced
peripheral neuropathy.
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Figure 3. Effect of decursin on paclitaxel-induced neuropathic pain in mice. The mechanical allodynia
test was performed immediately after injection of the vehicle and decursin. NC and PC indicate the
negative control and paclitaxel-induced neuropathic pain mice, respectively. Red arrows indicate
the time of decursin treatment. During the 1st, 2nd, and 3rd treatments, 50 mg/kg of decursin was
administered via intrathecal injection. n indicates the number of mice in each group. * p < 0.05,
determined using paired ¢-tests.

3.4. Decursin Modulated Intracellular Ca®>* via TRPV1 Inhibition

The sodium-channel protein type IX « subunit (SCN9A), TRPV1, and sodium-channel
protein type X a subunit, which are classified as voltage-gated ion channels, were among
the 100 protein targets predicted by the SwissTargetPrediction web tool (Table S1). Finally,
we selected TRPV1 as a potential protein target because decursin reduced intracellular Ca?*
levels in the presence of capsaicin, and capsaicin is a known ligand of TRPV1 (Figure 1).
When introduced to the human TRPV1 stable HEK293 cell line, decursin inhibited capsaicin-
induced intracellular Ca?* transients in a concentration-dependent manner (Figure 4). The
ICs5p of decursin against TRPV1 was 0.69 =+ 0.105 uM, which is comparable to the 562 nM
as ICxg of capsazepine, a specific TRPV1 antagonist [14]. This suggests that decursin acts
as a selective TRPV1 inhibitor that modulates pain transmission that is mediated by the
sudden increase in intracellular Ca®*.

3.5. Decursin Can Phosphorylate Protein Kinase B and cAMP-Response Element-Binding Protein,
Related to Neurite Outgrowth

To identify how decursin can induce neurite outgrowth, we carried out immunoblot-
ting against phosphorylated protein kinase B (Akt) and cAMP-response element-binding
protein (CREB), which are related to neurite outgrowth, neuronal survival, dendritic
growth, and changes in spine morphology [15] in the presence of decursin. In the presence
of 2 uM decursin, the phosphorylation level of Akt and CREB increased by 8.44- and 5.19-
fold, respectively (Figure 5). This result shows that decursin induced neurite outgrowth of
F11 cells in the presence of paclitaxel (Figures 2 and 5).
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Figure 5. The phosphorylation of Atk and CREB following decursin treatment. (A) The phosphorylation of Akt in the
presence of 2 uM decursin. (B) The phosphorylation of CREB in the presence of 2 uM decursin. Inlet pictures indicate
immunoblotting results for Akt, phosphorylated Akt (pAkt), CREB, pCREB, and (3-actin as a house-keeping protein. M, 1,
and M2 indicate the protein size marker, the cell lysate without, and with decursin, respectively.

4. Discussion

CINP is a severe side-effect experienced by patients undergoing treatment with
platinum- and taxane-derived anticancer drugs, such as oxaliplatin, cisplatin, carboplatin,
and paclitaxel [1]. CINP is often severe, including paresthesia and dysesthesia; this se-
vere pain can indirectly reduce the efficacy of anticancer drugs, as it may be detrimental
to patients” will to fight for survival [2,3]. Paclitaxel-induced peripheral neuropathy is
characterized by neuronal network damage, such as axonal degradation and loss of intraepi-
dermal nerve fibers, which are caused by oxidative stress, altered microtubular dynamics,
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mitochondrial dysfunction, and inflammation [16,17]. Moreover, TRPs are known to par-
ticipate in pain transition by effecting a sudden elevation in Ca®* levels that can lead to
inflammation, tissue remodeling, and neuronal plasticity, in CINP and various types of
chronic pain [18]. Therefore, therapeutic agents to treat CINP could include drugs that
facilitate the effective repair of damaged neuronal networks and inhibit the pain transition
that is caused by the sudden increase in Ca?*, which would ultimately alleviate pain.

Decursin has been reported to have various biological effects, such as anti-inflammatory
activity, anticancer activity, blood circulation enhancement, and wound healing [6]. In particu-
lar, the anti-inflammatory and cellular remodeling functions of decursin in wound healing can
promote the recovery of damage to the peripheral nervous system [7]. The analgesic effect of
decursin on mechanical allodynia in the mice with paclitaxel-induced peripheral neuropathy
was prolonged and persisted longer after repeated treatment in this study. Corresponding to
this, a pharmacokinetic study for decursin in rats indicated that the peak plasma concentration
was 43.7 & 57.6 ng/mL and the time for the peak plasma concentration was 0.5 = 0 h when
orally administered at a single dose of 50 mg/kg [19]. Moreover, decursinol, the hydroly-
sis product of decursin, was detectable as soon as 5 min (9.3 pug/mL) after intraperitoneal
injection of 4.8 mg decursin in mice, and its level went up to 79.7 ug/mL at 3 h [20].

We also examined the in vitro effects of decursin as related to neurite outgrowth
resulting alleviation of paclitaxel-induced peripheral neuropathy in this study. The analysis
of neurite outgrowth showed that decursin dramatically improved the number and length
of neurites in the presence of paclitaxel, and increased the phosphorylation of Akt and
CREB proteins, as revealed by immunoblotting. Previous studies have reported that the
reduction of Akt and CREB phosphorylation can cause neuron damage and loss in animal
models of neurodegenerative disease [21-24]. However, enhancing Akt/CREB activity via
phosphorylation can contribute to inhibition of neuroinflammation and improvements in
neuronal function, bringing benefits such as neurite outgrowth, neuronal survival, dendritic
growth, and changes in spine morphology [15]. Previous studies have also investigated the
analgesic potential of ghrelin and phosphatidylcholine for alleviating paclitaxel-induced
peripheral neuropathy; interestingly, these compounds were found to directly repair the
neuronal network damaged by paclitaxel injection in mouse models [25,26]. Therefore, the
decursin-induced improvement in the number and length of neurites, directly and indirectly,
influenced the recovery of neuronal networks damaged by axonal degradation and loss of
intraepidermal nerve fibers. We found that decursin reduced intracellular Ca?* levels in the
presence of capsaicin via TRPV1 inhibition. As mentioned above, TRPV1 is an interesting
target protein for treating CINP, because it directly mediates pain transition via a sudden
increase in intracellular Ca?*. Previous in vivo studies have reported that AMG9801 and
NEO6860 improved paclitaxel-induced peripheral neuropathy by inhibiting the function
of TRPV1 [27,28]. Previous work has also shown that the expression of TRPV1 in small
dorsal root ganglion neurons of rats was increased by treatment of oxaliplatin, which is
an agent used in chemotherapy [27,28]. This increased TRPV1 expression contributed to
the development of mechanical allodynia and thermal hyperalgesia in oxaliplatin-induced
peripheral neuropathic pain rats [29,30]. Therefore, these results show that controlling
TRPV1 activity is one strategy to treat CINP.

These results imply that decursin could act as an analgesic by modulating the dys-
regulated signal transduction caused by sudden Ca?* elevation and damage to neuronal
networks, which are typically observed in models of peripheral neuropathic pain. Thus, we
investigated the effect of decursin in paclitaxel-induced peripheral neuropathic mice. We
observed a considerable reduction in mechanical allodynia, and this effect was enhanced
by an increase in the frequency of decursin treatment. Therefore, we concluded that de-
cursin could be a promising candidate for the treatment of CINP owing to its dual and
simultaneous mechanism of action, i.e., the recovery of damaged neuronal networks and
TRPV1 inhibition.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-440
9/10/3/547/s1: Figure S1: Intracellular Cay, levels following decursin treatment in F11 cells in the
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presence of menthol, Table S1: List of protein targets of decursin detected by the SwissTargetPrediction
web tool.

Author Contributions: YH.K., H.L. and J.-W.S. designed the research and conducted all experiments.
D.B.S., W.C. and M K. conducted the in vitro assays using F11 cells and human TRPV1-expressing
HEK293 cells, immunoblotting against Akt and CREB and in vivo assays with the CINP mouse model.
D.J. maintained and cultivated the mammalian cells. H.L. wrote the manuscript, and E.J.G. and
C.-K.P. corrected the manuscript for English grammar. All authors discussed the results, commented
on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Research Foundation of Korea
(NRF-2020R1F1A1064202, NRF- 2019R1C1C1010822) and the Cooperative Research Program for
Agriculture Science & Technology Development (Project No. 01327701) conducted by the Rural
Development Administration, Republic of Korea.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by Ethics Committee of Gachon University, Incheon, Korea
(GU-2018-02, 10 February 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article or Supple-
mentary Materials.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1.  Starobova, H.; Vetter, I. Pathophysiology of Chemotherapy-Induced Peripheral Neuropathy. Front. Mol. Neurosci. 2017, 10, 174.
[CrossRef] [PubMed]

2. Zajaczkowska, R.; Kocot-Kepska, M.; Leppert, W.; Wrzosek, A.; Mika, J.; Wordliczek, J. Mechanisms of Chemotherapy-Induced
Peripheral Neuropathy. Int. ]. Mol. Sci. 2019, 20, 1451. [CrossRef] [PubMed]

3. Hu,S.; Huang, KM.; Adams, E.J.; Loprinzi, C.L.; Lustberg, M.B. Recent Developments of Novel Pharmacologic Therapeutics for
Prevention of Chemotherapy-Induced Peripheral Neuropathy. Clin. Cancer Res. 2019, 25, 6295-6301. [CrossRef] [PubMed]

4. Sowndhararajan, K.; Kim, S. Neuroprotective and Cognitive Enhancement Potentials of Angelica Gigas Nakai Root: A Review.
Sci. Pharm. 2017, 85, 21. [CrossRef]

5. Cho, J.H,; Kwon, J.E.; Cho, Y.; Kim, I; Kang, S.C. Anti-Inflammatory Effect of Angelica Gigas via Heme Oxygenase (HO)-1
Expression. Nutrients 2015, 7, 4862-4874. [CrossRef] [PubMed]

6.  Mahat, B.; Chae, ].W,; Baek, LH.; Song, G.Y.; Song, ].S.; Ma, ].Y.; Kwon, K.-I. Biopharmaceutical Characterization of Decursin and
Their Derivatives for Drug Discovery. Drug Dev. Ind. Pharm. 2013, 39, 1523-1530. [CrossRef]

7. Han,]J,;Jin, W; Ho, N.A; Hong, J.; Kim, Y.J.; Shin, Y.; Lee, H.; Suh, ].W. Decursin and Decursinol Angelate Improve Wound
Healing by Upregulating Transcription of Genes Encoding Extracellular Matrix Remodeling Proteins, Inflammatory Cytokines,
and Growth Factors in Human Keratinocytes. Biochem. Biophys. Res. Commun. 2018, 499, 979-984. [CrossRef]

8. Martinez, A.L.; Brea, J.; Monroy, X.; Merlos, M.; Burguerio, J.; Loza, M.I. A New Model of Sensorial Neuron-Like Cells for HTS of
Novel Analgesics for Neuropathic Pain. Slas Discov. 2019, 24, 158-168. [CrossRef]

9.  Hylden, J.L.K,; Wilcox, G.L. Intrathecal Morphine in Mice: A New Technique. Eur. |. Pharm. 1980, 67, 313-316. [CrossRef]

10. Chaplan, S.R; Bach, EW,; Pogrel, ] W.; Chung, ].M.; Yaksh, T.L. Quantitative Assessment of Tactile Allodynia in the Rat Paw. J.
Neurosci. Methods 1994, 53, 55-63. [CrossRef]

11. Daina, A.; Michielin, O.; Zoete, V. SwissTargetPrediction: Updated Data and New Features for Efficient Prediction of Protein
Targets of Small Molecules. Nucleic Acids Res. 2019, 47, W357-W3664. [CrossRef]

12.  Roh,].; Hwang, SM.; Lee, S.H.; Lee, K.; Kim, Y.H.; Park, C.K. Functional Expression of Piezol in Dorsal Root Ganglion (DRG)
Neurons. Int. . Mol. Sci. 2020, 21, 3834. [CrossRef] [PubMed]

13.  O'Neill, J.; Brock, C.; Olesen, A.E.; Andresen, T.; Nilsson, M.; Dickenson, A.H. Unravelling the Mystery of Capsaicin: A Tool to
Understand and Treat Pain. Pharmacol. Rev. 2012, 64, 939-971. [CrossRef]

14. Seabrook, G.R.; Sutton, K.G.; Jarolimek, W.; Hollingworth, G.J.; Teague, S.; Webb, J.; Clark, N.; Boyce, S.; Kerby, J.;
Ali, Z.; et al. Functional Properties of the High-Affinity TRPV1 (VR1) Vanilloid Receptor Antagonist (4-Hydroxy-5-Iodo-3-
Methoxyphenylacetate Ester) Iodo-Resiniferatoxin. J. Pharmacol. Exp. Ther. 2002, 303, 1052-1060. [CrossRef]

15. Heiser, ].H.; Schuwald, A.M,; Sillani, G.; Ye, L.; Miiller, W.E.; Leuner, K. TRPC6 Channel-Mediated Neurite Outgrowth in PC12
Cells and Hippocampal Neurons Involves Activation of RAS/MEK/ERK, PI3K, and CAMKIV Signaling. J. Neurochem. 2013, 127,
303-313. [CrossRef]

16. Jimenez-Andrade, ].M.; Peters, C.M.; Mejia, N.A.; Ghilardi, J.R.; Kuskowski, M.A.; Mantyh, PW. Sensory Neurons and Their

Supporting Cells Located in the Trigeminal, Thoracic and Lumbar Ganglia Differentially Express Markers of Injury Following
Intravenous Administration of Paclitaxel in the Rat. Neurosci. Lett. 2006, 405, 62—67. [CrossRef]


http://doi.org/10.3389/fnmol.2017.00174
http://www.ncbi.nlm.nih.gov/pubmed/28620280
http://doi.org/10.3390/ijms20061451
http://www.ncbi.nlm.nih.gov/pubmed/30909387
http://doi.org/10.1158/1078-0432.CCR-18-2152
http://www.ncbi.nlm.nih.gov/pubmed/31123053
http://doi.org/10.3390/scipharm85020021
http://doi.org/10.3390/nu7064862
http://www.ncbi.nlm.nih.gov/pubmed/26083119
http://doi.org/10.3109/03639045.2012.717296
http://doi.org/10.1016/j.bbrc.2018.04.031
http://doi.org/10.1177/2472555218810323
http://doi.org/10.1016/0014-2999(80)90515-4
http://doi.org/10.1016/0165-0270(94)90144-9
http://doi.org/10.1093/nar/gkz382
http://doi.org/10.3390/ijms21113834
http://www.ncbi.nlm.nih.gov/pubmed/32481599
http://doi.org/10.1124/pr.112.006163
http://doi.org/10.1124/jpet.102.040394
http://doi.org/10.1111/jnc.12376
http://doi.org/10.1016/j.neulet.2006.06.043

Cells 2021, 10, 547 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Liu, C.C,; Lu, N.; Cui, Y,; Yang, T.; Zhao, Z.Q.; Xin, W.J.; Liu, X.G. Prevention of Paclitaxel-Induced Allodynia by Minocycline:
Effect on Loss of Peripheral Nerve Fibers and Infiltration of Macrophages in Rats. Mol. Pain 2010, 6, 76. [CrossRef]

Da Costa, R.; Passos, G.F,; Quintao, N.L.M.; Fernandes, E.S.; Maia, J.R.L.C.B.; Campos, M.M.; Calixto, J.B. Taxane-Induced
Neurotoxicity: Pathophysiology and Therapeutic Perspectives. Br. |. Pharmacol. 2020, 177, 3127-3146. [CrossRef]

Li, L.; Zhang, J.; Xing, C.; Kim, S.H.; L1, J. Single oral dose pharmacokinetics of decursin, decursinol angelate, and decursinol in
rats. Planta Med. 2013, 79, 275-280. [CrossRef] [PubMed]

Li, L.; Zhang, J.; Shaik, A.A.; Zhang, Y.; Wang, L.; Xing, C.; Kim, S.H.; L, J. Quantitative determination of decursin, decursinol
angelate, and decursinol in mouse plasma and tumor tissue using liquid-liquid extraction and HPLC. Planta Med. 2012, 78,
252-259. [CrossRef] [PubMed]

Hu, M;; Liu, Z; Lv, P; Wang, H.; Zhu, Y.; Qi, Q.; Xu, J. Autophagy and Akt/CREB Signalling Play an Important Role in the
Neuroprotective Effect of Nimodipine in a Rat Model of Vascular Dementia. Behav. Brain Res. 2017, 325, 79-86. [CrossRef]
[PubMed]

Zhang, L.; Zhao, H.; Zhang, X.; Chen, L.; Zhao, X.; Bai, X.; Zhang, J. Nobiletin Protects against Cerebral Ischemia via Activating
the P-Akt, p-CREB, BDNF and Bcl-2 Pathway and Ameliorating BBB Permeability in Rat. Brain Res. Bull. 2013, 96, 45-53.
[CrossRef]

Simao, F; Matté, A.; Pagnussat, A.S.; Netto, C.A.; Salbego, C.G. Resveratrol Prevents CA1 Neurons against Ischemic Injury by
Parallel Modulation of Both GSK-33 and CREB through PI3-K/ Akt Pathways. Eur. J. Neurosci. 2012, 36, 2899-2905. [CrossRef]
Brazil, D.P.; Hemmings, B.A. Ten Years of Protein Kinase B Signalling: A Hard Akt to Follow. Trends Biochem. Sci. 2001, 26,
657-664. [CrossRef]

Ishii, N.; Tsubouchi, H.; Miura, A.; Yanagi, S.; Ueno, H.; Shiomi, K.; Nakazato, M. Ghrelin Alleviates Paclitaxel-Induced Peripheral
Neuropathy by Reducing Oxidative Stress and Enhancing Mitochondrial Anti-Oxidant Functions in Mice. Eur. ]. Pharmacol. 2018,
819, 35-42. [CrossRef] [PubMed]

Kim, S.T,; Kyung, E.J.; Suh, ].S.; Lee, H.S.; Lee, ] H.; Chae, S.I; Park, E.S.; Chung, Y.H.; Bae, ].; Lee, T.].; et al. Phosphatidylcholine
Attenuated Docetaxel-Induced Peripheral Neurotoxicity in Rats. Drug Chem. Toxicol. 2018, 41, 476—485. [CrossRef]

Li, Y.; Adamek, P.; Zhang, H.; Tatsui, C.E.; Rhines, L.D.; Mrozkova, P; Li, Q.; Kosturakis, A.K.; Cassidy, R.M.; Harrison, D.S.; et al.
The Cancer Chemotherapeutic Paclitaxel Increases Human and Rodent Sensory Neuron Responses to TRPV1 by Activation of
TLRA4. J. Neurosci. 2015, 35, 13487-13500. [CrossRef]

Arsenault, P.; Chiche, D.; Brown, W.; Miller, J.; Treister, R.; Leff, R.; Walker, P.; Katz, N. NEO6860, Modality-Selective TRPV1
Antagonist: A Randomized, Controlled, Proof-of-Concept Trial in Patients with Osteoarthritis Knee Pain. Pain Rep. 2018, 3, e696.
[CrossRef]

Chukyo, A.; Chiba, T.; Kambe, T.; Yamamoto, K.; Kawakami, K.; Taguchi, K.; Abe, K. Oxaliplatin-Induced Changes in Expression
of Transient Receptor Potential Channels in the Dorsal Root Ganglion as a Neuropathic Mechanism for Cold Hypersensitivity.
Neuropeptides 2018, 67, 95-101. [CrossRef]

Chen, K; Zhang, Z.F; Liao, M.F;; Yao, W.L.; Wang, J.; Wang, X.R. Blocking PAR2 Attenuates Oxaliplatin-Induced Neuropathic
Pain via TRPV1 and Releases of Substance P and CGRP in Superficial Dorsal Horn of Spinal Cord. J. Neurol. Sci. 2015, 352, 62-67.
[CrossRef] [PubMed]


http://doi.org/10.1186/1744-8069-6-76
http://doi.org/10.1111/bph.15086
http://doi.org/10.1055/s-0032-1328202
http://www.ncbi.nlm.nih.gov/pubmed/23364885
http://doi.org/10.1055/s-0031-1280384
http://www.ncbi.nlm.nih.gov/pubmed/22116603
http://doi.org/10.1016/j.bbr.2016.11.053
http://www.ncbi.nlm.nih.gov/pubmed/27923588
http://doi.org/10.1016/j.brainresbull.2013.04.009
http://doi.org/10.1111/j.1460-9568.2012.08229.x
http://doi.org/10.1016/S0968-0004(01)01958-2
http://doi.org/10.1016/j.ejphar.2017.11.024
http://www.ncbi.nlm.nih.gov/pubmed/29154935
http://doi.org/10.1080/01480545.2017.1390580
http://doi.org/10.1523/JNEUROSCI.1956-15.2015
http://doi.org/10.1097/PR9.0000000000000696
http://doi.org/10.1016/j.npep.2017.12.002
http://doi.org/10.1016/j.jns.2015.03.029
http://www.ncbi.nlm.nih.gov/pubmed/25829079

	Introduction 
	Materials and Methods 
	Monitoring Chemical-Induced Intracellular Calcium Ion Levels in F11 Cells 
	Measurement of Neurite Outgrowth of F11 Cells in the Presence of Paclitaxel 
	Establishment of the Mouse Model of Paclitaxel-Induced Neuropathic Pain 
	Determination of the Effect of Decursin in the Mouse Model of Paclitaxel-Induced Neuropathic Pain 
	Prediction of Target Proteins Using Swisstargetprediction 
	Monitoring Transient Receptor Potential Vanilloid 1 (TRPV1)-Mediated Ca2+ in Human TRPV1 Stable Cell Line-HEK293 
	Immunoblotting 
	Statistical Analysis 

	Results 
	Decursin Reduced the Sudden Increase of Intracellular Ca2+ in F11 Cells 
	Decursin Induced Neuronal Differentiation of F11 Cells by Increasing Neurite Outgrowth 
	Decursin Alleviated Mechanical Allodynia in the Mouse Model of Paclitaxel-Induced Peripheral Neuropathy 
	Decursin Modulated Intracellular Ca2+ via TRPV1 Inhibition 
	Decursin Can Phosphorylate Protein Kinase B and cAMP-Response Element-Binding Protein, Related to Neurite Outgrowth 

	Discussion 
	References

