Chinese Journal of Natural Medicines

The ethyl acetate extract of Schefflera kwangsiensis ameliorates oxaliplatin—induced peripheral neuropathic pain via SERCA2b
Jie Li, Xihua Li, Ying Chen, Wumei Wang, Xuesong Chen, Chunlei Zhang, Zhengyu Cao, Fang Zhao

Citation: Jie Li, Xihua Li, Ying Chen, Wumei Wang, Xuesong Chen, Chunlei Zhang, Zhengyu Cao, Fang Zhao, The ethyl acetate
extract of Schefflera kwangsiensis ameliorates oxaliplatin—induced peripheral neuropathic pain via SERCA2b, Chinese Journal of

Natural Medicines, 2026, 24(3), 326-337. doi: 10.1016/S1875-5364(26)61107-7.

View online: https://doi.org/10.1016/S1875-5364(26)61107-7

Related articles that may interest you

Therapeutic potential of alkaloid extract from Codonopsis Radix in alleviating hepatic lipid accumulation: insights into mitochondrial

energy metabolism and endoplasmic reticulum stress regulation in NAFLD mice

Chinese Journal of Natural Medicines. 2023, 21(6), 411-422 https://doi.org/10.1016/S1875-5364(23)60403-0

Polysaccharide from Astragalus membranaceus promotes the activation of human peripheral blood and mouse spleen dendritic cells

Chinese Journal of Natural Medicines. 2021, 19(1), 56—-62 https://doi.org/10.1016/S1875-5364(21)60006-7

Ephedra Herb extract ameliorates adriamycin—induced nephrotic syndrome in rats via the CAMKK2/AMPK/mTOR signaling pathway
Chinese Journal of Natural Medicines. 2023, 21(5), 371-382 https://doi.org/10.1016/S1875-5364(23)60454-6

A target lipidomics approach to investigate the acute inflammatory irritation induced by indolealkylamines from Chansu water fraction

in rats

Chinese Journal of Natural Medicines. 2021, 19(11), 856-867 https://doi.org/10.1016/S1875-5364(21)60117-6

Sinkihwan—gamibang ameliorates puromycin aminonucleoside—induced nephrotic syndrome

Chinese Journal of Natural Medicines. 2022, 20(3), 177-184 https://doi.org/10.1016/S1875-5364(22)60142-0

Tripterygium hypoglaucum extract ameliorates adjuvant—induced arthritis in mice through the gut microbiota

Chinese Journal of Natural Medicines. 2023, 21(10), 730-744 https://doi.org/10.1016/S1875-5364(23)60466-2



https://www.cjnmcpu.com/
https://www.cjnmcpu.com/
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(26)61107-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(26)61107-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60403-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60403-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60403-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60006-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60006-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60006-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60006-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60006-7
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60454-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60454-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60454-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60454-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60454-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60117-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60117-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60117-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60142-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60142-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60466-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60466-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60466-2

Chinese Journal of Natural Medicines 24 (2026) 326-337

Contents lists available at ScienceDirect

Chinese Journal of Natural Medicines

journal homepage: www.cjnmcpu.com/

Original article

The ethyl acetate extract of Schefflera kwangsiensis ameliorates oxaliplatin-in-
duced peripheral neuropathic pain via SERCA2b

. A e A . . K
Jie Li*%, Xihua Li*®, Ying Chen*" ¢, Wumei Wang‘, Xuesong Chen®, Chunlei Zhang?, Zhengyu Cao™ ,
. *
Fang Zhao™"
* State Key Laboratory of Natural Medicines and Jiangsu Provincial Key Laboratory for TCM Evaluation and Translational Development, School of Traditional Chinese Pharmacy,

China Pharmaceutical University, Nanjing 211198, China
® State Key Laboratory on Technologies for Chinese Medicine Pharmaceutical Process Control and Intelligent Manufacture, Jiangning Industrial City, Economic and Technologic-

al Development Zone of Lianyungang, Lianyungang 222001, China

¢ Jiangsu Kanion Pharmaceutical Co. Ltd., Jiangning Industrial City, Economic and Technological Development Zone of Lianyungang, Lianyungang 222001, China
4 The School of Ecology and Environment, Tibet University, Lhasa 850000, China

¢ The first Affiliated Hospital of Nanjing Medical University, Nanjing 210029, China

ARTICLE INFO

ABSTRACT

Article history:

Received 23 February 2025
Revised 11 June 2025
Accepted 17 June 2025
Available online 20 April 2026

Keywords:

Oxaliplatin-induced peripheral neuropathy
Neuropathic pain

Sarco/endoplasmic reticulum Ca**-ATPase
Schefflera kwangsiensis

Oxaliplatin (OXA) is a widely used chemotherapeutic agent whose clinical utility is limited by
OXA-induced peripheral neuropathy (OIPN). Sarco/endoplasmic reticulum Ca*-ATPase
(SERCA) transports Ca®* from the cytoplasm into the endoplasmic reticulum (ER), thereby
maintaining intracellular Ca** homeostasis. Schefflera kwangsiensis Merr. ex H.L. Li (SKM) is
traditionally used to treat neuropathic pain conditions such as trigeminal neuralgia and sciat-
ica, and its active component Schekwanglupaside C has been identified as a potent SERCA ac-
tivator. In this study, an OIPN mouse model was established by intraperitoneal administra-
tion of OXA (4 mg-kg™) on days 1, 2, 8, 9, 15, and 16. SERCA2b mRNA and protein expression
in dorsal root ganglia (DRG) were evaluated by quantitative polymerase chain reaction (qP-
CR) and immunofluorescence. Mechanical allodynia was assessed using the Von Frey test.
DRG neuronal excitability was examined by whole-cell current-clamp recordings, whereas ox-
idative stress and neuronal apoptosis/necrosis were assessed using the reactive oxygen spe-
cies (ROS)-sensitive probe 2',7'-dichlorofluorescin diacetate (H,DCFDA) and fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) dual staining. This study identifies SERCA2b as a
novel therapeutic target for OIPN. We observed that SERCA2b mRNA and protein levels were
significantly downregulated during OIPN progression. Treatment with the SERCA agonist
CDN1163 (CDN), the ethyl acetate extract of SKM (SKM.Ext), or duloxetine (DLX) attenuated
neuronal pathology, restored DRG neuron soma diameter, and reduced the expression of pro-
inflammatory cytokines interleukin-1f (IL-1B) and tumor necrosis factor a (TNF-a). Pre-in-
cubation of DRG neurons with CDN1163 or SKM.Ext for 1 h significantly attenuated OXA-in-
duced hyperexcitability and reduced the abnormal increase in voltage-gated sodium channel
(VGSC) current density. Inhibition of oxidative stress with N-acetyl-L-cysteine (NAC) signific-
antly restored SERCA expression in OIPN, indicating that oxidative stress downregulates
SERCA2b in DRG. Collectively, these findings demonstrate that activation of SERCA2b by
CDN1163 or Schefflera kwangsiensis extract enhances SERCA2b expression, reduces DRG
neuronal sensitization, and alleviates OIPN. This work supports SERCA2b as a novel thera-
peutic target for OXA-induced neuropathy and expands the potential clinical analgesic indica-
tions of Schefflera kwangsiensis.

1. Introduction

conditions, require sustained medical care, which imposes sub-
stantial financial burdens on healthcare systems and families. In

Cancer represents a significant public health challenge and
remains one of the leading causes of mortality worldwide. In
2024, an estimated 2.00 million new cancer cases and 0.61 mil-
lion cancer-related deaths are projected to occur in the United
States (US) '. Patients with cancer, like those with other chronic
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the US, patients and caregivers incur monthly expenses of
$180-2600, leading to increased out-of-pocket costs, medical
debt, and potential bankruptcy °. Chemotherapy, particularly
with platinum-based agents such as oxaliplatin (0XA), is effect-
ive in treating cancer but frequently causes adverse effects. 0XA,
used for advanced colorectal cancer, exhibits fewer hematologic-
al and gastrointestinal toxicities compared to other platinum
compounds but induces neuropathic pain in approximately 95%
of patients °. This neuropathy is characterized by sensory deficits
and cold allodynia and is thought to be mediated, at least in part,
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by oxalate, a major metabolite of OXA that aberrantly activates
voltage-gated sodium channels (VGSCs) *. Platinum accumulation
in the dorsal root ganglion (DRG) contributes to OXA-induced
peripheral neuropathy (OIPN). Given the high prevalence and im-
pact of this condition, novel therapeutic strategies are urgently
needed, highlighting the importance of targeting the underlying
mechanisms of OIPN.

The sarco/endoplasmic reticulum Ca*-ATPase (SERCA), a
calcium transporter located in the endoplasmic reticulum (ER)
membrane, plays a critical role in sequestering cytoplasmic Ca**
into the ER lumen. Three SERCA isoforms are encoded by distinct
genes: SERCA1 (predominantly expressed in fast-twitch skeletal
muscle), SERCA2 (widely expressed, including in cardiac and
sensory neurons), and SERCA3 (found in non-muscle tissues) °.
Dysregulation of SERCA in DRG sensory neurons has been implic-
ated in the pathogenesis of neuropathic pain. In models of nerve
injury or diabetes, ER Ca®* levels are reduced, particularly due to
downregulation of SERCA2b, leading to neuronal hyperexcitabil-
ity and ER stress ®’. SERCA2b is the predominant SERCA isoform
in rat DRG, and enhancing its activity, either through pharmaco-
logical activation with CDN1163 (CDN) or through overexpres-
sion, has been shown to relieve pain and restore neuronal func-
tion in chronic constriction injury (CCI) models by attenuating ER
stress °. However, the specific role of SERCA2b in OIPN, and
whether pharmacological activation of SERCA can alleviate OXA-
induced neuropathic pain, has not yet been elucidated.

Schefflera kwangsiensis Merr. ex H.L. Li (SKM, S. leucantha R.
Vig.) °, a traditional Chinese medicinal herb native to Guangxi and
Yunnan Provinces, has been used to treat pain, seizures, spasms,
and stroke '’. In China, several registered pharmaceutical
products are derived from Schefflera species, including “Han Tao
Ye Tablet” (Pharmacopoeia of the People’s Republic of China, vol.
1, 2015 edition), which contains only S. kwangsiensis and is indic-
ated for trigeminal neuralgia, sciatica, and rheumatic arthralgia.
Phytochemical analyses have identified triterpenes, triterpenoid
glycosides, and lupane saponins as major constituents '', among
which schekwanglupaside C has been identified as a potent
SERCA activator .

This study investigated the role of SERCA2b in OIPN and
evaluated its potential as a therapeutic target. We demonstrate
that the SERCA activator CDN and an extract of S. kwangsiensis
significantly alleviate OIPN in rats, with efficacy comparable to
duloxetine (DLX). Activation of SERCA reduced voltage-gated so-
dium channel (VGSC)-associated neuronal hyperexcitability in
DRG neurons, providing evidence that targeting SERCA activity
may alleviate OIPN by normalizing sensory neuron excitability.

2. Materials and methods

2.1. Materials

OXA (CAS: 61825-94-3, Cat# 09512), DLX (CAS: 136434-34-
9, Cat# Y0001454), CDN (CAS: 892711-75-0, Cat# SML1682),
thapsigargin (TG, CAS: 67526-95-8, Cat# T9033), Hoechst 33342,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
poly-D-lysine (CAS: 27964-99-4, Cat# P6407), nerve growth
factor (NGF, CAS: 93928-24-6, Cat# N0513), N-acetyl-L-cysteine
(NAC, CAS: 616-91-1, Cat# A7250), collagenase type I (CAS: 9001-
12-1, Cat# C0130), and all inorganic chemicals were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Penicillin and strepto-
mycin (Cat# 15070063), trypsin (Cat# 27250018), L-glutamine
(200 mmol-L™", Cat# 25030081), fetal bovine serum (FBS, Cat#
10099141), Dulbecco's modified Eagle medium (DMEM, Cat#
11965092), and neurobasal medium (Cat# 21103049) were ob-
tained from Life Technologies (Grand Island, NY, USA). Acetone
(CAS: 67-64-1, Cat# 014106034) was purchased from Shanghai
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Titan Technology Co., Ltd. (Shanghai, China). SKM was purchased
from Shaanxi Xintianyu Biotechnology Co., Ltd. (Xi'an, China). An-
tibodies against SERCA2 (Cat# 3183) and anti-mouse Alexa
Fluor(R) 555 (Cat# 4409) were purchased from Cell Signaling
Technology (Danvers, MA, USA). 2',7'-dichlorofluorescin diacet-
ate (H,DCFDA, Cat# HY-D0940, CAS: 4091-99-0) was purchased
from MedChemExpress (Shanghai, USA). Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) Apoptosis Detec-
tion Kit (Cat# 40302ES60) was purchased from Yeasen Biotech-
nology Co., Ltd. (Shanghai, China). Trizol reagent (Cat# R401),
HiScript II Q RT SuperMix kit for quantitative polymerase chain
reaction (qPCR) (Cat# R223), and SYBR qPCR Master Mix (Cat#
Q331) were procured from Vazyme Biotech Co., Ltd. (Nanjing,
China).

2.2. Animals

Animal experiments were conducted in accordance with the
guidelines outlined in the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications No.
8023, revised 1978) and were approved by the China Pharma-
ceutical University Institutional Animal Care and Use Committee
(#SYXK 2021-0011). The study design incorporated principles
from the National Centre for the Replacement, Refinement, and
Reduction of Animals in Research (NC3Rs), including randomiza-
tion and blinded analysis, and ensured equal group sizes > '*. Ex-
periments followed the ARRIVE guidelines ' and were powered
based on prior experience to determine appropriate animal num-
bers and group sizes '*. To minimize animal suffering and reduce
the number of experimental animals, all necessary efforts were
made. Male Sprague-Dawley rats (180-220 g) were obtained
from Qing-Long-Shan Laboratory Animal Center (Nanjing, Ji-
angsu, China). The animals were housed in a temperature-con-
trolled vivarium (23 # 2 °C) under a 12-h light/dark cycle and
provided food and water ad libitum.

2.3. Preparation of ethyl acetate extract of SKM (SKM.Ext)

The ethyl acetate-soluble fraction of SKM is enriched in
lupane-type saponins ''. Schekwanglupaside C, a lupane saponin
isolated from S. kwangsiensis, has been reported to activate
SERCA ". Briefly, 200 g of S. kwangsiensis powder (Shaanxi Xin-
tianyu Biotechnology Co., Ltd.) was suspended in 1 L of H,0 and
sequentially partitioned with petroleum ether (3 x 1 L) and ethyl
acetate (3 x 1 L). The ethyl acetate layer was collected and con-
centrated under reduced pressure (-0.1 MPa, 55 °C) using a
rotary evaporator. The resulting residue was further dried in a
55 °C oven until complete evaporation of the solvent. A total of
1.46 g of S. kwangsiensis ethyl acetate extract (SKM.Ext) was ob-
tained and stored at 4 °C.

2.4. Ultra-high-performance liquid chromatography coupled with
electrospray ionization quadrupole exactive orbitrap tandem mass
spectrometry (UHPLC-ESI-QE-Orbitrap-MS) analysis

The chemical constituents of SKM were characterized by UH-
PLC-ESI-QE-Orbitrap-MS using a Vanquish UHPLC system and a
Q Exactive Focus mass spectrometer (Thermo Fisher Scientific).
The analysis was performed by BioTree (Shanghai, China) in ac-
cordance with published procedures '°. Compound identification
was based on mass spectral matching against the mzCloud,
mzVault, and OTCML databases. Chromatographic separation
was achieved on an ACQUITY UPLC BEH C18 column (2.1 mm x
100 mm, 1.7 um). Putative active compounds were identified by
matching MS and MS/MS spectra against the mzCloud, mzVault,
and OTCML databases. Chromatographic separation was
achieved on an ACQUITY UPLC BEH C18 column (2.1 mm x 100
mm, 1.7 pm). The mobile phase consisted of solvent A (0.1%
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formic acid in water) and solvent B (0.1% formic acid in acetoni-
trile), with a flow rate of 0.5 mL-min™" and an injection volume of
5 pL. The elution gradient was as follows: 0-11 min, 85% to 25%
A; 11-12 min, 25% to 2% A; 12-14 min, held at 2% A; 14-14.1
min, 2% to 85% A; and 14.1-16 min, held at 85% A.

Both positive and negative ionization modes were employed.
The mass spectrometer was operated with a scan range of m/z
100-1500, a spray voltage of 4.0 kV (positive mode) or -3.6 kV
(negative mode), and a capillary temperature of 400 °C. Sheath
gas and auxiliary gas flow rates were set to 45 and 15 Arb, re-
spectively. Full-scan resolution was 70,000, and MS/MS scans
were acquired at 17,500 resolution. Collision energies of 15, 30,
and 45 were applied in NCE mode. Identified compounds were
further validated by comparison with published literature.

2.5. Drug administration

CDN (repeated oral administration (p.o.), 2, 5, 10 mg-kg™),
NAC (p.o., 100 mg-kg™), and SKM.Ext (p.o. 10, 20, 50 mgkg™)
were dissolved in a vehicle (Veh) solution containing 2% di-
methyl sulfoxide (DMSO0), 2% Tween-80 in saline, and 96% 0.5%-
CMC-Na (0.5 g CMC-Na in 100 mL purified water). DLX (intraperi-
toneal (i.p.), 20 mg-kg™") was prepared in normal saline. For in
vitro experiments, OXA (100 pmol-L™"), TG (1 umol-L™"), CDN (3
umol-L™"), and SKM.Ext (1.5 pg-mL™) were dissolved in 0.1%
DMSO. All drug administrations were performed under blinded
conditions.

2.6. Induction of OIPN and drug administration

OIPN was induced as previously described '°. Briefly, rats re-
ceived intraperitoneal injections of OXA dissolved in 5% glucose
(4 mg-kg™, i.p.) twice weekly on Days 1, 2, 8, 9, 15, and 16 to in-
duce cold allodynia (acetone test) and mechanical allodynia (von
Frey test). Control rats received equivalent volumes of vehicle
(5% glucose, i.p.) on the same schedule. Behavioral assessments
using the von Frey and acetone tests were performed before the
first injection (Day 0) and at the indicated time points thereafter
according to the experimental timeline.

2.7. Mechanical allodynia

Rats were placed on a wire mesh platform (20 cm x 15 cm x
20 cm, L x W x H) and allowed to acclimate for 15 min. Mechanic-
al sensitivity was assessed using calibrated von Frey filaments
applied perpendicularly to the plantar surface of the hind paw. A
positive response was defined as a rapid withdrawal of the paw.
The up-down method was used to determine the paw withdraw-
al threshold (PWT), continuing until a 50% withdrawal threshold
was established.

2.8. Cold hyperalgesia

Cold hyperalgesia was evaluated using the acetone test as
previously described '°. Rats were placed in a transparent plastic
chamber (20 cm x 15 cm x 20 cm, L x W x H) with a wire mesh
floor and acclimated for 30 min. A total of 60 pL of acetone
(Shanghai Titan Technology Co., Ltd., Shanghai, China) was ap-
plied to the plantar surface of each hind paw using an insulin
needle (Penn Century Inc., Philadelphia, PA, USA), repeated three
times per paw. The animals were observed for 40 s after each ap-
plication, and the number of paw lifts or flinches was recorded.
Each trial was repeated three times per side, resulting in six total
trials. The cold pain score was assigned as follows: 0, no
response; 1, quick withdrawal, flick, or stamping; 2, prolonged
flicking; 3, repeated flicking with licking or biting of the hind
paw .
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2.9. Sample harvesting

Rats were anesthetized with sodium pentobarbital (1%, 40
mg-kg™, i.p.) and euthanized by CO, inhalation. L5 DRG tissues
were carefully dissected and fixed in 4% paraformaldehyde for
24 h. After fixation, tissues were embedded in paraffin and sec-
tioned at 4 um thickness using a Leica RM2255 automated micro-
tome (Leica Instruments GmbH, Nussloch, Germany) for sub-
sequent hematoxylin-eosin (H&E) staining and immunofluores-
cence analysis. L4 and L6 DRG tissues were collected separately
for ribonucleic acid (RNA) extraction and qPCR analysis *°.

2.10. H&E staining of DRG

Stained tissue sections were imaged using a digital color
camera mounted on an inverted microscope (Nikon, Tokyo, Ja-
pan), with image acquisition controlled by NIS-Elements BR soft-
ware (Version 4.30.01, Nikon).

2.11. Immunofluorescence of DRG

Deparaffinized and antigen-retrieved sections were blocked
with 5% bovine serum albumin (BSA) for 30 min and incubated
overnight at 4 °C with anti-SERCA2 antibody (1:300). After wash-
ing with PBS, sections were incubated for 1 h at room temperat-
ure with Alexa Fluor 555-conjugated goat anti-mouse secondary
antibody (1:1000). Nuclei were counterstained with Hoechst
33342 (10 pg-mL™) for 10 min. Fluorescence images were cap-
tured from randomly selected fields using a fluorescence micro-
scope (DMI 8, Leica Microsystems GmbH, Wetzlar, Germany).

2.12. Real-time quantitative reverse transcription-PCR (RT-PCR)
analysis

Messenger RNA (mRNA) expression levels were quantified
using the 272 method, with GAPDH used as the internal refer-
ence gene. Primer sequences are listed in Supplemental Table 1.

2.13. Primary cultures of DRG neurons

DRG were dissected from newborn Sprague-Dawley rats and
digested at 37 °C for 25 min in DMEM-F12 containing 0.5
mg-mL™ trypsin and 1 mg-mL™" collagenase type I. After centrifu-
gation (100 g, 3 min), the tissue pellet was resuspended in DMEM-
F12 supplemented with 10% FBS, 1% GlutaMAX, 1%
penicillin/streptomycin, 1% HEPES, and 50 ng-mL™ NGF. Cells
were plated at a density of 1,000 cells per 35-mm dish pre-coated
with poly-D-lysine (10 pg'mL™") and maintained in a humidified
incubator with 5% CO, for patch-clamp and current-clamp re-
cordings after a 2-h attachment period.

2.14. Whole-cell current-clamp recordings

Action potentials in small- and medium-sized DRG neurons
(diameter < 35 um) from newborn rats were recorded using cur-
rent-clamp techniques with an EPC-10 amplifier (HEKA Electron-
ics, Germany), as previously described . Patch pipettes were
pulled from 1.5 mm capillary glass to a resistance of 3-4 MQ and
filled with intracellular solution (in mmol-L™": KCl 140, MgCl, 5,
CaCl, 2.5, EGTA 5, HEPES 5, Mg-ATP 3; pH adjusted to 7.2 with
KOH), yielding final pipette resistances between 2.0 and 5.0 MQ.
The extracellular solution contained (in mmol-L™") NaCl 135, KCl
4.7, MgCl, 1, CaCl, 1, HEPES 10, glucose 10; pH 7.4 adjusted with
NaOH. Liquid junction potentials were corrected. Rheobase was
determined by applying 1000-ms current injections from 20 to
280 pA in 20-pAincrements. To assess changes in firing fre-
quency induced by Veh, OXA, TG, CDN, or SKM.Ext, a 100 pA cur-
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rent was applied for 1000 ms, and the number of action poten-
tials within 1 s was recorded.

2.15. Whole-cell patch-clamp recordings

The extracellular solution contained (in mmol-L™): NaCl 30,
MgCl, 1, KC1 5, CaCl, 1.8, CsCl 5, D-glucose 25, TEA-C] 90, HEPES
5; pH adjusted to 7.4 with NaOH. The intracellular solution con-
sisted of (in mmol-L™"): CsF 135, NaCl 10, HEPES 5; pH adjusted
to 7.3 with CsOH. To examine the effects of OXA, CDN, and
SKM.Ext on voltage-dependent Na* currents, depolarizing voltage
steps were applied as previously described "'

2.16. Assessment of reactive oxygen species (ROS) levels

Intracellular ROS levels were measured using the fluorescent
probe H,DCFDA, as previously described °. Primary DRG neurons
were pre-treated with Veh, 3 umol-L™" CDN, or 1.5 pg-mL™
SKM.Ext for 1 h, followed by 12 h of exposure to Veh or 100
umol-L™" OXA. Cells were then incubated with 5 pmol-L™" H,DCF-
DA at 37 °C for 30 min. Fluorescence was visualized using a con-
focal laser scanning microscope (LSM800, Zeiss, Oberkochen,
Germany) with excitation at 488 nm and emission detection at
525 nm.

2.17. Annexin V-FITC/PI apoptosis/necrosis assay

Primary DRG neurons were pre-incubated with Veh, 3
umol-L™" CDN, or 1.5 pg-mL™" SKM.Ext for 1 h, followed by 12 h of
treatment with Veh or 100 pmol-L™" OXA. Cells were then stained
with a solution containing 1 x Binding Buffer, Annexin V-FITC,
and PI in a 200:1:2 ratio and incubated in the dark for 15 min.
Fluorescence images were captured from random fields using
a DMI 8 fluorescence microscope (Leica Microsystems GmbH,
Wetzlar, Germany). The percentage of apoptotic/necrotic neur-
ons was calculated as (Annexin V-FITC'/PI") x 100% divided
by the number of round cells (10-50 pm in diameter) in bright-
field images. Late apoptotic and necrotic cells were identified by
dual positivity for Annexin V-FITC and PI (Yeasen, Cat#
40302ES60) **.

2.18. Statistical analysis

Group size corresponded to the number of independent bio-
logical replicates (one data point per rat, tissue section, or neur-
on), with technical replicates not considered independent. Stat-
istical analyses were performed only when group size was at
least n = 4. Current-clamp data were acquired using Patchmaster
(HEKA Electronics, 2016) and analyzed with OriginPro (Version
8, OriginLab, Northampton, MA, USA). Immunofluorescence sig-
nal intensities were normalized to the Veh group. All summary
data are presented as mean + SEM and analyzed using GraphPad
Prism (Version 8.0, GraphPad Software Inc., San Diego, CA, USA).
Statistical significance was evaluated using Student’s t-test or one-
way analysis of variance (ANOVA) (ordinary or repeated meas-
ures). When ANOVA yielded a significant F value (P < 0.05), a post
hoc Bonferroni test was applied. A P value < 0.05 was considered
statistically significant. All datasets were tested for normality and
homogeneity of variance.

3. Results
3.1. L4-L6 DRG neurons from OIPN rats exhibit reduced expression
of SERCA2b

OXA (i.p. in 5% glucose at a dose of 4 mg-kg™', administered
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twice weekly on days 1, 2, 8, 9, 15, and 16) induced cold allo-
dynia and mechanical allodynia in male rats, as assessed on days
0, 7, 14, and 21 (Fig. 1A). This was evidenced by a time-depend-
ent decrease in paw withdrawal threshold (Fig. 1B) and an in-
creased acetone response score (Fig. 1C). H&E staining revealed
that L5 DRG neurons from Veh-treated rats (5% glucose) exhib-
ited normal morphology, with well-defined cellular boundaries,
intact nucleoli, and a clear cytoplasmic outline (Fig. 1D, upper
panel). In contrast, OXA-treated rats displayed signs of neuronal
cell body shrinkage (Fig. 1D, lower panel). The mean diameter of
L5 DRG neurons was significantly reduced in OXA-treated rats
compared to Veh-treated controls, suggesting selective loss, im-
mune-mediated destruction, or apoptosis of large-diameter neur-
ons (Fig. 1E). In the DRG, pro-inflammatory cytokines including
tumor necrosis factor a (TNF-a), interleukin-1f (IL-18), and IL-6
contribute significantly to neuropathic pain by amplifying
nociceptive signaling and sensitizing ion channels; mRNA levels
of these cytokines were significantly elevated in OXA-treated rats
(Fig. 1F). Immunofluorescence staining demonstrated a signific-
ant reduction in SERCA2b protein expression in the L5 DRG of
rats with OXA-induced neuropathic pain (Figs. 1G & 1H left
panel). Consistent with decreased protein levels, SercaZb mRNA
expression in the L4 and L6 DRG was significantly downregu-
lated in OXA-treated rats by day 22 (Fig. 1H right panel). Collect-
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SERCAZ2b. (A) Experimental timeline for OIPN induction and behavioral testing.
(B) Paw withdrawal mechanical threshold (PWT) before and after OXA or vehicle
(Veh) administration on the indicated days. (C) Acetone test scores before and
after OXA or Veh administration on the indicated days. n = 6. P < 0.05 vs. Veh
group, P < 0.01 vs Veh group. (D) Representative H&E-stained images of L5 DRG
from vehicle (Veh)-treated and OXA-treated rats on Day 22. Scale bar = 100 pm.
(E) DRG sensory neurons, characterized by large central nuclei with prominent
nucleoli and abundant cytoplasm, were analyzed for somatic diameter in L5 DRG
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ively, these findings indicate that downregulation of SERCA2b in
DRG neurons plays a regulatory role in the pathogenesis of OIPN.

3.2. Increasing SERCA activity reduces mechanical and cold allo-
dynia, enhancing SERCA2b overexpression, and relieves DRG neur-
on shrinkage in rats with OIPN

CDN1163 is a small-molecule SERCA activator that elevates
ER Ca® levels and protects neurons from ER stress-induced apop-
tosis in vitro **. In our OIPN model, OXA administration induced
both cold and mechanical allodynia in male rats, as evidenced by
decreased PWTs and increased acetone response scores (Figs.
2A-2C). The sustained effect of SERCA activation was assessed by
repeated oral dosing of CDN1163 (2, 5, and 10 mg-kg ") and in-
traperitoneal DLX (20 mg-kg™) from day 10 to day 19 (Fig. 2A).
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To compare treatment efficacy, we calculated the area under the
curve (AUC) for PWT and acetone response scores from days 16
to 21. OXA-treated rats developed significant mechanical allo-
dynia, reflected by lower PWT relative to vehicle controls, where-
as oral CDN1163 and intraperitoneal DLX significantly increased
PWT in OXA-treated rats (Fig. 2D). Similarly, OXA induced
marked cold allodynia, with elevated acetone response scores,
which were significantly attenuated by CDN1163 and DLX (Fig.
2E). Collectively, these findings indicate that pharmacological en-
hancement of SERCA activity by CDN1163 reduces both mechan-
ical and cold allodynia in rats with OIPN.

H&E staining of the L5 DRG on day 22 following OIPN induc-
tion revealed that 14 days of repeated oral administration of CDN
reduced the severity of neuronal damage (Figs. 2F & 2H). The dia-
meter of DRG neurons was significantly reduced in OXA-treated
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Fig. 2 Repeated oral administration of CDN1163 produced progressive and long-lasting alleviation of OIPN, alleviated the shrinkage of DRG neurons and increased mRNA
and protein expression levels of SERCA2b in OIPN rats. (A) A schematic illustrating the schedule for drug administration, tissue collection, and behavioral assessments.
Starting on day 10 of OIPN, Veh or varying doses of CDN1163 (CDN) were given orally (p.o.) once daily for 10 consecutive days, while DLX was administered intraperiton-
eally (i.p.) once daily for 10 consecutive days after PWT determination and acetone teat, to avoid detecting the acute analgesic effects of CDN and DLX. PWT and acetone re-
sponse scores were measured on days 0, 7-21, with L4- L6 DRG collected on day 22. The effect of repeated administration of CDN1163 and DLX on mechanical (B) and cold
allodynia (C) post-OIPN is shown. Data were analyzed using two-way ANOVA with tukey ’s multiple comparisons test. 'P < 0.05, "P < 0.01 vs Veh group. “P < 0.05, "*P < 0.01
vs OXA group. (D) A bar graph depicting the area under the curve (AUC) of PWT from days 16 to 21 for both p.o. CDON1163 and i.p. DLX, n = 6. (E) Another bar graph showing
the AUC for acetone response score in the same timeframe for p.o. CDN1163 and i.p. DLX, n = 5. (F) Representative H&E-stained photomicrographs of L5 DRG in OIPN rats
treated with oral CDN1163 at doses of 2, 5, and 10 mg-kg™, or intraperitoneal DLX at 20 mg-kg™. Scale bar = 100 um. (G) Representative immunofluorescent images of
Hoechst 33342 (blue) and SERCA2Db (red) in L5 DRG of Veh and OIPN rats. Scale bar = 50 um. (H) Measurement of L5 DRG neuron diameters in OIPN rats following p.o.
CDN1163 (2,5, 10 mg-kg™) or i.p. DLX (20 mg-kg ™). P < 0.01 vs Veh group. "P < 0.05, **P < 0.01 vs OXA group, n = 25. (I) Quantification of SERCA2b immunofluorescence in-
tensity in L5 DRG of Veh and OIPN rats. n = 5. (J) Quantitative RT-PCR analysis of SercaZb mRNA levels in the L4-6 DRG of rats, n = 5. P < 0.01 vs Veh group. *P < 0.05, **P <
0.01 vs OXA group. Data were analyzed using one-way ANOVA with Bonferroni’s multiple comparisons test. Results are expressed as Mean + SEM.

330



J Lietal

rats, but both CDN and DLX treatment restored neuronal diamet-
er, with CDN showing a dose-dependent effect (Figs. 2F & 2H). In
addition, in DRG from OXA-treated rats, repeated CDN1163 ad-
ministration fully restored SERCA2b protein expression (Figs. 2G
& 21) and mRNA expression (Fig. 2]) to values comparable to
those of vehicle-treated controls.

3.3. CDN1163 reduces DRG inflammation in OIPN rats and allevi-
ates hyperexcitability by decreasing the window current of VGSCs
in DRG neurons.

Quantitative RT-PCR analysis showed that mRNA expression
levels of Tnf-a and II-1f were significantly elevated in L4 and L6
DRG tissues of OIPN rats. Treatment with CDN and DLX markedly
reduced the expression of Tnf-a and II-1f in the DRG, with CDN
exhibiting a dose-dependent effect (Figs. 3A & 3B). Previous stud-
ies have indicated that OXA incubation enhances VGSC currents
and increases VGSC density *, contributing to neuronal hyperex-
citability and pain hypersensitivity. Exposure to 100 pmol-L™
OXA for 24 h increased VGSC current density in primary cultured
DRG neurons (Fig. 3C). The peak current density was elevated fol-
lowing OXA treatment, but this increase was inhibited by 1-h pre-
incubation with 3 pmol-L™ CDN (Fig. 3C). The window current
refers to a small persistent Na® current that occurs within a spe-
cific voltage range where the steady-state activation and inactiva-
tion curves of VGSCs overlap, indicating a mixed open/inactiv-
ated state of the channels **. This overlap allows a fraction of Na*
channels to remain open at resting membrane potentials, contrib-
uting to spontaneous depolarization (Fig. 3D). CDN reduced the
abnormal increase in window current induced by OXA in DRG
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Tnf-a mRNA expression >
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neurons (Fig. 3D). Consistent with prior reports **°, both OXA ex-
posure and SERCA inhibition with TG reduced rheobase and in-
creased firing frequency in DRG neurons, leading to hyperexcit-
ability (Figs. 3E-3G). CDN (3 pumol-L™) alone had no significant
effect on rheobase or firing frequency (Figs. 3H, 3], & 3K).
However, pre-incubation with 3 pmol-L™" CDN for 1 h reversed
OXA-induced hyperexcitability in L4-L6 DRG neurons (Figs.
31-3K). The action potential rheobase was significantly lower in
OXA- and TG-treated neurons compared to Veh-treated neurons
(Fig. 3]). Firing frequency in L4-L6 DRG neurons was signific-
antly increased in OXA- and TG-treated groups but was substan-
tially reduced by pre-incubation with CDN (Fig. 3K). In summary,
CDN may reduce OXA-induced neuronal hyperexcitability in vitro
by suppressing VGSC current density and window current.

3.4. Inhibiting OXA-induced oxidative stress in DRG can signific-
antly improve SERCA2b downregulation

OXA-induced ROS production and pro-inflammatory cy-
tokines contribute to ER stress “°. Given that reduced SERCA
activity leads to the accumulation of unfolded proteins and ER
stress in pancreatic B-cells ~/, we investigated whether oral ad-
ministration of the antioxidant NAC could enhance SERCA2b ex-
pression in the DRG under OIPN conditions, thereby mitigating
neuroinflammation. To evaluate the long-term effects of antioxid-
ant treatment, repeated oral doses of NAC (100 mg-kg™") were ad-
ministered from day 1 to day 21 (Fig. S1A). NAC treatment gradu-
ally improved PWT and reduced acetone response scores (Fig.
S1B). H&E staining of the L5 DRG on day 22 post-OIPN showed
that 21 days of repeated oral NAC administration reduced the
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with 3 pmol-L™ CDN1163 for 1 h followed by 100 umol-L™* OXA treatment for 24 h DRG neurons. Representative action potential firing induced by a 100-pA current injec-
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in DRG neurons from Veh, OXA, and TG-treated groups, with or without CDN1163. n = 8-15. "P < 0.01 vs Veh. *P < 0.01 vs OXA. (K) Quantification of firing frequency in DRG
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lowed by Bonferroni’s multiple comparisons test, with results shown as Mean + SEM.
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severity of neuronal damage (Fig. S1C). In the OXA-treated group,
NAC administration significantly reduced the elevated mRNA
levels of Tnf-a, II-1f3, and II-6 compared to OXA alone (Fig. S1D).
Furthermore, repeated p.o. administration of NAC increased both
SERCA2b protein and mRNA expression in the DRG of OXA-
treated rats (Fig. S1E). These data indicate that NAC alleviates
mechanical and cold allodynia in OIPN rats, potentially through
upregulation of SercaZb expression in the DRG.

3.5. Chemical profiling of SKM.Ext and its effects on mechanical and
cold allodynia in rats with OIPN

SKM (Araliaceae) is rich in lupane-type saponins with known
SERCA-activating properties '>"". In this study, the chemical con-
stituents of SKM were identified using UHPLC-ESI-QE-Orbitrap-
MS analysis. According to the 2020 edition of the Chinese Phar-
macopoeia, rutin is the standardized marker compound for Hant-
ao Ye (Fig. 4A, compound 9). Additionally, fumaric acid has been
proposed as another potential marker compound for Hantao Ye
(Fig. 4B, compound 4). The molecular formulas, measured m/z,
calculated m/z, and corresponding literature sources for 14 iden-
tified components in SKM are listed in Table 1. Due to the technic-
al challenges in isolating and characterizing structurally complex
compounds such as schekwanglupaside A (C44H7¢014), schekwan-
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Repeated oral administration of SKM.Ext (10, 20, and 50
mg-kg™") and intraperitoneal administration of DLX (20 mg-kg™)
was performed from day 10 to day 19 (Fig. 4C). Both DLX and
SKM.Ext gradually increased PWT and reduced acetone response
scores in a dose-dependent manner, with effects persisting until
at least day 21, two days after treatment cessation (Figs. 4D &
4E). The AUC of PWT was significantly lower in OXA-treated rats
than in Veh-treated rats, but both oral administration of SKM.Ext
and intraperitoneal administration of DLX significantly increased
PWT, thereby alleviating mechanical allodynia (Fig. 4F). Simil-
arly, the AUC of the acetone response score was significantly
higher in OXA-treated rats, but both SKM.Ext and DLX signific-
antly reduced this score, indicating alleviation of cold allodynia
(Fig. 4G).

3.6. SKM.Ext upregulates the expression of SERCA2b in the DRG, al-
leviating neuronal shrinkage and inflammation in the DRG of OIPN
rats

SKM.Ext treatment in OXA-treated rats restored SercaZb
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Fig. 4 Total ion chromatograms of constituents in SKM.Ext and its sustained analgesic effects in OIPN rats. (A) Total ion chromatogram of SKM.Ext in positive ion mode. (B)
Total ion chromatogram of SKM.Ext in negative ion mode. (C) Experimental timeline for drug administration, behavioral testing, and tissue collection. From day 10 after
OIPN induction, Veh or SKM.Ext (10, 20, 50 mg-kg™) was administered once daily for 10 consecutive days, and DLX was administered intraperitoneally (i.p.) once daily for
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threshold (PWT) and acetone response scores were recorded on days 0 and 7-21, and L4-L6 DRGs were collected on day 22. Effect of repeated SKM.Ext and duloxetine ad-
ministration on (D) mechanical allodynia and (E) cold allodynia in OIPN rats, n = 5. Data were analyzed using two-way ANOVA followed by Tukey’s multiple comparisons
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parisons test. Results are expressed as Mean + SEM.
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Table 1 The detected ion chromatogram of constituents in SKM.

Chinese Journal of Natural Medicines 24 (2026) 326-337

No. tg/(min) m/z Ion mode ppm Identification Formula Reference
Measured Calculated
1 0.208 68 137.024 22 137.024 42 [M-H] -1.459 594 4-Hydroxybenzoic acid C;He03 61
2 0.520 12 133.014 21 133.014 25 [M-H] -0.300 720 Malic acid C4HgO5 62
3 0.564 58 117.019 29 117.019 33 [M - H] -0.341 824 Succinic acid C4Hg04 62
4 0.615 18 115.003 81 115.003 68 [M-H] 1.130399 Fumaric acid C,H,0, 63
5 0.673 61 299.11318 299.113 63 [M-H] -1.504 445 Rhodioloside Cy4H00, 64
6 0.913 99 179.034 70 179.034 98 [M-H] -1.563 940 Caffeic acid CoHgO4 61
7 1.276 64 121.029 45 121.029 50 [M-H] -0.413 122 4-Hydroxy-benzaldehyde C;Hq0; 61
8 1.392 10 303.049 67 303.049 93 M +H]" -0.857 944 Quercetin Cy5Hy007 65
9 1.449 99 611.16112 611.160 66 [M +H] 0.752 666 Rutin Cy7H30016 66
10 1.519 41 153.054 76 153.054 62 [M+H]" 0.914 706 Vanillin CgHgO3 67
11 2.393 00 417.154 19 417.155 49 [M-H] -3.116 344 (+)-Syringaresinol Cy2Hp60g 67
12 3.195 85 207.066 07 207.066 28 [M-H] -1.014 168 Sinapaldehyde Cy1H1,04 67
13 3.447 57 179.070 34 179.070 27 [M +H]" 0.390 908 Coniferaldehyde C1oH1003 67
14 4.001 33 271.060 96 271.061 20 [M - H]" -0.885 409 Naringenin C15H1,05 68

mRNA expression to levels similar to those in Veh-treated con-
trols, with a significant increase compared to OXA alone (Fig. 5A).
H&E staining of the L5 DRG on day 22 post-OIPN demonstrated
that repeated oral administration of SKM.Ext reduced the extent
of neuronal damage (Fig. 5B). The diameter of DRG neurons was
reduced in OXA-treated rats, but both SKM.Ext and DLX treat-
ments significantly restored neuronal diameter (Fig. 5C). OXA
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Fig. 5 Repeated oral administration of SKM.Ext increased SercaZb mRNA, allevi-
ated the shrinkage of DRG neurons, and reduced neuroinflammation in OIPN rats.
(A) Quantitative RT-PCR analysis of SercaZzb mRNA levels in the L4 and L6 DRG of
rats. n = 6. (B) Representative H&E-stained photomicrographs of L5 DRG in OIPN
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eal DLX at 20 mg-kg™". Scale bar = 100 um. (C) Measurement of L5 DRG neuron
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treatment significantly increased mRNA levels of Tnf-a, II-1f3, and
11-6, while oral administration of SKM.Ext (10, 20, 50 mg-kg™")
and intraperitoneal administration of DLX (20 mg-kg™) signific-
antly reduced their expression in the DRG (Fig. 5D). These res-
ults indicate that SKM.Ext mitigates neuronal shrinkage and in-
flammation in the DRG by enhancing SERCA2b expression,
thereby alleviating mechanical and cold allodynia in OIPN rats.

3.7. SKM.Ext alleviates the OXA-induced hyperexcitability in DRG
neurons

Consistent with the findings in Fig. 3, 24-h pre-incubation
with 100 pmol-L™' OXA significantly increased VGSC current
density (Figs. 6A & 6B), induced membrane depolarization, and
reduced rheobase, leading to increased neuronal excitability
(Figs. 6C, 6D, 6G & 6H). Pre-incubation with 1.5 pg-mL™ SKM.Ext
for 1 h effectively inhibited the OXA-induced increase in current
density and window current after 24 h (Figs. 6A & 6B). Moreover,
SKM.Ext pre-treatment significantly reversed the OXA-induced
reduction in rheobase and the increase in firing frequency in DRG
neurons (Fig. 6C-6H). In summary, similar to the SERCA activat-
or CDN, SKM.Ext may reduce OXA-induced neuronal hyperexcit-
ability in vitro by suppressing VGSC current density.

3.8. Activation of SERCA significantly alleviates OXA-induced oxid-
ative stress and apoptosis/necrosis in the DRG

OXA exerts its anti-tumor effects primarily by inducing DNA
damage and increasing ROS production, ultimately triggering ap-
optosis and necrosis *°. Since Hoechst nuclear staining cannot dis-
tinguish satellite glial cells >, DRG neurons were identified as
round cells with diameters ranging from 10 to 50 um under
bright-field microscopy. Based on this, we investigated whether
SERCA activators, CDN and SKM.Ext, could attenuate OXA-in-
duced ROS accumulation and thereby reduce apoptosis and nec-
rosis in DRG neurons. Both 3 pmol-L™' CDN and 1.5 pg-mL™
SKM.Ext mitigated oxidative stress induced by 100 umol-L™ OXA
after 12 h of exposure (Figs. 7A & 7B). Additionally, both com-
pounds reduced OXA-induced apoptosis and necrosis in DRG
neurons after 12 h (Figs. 7C & 7D).

4. Discussion

The attachment of platinum to mitochondrial DNA disrupts
its normal functions, impairing replication and transcription.
These impairments compromise the mitochondrial respiratory
chain and elevate oxidative stress, ultimately causing peripheral
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Fig. 6 SKM.Ext significantly mitigated OXA-induced hypersensitivity in DRG

neurons. (A) Current-voltage (I-V) relationships of VGSC currents in DRG neur-
ons under the following conditions: Veh, 100 pmol-L™ OXA (24 h), 1.5 pg-mL™"
SKM.Ext (25 h), and 1.5 pg'mL™" SKM.Ext pre-incubation (1 h) + OXA (24 h). (B)
Steady-state activation and inactivation curves of VGSCs in the same treatment
groups. Representative action potential firing induced by a 100-pA current injec-
tion in multiple spiking firing DRG neurons from (C) Veh, (D) 100 pmol-L™ OXA
(24 h), (E) 1.5 pg'mL™ SKM.Ext (25 h), and (F) neurons preincubated with 1.5
pg'mL™ SKM.Ext for 1 h followed by 100 pumol-L™" OXA treatment for 24 h. (G)
Quantification of rheobase in DRG neurons from Veh- and OXA-treated groups,
with or without 1.5 1.5 pg'mL™ SKM.Ext. n = 6-7. "P < 0.01 vs Veh. *P < 0.05 vs
OXA. (H) Quantification of firing frequency in DRG neurons from Veh- and OXA-
treated groups, with or without 1.5 pg-mL™" SKM.Ext. n = 7. "P < 0.01 vs Veh. *P <
0.01 vs OXA. Data were analyzed using one-way ANOVA followed by Bonferroni’s
multiple comparisons test, with results shown as Mean * SEM.

nerve injury *. In the Food and Drug Administration Adverse
Event Reporting System (FAERS) database, 318 unique adverse
events linked to OXA and classified under nervous system dis-
orders were recorded. The most frequently reported neurologic-
al events included peripheral neuropathy, paresthesia, neurotox-
icity, dizziness, dysarthria, tremor, and polyneuropathy *'. Peri-
pheral neuropathy is the most harmful side effect of OXA, often
leading to treatment discontinuation and reduced quality of life in
patients with various cancers *’. OXA induces acute neuropathy
characterized by cold-induced paresthesias and chronic neuro-
pathy following cumulative doses of 540-850 mg-m*
ated with sensory and motor dysfunction involving glial activa-
tion, oxidative stress, and axonal degeneration ? Chronic neuro-
toxicity caused by OXA primarily affects the DRG, where oxidat-
ive stress may trigger apoptosis **, leading to neuronal shrinkage
and the development of OIPN. Given the positive correlation
between DRG cell body size and axonal conduction velocity, neur-
onal atrophy may underlie the reduced sensory nerve conduc-
tion velocity observed in OIPN **, Although OXA treatment did not
alter the total number of neurons in the L5 DRG, it significantly
reduced neuronal diameter. In this study, both NAC, an oxidative
stress inhibitor, and the SERCA2b agonists CDN and SKM.Ext sig-
nificantly attenuated the reduction in DRG neuron diameter in
OIPN. The critical role of ROS in OIPN was confirmed, and stimu-
lation of SERCA2b was shown to markedly improve peripheral
neuropathy. OXA also triggers allodynia through activation of pro-
inflammatory cytokines such as TNF-q, IL-1, IL-6, and their asso-
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Fig. 7 CDN1163 and SKM.Ext significantly reduced OXA-induced oxidative stress
and neuronal apoptosis/necrosis in DRG neurons. (A, B) 3 umol-L™* CDN1163 and
1.5 pg'mL™" SKM.Ext significantly reduced 100 pmol-L™ OXA-induced ROS in DRG
neurons. (n = 21 DRG neurons from 7 different wells). Scale bar = 20 um. “P < 0.01
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ing cannot distinguish satellite glial cells, (FITC"/P1") x 100% / (round cells with
diameters ranging from 10-50 pm in bright-field) = percentage of apoptotic/nec-
rotic DRG neurons (n = 9). Scale bar = 100 um. P < 0.01 vs Veh group. **P < 0.01
vs OXA (100 pmol-L™, 12 h) + Veh group. Data were analyzed using one-way AN-
OVA followed by Bonferroni’s multiple comparisons test. Results are expressed as
Mean + SEM.

ciated receptors *°. The SERCA agonists CDN and SKM.Ext signific-
antly alleviated OXA-induced neuroinflammation in the DRG.
Neuropathic pain involves multiple molecular signaling path-
ways, including overexpression of VGSCs '*, inhibition of
SERCA2b °, and activation of transient receptor potential vanil-
loid 1 (TRPV1) channels in nociceptors . Excessive activity of
VGSCs and voltage-gated calcium channels (VGCCs) may contrib-
ute to chronic axonal damage, which is not surprising given that
increased intracellular calcium is a well-documented contributor
to axonal injury. A human study demonstrated that patients with
OIPN exhibit heightened nerve excitability, evidenced by
creased compound action potential amplitude, enhanced dis-
charge, and variable intra-burst frequency *°. While the precise
mechanism underlying OXA-induced hyperexcitability remains
unclear, one hypothesis suggests that oxalate, a metabolite of
OXA, alters VGSC function by prolonging channel open state,
thereby increasing sensory neuron excitability ‘. Additionally,
tetrodotoxin (TTX) has been shown to block paclitaxel-induced
mechanical and cold allodynia *’. In the OIPN model, reduced
SERCA2b expression in DRG neurons may lead to decreased ER
calcium levels and elevated cytoplasmic calcium. Because
Ca”*/CaM-dependent phosphatase 2B dephosphorylates VGSCs,
enhancing their current amplitude, whereas cAMP-dependent
protein kinase phosphorylates VGSCs to promote membrane traf-
ficking , downregulation of SERCA2b in DRG neurons may regu-
late VGSC current density via intracellular calcium modulation.
Studies have identified a negative shift in the voltage dependence
of Na" channel activation that could explain the hyperexcitability
observed in acute OXA side effects *. Our research found that in
DRG neurons incubated with 100 pmol-L™ OXA for 24 h, VGSC
current density increased, the steady-state activation curve shif-
ted toward hyperpolarization, and the steady-state inactivation

in-

curve shifted toward depolarization, resulting in an enlarged
window current. This leads to prolonged depolarizing currents
and excessive Na® influx at resting membrane potential during
OXA treatment, enhancing local depolarization and inducing ac-
tion potential firing *°. This mechanism likely contributes to the
reduced action potential threshold and significantly increased fir-
ing frequency in OXA-treated DRG neurons. The SERCA agonists
CDN and SKM.Ext reversed OXA-induced alterations in VGSCs in
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DRG neurons. Because VGSCs mediate the depolarization phase of
action potentials, the combination of CDN and SKM.Ext substan-
tially mitigates OXA-induced sensitization of DRG neurons in
vitro. These molecular mechanisms are likely involved in OIPN
pathogenesis, and SERCA2b agonists may represent promising
therapeutic candidates for OIPN.

Chemotherapy-induced peripheral neuropathy (CIPN)
mains challenging to diagnose and manage. Various interven-
tions have been explored in animal and human studies to allevi-
ate symptoms by modulating oxidative stress, inflammatory cy-
tokines, or ion channels. Amifostine, a prodrug with potent free
radical scavenging properties, has demonstrated protective ef-
fects on normal tissues during chemotherapy and radiotherapy.
Nausea, vomiting, transient hypotension, and allergic reactions
were the most frequently reported adverse effects *. Its active
form, WR-1065, effectively prevents OXA-induced neurotoxi-
city . Ton channel inhibitors such as lidocaine have been repor-
ted to relieve CIPN. Intravenous lidocaine provides immediate
pain relief and modulates sensitivity to cold and pinprick stim-
uli *', particularly in acute cases, though its efficacy in chronic
OIPN remains unestablished **. DLX, recommended by the Amer-
ican Society of Clinical Oncology (ASCO) for CIPN, alleviates
neuropathic pain. Patients with OIPN may respond more favor-
ably to DLX than those with paclitaxel-induced neuropathy, as
suggested by exploratory data linking DLX’s effects to distinct
molecular pathways in OIPN *'. However, DLX may cause side ef-
fects such as weight loss, nausea, and fatigue, potentially interfer-
ing with cancer treatment “’. Venlafaxine, a second-generation
serotonin-norepinephrine reuptake inhibitor, modulates neuron-
al activity by blocking the reuptake of serotonin and norepineph-
rine. Although a phase III double-blind randomized controlled tri-
al demonstrated its benefit in reducing acute neurotoxicity and
improving function in OXA-related neuropathy *, a pilot study
found it ineffective in preventing both acute and chronic symp-
toms **. Therefore, there is a pressing need for novel therapeutic
strategies and targets for OIPN. Dysfunctional SERCA activity,
leading to elevated intracellular calcium and ER stress, is implic-
ated in cardiovascular and neurodegenerative diseases, making
SERCA a compelling target for new therapies. However, enzyme-
stimulating drugs are rare, and activating an enzyme is inher-
ently more challenging than inhibiting it. Nevertheless, several
compounds have been identified as SERCA activators, including
CDN ¥, CP-154526 *°, istaroxime *° and Schekwanglupaside C .
In this study, the SKM.Ext formulation, which contains Schekwan-
glupaside C derived from Schefflera kwangsiensis, significantly
mitigated OIPN, reversed the OXA-induced downregulation of
SERCA2b in DRG neurons, and reduced neuronal hypersensitiv-
ity. Several key constituents of SKM.Ext (Table 1) exhibit anti-in-
flammatory, antioxidant, or analgesic properties that may collect-
ively contribute to its efficacy against OIPN. Malic acid signific-
antly alleviates primary fibromyalgia syndrome “/, while succinic
acid suppresses inflammation and pain by inhibiting phospholi-
pase A2 (PLA2) activity and arachidonic acid synthesis **. Fu-
maric acid demonstrates significant analgesic effects in the hot
plate and tail flick tests *’. Rhodioloside reduces LPS-induced TNF-
a, IL-6, and IL-18 levels * and inhibits NLRP3 inflammasome ac-
tivation and apoptosis, thereby mitigating inflammatory injury °'
Compounds such as 4-hydroxybenzaldehyde **, quercetin **, ru-
tin **, and vanillin > exhibit both anti-inflammatory and anti-
nociceptive activities. Syringaresinol achieves analgesia in OIPN
by modulating spinal microglial inflammatory responses .
Sinapaldehyde exerts anti-inflammatory effects by suppressing
reactive oxygen species and nitric oxide via COX-2 inhibition .
Additionally, naringenin limits OXA-induced DNA damage
through its potent antioxidant effects *°. Schekwanglupasides A
and B ", Schefflesides I, J, K, and L * and Schekwangsiensides K,
N, L, and H ® were isolated from SKM.Ext, although their bio-
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activities have not yet been reported. Collectively, these bioact-
ive constituents may act synergistically to enhance the therapeut-
ic efficacy of SKM.Ext in OIPN.

This finding may expand the clinical application of the tradi-
tional Chinese medicine Hantao Ye (S. kwangsiensis) in treating
neurological disorders. SERCA2b activators represent a novel,
mechanism-based therapeutic strategy for OIPN, with potential
advantages in reducing oxidative stress, reversing neuronal hy-
perexcitability, correcting calcium dysregulation, and ultimately
preventing neuronal apoptosis. However, due to the lack of hu-
man data and challenges in drug development, the clinical trans-
lation of SERCA activators remains limited. The safety and effic-
acy of SERCAZ2b activators require further investigation.

In conclusion, we propose the following: (1) OXA triggers ox-
idative stress, leading to reduced SERCA2b expression in DRG
neurons. (2) This downregulation of SERCA2b contributes to el-
evated cytoplasmic Ca* levels. The increased intracellular Ca®
may enhance Ca*"-dependent facilitation of voltage-gated sodium
channels (VGSCs), potentially through activation of protein
kinases and phosphatases, thereby modulating VGSC membrane
localization and gating kinetics *’. (3) The resultant increase in
Na® current intensifies local membrane depolarization, promot-
ing the generation and propagation of action potentials, which ul-
timately leads to DRG neuron hypersensitivity. Therefore, we hy-
pothesize that the antioxidant NAC and SERCA agonists, such as
CDN and SKM.Ext, may help prevent chronic OIPN by enhancing
SERCA2b activity and restoring normal cytosolic Ca®* homeos-
tasis.

5. Conclusions

The current findings demonstrate that repeated administra-
tion of SERCA agonists, CDN, the antioxidant NAC, and SKM.Ext
(an extract containing SERCA-activating lupane saponins), allevi-
ates OXA-induced mechanical allodynia. This effect is mediated
through enhanced SERCA2b expression in the L4-L6 DRG, ac-
companied by reduced expression of pro-inflammatory factors
and attenuation of DRG neuronal hyperexcitability (Fig. 8). These
outcomes suggest that SERCA agonists may represent a prom-
ising therapeutic strategy for OXA-induced neuropathy.

Oxaliplatin

s CDN1163
Oxidative
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J \ l NAC
CDN1163
SERCA § | sxMExt
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Mechanical and cold allodynia

Fig. 8 Schematic illustration of SERCA2b in the regulation of mechanical and cold
allodynia in OIPN rats. Repeated oxaliplatin (OXA) administration induces oxidat-
ive stress and neuroinflammation in dorsal root ganglion (DRG) neurons, leading
to reduced expression of sarco/endoplasmic reticulum Ca*-ATPase 2b
(SERCA2b) expression. Inhibition of SERCA2b by OXA increases voltage-gated so-
dium channel (VGSC) window currents, thereby enhancing DRG neuronal hyper-
excitability and contributing to mechanical and cold allodynia. Thapsigargin (TG),
a direct SERCA inhibitor, similarly augments neuronal hyperexcitability in DRG
neurons. Pharmacological enhancement of SERCA2b function or expression with
CDN1163 or SKM.Ext attenuates nerve injury, neuroinflammation, and neuronal
hyperexcitability, effectively reversing OIPN-associated allodynia. Comparable
protective effects are observed when oxidative stress is reduced by N-acetyl-
cysteine (NAC). Created with BioRender.com.
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