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Abstract

Benzylisoquinoline alkaloids (BIAs) exhibit diverse biological activities, such as neuropro-
tective effects. The delta-opioid receptor (DOR) has emerged as a promising therapeutic
target due to its potential role in enhancing neuroprotection and regeneration. However,
reports on the binding of BIAs to the DOR remain scarce. Here, neferine, a BIA from
Nelumbo nucifera, as a potential DOR agonist. Molecular docking ranked neferine among
the top of 15 BlAs. Initial binding was detected by cellular membrane chromatography and
quantitatively confirmed by bio-layer interferometry, with a Kp value of 37.4 uM. ONE
vector G protein Optical biosensor revealed that Gj, Gj3 and Gz signaling could be acti-
vated by neferine through DOR modulation. Consistent with the G;,, activation, neferine
dose-dependently inhibited cAMP accumulation with an ECsg of 0.25 uM. Transcriptomic
analysis in DOR-overexpressing HEK293T cells indicated that neferine stimulation pre-
dominantly regulates gene networks governing cell cycle and stress adaptation. However,
direct transcriptional signature for neuroprotection was not predominant in our system,
suggesting that DOR signaling may exhibit context-dependent effects. In conclusion, we
identified the neferine as a natural DOR agonist through in silico and in vitro approach,
providing a reference for further investigation into its pharmacological potential.

Keywords: neferine; benzylisoquinoline alkaloid; delta-opioid receptor; agonist

1. Introduction

Benzylisoquinoline alkaloids (BIAs) have attracted widespread attention from re-
searchers due to their diverse chemical structures and rich biological activities. Ongoing
work aims to discover the pharmacological activities of BIAs and their potential targets.
Several BIAs have been reported to possess neuroprotective effects [1-3]. Nuciferine, for
example, was shown to enhance the integrity of the blood-brain barrier following ischemic
stroke through the inhibition of the JAK2 /STAT3 pathway [4]. Nevertheless, the specific tar-
gets for many BIAs remain to be characterized. Leveraging the structural diversity within
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the defined metabolic pathway to efficiently explore bioactive chemical space has proven
highly effective. Previously, we assessed the antiviral potential of compounds involved
in the biosynthesis pathway of BIAs from three Stephania. The results demonstrate that
cepharanthine and seven other structurally analogous compounds display broad-spectrum
anti-coronavirus activities [5]. Guided by the same principle, we hypothesized that the BIA
pathway might also harbor compounds with same target.

G protein-coupled receptors (GPCR) represent the largest family of membrane proteins
in humans and are the targets of over 30% of marketed drugs [6]. Currently, at least 80
compounds derived from traditional medicines have been reported to act directly or
indirectly on GPCRs [7,8], suggesting that natural products such as BIAs may represent a
source of novel GPCR ligands. A number of GPCRs have been reported to participate in
the regulation of nervous system homeostasis and exhibit neuroprotective effects [9-11].
Recent research findings have uncovered the pivotal role of delta-opioid receptor (DOR) in
neuroprotection and neural regeneration. The expression and/or activation of this receptor
protects neuronal cells and tissues against damage induced by diverse factors, and also
facilitate nerve regeneration [12-14]. This suggests that DOR may be a potential target for
BIAs with neuroprotective effects.

Nelumbo nucifera, as a traditional medicinal plant, has been reported to contain multiple
BIAs with potential for preventing or treating neurodegenerative diseases [15,16]. A recent
study has reported that neferine is capable of suppressing the expression of inducible nitric
oxide synthase, as well as the release of interleukin-6 and tumor necrosis factor-alpha in
lipopolysaccharide-stimulated BV-2 microglial cells [17], suggesting its potential to inhibit
neuroinflammation. Pronuciferine has demonstrated antioxidant defense effects against
reactive oxygen species (ROS) in neuronal cells. A study on SH-SY5Y cells revealed that
pronuciferine could inhibit HyO,-induced neuronal death and enhanced cell proliferation
by 45% [18]. However, it is not yet known whether these BIAs from N. nucifera can act as
ligands for DOR, which could underlie some of their observed neuroprotective activities.

In this study, we aimed to identify potential DOR ligands among BIAs from N. nu-
cifera. Using virtual screening, we prioritized neferine from a set of 15 compounds. Its
direct interaction with DOR was assessed by cellular membrane chromatography (CMC)
and quantified by biolayer interferometry (BLI). Functional assays, including ONE vec-
tor G protein Optical biosensor (ONE-GO) assay and cyclic adenosine monophosphate
(cAMP) assays, confirmed its agonistic activity at DOR. Finally, we employed transcrip-
tomic analysis in DOR-overexpressing 293T cells to explore the downstream effects of
neferine stimulation. This work evaluated neferine as a DOR agonist and provided a basis
for further investigation into its pharmacological potential.

2. Results
2.1. Virtual Screening Identifies Neferine as a Ligand of DOR

Multiple BIA compounds have been identified in N. nucifera [19]. These compounds
exhibit diverse biosynthetic pathways (Figure 1A), providing a rich pool for the discovery
of potential DOR-binding candidates. Virtual screening serves as an efficient first step to
prioritize candidate compounds for further experimental validation [20,21]. We evaluated
the binding energies of 15 BIA compounds to DOR via molecular docking. All candidate
compounds showed affinities of less than —7 kcal/mol, suggesting that several BIAs might
possess the potential to bind to DOR. Among them, neferine, with an affinity value of
—9.402 kcal/mol (Figure 1B, the best among the 15 compounds), was selected for further
investigation, and its interaction with DOR was analyzed. The phenoxy group in neferine
formed a stable hydrogen-bond interaction with the lysine residue K108 on transmembrane
domain 2 of DOR, with a bond length of 3.5 A (Figure 1C). This indicated a specific polar
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interaction between the ligand and receptor. The formation of this hydrogen bond enhanced

the neferine’s affinity for the DOR binding pocket and contributed to maintaining neferine’s
stable binding conformation at the active site.
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Figure 1. Molecular docking-based screening of compounds with the ability to bind to DOR in the
biosynthesis pathway of BIAs from N. nucifera. (A) The biosynthetic pathway of BIA compounds in

N. nucifera. (B) Molecular docking scores for 15 BIAs and DOR. (C) The interaction between neferine
and DOR.

2.2. Verification of Neferine as a DOR Ligand

The interaction between neferine and DOR was assessed using two complementary
biophysical approaches. First, CMC was performed using a Trichlorocyanuric acid (TCT)-
modified SiO, column immobilized with DOR-expressing cell membranes. In this assay;,
compounds with affinity for DOR were selectively retained. A distinct retention peak for
neferine was observed at 16.169 min compared to non-DOR expressing cell membrane,
indicating specific binding to the receptor (Figure 2A,B). Second, BLI was employed for
quantitative analysis. Concentration-dependent binding responses were recorded, and
sensorgrams displayed characteristic association and dissociation phases for neferine
(Figure 2B). Kinetic analysis yielded an equilibrium dissociation constant (Kp) of 37.4 uM,
confirming a direct interaction between neferine and DOR.
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Figure 2. Real-time kinetic binding parameter of neferine interacting with DOR. (A) Retention behav-
ior of neferine on DOR-Flag/CMC column. (B) Retention behavior of neferine on HEK293T/CMC
column. (C) Sensorgrams showing the binding interaction between neferine and DOR using BLI. The
blue and pink lines represent the actual signal values and fit signal values, respectively.

2.3. Detection of G-Protein Selectivity Mediated by DOR Under Neferine Stimulation

Although the evidence presented above suggested neferine as a ligand for DOR, fur-
ther exploration of its pharmacological effects on DOR was warranted. Initially, we utilized
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the ONE-GO biosensor to examine whether DOR could activate G protein in response to
neferine stimulation [22]. A transfection system of DOR and 10 G proteins subtypes in
HEK?293T cells was utilized to evaluate G protein selectivity [23]. Kinetic curves of 10 dis-
tinct G protein subtypes demonstrated that Gy, Gi3, and G, were significantly activated
upon neferine stimulation (Figure 3A). Subsequently, the concentration-dependent curves
of these three G proteins were used to determine relevant pharmacodynamic parameters.
The activation levels of Gj» (ECsg = 81.9 uM), G;3 (ECsy = 16.1 uM), and G, (ECs¢ = 15 uM)
increased in a dose-dependent manner (Figure 3B-D). This indicated that neferine act as a
functional DOR agonist, capable of eliciting defined G protein-mediated signaling.
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Figure 3. Measurement of neferine-induced DOR activation via the ONE-GO biosensor. (A) Kinetic
measurement of the effects of neferine (10 uM) on 10 G-protein subtypes in HEK293T cells upon
DOR modulation. (B) Concentration-dependent curve of Gj, protein in HEK293T cells triggered by
neferine upon DOR modulation. (C) Concentration-dependent curve of Gj3 protein in HEK293T cells
triggered by neferine upon DOR modulation. (D) Concentration-dependent curve of G, protein in
HEK293T cells triggered by neferine upon DOR modulation.

2.4. Detection of cAMP Response Mediated by DOR Under Neferine Stimulation

The activation of the G;/, signaling pathway could inhibit adenylate cyclase activity
through the G;,, subunit, consequently reducing cAMP production [24,25]. We next mea-
sured cAMP levels in DOR-overexpressing HEK293T cells following neferine stimulation.
As concentration increases, the presence of neferine inhibited forskolin-induced cAMP
release (Figure 4A). Neferine dose-dependently inhibited forskolin-induced cAMP accu-
mulation, with a half-maximal effective concentration (ECs) of 0.25 uM (Figure 4B). This
phenomenon was not detected in cells transfected with pcDNA3.1 alone (Figure 4C); in
these cells, CAMP remained at the high levels induced by Forskolin stimulation (Figure 4D).
Together, these data confirmed that neferine suppressed cAMP levels specifically through
DOR activation.
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Figure 4. Measurement of neferine-induced DOR activation via the cAMP Glosensor. (A) Kinetic
measurement of cAMP responses of DOR to neferine in HEK293T cells. (B) cAMP responses of DOR
to neferine at different concentrations. (C) Kinetic measurement of cAMP responses of pcDNA3.1 to
neferine in HEK293T cells. (D) cAMP responses of pcDNA3.1 to neferine at different concentrations.

2.5. Dose-Dependent Transcriptomic Profiling Induced by Neferine-Mediated DOR Activation

To delineate the downstream transcriptional consequences of DOR activation by nefer-
ine, we performed RNA sequencing on DOR-overexpressing HEK293T cells treated with a
concentration gradient of neferine in 6-well plates (Figure 5A). Compared with the control
group, higher concentrations of neferine (10 uM, 2 uM, 0.4 uM) influenced a larger number
of genes, jointly affecting 3784 differentially expressed genes (DEGs, Figure 5B). This was
consistent with its more potent activation effect on DOR. The number of DEGs affected
by all four concentrations (10 pM, 2 uM, 0.4 uM, 0.016 uM) dropped to 2888 (Figure 5C).
Notably, the five neferine concentrations together affected 453 DEGs (Figure 5D), while the
lowest concentration (0.0032 pM) induced changes in merely 716 DEGs. This revealed a
distinct dose-dependent variation in the number of DEGs in cells stimulated with different
neferine concentrations.

Functional enrichment analysis of the 3784 DEGs common to the top three concentra-
tions (10, 2, and 0.4 pM) was performed to define the predominant biological programs.
Gene Ontology (GO) analysis [26] indicated the most significantly enriched terms are
presented in Figure 5E. Within the biological processes (BP) category, genes were enriched
in processes pivotal to intracellular biosynthesis and quality control, specifically ribonucle-
oprotein complex biogenesis and the establishment of protein localization to organelles.
Simultaneously, the process of macroautophagy was significantly enriched, signifying
a programmed clearance mechanism. Regarding the molecular functions (MF) of these
core genes, they indicated specific regulatory interactions, with significant enrichment
in GTPase binding and cadherin binding. These results implied modulation of small
GTPase-mediated signaling and cell-cell adhesion systems. Finally, cellular component
(CC) analysis accurately localized a subset of these genes to the lysosomal membrane and
lytic vacuole membrane.
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Figure 5. Functional enrichment analysis of co-regulated DEGs based on dose-response design of
neferine stimulation in 6-well plates. (A) Transcriptional profiling of DOR-overexpressing HEK293T
cells treated with neferine using two different experimental designs. (B) Venn diagram of DEGs co-
regulated by A (10 uM), B (2 uM) and C (0.4 uM) neferine. (C) Venn diagram of DEGs co-regulated by
A (10 uM), B (2 uM), C (0.4 uM) and D (0.016 uM) neferine. (D) Venn diagram of DEGs co-regulated
by A (10 uM), B (2 uM), C (0.4 uM), D (0.016 uM), E (0.0032 M) neferine. (E) GO analysis of DEGs
co-regulated by 10 uM, 2 uM, and 0.4 uM neferine. (F) KEGG analysis of DEGs co-regulated by
10 uM, 2 uM, and 0.4 uM neferine.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis [27] further
substantiated these themes (Figure 5F). The most significantly enriched pathways were in
line with and refined the themes derived from the GO analysis. Key enriched pathways
included: MAPK signaling pathway, cell cycle and cellular senescence that related to core
signaling and cell fate regulation; autophagy—animal, protein processing in endoplasmic
reticulum, endocytosis, which were related to cellular homeostasis and stress management;
and Biosynthesis of amino acids that related to metabolic reprogramming. Notably, classical
pathways directly annotated for neuroprotection were not prominently enriched in this
dataset. This observation suggested that the transcriptional response to DOR activation
in this simplified overexpression system may prioritize broad cellular adaptation and
homeostatic control.

2.6. Cross-Validation of Transcriptomic Profiles Identifies a Core Gene Expression Program Induced
by Neferine-Activated DOR

Given that the transcriptional profile from the initial dose-response design was dom-
inated by generalized stress and adaptation pathways, we considered the possibility
that technical variability common to parallel 6-well cultures might obscure more spe-
cific, receptor-mediated effects. To obtain a higher-fidelity transcriptomic signature, we
therefore employed a more stringent experimental design in 10 cm dishes (Figure 5A).
DOR-overexpressing cells from a single transfection batch were split into matched control
and treatment (1 uM neferine) cultures. This approach yielded 221 robust DEGs, with
a notable predominance of upregulated genes (153 upregulated and 68 downregulated,
Figure 6A). Their functional profile; however, remained focused on fundamental cellular
processes. GO analysis showed enrichment for cytoplasmic translation, ribosome biogen-
esis, p53-mediated signal transduction, and double-strand break repair at the biological
process level, with corresponding enrichment for ribosomal components and DNA-related
molecular functions (Figure S1A). KEGG analysis of these DEGs highlighted pathways
including cell cycle, cellular senescence, and apoptosis (Figure S1B). Among these genes,
pathways associated with neuroprotective functions were not significantly enriched.

To distill the reliable, DOR-specific transcriptional signal, we performed an intersection
analysis of DEGs derived from three independent experiments: the 1 uM neferine treatment
group (from split-sample design), the 2 pM and 0.4 pM treatment groups (from dose—
response design). This identified a core set of 917 genes consistently regulated across all
conditions (Figure 6B). Functional analysis of this gene set revealed an exceptionally focused
theme. The top enriched GO terms were almost exclusively related to DNA metabolism
and integrity, including DNA replication, DNA recombination, negative regulation of cell
cycle, and DNA damage response (Figure 6C). Cellular components were localized to the
chromosomal region and MCM complex, and molecular functions involved ATP-dependent
DNA activity and helicase activity. Concordantly, KEGG pathway analysis of the core gene
set confirmed the central involvement of cell cycle, cellular senescence, apoptosis, and the
p53 signaling pathway (Figure 6D).

Collectively, these analyses demonstrated that sustained DOR activation by neferine
in different experimental design co-regulated a transcriptional network related to genome
surveillance, DNA replication/repair, and the control of cell cycle progression and fate,
rather than directly inducing a classical neuroprotective gene signature.

https://doi.org/10.3390/ijms27042058


https://doi.org/10.3390/ijms27042058

Int. J. Mol. Sci. 2026, 27, 2058 8 of 14
A B
o A B
536
100 1440 1965
oy group
% ¢ Not sig o17
=)
T ° e UP
50 - .
: 130 3706
Ll
[
'Y L]
‘e . .
o o0 . .
o & S e i
BT R o
25 00 25 50
log2FoldChange
C
C D
Cell cycle .
DNA-templated DNA replication 7 _
DNA recombination 1 — © Human T—cell leukemia virus 1 infection ‘
negative regulation of cell cycle - _
Cellular senescence . p.adjust
signal transduction in response to DNA damage _ .
1x10”
Apoptosis . 1x107%
transcription elongation factor complex - . 0.002 Chronic myeloid leukemia @ 1x1073
Q
° 0.004
MCM complex 1 0006 Prostate cancer @ Chiit
chromosome, telomeric region 1 - 0.008 O s
p53 signaling pathway 6} O 2
ATP—dependent activity, acting on DNA _ O 25
Gap junction (]
catalytic activity, acting on DNA - _
nucleic acid conformation isomerase activity 1 _ 3 Bladder cancer °
. . Glioma °
helicase activity - -
0 10 20 30 40 0.00 0.02 0.04 0.06 0.08
Count Gene Ratio

Figure 6. Cross-validation identifies core transcriptional programs induced by Neferine upon DOR

activation. (A) Volcano plot depicting DEGs from the split-sample design. (B) Venn diagram

identifying the core gene set consistently regulated by three independent conditions: A (1 uM
(split-sample design)), B (2 uM (dose-response design)), and C (0.4 uM (dose-response design))
neferine treatments. (C,D) Functional enrichment analysis of the 917 core genes. (C) GO analysis
(D) KEGG analysis.

3. Discussion

Among various classes of druggable targets, GPCRs represent particularly promising

candidates for natural products interactions due to their structural diversity, physiological

ubiquity, and regulatory roles in numerous disease pathways [28]. Given the vast chemical

diversity of natural products, numerous interactions with GPCRs likely remain undiscov-

ered, and their mechanisms of action await elucidation. Studying the pharmacological

activities or biological targets of metabolites sourced from natural products’ biosynthetic

pathways could provide novel insights for accelerating the drug development process. We

previously identified the key enzymes in the biosynthetic pathway of BIA in N. nucifera [29].

In this study, we focus on whether these BIA enzymes can bind to DOR. Although previous

study using competitive radioligand binding had demonstrated that neferine could bind to
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DOR, in-depth signaling pathway research remains lacking [30]. This study demonstrates
that neferine is a natural agonist of the DOR with a distinct G; and G, signaling profile [31].
By integrating in silico screening with in vitro validation across biophysical, functional,
and transcriptomic levels, we provide a comprehensive characterization of its action.

The initial virtual docking screen of a BIA library identified neferine as a top candidate.
Subsequently, its status as a direct DOR binder was confirmed through CMC and BLI assays.
Although affinity data suggested binding interactions between the ligand and receptor,
the affinity remains relatively weak compared to known small molecule ligands, such as
DPDPE (a classical DOR agonist) with the pK4 value of 6.9 M [32]. Notably, a number of
natural products exhibit micromolar-level affinities for GPCRs [28]. These early ligand
discoveries provide crucial references for subsequent drug design and optimization [33].
The G;/, family typically includes members like G;1, Gip, Giz, Goa, Gop, and G. All these
members exhibit a high binding affinity for opioid receptors [34]. Significantly, neferine was
shown to be a functional agonist via real-time G protein biosensors, selectively activating the
Giz, Gj3, and G, subtypes. This signaling pathway was functionally verified by neferine’s
inhibition of forskolin-stimulated cAMP accumulation, a classic downstream readout of G;
activation [35]. Such a specific signaling signature may hold significant pharmacological
implications. Since differential G-protein coupling might determine unique physiological
outcomes and side effect [36,37], it potentially differentiates neferine’s effects from those
of other DOR agonists. While the current study focused on the top-ranked candidates, a
systematic investigation into the structure-activity relationships of the broader BIA library
would be informative. Such work could aid in the identification of new DOR ligands and
the development of potential lead compounds.

To delineate the downstream transcriptional effects of DOR activation by neferine,
we employed two complementary experimental designs: an initial dose-response screen
in 6-well plates and a subsequent paired-sample assay in 10 cm dish. Notably, functional
enrichment analyses from both approaches converged on pathways governing cellular
homeostasis, stress adaptation, and cell cycle regulation, rather than revealing a transcrip-
tional signature related to neuroprotection. In the analysis of signaling pathways across
different systems, several pathways associated with viral infections or cancer were also
enriched. Such pathways are large repositories of genes involved in generic host defense re-
sponses, apoptosis, and inflammatory signaling. Their enrichment here most likely reflects
the activation of shared endogenous stress and immune-response modules by neferine,
rather than implying a virological or oncogenic mechanism [38].

This consistent pattern suggests that the immediate, system-wide response to sus-
tained DOR activation in this heterologous model prioritizes fundamental cellular re-
modeling and stabilization programs. We hypothesize that the observed focus on core
housekeeping and stress-response pathways, rather than on context-specific functions
like neuroprotection, may reflect the cellular context-dependence of DOR signaling. The
HEK293T overexpression system, while invaluable for isolating receptor-specific effects,
likely lacks the specialized transcriptional networks and cellular environment present in
native neuronal cells [39]. Therefore, the biological outcomes of neferine-mediated DOR
activation, particularly its potential neuroprotective efficacy, may only be fully manifested
in a more physiologically relevant system. Consequently, future work should investigate
the functional and transcriptional impact of neferine in primary neuronal cultures or other
naturally DOR-expressing cell lines. Such studies will be crucial for determining whether
the cellular stabilization programs identified here form the basis for, or are complemented
by, more specialized neuroprotective mechanisms in the appropriate cellular context.
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4. Materials and Methods
4.1. Cell Culture and Materials

The HEK293T Cells were chosen for their high transfection efficiency and common use
in GPCR signaling and biosensor assays, facilitating the isolation of DOR-specific responses
in a controlled system. This cell line was purchased from Procell (Wuhan, China) and
grown in DMEM (Gibco, Waltham, MA, USA) containing 10% fetal bovine serum (Gibco,
Waltham, MA, USA) and 100 pg/mL streptomycin and 100 U/mL penicillin (Beyotime,
Shanghai, China). The cells were incubated at 37 oC with 5% CO, in an incubator. Neferine
(purity > 99.92%) was purchased from MedChemExpress (Shanghai, China).

4.2. Molecular Docking

The three-dimensional structure of the DOR (8F7S [40]) was retrieved from the Protein
Data Bank (PDB), while the chemical structures of 15 BIA were obtained from PubChem.
Molecular docking was performed using AutoDock Vina (version 1.1.2) [41]. A search
space of 20 A x 20 A x 20 A was defined to fully encompass the orthosteric binding pocket.
During the docking process, full conformational flexibility was granted to all ligands.
Docking calculations were carried out to obtain binding affinity scores; it is important
to note that these computed scores differ from true binding free energies as they neglect
protein dynamics and solvation effects [42,43]. The resulting docked poses were visualized
to analyze ligand-receptor interaction details.

4.3. ONE-GO Biosensor Assay

The measurement was performed based on the ONE-GO biosensors protocol with
minor modifications [44]. In brief, HEK293T cells co-expressing DOR and different G
protein ONE-GO sensors (including Gi1, Gi2, Giz, Goa, Gop, Gz, Gs, Gq, G12 and Gy3) were
seeded into 96-well cell culture plates. The following day, after removal of the culture
medium, cells were washed with phosphate-buffered saline (PBS) and incubated with
BRET assay buff-er at 37 °C for 30 min. Subsequently, Nano-Glo substrate was added and
incubated for 3 min, followed by the addition of drug solutions at different concentrations.
Luminescence signals at 450 nm (Nluc) and 535 nm (YFP) were simultaneously measured
using the BioTek Synergy Neo2 (Agilent, Chengdu, China).

4.4. cAMP Glosensor Assay

HEK293T cells (35,000 cells/well) were seeded into 96-well cell culture plates.
When the cell confluency reached 80%, plasmids encoding the DOR (cloned into
pcDNAS3.1) /vector and GloSensor™-22F cAMP (Promega, Madison, WI, USA) were co-
transfected into the cells [45]. After 24 h, the culture medium was removed and replaced
with 2% v/v GloSensor™ cAMP reagent, followed by incubation at 37 °C for 90 min. Sub-
sequently, the cells were treated with a series of drug solutions at varying concentrations
for 10 min. Finally, Forskolin (final concentration 10 uM) was added, and luminescence
intensity was measured using the BioTek Synergy Neo2 (Agilent, Chengdu, China).

4.5. Cell Membrane Chromatography

Stable cell lines overexpressing DOR were obtained from the Institute of Herbgenomics,
Chengdu University of Traditional Chinese Medicine. In brief, the cultured cell lines or
HEK293T cells (as control) were immersed in Tris-HCl buffer and subjected to sonication for
30 min. Subsequently, an ultrasonic cell disruptor was employed for further cell disruption.
Cell membrane fragments were separated by centrifugation and mixed with SiO,-TCT
pre-incubated with Flag antibody, then incubated with shaking in a metal bath for 1 h.
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The prepared packing material was rinsed twice with physiological saline. Using a
packing machine, it was continuously packed into the column core (2.0 x 10 mm) under
constant pressure to yield the DOR-Flag/CMC column. Subsequently, the compound
solution was analyzed with the CMC/RL 2020 (WOOKING, Shanghai, China) under the
following conditions: mobile phase: 2.5 mM KH,POy solution, diode-array detector, flow
rate: 0.2 mL/min.

4.6. Bio-Layer Interferometry

Cells were seeded in 6-well plates. Forty-eight hours after transfection with DOR, the
cells were collected. Subsequently, the cells were lysed in HEPES buffer containing 0.5%
Triton, 1 mM EDTA, 150 mM KCl, 0.5 mM TCEP, and cOmplete™ protease inhibitor cocktail.
The DOR protein in the lysate was then enriched by using Anti-FLAG® M2 Affinity Gel
(Sigma) and harvested through competitive elution. The obtained protein was immobilized
on the surface of the Streptactin XT probe for one hour. Subsequently, the probe was loaded
onto Gator Plus (Gator Bio, Suzhou, China) and sequentially bound to neferine at different
concentrations in a gradient manner. Each concentration point was incubated for 120 s.
After the compound binding, the protein was allowed to dissociate for 120 s in PBS buffer
containing 1% DMSO. Moreover, non-specific signals were subtracted. The experimental
temperature was kept at 30 °C, and the rotation speed was maintained at 1000 rpm.

4.7. RNA Extraction and Analysis

This section encompasses two experimental approaches: dose-response design in
6-well plates and split-sample design in 10 cm dishes. In the dose-response design groups,
HEK293T cells cultured in 6-well plates were transfected with DOR for 24 h. Subsequently,
they were treated with drug solutions diluted in complete medium at concentrations of
10 pM, 2 uM, 0.4 uM, 0.016 uM, 0.0032 uM, and 0 uM. Each concentration group contained
three biological replicates. Twenty-four hours after treatment, cellular RNA was extracted
using the TRIzol method [46] and sequenced. As for paired experimental design group,
cells were seeded in 10 cm dishes and transfected with DOR for 24 h. Half of the cells
were harvested as controls, while the other half were treated with 1 uM drug solution and
cultured for an additional 24 h. All samples, consisting of three biological replicates, were
processed using the TRIzol method for RNA extraction and subsequent sequencing.

For the RNA-seq data, normalization and filtering were carried out first. Then, dif-
ferential analysis was performed using DESeq?2 to identify DEGs. DEGs with an adjusted
p-value (padj) < 0.05 were selected. These genes were visualized using the R language to
generate Venn diagrams, volcano plots, and to conduct GO and KEGG enrichment analyses.

4.8. Statistical Analysis

For ONE-GO assay and cAMP assay, data were analyzed using ‘log(agonist) versus
response’ in GraphPad Prism v.8.0. The experimental results were independently replicated
three times.

5. Conclusions

In conclusion, this study, which encompassed in silico docking, direct binding vali-
dation, functional G protein pathway assays, and transcriptomics analysis, demonstrated
that neferine was not merely a ligand but a functional activator that specifically interacted
with Gj and G, proteins. This systematically established neferine, derived from N. nu-
cifera, as a novel, natural agonist of the DOR. Subsequent transcriptomic analysis revealed
DOR-mediated cellular regulatory processes following neferine stimulation. These findings
preliminarily demonstrated the potential biological activity of neferine, positioning it as a
highly promising lead compound. The underlying mechanism of the effect of neferine on
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DOR warrants further investigation, with potential applications in protective therapies for
neurological disorders.
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