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Introduction: Neuropathic pain (NP) is a multidisciplinary problem of medicine, psychology, sociology and economics. The
emotional disorders caused by neuropathic pain are seriously underestimated. The dynamic interaction between the NP and emotional
disorders greatly increasing the difficulty in clinical treatment, highlighting the importance of finding an effective treatment for
neuropathic pain combined with depression. Dihydromyricetin (DHM) has been shown to be effective in improving neurological
diseases due to its potent anti-inflammatory and neuroprotective effects.

Methods: In this study, through network pharmacology and bioinformatics, the potential targets and signaling pathways of DHM in
the treatment of neuropathic pain (NP) and depression (DP) comorbidities were predicted. Further animal experiments utilized the
spared nerve injury (SNI) model in mice. Mice received daily intraperitoneal injections of DHM (20 mg kg ') or vehicle for 14 days.
Mechanical sensitivity was assessed with the paw withdrawal mechanical threshold (PWMT), and depressive-like behaviors were
assessed by tail suspension test immobility time, open field test total distance moved and central time. Hippocampal levels of vascular
endothelial growth factor (VEGFA), vascular endothelial growth factor receptor 2 (VEGFR2), IL-1f, and TNF-a were quantified by
Western blot and immunofluorescence staining.

Results: VEGFA was found to have the high “degree” value after ranking by target correlation based on the analysis from network
pharmacology. SNI model evoked persistent the pain and depressive-like behavior that were paralleled by marked hippocampal down-
regulation of VEGFA/VEGFR2 and a concomitant surge in IL-1p and TNF-a. However, the pain and depressive-like behavior can be
relieved by DHM treatment. Both VEGFA and VEGFR2 were up-regulated in the hippocampus, and the changes of IL-1B and TNF-a
were improved after DHM treatment.

Discussion: This study elucidates that DHM alleviates neuropathic pain and depressive-like behavior, potentially be related to the
upregulation of the VEGFA/VEGFR?2 signaling pathway and subsequent attenuation of neuroinflammation.
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Introduction

Neuropathic pain (NP) affects about 10% of the population in the global.! It often has a worse prognosis and poor treatment
effect in clinical practice compared with other types of pain. Pain processing in the brain is complex, which can activate
circuits involved in a variety of psychiatric disorders, such as fear, withdrawal, depression and anxiety.” More than half of
patients with neuropathic pain are suffer from depression and anxiety.® Medications used to treat depression (TCAs and
SNRI antidepressants) are known to be beneficial for neuropathic pain.* It can be inferred that neuropathic pain and
depression serve as mutual risk factors for each other. However, the exact physiological mechanism has not been revealed,
so that significant challenges to the clinical management of chronic pain comorbid with depression. Consequently, the
development of a therapeutic approach that simultaneously alleviates pain and depression is of utmost necessity.
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Vascular endothelial growth factor (VEGFA) is an important neurotrophic factor and has been shown to have prominent
effects on different brain regions of the central nervous system, especially the hippocampus.”® VEGFA affects long-term
potentiation of neural signaling by regulating neurotransmitter transmission and synaptic plasticity.” In animal models of
sciatic nerve ligation, chronic constriction injury, or diabetic neuropathy, VEGFA blockade significantly attenuates
nociceptive responses.®’ The overexpression of VEGFA drives angiogenesis, which is a pivotal mechanism underlying
peripheral sensitization and chronic inflammation.'® However, the role of VEGFA in pain signaling is controversial. Several
studies have demonstrated that neuropathic pain is often accompanied by impaired nerve blood flow."" Especially, there is
a significant damage to the peripheral vasculature in diabetic neuropathic pain.'' Pharmacologic interventions in cancer
patients, such as the administration of bevacizumab in combination with oxaliplatin to inhibit VEGFA binding to its
endothelial receptor, have been shown to exacerbate neuropathy.'” Therefore, it is reasonable to conclude that VEGFA is
deeply involved in the occurrence of neuropathic pain. In addition, a recent cross-species transcriptional analysis demon-
strated that hippocampal vascular endothelial growth factor (VEGF), along with other growth factors such as fibroblast
growth factor and insulin-like growth factor-1, is dysregulated in both patients with major depression and in a rat model of
depression."? In vitro experiments showed that VEGFA promoted the proliferation of mouse cortical neuronal progenitor
cells, increased the diameter of neuronal cells, and increased the number of developing axons.'* At the cellular and
behavioral levels, VEGFA was found to be essential for antidepressant response and was significantly decreased in serum of
depressed patients and increased in serum of patients taking antidepressants for a long time.'® Therefore, the role of VEGFA
in neuropathic pain and depression may be mediated by regulating its signaling pathways. So, we hypothesized that VEGFA
might be a target for the comorbidity of neuropathic pain and depression (DP). However, it has not been reported that
comorbid NP and DP affect VEGFA expression in the hippocampus.

Dihydromyricetin (DHM), a flavonoid derived from grapevine vine, boasts a diverse array of significant pharmaco-
logical properties, including anti-alcoholism, anti-inflammation, antibacterial, anti-oxidation, anti-tumor, lipid and glu-
cose regulation, and neuroprotection.'® Given that DHM is capable of crossing the blood-brain barrier and diffusing into
brain tissue, it shows great potential for application in the treatment of human neurodegenerative diseases.'’ Recently,
a growing body of research has elucidated the effects of DHM on the central nervous system, demonstrating its ability to
mitigate oxidative stress and neuroinflammation, provide neuroprotection, and regulate cell proliferation.'® '
A consensus conclusion shown that DHM exerts analgesic and antidepressant effects by inhibiting the AGE-RAGE
and PI3K/AKT signaling pathways, suppressing NLRP3 inflammasome activation and the expression of pro-
inflammatory cytokines (IL-1B, IL-6, and TNF-a), and upregulating the neurotrophic factor BDNF.?*?* Based on the
spread of bioinformatics and the improvement of various databases in recent years, network pharmacology has become
an efficient method for the development of effective drugs.”® In this study, network pharmacology analysis showed that
VEGFA is one of the potential targets of DHM. On this basis, we observed the changes of VEGFA in the hippocampus of
mice with comorbid NP and DP which were induced by spared nerve injury (SNI), and explored whether the analgesic
and antidepressant effects of DHM are related to the regulation of VEGFA expression in the hippocampus.

Materials and Methods

Animals

Male C57BL/6J mice aged 8—10-weeks and weighing 18-25 g were provided from Guangdong Laboratory Animal
Center and kept in the Animal Center of the Second Affiliated Hospital of Guangzhou Medical University in the
following conditions: temperature 20-22°C, light 8:00-20:00 bright/20:00-8:00 dark room, free drinking water and diet,
and humidity 50%—60%. Any experimental design and operation should follow the international code of ethics for animal
pain research and be approved by the Animal Ethics Committee of Guangzhou Medical University (No. GY-A2021-028).

Chemicals

Dihydromyricetin (MCE Biotechnology Corporation, USA) was formulated in 0.9% saline containing 0.2% dimethyl
sulfoxide (DMSO) (PYG0040, Boster Biological Technology, China). In this experiment, dihydromyricetin was admi-
nistered intraperitoneally (i.p)., and the injection dose was 20mg/kg according to body weight.'®
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Experimental Animal Grouping

All the animals were assigned random ear notch codes by an independent experimenter and were randomly divided into
four groups: sham operation group (SHAM, n = 6), spared nerve injury group (SNI, n = 6), sham operation +
dihydromyricetin group (SHAM+DHM, n = 6), and spared nerve injury + dihydromyricetin group (SNI+DHM,
n = 6). Starting from 2nd week, in SHAM group and SNI group, the mice were given 0.1% DMSO dissolved in 0.9%
saline (ip) daily for 14 days (days 15~28), after sham surgery or receiving spare nerve injury (SNI) to sciatica,
respectively. In SNI + DHM group and SHAM+DHM group mice, the mice were accepted daily DHM (20 mg/kg)
(ip) for 14 consecutive days (days 15~28), after SNI or after sham surgery, respectively. For behavioral experiments, the
mechanical pain withdrawal thresholds (PMWT) were tested once a week after surgery, and the tail suspension test (TST)
and open field test (OFT) were tested from the second week after surgery.

SNI Model

Firstly, mice were put into an anesthesia machine and anesthetized with isoflurane (RWD Life Science, China), then
placed on a constant temperature heating plate for inhalation anesthesia apparatus. The left lower limb fur of mice was
removed, and the skin was sterilized with 75% alcohol. The incision was about 1cm marked with the skin of the
middle and lower 1/3 of the femur, the biceps femoris is bluntly separated with scissors, exposing the left entire sciatic
nerve and identifying the branch of the sciatic nerve: the smallest and earliest branch on the right is the sural nerve,
and the two thicker parallel ones on the left are the peroneal nerve and the tibial nerve. Then, a tweezer with a curved
tip was used to pick out the peroneal nerve and the tibial nerve, the ends were tied with two threads of 3—0 about 1cm
apart. The peroneal nerve and the tibial nerve were cut between the two ligation wires, and then the transected nerves
were put back in place. Pay attention to refrain from damaging or touching the intact sural nerve throughout all steps.
Lastly, the incision was closed with 3—0 wires. For the SHAM group, only the skin was cut and the biceps femoris was
blunt-separated until the sciatic, sural, peroneal, and tibial nerves were clearly visible, and the wound was closed

without touching any of these nerves.”’

Behavioral Tests

Paw Withdrawal Mechanical Threshold

Paw withdrawal mechanical threshold (PWMT) was detected by von frey filaments (Ugo Basile SRL, Italy). Put
the mice in an acrylic cylinder with a brown-black plastic film on a wire grid plate and acclimated for 30 min
until the mice calmed down. Choose different specifications (0.04, 0.07, 0.16, 0.4, 0.6, 1, 1.4 and 2 g) von frey
filament to stab left hind paws (between the third and fourth metatarsal) in mice, the filament should be bent at an
angle with each touch, maintained for 3s and each time interval for 5 min. Immediate paw reduction or licking
was marked as a positive response. If three or more positive responses occurred in five trials, they were recorded
as the mechanical threshold. Each mouse underwent more than three repeated rounds of experiments, with at least
a 10-min interval between each round.?' The final PWMT was represented by the mean of three repeated rounds
of experiments.

Open Field Test

Mice were moved to the test environment for 1h before testing. Then the mice were placed in a box measuring 40 * 40 *
30 cm’. Each mouse was gently placed in the center of the open-field arena, and its behavior was video-recorded for
5 min. Recording videos were analyzed and processed using ToxTrac to determine the time in seconds that the mouse
remained continuously in a positively central range that accounted for half the area of the entire box and the total distance
moved in millimeters of the mice traveled in the whole box. The device was cleaned with 75% alcohol disinfectant
before the next animal was put into the box.?®

Tail Suspension Test
The mice were put into the test environment to adapt for 1 hour, attach the cellophane tape to the third end of the mouse’s
tail to make it hang. The head of the mouse was 20 cm from the bottom of the device. The whole experiment was
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observed for a total of 6 minutes from the beginning of the suspension. The mice were allowed to adapt for the first
2 minutes without any recording, and the immobility time of the mice was recorded for the last 4 minutes. The
immobility time was automatically quantified over the last 4 min using VisuTrack. The device was cleaned with 75%
alcohol disinfectant before the next animal was put into. When the ethanol was completely evaporated, the experiment of
the next mouse was started.”’

A different experimenter, who was blinded to the group assignment, performed all behavioral tests. The mice were
identified by ear notch codes only.

Western Blot

The animals were sacrificed under isoflurane anesthesia on 28th day after completing all behavioral tests. The
hippocampal tissues were separated on ice, and the blood was washed with 4°C double distilled H,O. The tissues
were blotted dry with absorbent paper, loaded into 1.5 mL EP tubes, and placed in jars containing liquid nitrogen to
freeze for 30 ~ 60 min. RIPA buffer (P0013B, Beyotime, China), protease inhibitors and phosphatase inhibitors (P8340,
Sigma-Aldrich, USA) were added for lysis. The tissue was ground fully at low temperature to avoid degradation and
centrifuged at 12000 rpm for 30 min at 4°C. After centrifugation, separating into three distinct layers was visible; the
upper supernatant was retained as the protein of the tissue, and the lower two layers were discarded. Protein concentra-
tions were determined according to the instructions of the BCA kit (23225, Thermo Fisher Scientific, China). The
samples were prepared at 2 ug/mL using SDS and double-distilled water and then placed at —20°C until use. Using Bio-
Rad electrophoresis apparatus, 10 mL (20 ug) of each group of samples was aspirated into 10% SDS-polyacrylamide gel
wells, and the proteins were separated by a constant pressure of 110 V and transferred to polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, USA) by constant current of 220 mA. 5% skim milk powder in 1* TBST
configuration incubated PVDF membrane for 1 h at 23 + 1°C. After further washing with 1* TBST, the PVDF
membranes were incubated with rabbit antibodies (TNF-a (1:800, Proteintech, China), IL-1f (1:800, Proteintech,
China), VEGFA (1:1000, Abcam, USA), VEGFR2 (1:1000, Cell Signaling Technology, USA), mouse antibodies
GAPDH (1: 25000, Proteintech, China), TUBULIN (1: 25000, Proteintech, China) overnight at 4°C. The membranes
were washed with 1* TBST every 5 min for four times. The corresponding HRP secondary antibodies were diluted in 1*
TBST and incubated for 1 h at 23 + 1°C. After washing with 1* TBST for four times every 5 min, then the bands signals
were visualized by chemiluminescence on a Bio-Rad system. Bands were quantified using Image-J software, and target

proteins were normalized against the reference gene GAPDH or TUBULIN.*®

Immunofluorescence Staining
Anesthesia of the mice with isoflurane was required to ensure that the circulatory system was still present, and then
cardiac perfused with PBS and 4% paraformaldehyde (PFA). The hippocampus tissues were obtained on ice and
immersed in 4% PFA solution for fixation. The next day, the samples were immersed in 10%, 20%, and 30% sucrose
solutions for gradient dehydration, and when the sample sank to the bottom, the next gradient of sucrose solution was
replaced. The hippocampal tissue was cut into 10um sections using a cryomicrotome (Leica).’’ The sections were
blocked in 10% BSA solution for 1 h at 23 + 1°C, and incubated overnight in a 4°C refrigerator with primary antibody
(rabbit anti-VEGFA, 1:200, Abcam, USA; Mouse anti-VEGFR2, 1:200, Abcam, USA; Mouse anti-NEUN, 1:200,
Ptoteintech, China; rabbit anti-NEUN, 1:200, Ptoteintech, China). With 1* TBST washed, the second day the slide
was incubated with secondary antibody (Alexa 594 goat anti-mouse 1:1000, Abcam, USA; Alexa 488 goat anti-rabbit
1:500, Abcam, USA) for 1 h at 23 &+ 1°C. Sections were washed with PBS, then sealed with an anti-fluorescence quench
containing DIPA (Abcam, USA) for 10 min and finally sealed with a cover slip and glycerin to seal the edge. Observation
was performed using a Leica microscope (Olympus, Japan).

All harvested hippocampus tissues were labeled with ear notch codes by a third individual. Analysts performing
Western blotting, immunofluorescence, and image quantification remained blind to group identity and codes were

revealed only after statistical analyses were complete.

4 https: Journal of Inflammation Research 2026:19



Li et al

Network Pharmacological Analysis

Prediction of the Intersection Targets of DHM with Depression and Neuropathic Pain

Using the PubChem database to obtain the DHM specification SMILES string construction, the string input Swiss target
prediction database and TargetNet database, p value >0 as a filter condition, to obtain drug targets. The above targets
were input into Uniprot KB and “Homo sapiens” was selected to obtain the standardized format of drug target gene
name. Importing the keywords “depression” and “neuropathic pain” enter Genecards database (correlation score >1 is
selected), TTD database and OMIM database, to filtrate genes that intersect depression and neuropathic pain in the

species “Homo sapiens”.**

Construction of Drug-Disease Target PPl Network

Using online tools Venny 2.1 to determine and visualize DHM with common targets between depression and
neuropathic pain. The common genes obtained from the Venny graph were imported into the STRING database to
obtain PPI relationships. Downloading the network diagram, and saving the results as TSV format files. Then
imported the files into Cytoscape 3.9.1 software with degree centrality (DC) as the sorting standard for visual

analysis.

Biological Function and Pathway Enrichment Analysis

Forty-five intersection targets import the Metascape database and set p-value <0.05 as screening threshold to execute
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and annotate the Gene Ontology (GO). Select the
biological processes, cellular component, molecular function of the top 10 GO terms and top 25 KEGG pathways
imported into the Weishengxin platform to draw charts.

Statistical Analysis

All data were presented as mean + standard error of the mean (SEM). Graphs were generated from GraphPad Prism 8 and
Adobe Illustrator. Statistical analyses were performed by Image] and GraphPad Prism 8. In cases of multiple compar-
isons, a One-way analysis of variance (ANOVA) was used for statistical analysis, for longitudinal behavioral data over
time, a Two-way repeated measures ANOVA was used for statistical analysis, followed by Fisher’s post hoc test, p < 0.05
was considered significant.

Result
DHM Increased the Paw Withdrawal Mechanical Threshold (PWMT) and Alleviated

Depressive-Like Behaviors in Mice

As shown in Figure 1, we observed changes of PWMT and depressive-like behaviors in mice after modeling and
after two weeks of DHM treatment. The PWMT of mice in the SNI group were significantly lower than those in
the SHAM group, from the first day after modeling, the PWMT of the SNI group began to decrease, especially on
the 3rd day, the difference was very significant between the SNI group and the SHAM group (p < 0.0001), and the
pain sensitivity lasted until the 28th day (p < 0.0001). After 2 weeks of DHM treatment, the PWMT in SNI +
DHM group was significantly increased compared to the SNI group (p = 0.0034). In the TST, the immobility time
of the SNI group was much longer than that of the SHAM group at the second week after successful modeling
(p = 0.0047). At the 3rd and 4th weeks of the SNI group, the immobility time exhibited an increasing trend
compared to that observed during the 1st and 2nd weeks. It was also observed that the total moving distances of
the OFT in the SNI group was shorter than in the SHAM group at the 2nd week (p = 0.0012), but there was no
significant difference between the SNI group and the SHAM group at the 3rd or 4th week. The center time of
OFT was lower in the SNI group than that in the SHAM group until the 3rd week (p = 0.0030) and 4th week (p =
0.0252). In addition, following two weeks of DHM treatment, the treatment group exhibited a significantly shorter
immobility time in the TST (p = 0.0017) and a significantly longer center time in the OFT (p = 0.0095) compared
with the SNI group.
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Figure | (A) Schematic of the SNI and behavior tests at the time points after the SNI model. (B) The PWMT of the SNI model and the effects of dihydromyricetin
treatment in mice. (C) The total distance moved traveled in OFT of each group recorded. (D) The immobility time of the four groups in the TST. (E) The total distance
moved of four groups in the OFT. (F) The center time of four groups in the OFT. n = 6, Two-way ANOVA, data are displayed as the means * standard error of the mean, *p
<0.05, #p < 0.0l and ***p <0.001 vs SHAM group; #p < 0.05 and ##p < 0.0 vs SNI group.

The above data showed that the total distance moved by mice in SNI group in the OFT were lower than those in
SHAM group at the second week after modeling, while the total distance moved of mice in the SNI group and SHAM
group had no significant difference in OFT at the 3rd week after modeling. It is possible that SNI surgery affect the
normal activities of mice within two weeks. After two weeks, the effect of surgery on mouse behaviors can be excluded.
The immobility time of TST and the center time of OFT could represent the depressive behaviors of mice. So, our results
showed that mice developed depressive symptoms 4 weeks after modeling, and DHM treatment for 2 weeks can
significantly alleviate depression-related behaviors.
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Summary of Disease Targets for Neuropathic Pain and Depression and DHM Drug
Targets

To explore the potential targets and signaling pathways of DHM in the treatment of neuropathic pain with depression, we
employed a network pharmacology approach. Specifically, as shown in Figure 2, we identified 1700 and 3751 genes
associated with neuropathic pain and depression, respectively, from the GeneCards database. Additionally, we retrieved
genes from the OMIM database (16 genes for neuropathic pain and 3 genes for depression), the TTD database (53 genes
for neuropathic pain and 33 genes for depression), and the PharmGKB database (148 genes for neuropathic pain and 602
genes for depression). Furthermore, we obtained 70 and 114 potential targets of DHM from the Swiss Target Prediction
platform and TargetNet database, respectively. Upon integrating and de-duplicating all the collected genes, we ultimately
identified 1849 target genes for neuropathic pain, 4163 target genes for depression, and 148 target genes for DHM.
Notably, through analysis using the Venny database, we pinpointed 45 genes that serve as potential targets for DHM in
the treatment of both neuropathic pain and depression. We uploaded the 45 common targets to the STRING 12.0 database
for analysis to construct the disordered protein—protein interaction (PPI) network map. Upon examination, we found that
the gene galanin receptor 3 (Galr3) did not interact with any of the remaining 44 genes. As a result, the PPI network map

Neuropathic pain Depression

Dihydromyricetin

Figure 2 (A) Venn diagram of dihydromyricetin treatment for neuropathic pain and depression targets. (B) 45 common targets showed by disordered protein—protein
interaction (PPl) network map. (C) 44 common targets showed by protein—protein interaction (PPI) network analysis. Both the size and color depth of the node are
calculated from the “degree” value, the larger and darker nodes have a higher degree.
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displays only the 44 nodes and their interactions. The visualization of the disordered PPI network map was further refined
according to the “degree” value using Cytoscape 3.9.1. In this network, the nodes represent the 44 common targets shared
between the drug and the disease, while the line segments connecting the nodes signify the interaction relationships
between the target proteins. Based on the “degree” value, we selected the top 25 targets for further analysis.

Gene Ontology (GO) Enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway Enrichment Analyses

The 45 common targets of DHM, neuropathic pain, and depression were subjected to Gene Ontology (GO) enrichment
and Kyoto Encyclopedia of Genes and Genomes (KEGQG) pathway enrichment analyses by the Metascape database. As
shown in Figure 3, this comprehensive analysis yielded a total of 85 KEGG signaling pathways and 1096 GO items,
which were further categorized into 926 biological process (BP) items, 67 cellular component (CC) items, and 103
molecular function (MF) items. Under the significance threshold of (p < 0.01), the top 10 terms for each category (BP,
CC, and MF) were selected based on their p-values for detailed analysis. The results indicate that these potential targets
are primarily associated with the activity of neurotransmitter receptors, transmitter-gated ion channels, and nuclear
(steroid) receptors, which play crucial roles in mediating neuropathic pain and depression.*>>* Similarly, the top 25
KEGG signaling pathways were selected and visualized in a map. These pathways include ligand-receptor interaction,
calcium signaling pathways, IL-17 signaling pathways, retrograde endocannabinoid signaling, Rap1 signaling pathway,
cAMP signaling pathway, AGE-RAGE signaling, estrogen signaling, prolactin signaling, and VEGF signaling pathways.

These pathways are particularly relevant to the comorbidity of neuropathic pain and depression.>*>>°

DHM Increase the Expression Levels of VEGFA, VEGFR2, IL-I13 and TNF-a in the

Hippocampus
The intensity of Western blot bands represents VEGFA, VEGFR2, IL-1p and TNF-a protein expression. According to the
data, as shown in Figure 4, the expression levels of VEGFA (p = 0.0018) and VEGFR2 (p = 0.0033) in the hippocampus
of the SNI group were lower than those of the SHAM group. After 2 weeks of DHM treatment, compared with the SNI
group, the signals of VEGFA (p = 0.0058) and VEGFR2 (p = 0.0489) bands were enhanced in the SNI + DHM group.
However, the expression of IL-1B (p < 0.0001) and TNF-a (p = 0.0006) protein was enhanced in the SNI group. After
two weeks of DHM treatment, the expression of IL-1p (p = 0.0005) and TNF-a (p = 0.0077) protein was reduced.
Immunofluorescence double labeling was used to detect the immune reactivity in the hippocampus. NEUN represents
mature neurons. The positive rate per visual field of NEUN, VEGFA, VEGFR2 (p < 0.0001) and the co-expression of
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Figure 3 (A) Bubble plot showing the top 25 significantly enriched pathways from KEGG enrichment analysis. Pathways with more enriched genes are represented by larger
bubbles. The color of the bubbles indicates the significance level based on the p value. (B) Bar graph showing the top 10 significantly enriched pathways obtained from GO
enrichment analysis. Pathways with more enriched genes are represented by higher bars. The different color represents category.
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Figure 4 (A) Protein bands of VEGFA and VEGFR2 in the hippocampus. (B and C) Statistical analysis of VEGFA and VEGFR2 by normalizing to GAPDH or TUBULIN. (D)
Protein bands of IL-IB and TNF-a in the hippocampus. (E and F) Statistical analysis of IL-13 and TNF-o by normalizing to TUBULIN. (G) Immunofluorescence staining of
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50um. (J) Statistical analysis of VEGFR2-positive, NEUN-positive expression and the double-positive expression of NEUN-VEGFR?2 in hippocampus in mice. n = 3, One-way
ANOVA, data are displayed as the means # standard error of the mean, *p < 0.01, #*p < 0.001 vs SHAM group; “p < 0.05, "p< 0.01 and *p< 0.001, vs SNI group.
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VEGFA-NEUN (p < 0.0001) and VEGFR2-NEUN (p = 0.0005) in the hippocampus were lower in the SNI group than
those in the SHAM group. After two weeks of DHM treatment, the positive rate per visual field of NEUN, VEGFA,
VEGFR2 (p < 0.0001) and the co-expression of VEGFA-NEUN (p = 0.0006) and VEGFR2-NEUN (p = 0.0195) were
increased in the SNI + DHM group.

Discussion

Clinically, patients with chronic pain are usually complicated with mental diseases such as anxiety, depression, and
cognitive impairment. Depression is one of the most common comorbidities, and in turn, patients with depression are
also prone to complicating of chronic pain.*' Traditional analgesic drugs or antidepressant drugs are far from meeting the
needs of these patients, and most of them show poor prognosis and low therapeutic effect, which greatly affects the
quality of life of patients and causes a terrible financial burden.*® This prompts us to pay attention to the mechanism of
the comorbidity of chronic pain and depression and seek new therapeutic drugs according to the mechanism.
Dihydromyricetin exhibits multiple pharmacological properties, including anti-inflammatory, antioxidant and neuropro-
tective effects.'” DHM can cross the blood-brain barrier, exerting positive effects on the brain without the risk of
toxicity.*'*** In this study, chronic neuropathic pain was modeled by ligating and transection of the proximal tibial and
common peroneal nerves, and pain status was assessed via PWMT. After SNI was established, the open field test and tail
suspension test were used to evaluate the depression level of mice and to evaluate whether SNI models could induce
neuropathic pain and depressive-like behavior, and whether dihydromyletin could improve pain behavior and depression
behavior. With the help of network pharmacology analysis, we predicted that the alleviation of neuropathic pain with
depression by DHM might involve complex signaling pathways and multiple targets. Cytoscape3.9.1 was used to rank
the correlation of all intersecting targets, and the target VEGFA was determined to be the most strongly associated with
neuropathic pain comorbid with depression. Then the protein expression levels of VEGFA/VEGFR2 and related
inflammatory factors were detected by Western blot. The expression and co-localization of VEGFA/VEGFR2 and
NEUN were detected by immunofluorescence double labeling. Our results strongly support that DHM treatment can
significantly alleviate the persistent mechanical hyperalgesia and depression-like behavior at the 14th day to 28th day
after SNI surgery. And the possible mechanism of DHM alleviate neuropathic pain is related to reducing the inflamma-
tion level of the central nervous system and normalizing the VEGFA/VEGFR?2 signaling.

The changes of PWMT can accurately reflect pain behavior. The results of PWMT was significantly decreased after
the model was established and was increased after DHM treatment. Depressive-like behaviors can be decomposed into
anhedonia and manifestations of despair.*® In this experiment, depression-like behaviors were evaluated mainly from the
locomotor activity and exploratory behavior of the mice. The time spent in the central zone in the open field test can
reflect the exploration ability of mice. Meanwhile, mice in the SNI group spent significantly less time in the central area
compared to those in the SHAM group, indicating a marked reduction in exploratory behavior. Conversely, mice in the
DHM group exhibited an increased central zone exploration time. These findings suggest that the SNI group displayed
depressive-like behavior characterized by diminished exploratory activity, whereas the treatment of DHM effectively
alleviated these depressive-like symptoms. Due to the variety of depression-like behaviors, it is difficult to comprehen-
sively respond to the situation by a single behavioral exploration. Therefore, the TST is another traditional method
employed to assess depression-like behaviors in animals, which is by putting mice in an inverted suspension position to
observe their desire to struggle.”” In our experiment, the SNI group showed an increase in immobility time at 2 weeks
after modeling. However, the DHM treatment group showed a significant decrease in immobility time compared with the
SNI group. Above results confirmed that SNI model can successfully simulate neuropathic pain and depression
comorbidity in mice, and DHM has the potential to alleviate pain and improve depression-like behavior.

Network pharmacology is a systems biology approach that has been widely used to explore potential targets between
drugs and diseases.** In recent years, with the rapid improvement of the internet and the establishment and improvement
of various databases, the improved accuracy and effectiveness have made it widely used to identifying effective
therapeutic compounds for relevant diseases from traditional Chinese medicine. Based on the analysis of previous
research finding and network pharmacology methods, DHM has multiple targets related to relieving chronic pain and
antidepressant function. Among these core targets, most of them are related to inflammatory response, immune regulation
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and neurotransmitter transmission. Ten targets were identified with a high degree of relevance, including PTGS, SRC,
ESRI, PPARG, HSP90AAI, MAPK14, MMPY, APP, VEGFA and PPARA. In addition, enrichment of these related targets
by KEGG signaling pathway, 85 signaling pathways were screened. Based on the ranking by p-value, the top 25
signaling pathways were identified. Drawing on our group’s previous research findings, we determined that VEGFA acts
on VEGFR2 and contributes to SNI-induced neuropathic pain via the p-Akt/TRPV1 pathway.30 Given this evidence, the
VEGEF signaling pathway was selected for further in vivo validation.

VEGFA is a member of growth factors, which is indispensable in the pathophysiology of angiogenesis, tumor
progression and inflammatory factor recruitment.*> It has been proposed that VEGFA is involved in the signals
communication between the vascular system and nervous system. In addition to its role in regulating vascular processes,
VEGFA directly regulates neuronal function by activating VEGFR2.*® Therefore, more and more scholars have proposed
that VEGFA may mediate the formation of chronic pain. Following partial ligation of the sciatic nerve (PSL), the levels
of VEGFA in the spinal cord were observed to increase at both the protein and nucleic acid levels.'” Additionally, the
administration of inhibitors targeting VEGFA and its receptor, VEGFR, has been shown to result in elevates mechanical

and thermal pain thresholds.'’

Given that VEGFA has neurobiological activities in the peripheral and central nervous
systems, including neurotrophic and neuroprotective function, it directly modulates neuronal and glial cell functions.*’
Several studies indicate that VEGFA, functioning as a neurotrophic factor, influences neurogenesis, thus suggesting it is
a promising target for the development of antidepressants.*® Several studies considered that the baseline of VEGFA is
down-regulated in the central system of depression model mice and clinically depressed patients.**° Meanwhile, both
animal models and clinical applications of antidepressants have been shown to exert neuroprotective and nerve
regeneration effects through VEGF signaling.”® We evaluated the alterations in VEGFA/VEGFR2 in the hippocampus
of SNI-induced neuropathic pain in depressed mice. Western blot showed that the protein expression of VEGFA and
VEGFR2 in the hippocampus of the SNI group was decreased. However, the decrease of VEGFA and VEGFR2 can be
reversed after DHM treatment. The immunoreactivity of VEGFA and VEGFR2 in the hippocampus also showed
decreased expression in the SNI group. Surprisingly, we observed that VEGFA-NEUN and VEGFR2-NEUN were
strongly co-expressed in the dentate gyrus of the hippocampus. But the co-expression of VEGFA-NEUN and VEGFR2-
NEUN in the hippocampus of the SNI group was decreased. These changes can also be reversed by DHM treatment. Our
results indicate that the expression of VEGFA/VEGFR2 in the hippocampus of neuropathic pain combined with
depression is decreased, which is different from that of chronic pain. This divergence may reflect region-specific or time-
dependent responses: spinal VEGFA rise could support acute nociceptive transmission, while hippocampal VEGFA
decline may underlie chronic affective-cognitive sequelae. Otherwise, the sample size for Western blot and immuno-
fluorescence analyses in this study was set at n = 3 per group, consistent with sample sizes used in previous preliminary
studies of similar pain-depression comorbidity models. We acknowledge that this limited sample size may affect the
statistical robustness and reliability of the results. Further direct comparative studies employing larger sample sizes
should be conducted to investigate VEGFA dynamics in both the spinal cord and hippocampus within the same model.
DHM markedly reduces both pain and depressive-like behavior, an effect tightly linked to concurrent up-regulation of
VEGFA/VEGFR2 expression. VEGFA-NEUN and VEGFR2-NEUN were highly co-expressed in the dentate gyrus of the
hippocampus. We propose that a low VEGFA/VEGFR2 signaling mechanism is present in the hippocampus during the
comorbidity of neuropathic pain and depression, while DHM demonstrates therapeutic potential in the comorbidity of
neuropathic pain and depression, possibly be related to its activation of the VEGFA/VEGFR2 signaling pathway and its
neuroprotective effects on neurons within the hippocampal dentate gyrus.

Studies have supported that both chronic pain and depressive-like behaviors are strongly related to
neuroinflammation.’’ At the same time, many treatments for neuropathic pain and depression (including neuromodula-
tion, radiofrequency ablation, spinal cord stimulation, etc.) involve anti-inflammatory efficacy.’>>* Our results confirmed
that the expression of IL-1 and TNF-a in the hippocampus was significantly higher in SNI group compared to the
SHAM group. DHM treatment reduced the levels of these inflammatory factors. We hypothesized that the co-occurrence
of pain and depression may be attributable to reduced expression of VEGFA/VEGFR?2 in the hippocampus, which could
be associated with elevated levels of inflammatory factors. Therefore, the alleviation of neuropathic pain and depression
by dihydromyricetin is likely associated with the upregulation of VEGFA/VEGFR2 signaling and the concomitant
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reduction of neuroinflammation. The current experiments have not evaluated whether there is a causal relationship
between these observed effects. To fully elucidate the underlying mechanisms, further investigation is warranted to
explore whether the VEGFA signaling pathway is a necessary or sufficient condition for the analgesic and antidepressant
effects of DHM and other and other mechanisms that may be implicated.

Conclusion

Our study demonstrates that DHM can effectively alleviate neuropathic pain and depression symptoms by SNI. This
effect is associated with the upregulation of VEGFA and VEGFR2 expression in the hippocampus and the reduction of
inflammatory factors IL-1p and TNF-a. These findings suggest that DHM may serve as a promising therapeutic agent for
the treatment of comorbid neuropathic pain and depression.
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