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Unraveling the regulatory mechanisms of tetrandrine in microglial
phenotypic transition and neuronal autophagy for relieving diabetic
neuropathic pain
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Abstract: Background: Diabetic neuropathic pain (DNP) is a prevalent and debilitating complication of diabetes mellitus,
characterized by persistent pain and neuroinflammation. Current treatments often provide inadequate relief, highlighting
the need for novel therapeutic strategies targeting its underlying mechanisms. Objectives: This study aimed to investigate
the therapeutic potential of tetrandrine (Tet) in alleviating DNP and to elucidate its effects on two key pathological
processes: neuronal autophagy and microglial polarization. Methods: To establish the DNP model, rats received an
intraperitoneal injection of streptozotocin. Pain behavior was assessed weekly using mechanical withdrawal threshold and
thermal withdrawal latency tests. Relevant markers were analyzed via reverse-transcription quantitative real-time
polymerase chain reaction, enzyme-linked immunosorbent assay, immunofluorescence, or Western blot. To further
investigate the underlying mechanisms, in-vitro experiments were conducted using high glucose-treated neuronal cells and
lipopolysaccharide-stimulated BV2 microglia. Results: Tet administration significantly alleviated pain hypersensitivity
and neuroinflammation in DNP rats. Mechanistically, this effect might be achieved through a dual modulation of
neuroimmune processes and intracellular clearance pathways. Tet shifted microglial polarization from the pro-
inflammatory M1 phenotype toward the anti-inflammatory M2 state. Concurrently, it enhanced autophagic activity, as
evidenced by an increased LC3-II level and LC3-II/LC3-I ratio, restored expression of the mitophagy-related proteins
PINK1 and parkin and reduced p62 accumulation. In-vitro findings corroborated these mechanisms: Tet balanced the
expression of M1 and M2 markers in activated microglia and similarly upregulated key autophagy-related proteins (LC3-
I, PINKI1, parkin) in neurons under high-glucose stress. Conclusion: Tet alleviates DNP, potentially through the
concurrent modulation of microglial phenotypic transition and neuronal autophagy. These findings identify Tet as a
promising multi-target agent for DNP and elucidate its potential mechanisms of action.
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INTRODUCTION achieving satisfactory pain relief (Breitinger and Breitinger,
2023). Hence, the formulation of novel targeted therapeutic
Diabetes mellitus (DM) has become a major global public  strategies for DNP is an immediate clinical concern.
health issue, marked by a significant rise in its prevalence
(Antar et al. 2023). A common complication of DM is
diabetic neuropathic pain (DNP), which involves

spontaneous nociceptive hypersensitivity, such as tingling

Composed mainly of neurons and glial cells, the dorsal
horn of the spinal cord is the primary entryway for
peripheral sensory signals like nociception and itch to the

and ants crawling sensations in symmetrical limbs (Li et al.,
2023). DNP can lead to sleep disturbances, anxiety and
depression, which can reduce patients' quality of life (R.
Zhang et al. 2022; Gazzeri et al. 2025). The primary
treatment strategy for DNP is to manage high blood
glucose and other modifiable risk factors, although these
efforts may not suffice to prevent or reduce DNP (Jang and
Oh, 2023; Braffett et al, 2024). The present
pharmacological approach to treating DNP includes
opioids, antidepressants and topical agents like capsaicin
and gamma-aminobutyric acid analogs (Bhandari et al.,
2021). As the complex pathophysiology of DNP has not
been fully elucidated, it is frequently underassessed and
undertreated, leading to a small number of patients
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central nervous system. Microglia activation has been
found to be essential in the progression of neuropathic pain
(Ding, 2025). Microglia activation, along with the ensuing
spinal neuroinflammatory cascade are critical to DNP
development. Following peripheral nerve injury, pain
signals reach the dorsal root ganglia (DRGs) and the dorsal
horn of the spinal cord via primary receptors, releasing
neurotransmitters to activate microglia. When microglia
are activated, they release proinflammatory cytokines that
cause excitatory responses in spinal cord neurons, resulting
in sensory neuropathies and pain, which contribute to
central sensitization (Kuthati et al., 2023; Chong and
Souayah, 2025). Activated microglia can be polarized to
either the M1 or the M2 phenotype. M1 microglia are
proinflammatory and cytotoxic, promoting
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neuroinflammation and exacerbating central sensitization,
whereas M2 microglia are anti-inflammatory and
neuroprotective, inhibiting neuroinflammation to reduce
central sensitization. Therefore, strategies that prevent M1
polarization and encourage M2 polarization may be
effective in treating DNP (Si et al., 2024).

Autophagy is a cellular degradation and recycling process
that supports tissue homeostasis and energy supply
(Klionsky et al., 2021; S. Liu et al., 2023). As long-lived,
postmitotic cells, neurons particularly rely on autophagy to
clear toxic or dysfunctional proteins and organelles,
thereby maintaining neurotransmission and preserving the
integrity of their functional proteome. This process exerts
a protective effect on neuronal cells and is crucial for
supporting neuroplasticity and normal nervous system
function (Puglisi-Allegra et al. 2023; Karpova et al. 2025).
Autophagy aids in restoring peripheral nerve function by
promoting myelin and axonal regeneration, making
targeted autophagy regulation a promising therapeutic
strategy for peripheral nerve regeneration (Yon et al. 2023;
Chen et al. 2025). The involvement of autophagy in
neuropathic pain has been identified, with insufficient
autophagic activity potentially leading to disease
development (Zheng et al., 2023). Docosahexaenoic acid-
rich supplements for type 2 DM patients reduce circulating
neurotoxic lipids and raise serum ATGS, an autophagy
marker (Duran et al., 2024). Moreover, bupivacaine
induces defective autophagy, aggravating nociceptive
hypersensitivity in DNP mice. Meanwhile, activating
autophagy with rapamycin can decrease nociceptive
hypersensitivity in bupivacaine-treated DNP mice,
whereas inhibiting autophagy with bafilomycin Al
exacerbates it (Fan ef al., 2024). This points to the
possibility that restoring autophagy under local anesthesia
and pain management could treat DNP.

Tetrandrine (Tet), a natural compound derived from the
plant Stephania tetrandra S. Moore, exhibits a broad
spectrum of pharmacological properties, including
anticancer, antibacterial, anti-inflammatory, antioxidant,
immunosuppressive, cardiovascular and calcium channel-
blocking activities (Gong et al., 2024). Notably, Tet has
been shown to significantly inhibit DM and associated
kidney damage (L. Su et al., 2020), highlighting its
therapeutic potential for DNP. Furthermore, Tet alleviates
mechanical hyperalgesia in a spared nerve injury model in
mice, an effect attributed to reduced neuroinflammation
and decreased levels of chemokine-like factor 1 (Z.L.
Zhang et al., 2023). While these studies suggest Tet as a
promising candidate for DNP treatment, the precise
mechanisms underlying its beneficial effects remain
incompletely understood.

In the present study, it is hypothesized that Tet exerts its
therapeutic effects through a dual mechanism: promoting a
shift in microglial polarization from the pro-inflammatory
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M1 phenotype toward the anti-inflammatory M2 state and
modulating neuronal autophagy. To test this hypothesis, a
combined in-vivo and in-vitro approach was employed.
First, a rat model of DNP was established to evaluate the
therapeutic efficacy of Tet and to explore its underlying
mechanisms. These mechanisms were further investigated
in-vitro using high glucose-stimulated PC12 cells and
lipopolysaccharide (LPS)-activated BV2 microglia.

MATERIALS AND METHODS

Experimental animals

Specific pathogen-free healthy male SD adult rats (6-7
weeks old, 220-250 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The rats were given standard chow and clean water,
maintained at 60% humidity, with a room temperature
ranging from 21 to 26°C and a 12-h light/dark cycle for one
week prior to the experiment. The use of all animals was
approved by the Experimental Ethics Committee of
Institutional Animal Care and Use Committee of Zhejiang
Chinese Medical University (Approval Number:
202402586[15]).

Rat model and treatment

Based on established protocols (J.W. Wang et al., 2022;
Lee et al., 2024) with modifications, a DNP rat model was
induced. Briefly, after a 16-hour fast, rats received a single
intraperitoneal injection of streptozotocin (STZ; 65 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) dissolved in sodium
citrate buffer (pH 4.5). Control rats (n=12) were injected
with an equal volume of citrate buffer. Diabetes was
metabolically confirmed three days post-STZ injection
using a fasting blood glucose (FBG) level > 16.7 mmol/L
measured from the tail vein. Behavioral phenotyping was
then performed by monitoring the mechanical withdrawal
threshold (MWT) and thermal withdrawal latency (TWL).
Rats that displayed sustained reductions in both MWT and
TWL below 85% of their pre-diabetes baseline at 14 days
after STZ injection were defined as having DNP and
included in subsequent experiments.

A total of thirty-six DNP rats were randomly allocated to
three experimental groups using a computer-generated
randomization sequence (n = 12 per group): the DNP
model group, the low-dose Tet group (15 mg/kg) and the
high-dose Tet group (30 mg/kg). Beginning 14 days after
STZ injection, rats received daily oral gavage for 28
consecutive days with either saline (DNP model group) or
the corresponding dose of Tet. The tetrandrine used (purity
> 98.0%) was obtained from Chengdu Alfa Biotechnology
Co., Ltd. (Chengdu, China) and the selected doses were
determined based on previous reports (L. Su ef al., 2020;
Z.L. Zhang et al., 2023) and optimized through preliminary
experiments.

Body weight, FBG and behavioral tests were monitored on
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a weekly basis throughout the entire study. Measurements
commenced one week prior to STZ injection (establishing
baseline values) and continued until the conclusion of the
treatment phase. All behavioral assessments were
conducted by experimenters blinded to group assignments.
Testing was performed consistently at the same time of day
in a dedicated, quiet behavioral room, following a
standardized 30-minute acclimatization period for the
animals. This longitudinal design enabled continuous
tracking of neuropathic pain progression and precise
evaluation of the time-dependent therapeutic effects of Tet,
moving beyond a single endpoint to capture the dynamic
response to treatment.

MWT assay
MWT in rats was measured using an automated Von Frey

pain measurement instrument (Ugo Basile, Comerio, Italy).

Approximately 30 minutes were given for the rats to
acclimate to the test environment. The rats were placed on
a metal mesh frame and their foot soles were stimulated
mechanically with a metal wire, with a maximum force
limit of 50 g to avoid injuries. Each rat was subjected to
testing at least three times, with a minimum 5-minute
interval before the second test and the average of these tests
was calculated as the mechanical pain threshold for each
rat.

TWL assay

The rats were allowed to acclimate in a clear plastic
container for 30 minutes, after which their thermal pain
threshold was assessed using a Hargreaves analgesiometer
(Ugo Basile). An infrared light was pointed at the rat's hind
paw and when the rat felt pain, it would retract its paw, at
which time the reaction timer stopped and the time
(seconds) was recorded. Each measurement was capped at
30 seconds to prevent injury. Testing was conducted on
each rat at least three times, with a second test on the same
rat performed after at least a 5-minute interval and the
average of these tests was calculated as the thermal pain
threshold for each rat.

Specimen collection

Upon completion of behavioral testing, rats were deeply
anesthetized with an intraperitoneal injection of 3%
pentobarbital sodium and transcardially perfused with ice-
cold saline. The lumbar vertebral column was rapidly
dissected to obtain the target tissues. For analyses of the

spinal cord dorsal horn, the tissue was processed as follows:

one portion was fixed in 4% paraformaldehyde for
immunofluorescence, while the contralateral side was
snap-frozen in liquid nitrogen for subsequent enzyme
linked immunosorbent assay (ELISA) and reverse-
transcription quantitative real-time polymerase chain
reaction (RT-qPCR).

For Western blot analysis, the L4-L6 dorsal root ganglia
(DRGs) were used. Under a surgical stereomicroscope,

DRGs were visually identified adjacent to their
corresponding  intervertebral foramina, meticulously
isolated from surrounding connective tissue and spinal
nerves, promptly collected and then snap-frozen in liquid
nitrogen. All frozen samples were stored at -80°C until
analysis.

Due to the limited amount of tissue obtainable from each
rat, it was not feasible to conduct all analytical assays on
the same animal. In strict adherence to the 3R principles
(Replacement, Reduction, Refinement) endorsed by the
ethics committee, the study was designed to minimize
animal use while maximizing the information derived from
each subject. Accordingly, for each major experimental
analysis, tissues from a minimum of six randomly selected
animals per group were used.

Immunofluorescence

The tissue sections underwent standard deparaffinization,
rehydration and antigen retrieval via heat-mediated epitope
unmasking. After blocking with normal serum, sections
were incubated overnight at 4°C in a humidified chamber
with the following primary antibodies: IBA1 (1:50, 10904-
1-AP, Proteintech, Wuhan, China), iNOS (1:500, ab178945,
Abcam, Cambridge, MA, USA) and CD206 (1:50, 18704-
1-AP, Proteintech). Following thorough washing, sections
were incubated with appropriate fluorophore-conjugated
secondary antibodies for 2 hours at room temperature,
protected from light. Nuclei were counterstained with
DAPI (5 minutes) and slides were mounted with anti-fade
medium. Images were captured using a Zeiss Axio Imager
fluorescence microscope under consistent exposure
settings. All images include a scale bar (50 um) indicating
magnification. For each tissue section, three
non-overlapping fields of view were randomly selected for
quantitative analysis. Microglial activation and phenotypic
polarization were assessed using image J software
(National Institutes of Health, Bethesda, MD, USA) by
measuring either the mean fluorescence intensity of Ibal (a
specific microglial marker) or by counting double-positive
cells (INOS*Ibal* for M1 phenotype; CD206"Tbal* for M2
phenotype) within standardized regions of interest. To
ensure objectivity, the entire process of tissue processing,
image acquisition and data analysis was performed
independently by two investigators under blinded
conditions. The results from both observers were averaged
for the final statistical analysis and inter-observer
consistency was assessed to confirm reliability.

Cell culture and treatment

PC12 neuronal cell line and BV2 microglia cell line (ATCC,
Manassas, VA, USA) were cultured in DMEM (GIBCO,
Grand Island, NY, USA) containing 10% fetal bovine
serum, 1% penicillin/streptomycin at 37°C in a 5% CO,
humidified incubator.

PC12 and BV?2 cells were first exposed to a range of Tet
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concentrations for 24 hours in a CCK-8 assay to determine
a non-cytotoxic working range. Based on these results and
previous literature, appropriate concentrations were
selected for subsequent experiments. In the mechanistic
studies, PC12 cells were pre-treated with Tet for 1 hour,
followed by exposure to high glucose (35 mmol/L) for
24 hours to mimic diabetic metabolic stress. Similarly,
BV2 microglia were pre-treated with Tet for 1 hour and
then stimulated with LPS (0.1 pg/mL; Sigma-Aldrich) for
24 hours to induce a pro-inflammatory state.

The concentrations of high glucose and LPS were selected
according to well-established protocols in the literature,
which reliably reproduce key pathological features:
hyperglycemic stress in neuronal models (Yuan ez al. 2023)
and neuroinflammatory activation in microglial cells (Choi
et al. 2024; Lin et al. 2025). These conditions were further
validated in the preliminary experiments (including CCK-8
and pilot cytokine measurements) to ensure they elicited a
robust and reproducible cellular response without without
causing excessive cell death.

CCK-8

Cells in 96-well plates were planted at 2 x 10* per well and
incubated overnight prior to treatment. Subsequently, a
mixture of 10 pL. CCK-8 solution (Solarbio, Beijing, China)
and 100 pL of DMEM was prepared and kept at 37°C for
4 hour. Absorbance was recorded at 450 nm using an
automated microplate reader.

ELISA

Collected tissues were weighed and placed in ice-cold
radioimmunoprecipitation assay (RIPA) lysis buffer
supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific, Waltham, MA, USA).
Homogenization was performed on ice using a motorized
tissue grinder and the resulting lysates were centrifuged at
12,000 x g for 15 minutes at 4 °C. The supernatants were
collected, aliquoted and stored at -80 °C before analysis.
For cells, culture supernatants were collected and
centrifuged to remove debris before analysis. Levels of
TNF-a, IL-1B and IL-6 were measured using commercially
available ELISA kits (R&D Systems, MN, USA) according
to the manufacturer’s protocols. All samples were run in
duplicate. Cytokine concentrations in tissue homogenates
were normalized to total protein content and expressed as
pg/mg protein. Concentrations in cell supernatants were
expressed as pg/mL.

Western blot

Total protein was extracted from tissues and cultured cells
using RIPA buffer (Beyotime, Shanghai, China). Protein
concentration was determined with a BCA Protein Assay
Kit (Beyotime). Equal amounts of protein were separated
by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto
polyvinylidene fluoride (PVDF) membranes. After
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blocking with 5% non-fat milk for 2 h at room temperature,
the membranes were incubated overnight at 4 °C with the
following primary antibodies: anti-Beclin-1 (1:1000,
#3495, Cell Signaling Technology, Danvers, MA, USA, ),
anti-LC3B (1:1000, ab192890, Abcam), anti-p62 (1:1000,
ab109012, Abcam), anti-PINK1 (1:1000, A7131, Abclonal,
Wuhan, China), anti-parkin (1:1000, Abclonal, A0968) and
anti-B-actin (1:5000, 20536-1-AP, Proteintech). Following
washes, membranes were incubated with horseradish
peroxidase (HRP)-conjugated IgG secondary antibody
(1:5000, Abcam) for 1 hours at 37 °C. Protein bands were
visualized using enhanced chemiluminescence (ECL)
substrate (Pierce, Rockford, IL, USA) and imaged with a
gel documentation system. Band intensities were
quantified with Imagel] software (National Institutes of
Health). Target protein expression was normalized to
B-actin. For the analysis of LC3, both the LC3-II/LC3-I
ratio and the level of LC3-II normalized separately to
B-actin were calculated and reported.

RT-qPCR

Total RNA was extracted from tissues and cells using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA
concentration was quantified using a Beckman UV
spectrophotometer and its integrity was assessed via
agarose gel electrophoresis. Complementary DNA (cDNA)
was synthesized from 1 pg of total RNA using a reverse
transcription kit (Thermo Fisher Scientific, Waltham, MA,
USA). Quantitative real-time PCR was performed with the
Ultra SYBR Mixture (Takara Bio, Otsu, Japan) on an ABI
7500 PCR system (Applied Biosystems, CA, USA). All
primer sequences were synthesized by Sangon Biotech
(Shanghai, China) and are listed in table 1. The expression
of each target gene was normalized to the endogenous
reference gene B-actin and calculated using the 2744Ct
method.

Blinding and quality control

To ensure objectivity and minimize bias, all behavioral
tests, histological procedures and subsequent evaluations
were performed by experimenters who were blinded to the
experimental group assignments. Furthermore, all
quantitative data were independently verified by a second
researcher to ensure accuracy and reproducibility.

Statistical analysis

Sample sizes were determined through a priori power
analysis conducted with G*Power software (version 3.1,
Diisseldorf, Germany), using an a level of 0.05, a power of
0.80 and effect sizes estimated from previous comparable
studies or pilot experiments. All data are presented as mean
+ standard deviation (SD). Homogeneity of variance and
normality of distribution were evaluated using Levene’s
test and the Shapiro-Wilk test, respectively. For
comparisons between two groups, an unpaired two-tailed
Student’s t-test was used for data meeting parametric
assumptions; otherwise, the Mann-Whitney U test was
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applied. For comparisons among multiple groups under a
single independent variable, one-way ANOVA was
performed, followed by Tukey’s post-hoc test. For data
involving two independent variables (e.g., treatment and
time), two-way ANOVA with repeated measures (where
applicable) was used, also followed by Tukey’s test. If data
violated parametric assumptions, the mnon-parametric
Kruskal-Wallis test with Dunn’s post-hoc correction was
employed. All statistical analyses were performed using
GraphPad Prism (version 10.0; GraphPad Software, San
Diego, CA, USA). A P-value < 0.05 was considered
statistically significant.

RESULTS

Tet attenuates neuropathic pain in DNP rats

Rats received a single high-dose intraperitoneal injection
of STZ to induce DNP. As shown in figs 1A and 1B, STZ
administration resulted in a significant increase in FBG and
a decrease in body weight compared to controls.
Concomitantly, both the MWT and TWL were significantly
reduced from baseline, confirming the development of
robust pain hypersensitivity (Figs. 1C and 1D; Table S1).

To evaluate the therapeutic potential of Tet, STZ-induced
rats were treated daily with a low or high dose of Tet for
four weeks, beginning two weeks after STZ injection. Tet
treatment was associated with a modest, non-significant
reduction in FBG and a trend toward weight recovery in
the later stages (weeks 5-6) (Figs. 1A and 1B). In contrast,
pain-related behaviors showed marked and dose-dependent
improvement. The change from baseline in both MWT and
TWL was significantly reversed in Tet-treated groups
compared to the DNP model group, with the most
substantial recovery observed between the fourth and sixth
weeks post-STZ (Figs. 1C and 1D). The high-dose Tet
regimen consistently produced stronger anti-hyperalgesic
effects than the low-dose treatment.

Tet reverses microglial polarization and
neuroinflammation in DNP rats

To evaluate the effect of Tet on microglial polarization in
DNP, the expression of phenotype-specific markers was
examined. RT-qPCR analysis showed that Tet treatment
significantly downregulated M1-associated genes (iNOS,
CD16, CD32) and upregulated M2-associated genes (Argl,
CD206, IL-10) in the spinal cord dorsal horn of DNP rats
(Figs. 2A and 2B), indicating a shift from a
pro-inflammatory M1 toward an anti-inflammatory M2
phenotype. Immunofluorescence results were consistent
with the transcriptional data. Tet treatment effectively
reduced the number of M1 phenotype cells (iNOS*Ibal™)
while increasing the number of M2 phenotype cells
(CD206'Ibal™) (Fig. 2C and 2D). Together, these findings
demonstrate that Tet reprograms microglial polarization
toward the anti-inflammatory M2 state in DNP.

Consistently, Tet treatment effectively suppressed this

neuroinflammatory response, as evidenced by a significant
reduction in both the fluorescence intensity of the total
microglial marker Iba-1 (Fig. 2D) and the levels of pro-
inflammatory cytokines (TNF-a, IL-1p and IL-6) (Fig. 2E)
in the spinal cord dorsal horn, with the high-dose group
showing a more pronounced effect.

Tet regulates neuronal autophagy-related protein
expression in DNP rats

Next, the effect of Tet on autophagic activity in the spinal
cord of DNP rats was examined. Western blot analysis
showed that, compared with the control group, DNP rats
exhibited a slight increase in both the LC3-II/LC3-I ratio
and LC3-II protein level, a decrease in the autophagic
substrate p62, while Beclin-1 levels showed no significant
change (Fig. 3A). After Tet treatment, the expression of
Beclin-1, the LC3-1I/LC3-I ratio and the level of LC3-II
were all significantly upregulated and p62 accumulation
was further reduced (Fig. 3A). These changes suggest a
potential activation of the autophagic process. Furthermore,
the expression of PINKI1 and parkin was significantly
downregulated in DNP rats, while Tet administration
effectively restored the levels of both proteins (Fig. 3B),
indicating an improvement in the mitophagy signaling
pathway.

In summary, Tet may promote a functional autophagic
response in the DNP state, as evidenced by the upregulation
of key autophagy-initiation and mitophagy-related proteins,
along with a reduction in autophagic substrate
accumulation.

Tet shifts BV2 microglia from M1 to M2 phenotype
CCK-8 experiments to observe the toxic effects of Tet on
BV2 microglia revealed that the proliferative activity of
BV2 cells was significantly inhibited when the
concentration of Tet exceeded 5 puM (Fig. 4A), and
therefore, subsequent experiments were performed using
Tet at concentrations less than 5 pM.

To investigate whether Tet exerts a consistent effect on
microglial polarization in-vitro, BV2 cells were stimulated
with LPS to simulate the inflammatory microenvironment
of DNP. Tet treatment significantly downregulated the
expression of M1-related genes (iNOS, CD16, CD32) and
upregulated M2-related genes (Argl, CD206, IL-10) in
LPS-activated BV2 cells (Figs. 4B and 4C), indicating that
Tet promotes a phenotypic shift from the M1 to the M2
state in microglia.

Consistently, ELISA analysis of BV2 cell culture
supernatants showed that Tet markedly suppressed the
LPS-induced elevation of pro-inflammatory cytokines,
including TNF-a, IL-1p and IL-6 (Fig. 4D). These in-vitro
results align with the in-vivo observations, further
supporting the role of Tet in modulating microglial
polarization toward an anti-inflammatory phenotype.
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Table 1: Primers.
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Species Genes Forward primer (5'-3") Reverse primer (5'-3")
CD16 TTTGGACACCCAGATGTTTCAG GTCTTCCTTGAGCACCTGGATC
CD32 AATCCTGCCGTTCCTACTGATC GTGTCACCGTGTCTTCCTTGAG

Mouse iNOS GCGCAAAACATTTCCTGGGAG CTGGAACATTCTGTGCTGTCCC
CD206 CAAGGAAGGTTGGCATTTGT CCTTTCAGTCCTTTGCAAGC
Argl AAGCCTGGTCTGCTGGAAAAA CTGGTTGTCAGGGGAGTGTT
IL-10 CGGGAAGACAATAACTGCACCC CGGTTAGCAGTATGTTGTCCAGC
B-actin CCTAGACTTCGAGCAAGAGA GGAAGGAAGGCTGGAAGA
CD16 ACTGTGGTTGGCTTTTGGGAT GAGTGATTTCTGACTGGCTGCTG
CD32 CCAGAAAGGCCAGGATCTAGTG GGGAACCAATCTCGTAGTGTCTGT

Rats iNOS GGTGAGGGGACTGGACTTTT TTCTCCGTGGGGCTTGTAGT
CD206 TCAACTCTTGGACTCACGGC ATGATCTGCGACTCCGACAC
Argl AGTGTGGTGCTGGGTGGAG GCGGAGTGTTGATGTCAGTGTG
IL-10 TGAACCACCCGGCATCTACT CCAAGGAGTTGCTCCCGTTA
B-actin TACTGCCCTGGCTCCTAGCA TGGACAGTGAGGCCAGGATAG

Note: iNOS, inducible nitric oxide synthase; Argl, arginasel; IL-10, interleukin-10.
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Fig. 1: Tet attenuates neuropathic pain in DNP rats.
Rats received a single intraperitoneal injection of STZ (65 mg/kg), with the day of injection designated as day 0. Starting
from day 14 post-STZ, animals were treated daily by oral gavage with either normal saline or Tet (15 or 30 mg/kg) for 28
consecutive days. Body weight, FBG, and behavioral responses were assessed at baseline (pre-STZ) and weekly thereafter
for 6 weeks. (A) FBG (mmol/L) over time; (B) Body weight (g) over time; (C) MWT over time; (D) TWL over time.
Data are presented as mean + SD. Statistical analysis was performed using two-way ANOVA with repeated measures
followed by Tukey’s multiple comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001 vs. Control group; *P < 0.05, #P <
0.01, " P < 0.001 vs. DNP group; n = 12 rats per group).
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Fig. 2: Tet reverses microglial polarization and neuroinflammation in DNP rats

(A) mRNA expression of M1-related genes (iNOS, CD16, CD32) in the spinal cord dorsal horn measured by RT-qPCR;
(B) mRNA expression of M2-related genes (CD206, Argl, IL-10) in the spinal cord dorsal horn measured by RT-qPCR;
(C) Representative immunofluorescence images of the spinal cord dorsal horn in rats. Sections were stained for nuclei
(DAPI, blue), total microglia (Ibal, red), M1-phenotype microglia (iNOS, green), M2-phenotype microglia (CD206,
green); (D) Quantitative analysis of microglial response: mean fluorescence intensity of Ibal, number of iNOS*Ibal* cells
(M1), and number of CD206'Ibal* cells (M2); (E) Levels of pro-inflammatory cytokines (TNF-o, IL-1B, and IL-6)
measured by ELISA in spinal cord dorsal horn tissue homogenates. Data are presented as mean = SD (n = 6 rats/group).
Statistical significance was determined by one-way ANOVA followed by Tukey’s post hoc test (*P < 0.05, **P < 0.01,

**%P <(0.001; ns, not significant).

In-vitro assessment of tetrandrine on neuronal
autophagy

The potential cytotoxicity of Tet was first assessed in PC12
cells using the CCK-8 assay. Cell viability was
significantly reduced at concentrations above 5uM
(Fig. 5A); therefore, all subsequent experiments used Tet at
concentrations 5 uM to ensure cellular health.

Under high-glucose conditions, Tet treatment in PC12 cells
significantly increased the expression of Beclin-1, elevated
the LC3-II/LC3-I ratio and LC3-II protein levels and
effectively reduced p62 accumulation (Fig.5B). These
changes in static autophagy markers suggest that Tet
enhances autophagic activity. Furthermore, high glucose
markedly  suppressed the expression of the
mitophagy-initiating proteins PINK 1 and parkin, while Tet

treatment counteracted this suppression and restored their
protein levels (Fig. 5C). Collectively, these in-vitro results
demonstrate that Tet positively modulates the expression of
key markers associated with both general autophagy and
mitophagy in neurons under glucotoxic stress.

DISCUSSION

In the present study, a single intraperitoneal injection of
STZ successfully induced DNP in rats. Tet treatment
significantly alleviated neuropathic pain and attenuated
spinal neuroinflammation in this model, with effects being
more pronounced at higher doses. These protective actions
align with and extend previous reports on the beneficial
effects of Tet in diabetes and neuropathic pain conditions
(L. Suetal., 2020; Z.L. Zhang et al., 2023).
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Fig. 3: Tetrandrine regulates neuronal autophagy-related protein expression in DNP Rats.

(A) Representative Western blot images and quantitative analysis of Beclin-1, the LC3-II/LC3-I ratio, LC3-II level, and
p62 in DRG tissues; (B) Representative Western blot images and quantitative analysis of PINK1 and parkin in DRG
tissues. Data are presented as mean + SD (n = 6 rats/group). Statistical significance was determined by one-way ANOVA
followed by Tukey’s post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant).

Neuroinflammation, marked by immune cell infiltration
and microglial activation following nerve injury, is a
central pathological driver of DNP. Upon activation,
microglia release pro-inflammatory cytokines and
mediators, which further reinforce their own polarization
through autocrine signaling. This self-amplifying response
perpetuates  neuroinflammation,  exacerbates  pain

transmission and contributes to chronic pain persistence
(An et al, 2025). Tet has demonstrated
anti-neuroinflammatory  properties.  For  example,
intrathecal administration of Tet has been shown to
alleviate traumatic spinal cord injury by modulating the
activation of neurotoxic microglia and astrocytes (Xu et al.,
2025).
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Fig. 4: Tet shifts BV2 microglia from M1 to M2 phenotype.

(A) Cell viability assessed by CCK-8 assay in BV2 microglia treated with Tet; (B) RT-qPCR analysis of M 1-related genes
(INOS, CD16, CD32) in LPS-stimulated BV2 cells with or without Tet treatment; (C) RT-qPCR analysis of M2-related
genes (CD206, Argl, IL-10) under the same conditions; (D) Levels of pro-inflammatory cytokines (TNF-a, IL-1f, IL-6)
in the supernatant of cells under the same conditions measured by ELISA. Data are presented as mean = SD from three
independent experiments. Statistical significance was determined by one-way ANOVA followed by Tukey’s post hoc test

(*P<0.05, **P <0.01, ***P < 0.001; ns, not significant).

Consistent with this, it was found that spinal
neuroinflammation was suppressed and the Ml
polarization of microglia was attenuated in DNP rats
following Tet treatment. In-vitro experiments further
confirmed that Tet promotes a phenotypic shift from
pro-inflammatory M1 toward anti-inflammatory M2 in
LPS-stimulated BV2 microglia, aligning with a previous
report on its immunomodulatory effects in glial cells (Ren
et al., 2021). These findings collectively underscore that
modulating microglial phenotypic transition is a crucial
mechanism underlying the therapeutic efficacy of Tet in
DNP. Growing evidence underscores the complex, context-
dependent role of autophagy in neuropathic diseases.
Appropriately activated autophagy within the nervous
system can exert analgesic effects in conditions such as

DPN, with the functional outcome heavily reliant on the
integrity of the complete autophagic flux (Gao et al., 2023).
Tet has been documented to modulate autophagy across
various disease models, though its effects are context-
specific, functioning as either an inducer or an inhibitor
(Bhagya and Chandrashekar, 2022; H. Liu et al. 2022;
Tong et al. 2022). Therefore, clarifying its precise role in
neuronal autophagy warranted further investigation. In our
study, compared to control rats, DNP rats exhibited a
modest increase in the LC3-1I/LC3-I ratio and LC3-II level
alongside a decrease in p62, a pattern that might initially
suggest enhanced autophagic flux (He et al., 2022).
However, no significant change was observed in Beclin-1,
a key initiator of autophagosome formation.
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Fig. S In-vitro assessment of tetrandrine on neuronal autophagy.

(A) Cell viability of PC12 cells treated with Tet assessed by CCK-8 assay; (B) Western blot analysis and quantification
of Beclin-1, the LC3-II/LC3-I ratio, LC3-II level and p62 in high glucose-stimulated PC12 cells with or without Tet
treatment; (C) Western blot analysis and quantification of PINK1 and parkin under the same conditions. Data are presented
as mean + SD from three independent experiments. Statistical significance was determined by one-way ANOVA followed
by Tukey’s post hoc test (¥*P < 0.05, **P < 0.01, ***P <(0.001; ns, not significant).

More importantly, a concurrent and marked reduction in
the key mitophagy-initiating proteins PINK1 and parkin
was detected. PINK1 plays a crucial role in initiating
mitophagy by recruiting its downstream effector parkin
upon mitochondrial damage; together, they regulate the
mitophagy process, which is essential for maintaining
mitochondrial quality and cellular function (C.J. Su et al.,
2020). A recent study has shown that hyperglycemia
disrupts the PINKl1/parkin mitochondrial autophagy
pathway, resulting in reduced mitochondrial stability, cell
death and toxic effects on ND7/23 cells (Bian et al., 2025).
Therefore, activating or restoring mitophagy via the PINK 1
pathway might offer a promising therapeutic strategy for
DNP. These findings provide crucial context, indicating a
specific deficit in the upstream recognition and targeting of
damaged mitochondria for clearance (i.e., mitophagy)
under disease conditions. Such an impairment at the
initiation stage could lead to an incomplete or
dysfunctional overall autophagic response, which aligns
with the broader concept of "autophagy impairment" in the
diseased state. Tet treatment in DNP rats elevated Beclin-1
levels, further increased the LC3-1I/LC3-I ratio and LC3-II
and decreased p62 accumulation. More importantly, Tet
administration effectively restored suppressed expression
of PINK1 and parkin in both DNP rats and high-glucose-
stressed PC12 cells. This suggests that Tet may reactivate
mitophagic signaling, a process critical for maintaining
neuronal health by mitigating oxidative stress and
apoptosis (Yao et al., 2024). This conclusion is further
supported by prior studies indicating that Tet induces
mitophagy via the PINK1/parkin pathway (X.H. Wang et
al., 2021; Chu et al., 2024).

Several limitations of the present study should be
acknowledged. First, the interpretation of autophagy is
based on static protein markers. Although the observed
changes are consistent with modulated autophagic and
mitophagic activity, a definitive distinction cannot be made
between enhanced flux and a potential blockade at the
degradation stage. Future studies employing autophagic
flux assays and functional mitochondrial assessments are
essential to confirm the functional outcomes of Tet
intervention. Second, while the in-vivo dosing of Tet was
based on established protocols from prior studies and
refined through preliminary tests, detailed
pharmacokinetic, toxicity, or tissue distribution data were
not provided. This information would strengthen the
translational relevance of our findings and is an important
focus for subsequent preclinical development. Third, the
in-vitro concentrations of Tet were selected based on
literature precedents and validated in pilot experiments for
their ability to induce relevant phenotypes without
excessive cytotoxicity. Although a full multi-point dose-
response analysis for all parameters was beyond the
primary mechanistic scope, a more comprehensive
pharmacological characterization in future work would
help optimize the therapeutic window. Finally, the cellular
models used (PC12 and BV2 cells) offer valuable but
simplified systems. PC12 cells are not primary sensory
neurons and BV2 microglia differ from primary microglia
in key aspects. While these models are suitable for initial
mechanistic exploration, the findings need to be confirmed
in more physiologically relevant systems, such as primary
sensory neurons and microglia, as a necessary next step.
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CONCLUSION

Tet treatment effectively alleviates DNP and associated
neuroinflammation in rats, likely through modulating
microglial phenotypic transition and neuronal autophagy.
These findings provide novel insights and experimental
support for the potential therapeutic use of Tet in DNP
management.
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