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Purpose: This research was designed to systematically assess the neuroprotective efficacy of paeoniflorin and clarify the molecular
mechanisms using two complementary models: a TLR-7 agonist imiquimod-induced murine lupus model and lipopolysaccharide-
injured HT22 hippocampal neuronal cells.

Methods: A lupus-like phenotype was induced in C57BL/6J mice through topical administration of 1.25 mg 5% (w/w) imiquimod
cream to the posterior auricular region three times a week for eight consecutive weeks, paconiflorin by gavage for 7 days, and
dexamethasone by intraperitoneal injection for 7 days. Animal behavioral experiments were performed at the end of the modeling.
Subsequent execution of animals for biochemical analysis and histopathological examinations to evaluate the effects of paeoniflorin.
Results: Paconiflorin ameliorated cognitive deficits, reduced autoantibody generation production, and hippocampal neuronal were
observed in the SLE induced by the TLR-7 agonist imiquimod, accompanied by amelioration of blood-brain barrier damage.
Subsequently, paconiflorin activated autophagy and upregulated autophagy flux-related protein levels in mice with SLE induced by
the TLR-7 agonist imiquimod. Interestingly, LPS-induced autophagy levels in HT22 cells were downregulated, but paeoniflorin
pretreatment restored its autophagy inhibitory effect and attenuated the secretion of pro-inflammatory cytokines. Paconiflorin activated
the PI3K/AKT/mTOR pathway to restore autophagy, and using 3-methyladenine further confirmed the mechanism of paeoniflorin’s
role in regulating autophagy.

Conclusion: Paeoniflorin plays a critical neuroprotective role as demonstrated in the TLR-7 agonist imiquimod-induced murine lupus
model, mediated through activation of autophagic flux via modulation of the PI3K/AKT/mTOR signaling axis.
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Introduction

Characterized by persistent inflammation and immune-mediated damage, systemic lupus erythematosus (SLE) is an
autoimmune disorder that affects various organ systems, such as the mucocutaneous, musculoskeletal, hematologic, and
renal systems.'* Neuropsychiatric lupus (NPSLE) frequently associated with SLE encompasses acute confusional states,
anxiety disorders, cognitive dysfunction, mood disturbances, and psychosis.” Clinical assessments have identified
hippocampal-dependent memory and executive function deficits that correlate with reduced hippocampal volume, as
observed via magnetic resonance imaging.*> Critically, current immunosuppressive therapies (eg, glucocorticoids)
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demonstrate limited efficacy against these neurological sequelae, underscoring the need for mechanism-targeted
interventions.®

The neuropathological basis of NPSLE involves three principal mechanisms: Microglial activation promoting TNF-o/
IL-1 release,’ triggering synaptic pruning through complement C1 signaling.® Caspase-3-mediated apoptosis in hippo-
campal CA1 neurons associated with spatial memory decline.” Dysregulated MMP-9 degradation of tight junction
proteins (claudin-5, occludin), exacerbating blood-brain barrier (BBB) leakage and perivascular inflammation.'®
Notably, these pathways converge on TLR7-dependent signaling.

TLR7 functions as an endosomal RNA sensor that becomes hyperactivated in SLE due to the deposition of
endogenous RNA-immunocomplexes.'' An advanced inducible lupus model employing topical imiquimod (IMQ)
cream application in wild-type mice effectively recapitulates human disease pathology, inducing robust autoimmune
responses evidenced by elevated anti-dsDNA autoantibody titers.'?> However, TLR7’s central role remains incompletely
defined.

Emerging evidence suggests that TLR7 activation in microglia induces secretion of inflammatory factors leading to

h,'*'* while impaired autophagy subsequently amplifies NLRP3 inflammasome activity.'> Despite these

neuronal deat
advances, two critical knowledge gaps persist: How TLR7-mediated autophagy blockade spatially coordinates hippo-
campal inflammation. Whether rescuing autophagy disrupts this cascade to alleviate cognitive impairment.
Paeoniflorin (PF), a bioactive monoterpene glycoside, demonstrates established anti-inflammatory and autophagy-
promoting properties in peripheral SLE models.'®'® Nevertheless, its capacity to modulate the autophagy axis within the
hippocampus remains unexplored. We hypothesize that PF may attenuate IMQ-induced neuroinflammation through
autophagy reactivation, thereby mitigating NPSLE progression. Furthermore, we propose TLR7-autophagy signaling
as PF’s primary mechanistic target. This investigation examines PF’s therapeutic potential in IMQ-induced NPSLE mice,

with emphasis on TLR7-driven autophagy suppression, hippocampal damage, and cognitive outcomes.

Materials and Methods

Experimental Design and Drug Treatment

Female C57BL/6J mice (6-8 weeks old, 15-20 g) were procured from Jiangsu Wu Kong Laboratory Animal Center
(Nanjing, China). Animals were maintained under specific pathogen-free (SPF) conditions with temperature (22+2°C)
and humidity (40-60%) control, a 12-hour light/dark cycle, and ad libitum access to standard rodent chow and water.
After 1 week of acclimatization under laboratory conditions, mice were modeled by applying 1.25 mg of 5% imiquimod
cream (IMQ, Mingxin Pharmaceutical Co., Ltd. Sichuan, China) behind the right ear 3 days/times for eight weeks,
paeoniflorin (Macklin, China) by gavage for 7 days, and Dexamethasone (DEX, Macklin, China) by intraperitoneal
injection for 7 days. The mice were grouped as follows: 6 mice were allocated to the control group (CON), and 30 mice
were randomly assigned into 5 groups (6 mice/group) as follows: the model group (IMQ), the PF low-dose group (IMQ,
PF-20mg/kg treatment), the PF medium-dose group (IMQ, PF-60mg/kg treatment), the PF high-dose group (IMQ, PF-
100mg/kg treatment), the DEX group (IMQ, DEX-I1mg/kg). The dosage of DEX was referred to Zhang et al,'® while the
dosage of PF was based on the synthesis of Wang et al’>*' At the end of treatment, a series of behavioral tests were
initiated to assess cognitive function and behavioral changes in mice, which continued until day 7. Animals meeting
predefined humane endpoints (weight loss >20%, severe ataxia) were euthanized immediately via cervical dislocation
under anesthesia. And their brain tissues were collected for subsequent molecular biology analysis. According to the
Ethics Committee of Bengbu Medical University and the permission of the Bengbu Medical University Tissue
Transplantation Laboratory. (Lunmu Tissue Transplantation Approval No. [2024] No. 586).

Animal Welfare and Ethics

All procedures were performed following: The ARRIVE 2.0 Guidelines [PMID 326632191IF: 7.2 Q1] and The National
Research Council’s Guide for the Care and Use of Laboratory Animals (8th Ed.). Chinese National Standards GB/T
35892-2018 and GB 14925-2010.
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Humane endpoints included weight loss >20%, severe neurological deficits, or inability to eat/drink. Post-operative
analgesia (buprenorphine SR) was administered. Animals were housed in groups (4/cage) with environmental enrichment.

Open Field Test (OFT)

The OFT is a widely employed test for anxiety-like behaviors in rodents. The apparatus consists of a 40x40x40 cm
opaque white plastic arena equipped with an overhead digital camera positioned 100 cm above the floor. Animals
were gently placed at the center of one wall facing the boundary and allowed to explore freely for 10 minutes.
After a 1-hour inter-trial interval, mice were re-exposed to the arena for an additional 10-minute exploration
session. Behavioral tracking was performed using the Any-Maze video tracking system (Stoelting, USA), which
automatically recorded movement parameters. The arena was divided into a central zone (20%x20 c¢cm?) and
a peripheral area for spatial analysis, with time spent in the central region calculated as a key index of anxiety-
related behavior.

Y Maze

The Y-maze test serves as a validated tool for evaluating cognitive memory function. The device features three identical arms
(15 cm height, 30 cm length, and 8 cm width) symmetrically arranged at 120° angles, forming a Y-shaped configuration.
During training, the novel arm was occluded, and mice were placed at the start arm terminus facing the wall, allowing 10-
minute maze navigation. For the testing phase, the novel arm was opened, and animals were permitted 5 minutes of free
exploration of all three arms. Behavioral tracking was performed using the Any-Maze video system (Stoelting, USA), with
a novel arm preference index calculated as the ratio of time spent in the novel arm to total exploration time.

Novel Object Recognition (NOR)

A series of behavioral analyses were conducted with mice placed in a cubic arena measuring 50 x 50 x 50 cm?,
where each mouse was allowed 10 minutes to explore the arena during the adaptation phase. 24 hours later, the
training phase began with mice being permitted to investigate the arena for 10 minutes on two identical objects
arranged side by side. During the exploration phase, after a 1-hour intermission, a novel object was introduced in
place of one of the familiar ones, and the mice were given the opportunity to explore the arena for 10 minutes on
a new object placed in parallel. The exploration time for each object was carefully captured and processed using
Any-maze tracking software (Stoelting, USA). Subsequently, a preference index derived from these exploration
times (measured 1 h after training) was used to assess the memory retention capacity of mice within the context of
the new object recognition (NOR) paradigm. The New Object Discrimination Index (NODI) was calculated as
follows: time spent exploring new objects/(total time spent exploring old and new objects) x100%.

Novel Object Location (NOL)

Mice were placed in a cubic arena of 50 x 50 x 50 cm?® for a range of behavioral analyses, and the object
localization test was structured into three distinct phases. The first phase was an acclimatization phase in which
were given a 10-minute period to freely explore the open-field environment. 24 hours later, a training phase was
initiated in which the mice were granted access to explore the field for 10 minutes with two identical objects
placed in parallel. 1 hour later, the mice were given the opportunity to explore the field for 10 minutes in an
exploration phase, in which one object was retained in its original position from the training phase, whereas the
other was repositioned diagonally relative to the familiar object. The exploration time for each object was
carefully captured and analyzed using Any-maze tracking software (Stoelting, USA). The spatial discrimination
index (PDI) was calculated as (time in contact with the object that moved to the new location/total time exploring
the object that moved to the new location and the object that stayed at the familiar location) x100%.

Morris Water Maze (MWM)

The Morris water maze test was designed to evaluate hippocampus-dependent learning and memory in mice. A circular
plastic pool with a diameter of 120 cm, filled with opaque water and maintained at 25 + 2°C, was used for the MWM

Journal of Inflammation Research 2025:18 hetps: 13947



Ma et al

apparatus during the testing period. The pool was divided into four equal quadrants, one of which contained a white
platform. The escape platform (8 cm diameter) was submerged 1 cm below the water surface. During the testing phase
(days 1-5), each mouse was subjected to four consecutive training trials, starting from four different entrance locations
spaced equally around the pool. Each trial began with the mouse facing the pool wall at the designated entry point, and
escape latency was recorded. Mice failing to locate the escape platform within 90 seconds received a maximum latency
score of 90s and were manually guided to the platform for a 10-second stay. A 60-minute interval was required between
training sessions in each quadrant. Following training, animals were towel-dried and returned to their home cages.
On day 6, a probe trial was conducted with the platform removed, placing mice in the quadrant diagonal to the original
platform location. Behavioral metrics included target quadrant residence time and platform crossing frequency.
Ethovision XT tracking system (Noldus) was used for automated data acquisition.

Tissue Preparation and H&E Staining

To characterize structural abnormalities in the murine hippocampus, histological analysis via Hematoxylin-eosin (HE)
staining was conducted on brain sections from all experimental groups. Following drug administration and behavioral
testing, the mice were administered 1% sodium pentobarbital for anesthesia and then perfused via the aorta with 4%
paraformaldehyde (PFA). Subsequently, brain tissues were quickly extracted and post-fixed. After dewaxing and
hydration, brain sections were rinsed with 0.1 M PBS buffer and underwent a hematoxylin staining for 3 minutes.
Following staining, the sections were rinsed under running water, differentiated using a constant dye differentiation
solution for 3s, and subsequently counterstained with eosin Y for 30s. After dehydration via a graded ethanol series, the
sections were cleared with xylene and mounted using neutral balsam. Histological evaluation was conducted using
a microscope (Nikon Eclipse E100) equipped with a DS-U3 camera system, with representative images captured at 200%
magnification. Neuronal damage within the hippocampus was measured in each experimental group.

Nissl Staining

Nissl staining was utilized to quantify neuronal damage in the hippocampus. After deparaffinization and dehydration, the
tissue sections were immersed in Nissl staining solution for 2—5 minutes and then rinsed thoroughly with tap water. Mild
differentiation was performed using 0.1% glacial acetic acid, followed by running water to terminate the reaction, with
the differentiation process monitored under the microscope. Sections were rinsed again with tap water and dried in an
oven. To enhance optical clarity, the slides were treated with xylene and subsequently sealed permanently using neutral
balsam. Using a light microscope (Eclipse E100, Nikon, Japan), the stained sections were observed, and representative
photomicrographs were obtained to depict histological characteristics (DS-U3, Nikon, Japan). Image] software was
employed to quantify the number of Nissl bodies in the hippocampal region of each animal.

ELISA

Inflammatory cytokine levels (IL-6, TNF-o, IL-1B) in murine tissues, HT-22 cell supernatants, and serum IgG/anti-
dsDNA concentrations were quantified using commercial ELISA kits (BYabscience, Nanjing, China) according to the
manufacturer’s protocols. All reagents and samples were equilibrated to room temperature before assay. Sample (50 pL)
and horseradish peroxidase (HRP)-conjugated detection antibody (100 uL) were pipetted into wells, followed by a 60-
minute incubation at 37°C. Plates were washed five times with 300 puL. wash buffer per well (20s soak per wash).
Chromogenic substrates A and B (50 uL each) were sequentially added, and plates were incubated in a 37°C water bath
for 15 minutes. Reactions were terminated with 50 puL stop solution, and absorbance was measured at 450 nm using
a microplate reader (Epoch, BioTek, USA). Cytokine concentrations were calculated from standard curves generated with
kit-provided calibrators.

Western Blot

Mice were deeply anesthetized with 1% sodium pentobarbital and euthanized via cervical dislocation. Hippocampal
tissues were rapidly dissected and homogenized in an ice-cold RIPA buffer containing protease/phosphatase inhibitors.
Lysates were clarified by centrifugation at 12,000xg for 15 minutes at 4°C, and supernatants were collected. Total protein
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concentration was determined using the bicinchoninic acid (BCA) assay. Equal protein aliquots were mixed with SDS-
PAGE loading buffer, boiled for 5 minutes to denature proteins, and resolved on 10-12.5% gradient polyacrylamide gels
under reducing conditions. Following electrophoresis, the proteins were transferred onto PVDF membranes for subse-
quent analysis. The membranes were blocked with Rapid Closure Solution (Yase, China) for 15 minutes to minimize
nonspecific binding, then incubated overnight at 4°C with the following primary antibodies (all rabbit polyclonal): anti-
LC3B, anti-p62, anti-Beclin-1, anti-PI3K, anti-p-PI3K, anti-Akt, anti-p-Akt, anti-mTOR, anti-p-mTOR, anti-Caspase-3,
anti-Bax, anti-Bcl-2 (1:1000; Affinity Biosciences, China), anti-GAPDH (1:10,000; Affinity), and anti-ATG5 (1:3000;
Proteintech, China). After three 10-min TBST washes, membranes were incubated with HRP-conjugated goat anti-rabbit
IgG secondary antibody (1:8000; Affinity) for 2 h at room temperature. For HT22 cells, after PBS washes, cells were
lysed in ice-cold RIPA buffer with PMSF, and subsequent steps mirrored those for hippocampal tissues. Protein bands
were visualized by chemiluminescence detection. The gray values of the internal reference GAPDH and target proteins
were measured using Image] software, and the ratio of target protein to GAPDH was calculated to normalize the target
proteins.

HT22 Cell Culture and Pretreatment

HT22 cells (Punosai, Shanghai, China) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA),
enriched with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin antibiotics (Gibco, USA). The cells were
maintained at 37 °C in a humidified 5% CO? incubator. The cytotoxicity of LPS (Solarbio, Beijing, China) and
paconiflorin (MCE, USA) was evaluated via CCK-8 assay. Then, HT22 cells were grouped as follows: Control: untreated
cells; LPS: 100 pg/mL LPS treatment; LPS+PF: 100 uM PF pretreatment for 24 hours followed by LPS challenge. LPS
+3-MA: 2.5 mM 3-methyladenine (3-MA; MCE) pretreatment for 24 hours followed by LPS challenge. 3-MA + PF +
LPS: simultaneous 2.5 mM 3-MA and 100 uM PF treatment for 24 hours before LPS exposure. Cell viability was
measured using the CCK-8 reagent (Dojindo, Japan) according to standard protocols.

Cell Counting Kit-8

HT22 cells (1x10° cells/well) were inoculated in 96-well culture plates overnight. The cells were then exposed to LPS
(0—400 pg/mL) or PF (0-300 uM) for 24 hours. Post-treatment, 10 puL of Cell Counting Kit 8 (CCK8, Biosharp, China)
solution was introduced and incubated at 37°C for 1 h. The absorbance at 450 nm was recorded with a Multifunctional
Enzyme Labeling Instrument (Tecan, Switzerland). Selected LPS exposure doses and PF doses were determined
according to CCKS.

Calcein AM/PI Double Staining

Cell death rates per field of view were evaluated using calcein-AM/PI double staining. Viable cells convert non-
fluorescent calcein AM into a green fluorescent compound, resulting in green fluorescence. In contrast, dead cells emit
red fluorescence. The number of red fluorescent signals displayed a positive correlation with the frequency of non-viable
cells. HT22 cells (2x10* cells/well) were seeded in 24-well plates and incubated for 24 hours at 37°C in 5% Cco”.
Treatment groups included: the CON group (PBS-treated), the LPS-50 ng/mL-treated group, the LPS-100 pg/mL-treated
group, the LPS-200 pg/mlL-treated group, and the LPS-400 pg/mL-treated group. Following 48-hour treatment, the
original medium was aspirated and replaced with 150 pL of calcein-AM/PI dual staining solution per well. The cells
were subsequently incubated for 30 minutes at 37°C under light-protected conditions. Post-staining, the staining solution
was gently removed by aspiration. Cells were washed twice with 1x phosphate-buffered saline (PBS; 500 pL/wash) to
eliminate unbound fluorescent dyes. Fluorescent images were acquired using an inverted fluorescence microscope
(Olympus 1X83) with a 20x objective. Three random fields per well were captured in both FITC (Ex/Em: 488/517
nm, live cells) and TRITC (Ex/Em: 543/572 nm, dead cells) channels.

Immunofluorescence
HT22 cells were subjected to fixation with 4% paraformaldehyde, permeabilization, and blocking in PBS enriched with
5% BSA and 0.5% Triton X-100. Cells were incubated with anti-a-microtubulin primary antibody (1:500, Biosharp,
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China) for 30 minutes at room temperature, followed by staining with DAPI (Biosharp, China). Fluorescence images
were acquired using a fluorescence microscope (Mshot, China).

Blinding and Randomization
Drug administration: Paeoniflorin (PF) and solvents were prepared by researchers not involved in the subsequent
experiments, loaded into identical syringes and labeled with randomization codes.

Behavioral tests: Animals were grouped and intervened by a third party (not the tester) and numbered; in the case of
behavioral tests such as OFT, MWM and Y-maze, the experimenter was identified only by the animal’s ear tag number
and the software automatically recorded the trajectory.

Only after all data collection and analysis are completed, the grouping information will be unlocked by a third party
for statistical analysis. If the blinding needs to be broken early in the process due to death of the animal, serious
abnormality, etc., the reason should be recorded and stated in the results (to avoid selective exclusion of data).

Statistical Analysis

Results are expressed as mean + standard deviation (SD) and statistically analyzed using GraphPad Prism 9.5.1 software.
For the latency in the water maze test, two-way repeated measures analysis of variance (ANOVA) was applied, followed
by Fisher’s least significant difference (LSD) post hoc test for multiple comparisons. For the remaining datasets, the
Shapiro—Wilk test was used to verify data normality, and the Levene’s test was employed to confirm the homogeneity of
variances. Parametric tests (¢-test, one-way ANOVA) were applied only when both assumptions were satisfied; otherwise,
corresponding non-parametric tests (Mann—Whitney U-test, Kruskal-Wallis test) were used. For ANOVAs with sig-
nificant main effects, Bonferroni-corrected post hoc tests were conducted. Missing data due to animal exclusion (eg,
motor impairment in the Morris water maze test) were handled by complete case deletion after verifying that the data
were missing at random with a low missing rate (<7%). Sensitivity analyses confirmed the robustness of the results.
Statistical significance was defined as *p<0.05 and *p<0.05.

Results
Paeoniflorin Attenuates Systemic Autoimmunity and Neuroinflammation in
IMQ-Induced Lupus Mice

One of the common manifestations of SLE is the presence of elevated serum autoantibody titers, including anti-double-
stranded DNA (anti-dsDNA) and immunoglobulin G (IgG), accompanied by systemic immune hyperactivation.
Consequently, serum levels of anti-dsDNA and IgG were quantified via ELISA, while splenomegaly was assessed as
an indirect indicator of disease severity. The overall experimental flow chart of this study is shown in Figure 1A.

The findings indicated that in IMQ-induced SLE, there was an increase in serum the levels of anti-ds-DNA and IgG,
along with an increase in spleen length (Figure 1B-D). Conversely, paeoniflorin (20, 60, and 100 mg/kg) significantly
reduced autoantibody levels in mice with SLE induced by IMQ (Figure 1B and C).

Furthermore, induction with IMQ provoked a marked upregulation in pro-inflammatory mediators (TNF-a, IL-6, and
IL-1P) within the hippocampal parenchyma as detected by ELISA. Notably, paeonifiorin administration marked attenua-
tion in the concentrations of these cytokines in the SLE murine model (Figure 1E-G).

Paeoniflorin Ameliorates Imiquimod-Induced Cognitive Dysfunction in Mice with SLE
To explore whether treatment with paeoniflorin can ameliorate cognitive dysfunction in mice with SLE induced by IMQ,
a series of behavioral tests, including the OFT, Y-maze, NOR, NOL, and MWM tests were conducted.

Notably, locomotor activity — as quantified by total ambulatory distance — demonstrated no statistically significant
variations across the OFT, Y-maze test, NOR test, and NOL test (Figure 2E, G, I and K). This finding suggests that the
topical administration of IMQ did not impair locomotor activity in mice.

The OFT results revealed that the duration in the central area demonstrated a reduction in the IMQ cohort relative to
CON (Figure 2F). Y-Maze Spontaneous Alternation Test revealed a decrease in novel arm exploration time in the IMQ-
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induced lupus group, whereas paconiflorin administration (100 mg/kg) significantly restored exploratory behavior
(Figure 2H).

Furthermore, the mice were found to exhibit memory deficits based on the recognition index of the NOR test
(Figure 2J) and spatial memory dysfunction as indicated by imiquimod by the recognition index of the NOL test
(Figure 2L). After paconiflorin treatment (20, 60, 100mg/kg), memory deficits and spatial memory dysfunction were
improved in lupus mice (Figure 2J and L).

Hippocampal-dependent spatial navigation was assessed through the Morris Water Maze paradigm, Figure 2A shows the
representative swimming trajectories of mice in each group. As depicted in Figure 2B and C, quantitative analyses showed
a decrease in target quadrant occupancy time and number of platform traversals in the IMQ, indicating impaired spatial memory
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Abbreviation: ns, no significance.

consolidation. Notably, enhanced spatial memory retention was observed in paconiflorin-treated cohorts, as evidenced by an

increase in target quadrant dwell time during the MWM test. Significantly prolonged escape latency was recorded in the IMQ

group, indicative of impaired spatial learning acquisition. Paeoniflorin administration elicited a dose-dependent reduction in

escape latency (Figure 2D). Collectively, these data indicate that paconiflorin rescues IMQ-induced cognitive deficits through

restoration of hippocampal synaptic plasticity and normalization of neuroinflammatory cascades in the SLE murine model.
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Paeoniflorin Ameliorates Neuronal Damage to Hippocampal Neurons of Mice with
SLE Induced by Imiquimod

To systematically evaluate the neuroprotective effects of paeoniflorin, histopathological analyses were conducted using
HE staining and Nissl staining, histopathological analyses of neuronal viability and cytoarchitectural integrity in the
hippocampal subfields (CA1/CA3) of an imiquimod-induced mice with SLE. HE staining revealed preserved cytoarch-
itectural integrity in the CON group, characterized by densely packed neuronal layers and well-organized pyramidal cell
alignment in hippocampal CA1/CA3 subfields. In contrast, marked cytoarchitectural disorganization was observed in the
IMQ group, manifested by disrupted laminar structure and neuronal vacuolization (Figure 3A).

Nitrosomes are important morphological indicators of nerve cell functional activity. When neurons are damaged,
Nitrosomes gradually disintegrate and dissipate, so changes in the structure of Nitrosomes can be used as a marker of
neuronal damage. Nissl staining revealed that within the CA1 area of the hippocampus in the controls, a substantial
quantity of neurons exhibited a dense and orderly arrangement, and the distribution of Nissl substances was unremark-
able. In contrast, a conspicuous decrease in Nissl vesicles was observed in the hippocampal CA1/CA3 regions of mice in
the IMQ group. The neurons were arranged loosely, with increased intercellular space, and numerous vacuolated regions
were observed. Following treatment with paeoniflorin at a dosage of 20, 60, and 100 mg/kg, the neuronal injury in the
hippocampus tissue of lupus mice demonstrated signs of amelioration. Histomorphometric quantification demonstrated
higher Nissl body density in CAl, indicative of restored protein synthesis capacity, and improvement in neuronal spatial
arrangement, reflecting preserved cytoarchitectural integrity (Figure 3B—-D). These neuroprotective effects correlated
strongly with improved cognitive outcomes.

To examine the neuroprotective effects of paeoniflorin on apoptotic signaling, Western blot analysis was performed to
evaluate caspase-3, Bcl-2, and BAX protein expression in hippocampal tissues from the IMQ-induced SLE murine
model. After the topical administration of IMQ, the hippocampus exhibited increased apoptosis. This was corroborated
by the activation of caspase-3 and BAX, coupled with a concomitant reduction in Bcl-2 expression (Figure 3E-G).
Meanwhile, treatment with paeoniflorin at the dosage of 60 and 100 mg/kg inhibited the activation of caspase-3 and
BAX. Notably, paconiflorin at the dosage of 20 mg/kg failed to demonstrate an inhibitory impact on the activation of
caspase-3 and BAX (Figure 3E-G). Collectively, these findings clearly demonstrated that paeconiflorin effectively
protects neurons from damage and apoptosis in IMQ-induced SLE mice.

Paeoniflorin Restores Reduced Hippocampal Tissue Autophagic Flux of Mice with SLE
Induced by Imiquimod

We employed immunofluorescence staining and Western blotting techniques; we meticulously investigated levels of
autophagy in hippocampal tissue in IMQ-induced SLE mice. As depicted in Figure 4A, immunofluorescence quantifica-
tion revealed significantly reduced LC3B expression levels in the hippocampal CA3 of IMQ-induced lupus mice,
indicative of autophagic flux impairment (Figure 4B and C). Simultaneously, the outcomes of Western blotting further
demonstrated that in the hippocampus of SLE mice induced by IMQ, the autophagy levels were diminished. This was
manifested by a decline in the expression of Beclin-1 and ATG5 proteins, coupled with an elevation in p62 protein
expression.

Conversely, paeoniflorin was found to enhance the levels of autophagy in the hippocampal tissue in IMQ-induced
SLE mice. Notably, the effect of paeoniflorin was most pronounced at a high dosage of 100 mg/kg (Figure 4D-F).

Paeoniflorin Pretreatment Ameliorates Morphological Changes in LPS-Injured HT22
Cells

To evaluate the effects of LPS and PF on HT22 cell viability, this study systematically analyzed dose- and time-
dependent effects using CCK-8 assays and Calcein/PI staining.

As shown in Figure 5A, LPS (0400 pg/mL, 24 h) inhibited HT22 cell viability in a concentration-dependent manner,
with the most significant reduction observed at 400 pg/mL. Calcein/PI staining (Figure 5D and F) further confirmed that
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Figure 3 Effect of paeoniflorin on neuronal damage in mice with SLE induced by TLR-7 agonist imiquimod. (A) Typical micrographs of HE staining of hippocampal CAl and
CA3. Scale bar = 80 pum. (B) Typical micrographs of Nissl staining of hippocampal CA| and CA3. Scale bar = 80 um. Black arrows indicate: neuronal damage. (C) Statistical
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neurons in the CA3 region of the hippocampus. (E-G) Western blot to detect the expression levels of Caspase-3, BAX/Bcl-2 ratio proteins in hippocampal tissues. n=3,
Data are expressed as mean * standard deviation, compared with the con group: *p<0.05 or **p<0.001, compared with IMQ group: #p<0.05, *p<0.01, ##p<0.001 or
#H#5<0.0001.

Abbreviation: ns, no significance.
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Abbreviation: ns, no significance.
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LPS (2100 pg/mL) markedly decreased live cell counts. Fluorescence imaging revealed widened intercellular gaps and
shrinkage of cell bodies, indicating loss of membrane integrity.

PF intervention exhibited dual time- and concentration-dependent effects: Low PF concentrations (<50 pM) and
short-term exposure (12 h) slightly suppressed cell viability. Conversely, high PF concentrations (100-300 uM) sig-
nificantly reversed LPS-induced toxicity after 24 h of treatment. Specifically, 100 pM PF restored cell viability to levels
comparable to the LPS-injured group (Figure 5B and C).

Morphological analysis demonstrated loss of neuronal polarity and axonal fragmentation in the LPS group, whereas
100 uM PF pretreatment restored a-tubulin cytoskeletal network continuity and reduced intercellular gaps to baseline
levels (Figure SE). These findings indicate that PF antagonizes LPS-induced neuronal damage by maintaining cytoske-
letal homeostasis.

In summary, 100 pg/mL LPS established a robust in vitro neuroinflammatory injury model, while 100 pM PF
treatment for 24 h represented the optimal neuroprotective parameters. This provides an experimental foundation for
subsequent mechanistic studies.

Paeoniflorin Upregulates Autophagy and Reduces Pro-Inflammatory Cytokines
Elevation on LPS-Injured HT22 Cells

To elucidate the neuroprotective mechanisms of paeoniflorin (PF), we established a lipopolysaccharide (LPS)-induced
injury model in HT22 cells. Western blot analysis revealed that LPS exposure significantly suppressed autophagic
activity, downregulation of key autophagy proteins ATGS5 and Beclin-1, reduced LC3B-II/LC3B-I ratio (Figure 6A-D).

PF treatment (50 and 100 uM) dose-dependently restored autophagic flux and reestablished autophagic homeostasis.
Furthermore, ELISA quantification demonstrated that LPS stimulation markedly upregulated pro-inflammatory cytokines
(TNF-0, IL-6, and IL-1B) in HT22 cells (Figure 6E—G). This inflammatory response was significantly attenuated by
100 uM PF pretreatment. These findings revealed a functional link between autophagic activity and cytokine secretion in
HT22 cells. It is possible that PF relies on cellular autophagy to exert an inhibitory effect on inflammation. The essential
role of autophagic flux restoration was further validated by 3-MA-mediated reversal of PF’s therapeutic efficacy.

Paeoniflorin Modulates Autophagy and Thereby Reduces the Increase in

Pro-Inflammatory Cytokines Caused by LPS in HT22 Cells

Pharmacological inhibition of autophagy using 3-MA (2.5 mM, 24 h) exacerbated LPS-mediated autophagic flux
impairment, as evidenced by a significant reduction in ATGS, Beclin-1, and elevation of p62/SQSTMI1 accumulation
(Figure 7A-D). Concomitantly, pro-inflammatory cytokine secretion was amplified (Figure 7E-G). These data
demonstrate a synergistic interplay between LPS and 3-MA in suppressing autophagic clearance while potentiating
neuroinflammatory responses. However, paeoniflorin (100 uM) enhances the autophagy level (Figure 7A-D) in HT22
cells and suppresses cytokine release (Figure 7E—-G). This finding implies a strong connection between autophagy and
pro-inflammatory cytokines production in HT22 cells. However, the exact mechanism remains to be thoroughly
investigated.

Paeoniflorin Attenuates LPS-Induced Autophagy Inhibition in HT22 Cells via
Activation of the PI3K/Akt/mTOR Pathway

The PI3K/AKT/mTOR pathway, a central regulator of cellular homeostasis, was found to orchestrate lupus-associated
neuroinflammation via bidirectional modulation of autophagic flux and immunometabolic reprogramming. Mechanistic
interrogation through phosphoprotein profiling revealed paeoniflorin’s targeted regulation of this pathway.

As demonstrated in Figure 8, LPS-induced injury in HT22 cells resulted in a marked reduction of p-PI3K/PI3K and p-AKT/
AKT phosphorylation ratios compared to the control group, whereas the p-mTOR/mTOR ratio was substantially elevated
(Figure 8A-D). In contrast, paconiflorin administration in LPS-injured HT22 cells induced a pronounced elevation of p-PI3K/
PI3K and p-AKT/AKT phosphorylation levels, accompanied by a concurrent decrease in the p-mTOR/mTOR ratio compared
with LPS group (Figure 8A-D). LPS collectively leads to autophagy flow blockage by inhibiting upstream PI3K/Akt signaling
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Figure 5 Effect of LPS and paeoniflorin on proliferation and morphology of HT22 cells. (A) Cell viability data were detected by CCK8 assay in HT22 cells at different
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on the alteration of HT22 cell number. Scale bar = 300 um. (E) o-tubulin staining showed the effect of PF (50 pM, 100 uM) on the morphology of HT22 cells induced by LPS.
Scale bar = 300 um. (F) Quantitative analysis of the number of viable cells. n = 3, Data are expressed as mean * standard deviation. Compared with the control group, *p <

0.05 or *p < 0.01, *¥p < 0,001, **+p < 0.0001.
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and activating mTOR-dependent autophagy inhibition. Combined 3-MA (2.5 mM) treatment further inhibited PI3K/Akt
phosphorylation and enhanced mTOR activity, leading to complete autophagy inhibition, corroborating the centrality of the
PI3K/Akt/mTOR axis in autophagy regulation.
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Figure 8 Effects of LPS and paeoniflorin on the PI3K/Akt/mTOR pathway in HT22 cells. (A) Representative gel blots by Western blot for PI3K/Akt/mTOR pathway-related
proteins. (B—D) Quantitative analysis of the immunoblotted proteins was performed with Image]. n=3, Data are expressed as mean * standard deviation, compared with the
con or LPS+3-MA group: *p<0.05 or *p<0.01, #¥p<0.001, **+4p<0.0001, compared with the LPS group, #p<0.05, *p<0.01, ##p<0.001 or #*p<0.0001.

Discussion

Our findings elucidate the protective role of paeoniflorin in ameliorating cognitive dysfunction, neuroinflammation, and
abnormally reduced autophagy levels in mice with SLE induced by TLR-7 agonist IMQ. IMQ-induced TLR7 activation
directly suppressed autophagic flux in hippocampal microglia by downregulating Beclin-1 and ATGS. Resultant p62/
SQSTMI1 accumulation potentiated NLRP3 inflammasome assembly, triggering IL-1B-mediated synaptic loss and
caspase-3-dependent apoptosis. PF dose-dependently reversed this process by activating PI3K/Akt/mTOR-dependent
autophagy, thereby attenuating neuroinflammation and cognitive deficits (Figure 9).

Notably, while IMQ enhances selective autophagy to bolster macrophage defenses against mycobacterial infection,*?
TLR7 signaling exhibits distinct central nervous system (CNS) effects. TLR7 suppresses basal autophagy through the
MyD88/mTOR pathway to maintain immune homeostasis.”® For instance, constitutive TLR7 activation in quiescent
macrophages reduces mitophagy by inhibiting ULK1 activity, preventing excessive inflammation.”* In SLE models,

13960 ‘= Journal of Inflammation Research 2025:18



Ma et al

L
%,
e
Imiquimod &
Hippocampus @ ILR7
N -« wyDss ,4/
G N ( « IRAKs - RAFG)

S?' - PI3K »
.»-"%_—_. PDK1 PIP3 »

—=e -P-

AKT g 1sc2 »
« TSC1 +

R il
O o T
mTOR —
q;eﬁ »
« FIP200 -
QT_GS W ATG12
NS
1.25mg Imiquimod f *‘"
on right ears.
Apply once every Autophagy
three days, for

eight weeks

Lupus
Mice

C57 BL6J

Neuromﬂammatlon
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TLR7 hyperactivation impairs nuclear debris clearance in B cells through autophagy suppression, perpetuating autoanti-
gen exposure and autoantibody production.””~° TIGIT in TLR7-mediated B-cell differentiation restored B-cell autop-
hagy, reduced anti-dsDNA antibody secretion, and delayed lupus nephritis progression.?” Furthermore, TLR7-mediated
autophagy inhibition promotes abnormal MHC-II accumulation in dendritic cells, enhancing autoantigen presentation.*®
These observations align with our demonstration that TLR7 activation reduces hippocampal autophagy, contributing to
cognitive decline in lupus mice—likely through exacerbated neuroinflammation, given established links between

30,31

impaired autophagy and neuroinflammation in traumatic brain injury,”® Parkinson’s disease, cerebral ischemia-

reperfusion injury,>*> 34,35

and spinal cord injury models.

Recent studies reveal that microglial IL-1p activates neuronal IL-1R1, triggering JAK2/STAT3-mediated mitochon-
drial translocation of pro-apoptotic Bax protein.*® Concurrently, GSDMD-N pores facilitate Ca*+ influx that activates
calcineurin, destabilizing synaptic plasticity regulators like PSD-95.°" NLRP3-activated endothelial cells exacerbate
neuronal apoptosis via MMP-9-mediated degradation of tight junction protein ZO-1, permitting monocyte infiltration into

38:39__a mechanism contributing to uncontrolled inflammation in conditions like NPSLE.

the brain parenchyma
Autophagy inhibition drives cognitive impairment through a sequential cascade: mitochondrial dysfunction — ROS/
mtDNA release — NLRP3 activation — cytokine release — neuronal apoptosis. This axis, validated in Alzheimer’s
disease, Parkinson’s disease, and traumatic brain injury models, offers therapeutic targets (eg, NLRP3 inhibitors,
autophagy enhancers) with PF demonstrating significant translational potential.
As neuropsychiatric SLE (NPSLE) represents a challenging complication of SLE, current glucocorticoid-based

therapies show limited efficacy for cognitive symptoms while carrying long-term risks (infections, osteoporosis).** >
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PF—a natural compound with dual immunomodulatory and neuroprotective properties.'®** Its preclinical studies, which

may improve neuroinflammation associated with cognitive impairment,***

provide a new direction to explore for
adjunctive treatment of NPSLE and other related cognitive disorders. This suggests potential for reduced steroid dosing
and diminished side-effect profiles, positioning PF as a promising adjuvant for NPSLE and other autoimmune-related
cognitive disorders.

Critically, the autophagy inhibitor 3-methyladenine (3-MA) abrogated PF’s benefits in vitro (Figure 7), demonstrating
the necessity of autophagy in its neuroprotective mechanism. Paeonia lactiflora has low acute toxicity, minimal subacute

47,48

and chronic toxicity, and no genotoxic or mutagenic effects”"""—advantages over conventional immunosuppressants for

long-term use. Beyond NPSLE, PF improves cognitive function in rheumatoid arthritis-associated cognitive impairment

and Sjégren’s syndrome neuropathy models,'®!'74%-°

through conserved mechanisms (autophagy modulation, neuroin-
flammation suppression), supporting its broad applicability for autoimmune-related cognitive disorders.

While 7-day PF intervention reversed functional deficits without fully restoring structural integrity, our results
establish PF as a strong candidate for mitigating TLR7-driven cognitive dysfunction in SLE, primarily through
autophagy-mediated neuroinflammation control. Future studies should focus on: (1) validating PF effects in human iPSC-
derived neurons, (2) characterizing pharmacokinetic interactions with immunosuppressants, and (3) conducting pilot

clinical trials assessing cognitive metrics and safety in NPSLE patients.
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