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ABSTRACT

Sepsis is a severe systemic infection that leads to multiple organ dysfunction and high mortality, making it one of
the primary causes of death in ICU patients. Sepsis also induces septic encephalopathy (SAE), resulting in acute
and long-term cognitive impairments. Research indicates that inhibiting BBB damage, anti-inflammatory, and
antioxidant responses are critical therapeutic directions for SAE. Monotropein (Mon), the main active component
of the traditional Chinese medicine Epimedium, possesses various pharmacological effects, including antioxidant
properties. This study aims to explore the protective effects and potential targets of Mon in SAE. Firstly, the GEO
database was utilized to screen for highly expressed genes, identifying matrix metalloproteinase-9 (MMP9) as a
target. Drug target reverse screening using Schrodinger software confirmed MMP9 as a potential therapeutic
target for Mon. Subsequently, in vitro experiments using an LPS-stimulated BV-2 and HUVECs co-culture model
examined the interaction between Mon and MMP9. A CLP-induced mouse model was employed to investigate
Mon’s role in SAE. Results indicate that MMP9 is highly expressed in SAE and promotes its progression. Mon
targets MMP9, enhancing its protein stability and exerting anti-inflammatory, improved vascular permeability,
and barrier protective effects. Mon alleviates brain tissue damage, BBB disruption, and synaptic loss induced by
CLP, increases antioxidant enzyme activity to eliminate ROS, and suppresses sepsis-induced oxidative stress,
thereby mitigating CLP-induced cognitive impairment in mice. In conclusion, Mon targets MMP9, exerting anti-
inflammatory, antioxidant, and barrier protective effects, alleviating SAE. Mon may serve as a potential natural
therapeutic agent for treating sepsis-induced brain dysfunction.

1. Introduction

blood-brain barrier, triggering inflammation, oxidative stress, and
impairing CNS neurotransmission and cerebral circulation (Q. Gao and

During sepsis, systemic inflammation affects the brain through
complex pathways, leading to sepsis-associated encephalopathy (SAE).
SAE manifests as diffuse brain dysfunction in septic patients without
direct CNS infection or structural abnormalities (Manabe and Heneka,
2022; de Aratgjo et al., 2022). Symptoms range from altered perception
to coma, affecting behavior, cognition, and consciousness (Piva et al.,
2023). Long-term cognitive impairments are common, with a high
incidence (up to 70 %) and elevated mortality rates in critically ill pa-
tients with SAE (Ito et al., 2022; Catarina et al., 2021). Factors like
inappropriate antimicrobial use contribute to neurotransmitter imbal-
ances, influencing SAE onset (Dumbuya et al., 2023). Sepsis disrupts the
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Hernandes, 2021; H.R. Li et al., 2023). Strategies targeting BBB pro-
tection, anti-inflammatory actions, and oxidative stress mitigation are
crucial for SAE treatment.

Matrix metalloproteinase-9 (MMP9) is a crucial enzyme in the matrix
metalloproteinase family, essential for maintaining extracellular matrix
dynamics (Augoff et al., 2022). It plays pivotal roles in various physio-
logical and pathological processes, including immune-related diseases of
the central nervous system (CNS), thrombolytic therapy for stroke, and
research on blood-brain barrier (BBB) integrity (Hu et al., 2024; Kacz-
marek et al., 2023; Ringland et al., 2021). The BBB, formed by brain
capillary walls and glial cells, protects the brain by selectively allowing
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nutrients and small molecules while blocking harmful substances (Peng
et al., 2021; Simoes Da Gama and Morin-Brureau, 2022). MMP9’s
involvement in BBB damage is well-documented in CNS immune dis-
eases. It degrades essential components like basement membranes and
tight junctions, critical for BBB integrity (Ji et al., 2023). For example,
MMP9 can break down tight junction proteins, compromising barrier
function. Studies suggest that in CNS immune diseases such as multiple
sclerosis, activated microglia regulate BBB integrity via the
MiR-126a-5p/MMP9 axis, influencing disease progression (Yan et al.,
2022; Yu et al., 2022). Chronic arsenic exposure or aging can elevate
MMP-9/2 levels, contributing to BBB tight junction disruption (Lv et al.,
2023). MMP9 levels in serum and cerebrospinal fluid also impact BBB
integrity in CNS infections (Dal-Pizzol et al., 2013). MMP9’s ability to
degrade BBB components and its activation in inflammatory responses
make it a significant therapeutic target for CNS immune diseases.

Monotropein (Mon) is a compound derived from plants like Sym-
phytum officinale and Morinda officinalis, belonging to the cyclohexane
terpenoid glycoside group (Z. Li, Li et al., 2023; Shin et al., 2013). It’s a
major active component of traditional Chinese medicine, known for
diverse biological activities (Wu et al., 2023; Mieres-Castro et al., 2019).
Mon exhibits anti-inflammatory, antioxidant, antimicrobial, and anti-
tumor effects (Guo et al., 2024; C. Wang et al., 2018). Studies highlight
its role in colorectal cancer treatment by modulating
inflammation-related pathways (Lu et al., 2023). Mon enhances anti-
oxidant enzyme activities and reduces oxidative stress markers like MDA
(Y. Zhang et al., 2020). It also protects cells from oxidative damage and
mitochondrial dysfunction (F. Jiang et al., 2020). These properties
suggest Mon’s potential in food and pharmaceutical applications,
particularly in treating sepsis-related brain damage.

This study aims to investigate the potential therapeutic effects of
Mon on SAE. The research involves establishing both an in vivo mouse
model of cecal ligation and puncture (CLP) and an in vitro model using
co-cultures of BV-2 and HUVECs stimulated with LPS. The study ana-
lyzes the pathological role of MMP9 in sepsis-induced BBB damage and
explores Mon’s targeted effects on MMP9, as well as its various bio-
logical activities such as anti-inflammatory and antioxidant properties.
This research aims to expand the pharmacological functions of Mon and
provide new insights for the development of therapeutic strategies for
SAE in the future.

2. Methods
2.1. Experimental animals and experimental design

Male BALB/c mice (20-25 g, 6 weeks old) were purchased from
Yangzhou University’s Experimental Animal Center. After a 7-day
acclimatization in controlled conditions (55 + 15 % humidity, 25 +
2 °C temperature) with free access to food and water. All procedures
followed the “Principles of Care for Laboratory Animals” (NIH Publi-
cation No. 85-23, amended in 1985), and the Animal Ethics Committee
of Jiangsu Ocean University approved the animal experiments of this
study (license number: 2022221092).

The experimental animals were randomly divided into the following
six groups, with 6 mice in each group: Control Group: This group rep-
resents the untreated animals, serving as a baseline for comparison.
Sham Group: Mice underwent laparotomy after anesthesia and were
sutured immediately without any drug treatment. Sham + Mon Group:
Mice underwent sham surgery and received intraperitoneal injections of
Mon (20 mg/kg BW) (Guo et al., 2024) for 4 consecutive days. CLP
Group: Mice underwent cecal ligation and puncture surgery after anes-
thesia. CLP + Mon Group: Mice received intraperitoneal injections of
Mon (20 mg/kg BW) (Guo et al., 2024) for 4 consecutive days after
surgery. CLP + Dex Group: Mice received intraperitoneal injections of
DEX (2 mg/kg BW) (Shi et al., 2021) for 4 consecutive days after
surgery.
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2.2. CLP model

The CLP procedure was done as described (Sun et al., 2020). Mice
were anesthetized with 100 mg/kg of ketamine intraperitoneally. The
cecum was ligated with 4.0 silk suture, punctured with a 21 G needle,
and a small amount of feces was extruded. The cecum was then returned
to the abdominal cavity and sutured. Mice received 0.1 mL of
pre-warmed saline subcutaneously for resuscitation. Sham-operated
mice had the same procedure without ligation and puncture. Five days
later, brain tissues were collected for Western blotting and biochemical
assays (12 mice per group), and behavioral testing was performed (3
mice per group).

After surgery, the mice were placed on a thermostatic heating pad
and resuscitated with an intraperitoneal injection of normal saline. They
were then allowed free access to food and water. All procedures were
strictly performed in accordance with the Principles of Care for Labo-
ratory Animals to ensure animal welfare.

2.3. Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) and BV-2 cells
(murine microglial cells) were cultured in high-glucose DMEM complete
medium at 37 °C with 5 % CO2.

2.4. Drug administration

Monotropein (Mon, CAS# 5945-50-6, HPLC >98 %, Aladdin,
Shanghai) was dissolved in DMSO (Sigma, USA, CAS# 200-664-3).
Following CLP surgery, mice in the CLP and sham-operated groups
received daily intraperitoneal injections of 20 mg/kg body weight (BW)
Mon for 4 consecutive days (Guo et al., 2024). The positive control
group received dexamethasone (DEX, 2 mg/kg BW) (Shi et al., 2021). In
cell experiments, BV-2 and HUVECs were treated with LPS (1 pg/mL) for
24 h (Hou et al., 2019). Mon was administered to cells at a concentration
of 100 pM for 24 h firstly (F. Jiang et al., 2020). Then MMP9-IN-1 (100
pM) was used to pretreat cells for 2 h (Dufour et al., 2011), followed by
stimulation with 1 pg/mL LPS for 24 h.

2.5. BBB detection

BV-2 cells were seeded at a density of 1 x 10° cells per square
centimeter in 24-well cell culture plates. The following day, HUVECs
were seeded at a density of 1.5 x 10° cells per square centimeter on
Transwell inserts with a pore size of 0.4 pm (Nunc, Thermo Scientific
Inc, USA) and placed in a cell culture incubator for further cultivation.
To evaluate the integrity of the blood-brain barrier (BBB) in vitro, tight
junction protein expression, including ZO-1, Occludin, and Claudin-5,
was analyzed by Western blotting. For in vivo assessment of BBB
permeability, Evans Blue dye was administered intravenously, and brain
tissue was collected for cryosectioning. BBB disruption was subse-
quently visualized and quantified based on Evans Blue staining of the
frozen brain sections.

2.6. TEER measurement

TEER of HUVECs co-cultured with BV-2 cells was measured using the
Millicell-ERS system (Millipore, USA) to assess barrier integrity. First,
the electrodes should be equilibrated in DMEM/F12 culture medium for
up to 24 h. This step allows full contact between the electrodes and the
culture medium, ensuring stability and consistency during measure-
ment. Following equilibration, the electrodes must undergo a rigorous
disinfection process to prevent potential contamination that could
interfere with the results. The electrodes are immersed in 75 % alcohol
for 15 min, which effectively eliminates bacteria and other microor-
ganisms. After disinfection, the electrodes are removed and left at room
temperature for 1 min to air dry, preventing any residual alcohol from
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affecting the subsequent experiments. Once disinfected and dried, the
electrodes are then placed in buffer solution for an additional 15-min
equilibration period. During resistance measurement, it is essential to
thoroughly measure each well and record the resistance value (Rt). To
ensure reliability, each well is measured at least three times, and the
average value is calculated. At the same time, the resistance of blank
wells (without cells) is also recorded as control values (Ro), which is
used for TEER calculation.

The TEER is calculated using the formula: TEER = (Rt — Ro) x S,
where S represents the effective membrane area. This calculation pro-
vides the transendothelial electrical resistance, which reflects the
integrity and functional status of the cell monolayer.

2.7. Gene expression omnibus (GEO) database

The GEO database (https://www.ncbi.nlm.nih.gov/geo/) was uti-
lized to analyze differential gene expression related to sepsis-associated
encephalopathy (SAE). Dataset GSE167610 was selected for the study of
sepsis-associated brain disease. Differential gene expression analysis
was performed using the GEO2R tool, with the screening criteria set as P
< 0.05 and |logFC| > 0.

2.8. Immunofluorescence staining

BV-2 cells were stained for Iba-1 (1:1000, Servicebio, Wuhan) and
MMP9 (1:800, Proteintech, Wuhan) expression using confocal
microscopy.

2.9. Western blotting

Proteins from six-well plates or brain tissues were extracted using
RIPA lysis buffer. After centrifugation, supernatants were collected, and
protein concentrations were measured with a BCA assay kit. Proteins
were separated by SDS-PAGE, transferred to PVDF membranes, and
blocked. Membranes were then incubated with primary antibodies
overnight, followed by secondary antibodies. Protein bands were visu-
alized using ECL chemiluminescence and quantitatively analyzed with
ImageJ software.

The primary antibodies used were obtained from Proteintech,
Wuhan, China: GAPDH (60004-1-lg, 1:50000), Bax (50599-2-Ig,
1:20000), MMP9 (27306-1-AP, 1:1000). The primary antibodies against
Bcl-2 (WL01556, 1:1000), Caspase 3 (WL02117, 1:1000) were pur-
chased from Wanleibio Co., Ltd., Shenyang, China. Secondary anti-
bodies included anti-rabbit IgG (SA00001-2, 1:2000) and anti-mouse
IgG (SA00001-1, 1:2000), both from Proteintech, Wuhan, China.

2.10. H&E staining

Brain tissue sections were stained to observe pathological changes
under an optical microscope (Leica, Japan).

2.11. Transmission electron microscopy (TEM) experiment

Brain tissue samples were fixed overnight in 4 % glutaraldehyde
fixative (BL912A, Biosharp), dehydrated in acetone, embedded in resin,
and polymerized at high temperature. Thin sections (70 nm) were cut
using an ultramicrotome, stained with uranyl acetate and lead citrate,
dried, mounted on carbon-coated copper grids, and observed using TEM
(Hitachi H-7650).

2.12. Biochemical assays

Samples were homogenized using a high-throughput tissue grinder
at low temperature. For general analysis, tissue was homogenized in a
1:9 ratio with physiological saline (v/v%). Specifically, for T-AOC in-
dicators, the ratio used was 1:4 (v/v%). After centrifugation to remove
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debris, supernatants were collected. Absorbance values for MDA, T-
AOC, CAT, and GSH indicators were measured at 532 nm, 593 nm, 405
nm, and 420 nm, respectively, using enzyme-linked assay kits following
their instructions. The biochemical assay kits were purchased from
Nanjing Jiancheng Bioengineering Institute, with the following catalog
numbers: MDA assay kit (A003-1-2), CAT assay kit (A007-2-1), T-AOC
assay kit (A015-2-1), GSH assay kit (A006-2-1).

2.13. CCKS8 assay

10 pL of CCK-8 reagent (Biosharp, BS350B) was added to BV-2 cells
stimulated with different concentrations (0, 0.1, 1, 10, 100, 1000 pM) of
Mon (F. Jiang et al., 2020). The cells were then incubated at 37 °C for 2
h. Subsequently, absorbance was measured at 450 nm wavelength using
a microplate reader to calculate cell viability.

2.14. Heat stability assay

BV-2 cells were split into control and Mon (100 pM) treated groups.
After 24 h, cells were collected in PBS with protease inhibitors and
heated at temperatures from 40 °C to 64 °C for 3 min in 9 EP tubes. They
were then cooled and incubated overnight at —80 °C, repeating this
cycle 3 times. Samples were boiled with 6 x protein loading buffer for
Western blotting to detect MMP9 expression.

2.15. Engynmatic stability assay

1 x 107 BV-2 cells were lysed in 1 mL RIPA lysis buffer (Solarbio,
Beijing) with Oprotease and phosphatase inhibitors on ice for 30 min.
After centrifugation, the supernatant was collected. Protein concentra-
tion was measured with the BCA method (Beyotime) and adjusted to 5
pg/pL. Samples were divided into 6 aliquots (20 pL each). Four aliquots
were incubated overnight at 4 °C with Monotropein (4, 8, 16, and 32
pM). A 1:1000 dilution of chymotrypsin (Merck, USA) was added to
experimental samples; controls had no proteinase E. After 30 min at
room temperature, the reaction was stopped with 6 x protein loading
buffer and samples were boiled. MMP9 expression was detected by
Western blot.

2.16. MIMP9 overexpression transfection

The day before transfection, BV-2 cells were seeded in 24-well plates
and cultured at 37 °C until 80 % confluent. ExFect Transfection Reagent
(T101-01, Vazyme, Nanjing), pLV3-CMV-Mmp9 (mouse)-3 x FLAG-Zeo
plasmid (P50330, MiaoLing, Shanghai), and Opti-MEM medium were
mixed in a 2 pL: 1 pg ratio. After incubating the mixture at room tem-
perature for 15-20 min, it was added dropwise to the 24-well plate. The
cells were cultured at 37 °C with 5 % FBS-containing medium for 6-8 h,
then incubated for an additional 24 h for further experiments.

2.17. Real-time quantitative PCR (RT-qPCR) analysis

Cells cultured in 6-well plates or brain tissues collected were treated
with Trizol reagent. 1 mL of Trizol solution was added per well/cell
pellet (20 mg tissue) until complete lysis. RNA was extracted with ice-
cold chloroform, precipitated with isopropanol, washed with 75 %
ethanol, and finally dissolved in DEPC-treated water. Following the in-
structions of the third-generation reverse transcription kit (R312-01,
Vazyme), 1 pg of total RNA was reverse transcribed into cDNA using
reverse transcriptase. Using the SYBR Green qPCR Premix (Q711-02,
Vazyme), qPCR reactions were set up with 20-fold diluted cDNA as
template in accordance with the manufacturer’s protocol. The qPCR
reactions were performed on an ABI 7500 instrument. Primers were
designed as follows: VEGF: “F: TCACCAAGGCCAGCACATAG, R:
GAGGCTCCAGGGCATTAGAC”, VEGFR2: “F: CGTCAA-
CAAAGTCGGGAGA, R: CAGTGCACCACAAAGACACG”, p-actin: “F:
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CCTGGCACCCAGCACAAT, R: GCTGATCCACATCTGCTGGAA” (Y.
Wang et al., 2018), synthesized by Sangon Biotech. The relative
expression levels of target genes were calculated using the 2744Ct
method, with B-actin as the internal reference gene.

2.18. Molecular docking

In this study, we used Schrodinger and PyMOL software for screening
MMP9 inhibitors. Monotropein’s structure was obtained from PubChem,
while MMP9’s 3D structure (PDB code: 2ow1) was from the PDB data-
base. Schrodinger’s Maestro module handled virtual screening, and
PyMOL visualized Monotropein’s docking with MMP9.

2.19. Reactive oxygen species (ROS) measurement

Reactive oxygen species (ROS) levels were measured using DHE
staining, where DHE reacts with superoxide anions to produce red
fluorescence, allowing for the visualization of ROS accumulation in
brain tissues. Fresh brain tissues were washed with cold PBS, rapidly
frozen, and sliced into 10 pm sections. Sections were treated with 5 pM
Dihydroethidium (DHE) at 37 °C for 30 min to detect superoxide anion
levels. After washing with PBS, nuclei were stained with DAPI. ROS
levels in brain tissues were observed using confocal microscopy.

2.20. Open field test (OFT)

The locomotor activity of mice was assessed using the OFT. Mice
from each experimental group were placed in the center of a 40 x 40 cm
box and allowed to freely explore for 5 min. Their movement was
recorded, and total distance traveled was analyzed.

2.21. Morris water maze experiment

The Morris water maze (MWM) test, assesses learning and memory.
It includes two phases: spatial navigation and spatial probe. Over five
days, mice are trained to find a hidden platform within 120 s per trial.
On days 1, 4, and 7, a 60-s positioning navigation test is conducted,
recording escape latency. After these tests on days 4 and 7, a spatial
probe test is done without the platform, allowing mice to swim for 60 s
to measure their time in the target quadrant.

2.22. Data analysis

All experimental data were analyzed using GraphPad Prism software
(version 8.1; La Jolla, CA). Prior to analysis, Shapiro-Wilk tests were
conducted using SPSS software to verify normal distribution of the data.
For data conforming to normal distribution, one-way ANOVA followed
by Tukey’s post hoc analysis was used for comparisons among three
groups, and t-tests were used for comparisons between two groups. For
non-normally distributed data, statistical analysis was performed using

A B

MMP?9 activity (% of Control)

> ° Xy o
O & S ’\‘S»S'Q

s LPS(ng/ml)
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the Mann-Whitney U test. All data are presented as mean + standard
error of the mean (SEM; n = 3 or 6). Statistical significance was set at *P
< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Results

3.1. MMP?9 is highly expressed in sepsis-associated encephalopathy and is
positively correlated with disease severity

The GEO database is a global repository for gene expression data
(Barrett et al., 2005). In this study, dataset GSE167610 showed that
MMP9 was significantly upregulated in the SAE model compared to
controls (Fig. 1A). BV-2 cells stimulated with varying LPS concentra-
tions showed increased MMP9 activity (Fig. 1B). Correlation analysis
confirmed a positive relationship between MMP9 activity and LPS
dosage (r = 0.9355, p < 0.0001, Fig. 1C). Using the CLP model, ELISA
measurements showed significantly higher MMP9 levels in SAE mice
compared to controls (Fig. 1D). These findings indicate elevated MMP9
expression in SAE.

3.2. MMP9 promotes the progression of sepsis-associated encephalopathy

MMP9 can degrade extracellular matrix proteins, disrupting the BBB
and worsening brain tissue damage (Yu et al., 2022). This allows in-
flammatory cells and mediators to enter, increasing encephalitis and
neuronal injury. In a co-culture model of LPS-stimulated BV-2 and
HUVEGCs cells, we assessed TEER and tight junction protein levels in
HUVECs after inhibiting MMP9 with MMP9-IN-1. MMP9 suppression
was confirmed by immunofluorescence (Fig. 2A). Inhibition of MMP9
significantly reversed the LPS-induced decrease in TEER and increased
tight junction proteins ZO-1, Occludin, and Claudin-5, compared to the
LPS group (Fig. 2B-F). MMP9 also promotes inflammatory responses in
neurons and glial cells (Yu et al., 2022). Immunofluorescence showed
fewer Iba-1-positive cells in BV-2 cells after MMP9 inhibition, indicating
reduced neuroinflammatory cell activation (Fig. 2G).

VEGF increases angiogenesis and vascular permeability by binding to
VEGFR2. In septic encephalopathy, inflammation increases cytokine
production, raising VEGF levels and VEGFR2 activation, which disrupts
the BBB and increases brain inflammation and damage (Ding et al.,
2023). MMP9 inhibition significantly reduced VEGF and VEGFR2 levels
in HUVECs, compared to the LPS group (Fig. 2H-K). MMP9 expression
was significantly upregulated in the SAE model, and this was closely
associated with key pathological features including BBB disruption,
neuroinflammation, and microvascular hyperpermeability. Mechanisti-
cally, MMP9 contributed to the degradation of tight junction proteins
(ZO-1, Occludin, Claudin-5), activation of microglia (as indicated by
increased Iba-1+ staining), and upregulation of the VEGF/VEGFR2
signaling pathway. These findings suggest that MMP9 actively promotes
the progression of SAE by exacerbating vascular dysfunction and in-
flammatory responses. In summary, blocking MMP9 alleviates BBB
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Fig. 1. Correlation analysis of MMP9 in SAE. A) Differential gene expression analysis of dataset GSE167610 from the GEO database. B) Effect of LPS (1-1000 ng/mL)
on MMP?9 activity in BV-2 cells after 24 h. C) Correlation analysis between MMP9 activity and increasing doses of LPS. D) ELISA detection of MMP9 content in brain
tissue homogenates. Data were analyzed by one-way ANOVA and presented as mean + SEM (n = 6). Tukey’s post-hoc analysis was used to compare the differences

between each group. ns indicates p > 0.05, *, **, *** ****represent p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively, indicating significant differences. (Result
of one-way analysis of variance (ANOVA) F (5, 12) = 49.91, P < 0.0001, Fig. 1B. Result of unpaired Student’s t-test t (10) = 4.147, P = 0.0020, Fig. 1D).
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Fig. 2H; control + lps vs Ips + MMP9-inb t (10) = 3.380, P = 0.0139, Fig. 2H. Reults of two-way analysis of variance VEGFR2 F (1, 12) = 8.343, P = 0.0136; F (2, 12)

= 15.03, P = 0.0005, Fig. 2H.).

disruption, neuroinflammatory responses, angiogenesis, and vascular evaluating binding stability and affinity. In Fig. 3A, we show the 3D
permeability in septic encephalopathy. docking results between Mon and MMP9, with a docking score of —6.16.
The binding sites identified are PRO-421, PHE-110, GLR-402, and GLY-

. . . 186. To validate these results, we conducted thermal and enzymatic

3.3. Monotropein can bind to the target protein MMP9 stability analyses of MMP9 with Mon. The CCK-8 assay determined that
Mon concentrations up to 100 pM were safe for BV-2 cells. Thus, 100 pM

Visualizing drug-target interactions in 3D helps us understand their was used for further experiments (Fig. S1). The thermal stability

spatial conformation, interactions, and binding sites, aiding in
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Fig. 3. Molecular Docking of MMP9 Protein Structure with Monotropein and Thermal Stability and Enzymatic Stability Experiments of Monotropein with Target
MMP9 Protein. A) The visualization results of the virtual docking between monotropein and MMP9. B) Thermal stability experiment. C) Enzymatic stability
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experiment (Fig. 3B) showed that Mon significantly increased MMP9’s
stability at temperatures from 40 °C to 64 °C. Enzymatic stability tests
(Fig. 3C) showed that while MMP9 was degraded by protease, Mon dose-
dependently enhanced MMP9 stability against degradation. Finally, we
presented the 2D conformation of the Monotropein-MMP9 complex
(Fig. 3D).

3.4. Monotropein exerts its anti-inflammatory effects, improves vascular
permeability, and protects the barrier function by targeting MMP9

We validated monotropein binding to MMP9 using molecular dock-
ing. To analyze monotropein’s effects through MMP9 in SAE, we used a
co-culture model of BV-2 and HUVECs cells with MMP9 overexpression.
Immunofluorescence showed increased MMP9 levels in overexpressing
BV-2 cells, which monotropein reduced (Fig. 4A). We measured TEER
and tight junction proteins (ZO-1, Occludin, Claudin-5) in co-cultured
HUVEGC:s to see if monotropein protects BBB integrity through MMP9.
Monotropein significantly improved TEER and tight junction protein
expression compared to MMP9 overexpression alone (Fig. 4B-F).
Notably, the variability in TEER measurements among different groups
may reflect individual differences in BBB integrity and response to
treatment, which is common in complex biological systems. Microglial
polarization was assessed using the activation marker Iba-1. Mono-
tropein reversed the polarization induced by MMP9 overexpression

(Fig. 4G). Lastly, we measured VEGF and VEGFR2 levels in HUVECs to
assess microvascular permeability. Monotropein treatment significantly
reduced VEGFR2 protein expression in HUVECs compared to the LPS +
OE-MMP9 group (p < 0.01). Specifically, VEGFR2 levels were markedly
lower in the LPS + MON group compared to both the LPS and LPS + OE-
MMP9 groups, indicating a potent inhibitory effect of Monotropein on
VEGFR2 upregulation (Fig. 4J). Similarly, Monotropein effectively
decreased VEGF protein expression in HUVECs. The LPS + MON group
showed significantly lower VEGF levels compared to the LPS and LPS +
OE-MMP9 groups (p < 0.05), highlighting Monotropein’s role in sup-
pressing VEGF induction (Fig. 4K). Monotropein significantly reduced
the VEGF and VEGFR2 levels elevated by MMP9 overexpression, sug-
gesting it improves vascular permeability through MMP9 (Fig. 4H-K).

3.5. Monotropein can alleviate CLP-induced brain tissue damage, blood-
brain barrier disruption, synaptic loss, and oxidative stress, thereby
restoring cognitive function in mice

Histopathological analysis of CLP-treated brain tissues showed se-
vere inflammation, neuronal necrosis, and disorganized cells. However,
Monotropein treatment after CLP surgery normalized neuronal
morphology, reduced necrosis, improved cell arrangement, and atten-
uated inflammation. (Fig. 5A and B). Evan’s blue staining revealed
significant BBB disruption in CLP mice, whereas Monotropein preserved
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Fig. 4. Monotropein exerts its pharmacological effects through MMP9. A) MMP9 immunofluorescence in BV-2 cells transfected with pLV3-CMV-Mmp9 (mouse)-3 x
FLAG-Zeo plasmid (scale bar: 200 pm). B) Transendothelial electrical resistance (TEER) in HUVECs. C) Western Blot of tight junction proteins in HUVECs. D-F)
Grayscale analysis of (C). G) Iba-1 immunofluorescence in BV-2 cells (scale bar: 100 pm). H) Transcriptional detection of VEGF and VEGFR2 in HUVECs. I) Western
Blot of VEGF and VEGFR2 in HUVEGs. J-K) Grayscale analysis of (I). Data: one-way ANOVA, mean + SEM (n = 3). Tukey’s post-hoc: *, ** * indicate p <
0.05, p < 0.01, p < 0.001, p < 0.0001, respectively, showing significant differences. (Results of one-way analysis of variance (ANOVA) F (3, 8) = 62.05, P < 0.0001,
Fig. 4B; F (3, 8) = 122.9, P < 0.0001, Fig. 4D; F (3, 8) = 15.53, P = 0.0011, Fig. 4E; F (3, 8) = 57.00, P < 0.0001, Fig. 4F; F (3, 8) = 29.53, P = 0.0001, Fig. 4J; F (3,
8) = 21.53, P = 0.0003, Fig. 4K; Results of two-way analysis of variance F (3, 40) = 1.886, P = 0.1475, Fig. 5H; F (1, 40) = 44.47, P < 0.0001, Fig. 5H; F (3, 40) =
24.47, P < 0.0001,Fig. 5H.).
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Fig. 5. Monotropein Alleviates CLP-Induced Mouse Brain Injury. CLP was used
to create a mouse SAE model. Mice were treated with Monotropein (Mon), with
Dex as a positive control and Sham as a negative control. A-B) H&E-stained
cerebral cortex and hippocampal CA1l sections (scale bar = 100 pm). Black
arrows indicate inflammatory cells. C) Evan’s blue dye fluorescent staining
(scale bar = 100 pm). D) TEM of neuronal synapses (scale bar = 2 pm). Black
arrows denote synapses. E) Measurements of lipid peroxidation, antioxidant
enzyme activity, and total antioxidant capacity in brain tissue. F) ROS detection
in frozen brain sections (scale bar = 100 pm). G) Open field test tracks and total
distance traveled. H-I) Morris water maze test tracks, time in target quadrant,
escape latency, distance, and velocity. J) qPCR detection of IL-1p, IL-6, iNOS
and TNF-a mRNA levels. Data were analyzed by one-way ANOVA and shown as
mean + SEM (n = 3 or 6). Tukey’s post-hoc analysis compared group differ-
ences. Significance levels: ns (p > 0.05), *, **, x** =x** (p < (.05, p < 0.01, p
< 0.001, p < 0.0001). (Results of one-way analysis of variance (ANOVA) F (5,
30) = 17.37, P < 0.0001, Fig. 5E; F (5, 30) = 13.20, P < 0.0001, Fig. SE; F (5,
30) = 19.77, P < 0.0001, Fig. 5E; F (5, 30) = 5.502, P = 0.0010, Fig. SE; F (5,
30) = 0.6944, P = 0.6317, Fig. 5G; F (5, 30) = 21.85, P < 0.0001, Fig. 5L; F (5,
30) = 42.64, P < 0.0001,Fig. 5I; F (5, 30) = 14.78, P < 0.0001, Fig. 5I; F (5, 30)
= 3.655, P = 0.0106, Fig. 51.). (For interpretation of the references to color in
tAhis figure legend, the reader is referred to the Web version of this article.)

BBB integrity (Fig. 5C). Electron microscopy showed severe synaptic
damage in CLP mice, mitigated by Monotropein (Fig. 5D). These find-
ings suggest Monotropein protects against CLP-induced septic-associ-
ated encephalopathy by reducing BBB disruption and synaptic loss.
Oxidative stress markers MDA, CAT, GSH, and T-AOC were assessed in
brain tissue (Fig. 5E). CLP mice showed elevated MDA and decreased
antioxidant enzyme activities compared to controls. Monotropein
treatment significantly improved these markers and reduced brain ROS
levels (Fig. 5F), indicating enhanced antioxidant capacity. Behavioral
tests evaluated cognitive function. In the open field test, all groups
exhibited similar locomotor abilities (Fig. 5G). In the Morris water maze,
CLP mice showed impaired performance, spending less time in the target
quadrant and struggling to find the platform. Monotropein treatment
improved performance, reducing escape latency and distance and
increasing time in the target quadrant (p < 0.0001), with no impact on
swimming speed (Fig. 5H and I). The observed variability in behavioral
outcomes among individual mice could be attributed to inherent dif-
ferences in cognitive function and stress responses, which are influenced
by factors such as age, sex, and baseline health status. The detection of
inflammatory factors such as TNF-a, IL-1p, IL-6, and iNOS also indicated
the anti-inflammatory effect of Monotropein (Fig. 5J). These results
demonstrate Monotropein’s effectiveness in alleviating CLP-induced
cognitive dysfunction in mice.

4. Discussion

MMP9, crucial for inflammation and tissue repair (Sunny et al.,
2024), was the focus of this study on its role in septic-associated en-
cephalopathy. Using the GEO database, we found MMP9 upregulation in
septic patients, consistent with previous studies (W. Zhang, 2024).
Experimental validation using GSE167610 further linked MMP9 with
sepsis severity. Our analyses underscored MMP9'’s significant upregu-
lation in sepsis, linking it with disease severity and guiding further
research. We used an in vitro blood-brain barrier model to study MMP9’s
involvement in septic brain injury mechanisms.

Given that sepsis-associated encephalopathy (SAE) is characterized
by blood-brain barrier disruption, neuroinflammation, and angiogenesis
(Yue et al., 2025), we employed MMP9 inhibitors to further examine
their impact on these phenotypes, This approach was chosen based on
previous studies indicating the significant role of MMP9 in these path-
ological processes (Hu et al., 2024). In septic brain injury, MMP9 in-
hibitors were effective in reducing blood-brain barrier disruption,
neuroinflammation, and angiogenesis. They lowered barrier perme-
ability and inflammatory mediator infiltration, protecting neurons and
brain tissues. By targeting VEGF and VEGFR2, key in angiogenesis and
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vascular permeability, MMP9 inhibitors helped alleviate vascular le-
sions and preserve brain integrity (Tsai et al., 2022; Wu et al., 2022).
These results highlight MMP9’s significance in septic brain injury and
the potential of MMP9 inhibitors for therapeutic intervention.

This study focused on how the drug Mon interacts with MMP9, a
protein involved in various physiological and pathological processes
such as tissue regeneration and tumor development (Huang, 2018).
Targeting MMP9 is clinically important, and Mon showed potential
therapeutic effects in this regard. The research visualized the
three-dimensional binding of Mon to MMP9, revealing their spatial in-
teractions and binding mechanisms. Thermal and enzymatic stability
assays confirmed Mon’s ability to stabilize MMP9 and protect it from
enzyme degradation, providing structural insights. Validation in disease
models using immunofluorescence and protein analysis further sup-
ported Mon as a potential therapeutic inhibitor of MMP9.

Sepsis is a major public health concern. CLP-induced sepsis in mice is
a widely used model for studying therapeutic approaches (Dejager et al.,
2011). HUVEC cells are validated for creating in vitro blood-brain barrier
models (C. Liu et al., 2023). Monotropein, derived from Gastrodia elata,
has anti-inflammatory and antioxidant properties (Y. Zhang et al.,
2020). Previous studies confirmed the safety of 20 mg/kg/day of Mon-
otropein in mice (Guo et al., 2024). In this study, we investigated
Monotropein’s protective effects in CLP and LPS-induced septic-asso-
ciated encephalopathy (SAE). Our findings in vivo showed improved
brain tissue pathology with Monotropein treatment.

Synaptic neuronal injury and BBB disruption are crucial in septic-
associated encephalopathy (SAE) (Gofton and Young, 2012). During
sepsis, inflammatory mediators and immune activation can damage
synaptic neurons, causing cognitive decline (J. Jiang et al., 2023;
Mazeraud et al., 2020). BBB disruption allows inflammatory mediators
easier access to brain tissue, worsening inflammation and damage in
SAE (Peng et al., 2021). Preserving synaptic neuronal integrity and BBB
function is vital for treating SAE. Monotropein treatment in our
CLP-induced sepsis model showed significant reductions in synaptic
damage and restored BBB integrity, suggesting it as a potential natural
therapy for sepsis-related multi-organ dysfunction.

During sepsis, the body releases inflammatory cytokines like TNF-a,
IL-1p, and IL-6, triggering systemic inflammation affecting the central
nervous system (Xin et al., 2023). These cytokines contribute to neu-
roinflammation, brain tissue damage, and increased vascular perme-
ability (S. Gao et al., 2023; Ferreira et al., 2024). Monotropein treatment
in mice enhanced antioxidant enzyme activity and reduced ROS levels in
the cerebral cortex and hippocampus, highlighting its potential in
mitigating septic brain injury.

Cognitive function is closely tied to septic-associated encephalopa-
thy (SAE). Patients with sepsis often experience cognitive impairment,
including decreased attention, memory loss, and slowed thinking
(Tauber et al., 2021; Ling et al., 2023). BBB disruption can worsen brain
injury by allowing more inflammatory mediators into brain tissue (Xin
et al., 2023). Monotropein treatment in mice significantly improved
learning and memory deficits caused by sepsis in behavioral tests like
the Morris water maze.

In summary, this study underscores MMP9’s role in septic enceph-
alopathy using animal and cell models. MMP9 inhibitors are validated as
potential treatments for septic brain injury. Research on Monotropein’s
interaction with MMP9 supports its potential as an MMP9 inhibitor,
offering insights for drug development. Monotropein’s effects in
reducing oxidative stress and inflammation suggest it could effectively
prevent septic encephalopathy.

5. Limitations

Multiple signaling pathways—such as NF-kB, MAPK, and Wnt/
B-catenin—play key roles in modulating inflammation, maintaining
endothelial integrity, and supporting neuronal survival. These pathways
may interact with one another and could play a role in mediating the
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pathological effects driven by MMP9 in the brain. Given this complexity,
our future work will focus on systematically examining how MMP9 in-
fluences these signaling cascades and the crosstalk between them in the
context of sepsis-associated encephalopathy. A deeper understanding of
the regulatory network centered on MMP9 and its downstream targets
may offer new insights into disease mechanisms and identify potential
therapeutic targets.
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