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ABSTRACT

Sepsis-related systemic inflammation is a deadly condition with high rates of morbidity and mortality. There is
evidence that sepsis affects the brain, and the most frequent organ dysfunction linked to sepsis is sepsis-
associated encephalopathy. Sepsis-related brain damage can drastically reduce a patient's chances of survival.
However, a specific treatment for sepsis-associated encephalopathy is not currently available. Consequently, to
treat the brain damage caused by sepsis, investigating novel therapeutic strategies is imperative. After estab-
lishing the CLP-induced mouse SAE model, we treated the mice with Gyp-XLIX and evaluated apoptosis, neu-
roinflammation, brain damage, and oxidative stress in the brain tissue of each group of mice. Furthermore, the
protective effects of Gyp-XLIX on LPS-treated BV-2 cells were assessed. We discovered that Gyp-XLIX treatment
increased the survival rate of CLP-treated mice, alleviated SAE-related cerebral nerve abnormalities, and
decreased blood-brain barrier breakdown, all of which could better preserve brain tissue in vivo. Furthermore,
we identified associated proteins and found that Gyp-XLIX may reduce oxidative stress, cell apoptosis, and
inflammation in the brain tissues of SAE mice. This observation was further validated in vitro. We established
that Gyp-XLIX alleviates SAE by targeting PPAR-«. These findings may be important for the clinical applicability
of Gyp-XLIX in SAE treatment. We found that Gyp-XLIX can alleviate brain injury in SAE by targeting PPAR-a and
is a potential protective agent for SAE.

1. Introduction

learning, and behaviour. Despite its high prevalence and clinical rele-
vance, only a few therapeutic options are available for treating SAE,

Sepsis is a common condition and one of the main reasons critically
ill individuals die, with up to 30 million infections worldwide each year
(Kumar et al., 2019). Patients experience multiorgan failure as sepsis
worsens, with the central nervous system being one of the most
vulnerable organs (Pan et al., 2022); this system is most susceptible
during the early stages of sepsis and progresses to sepsis-associated en-
cephalopathy (SAE) (Meneses et al., 2019; Song and Zhou, 2022; Wu
et al., 2021). According to previous studies, up to 70 % of patients with
sepsis are clinically affected with SAE, and patient mortality increases
with the severity of SAE (Song et al., 2023). Clinically, SAE is charac-
terized by a rapid decline in cognitive function and has been reported to
be accompanied by long-term neurocognitive impairment of memory,
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such as basic supportive therapy and anti-infective therapy alone (Ding
et al., 2022); therefore, exploring the mechanisms of brain damage in
the context of sepsis would be helpful in developing strategies for the
treatment of SAE.

One of the main effects that survivors of sepsis experience is impaired
cognition. Previous reports have shown that the mechanisms of SAE are
complex and multifactorial, with key mechanisms including blood—-
brain barrier (BBB) disruption and neuroinflammatory responses,
including excessive microglial activation (Pu et al., 2022; Wen et al.,
2022). One of the first and most significant steps in the development of
SAE is systemic inflammation, and an increasing number of studies have
reported that sepsis compromises the integrity of the BBB (Mei et al.,
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2021). Increased BBB permeability is believed to be a primary factor in
end-stage damage that results in death in severely ill sepsis patients
(Zaky et al., 2021).

The macrophages of the central nervous system, known as microglia,
are essential for both normal brain growth and neuronal regeneration.
There is increasing evidence that microglia are critical to the patho-
physiology of SAE (Michels et al., 2014). During sepsis, microglia are
overactivated, and inflammatory cytokines are produced in large
quantities, perpetuating the vicious cycle that leads to brain damage and
results in the progression of SAE. In summary, the inhibition of neuro-
inflammation in the brain is important for alleviating septic
encephalopathy.

Peroxisome proliferator-activated receptor a (PPAR-a) is a nuclear
receptor that regulates the inflammatory response (Caillaud et al.,
2021). PPAR-«a is expressed in the brain and other organs and is crucial
for inflammation, energy homeostasis, mitochondrial fatty acid meta-
bolism, and oxidative stress (Wojtowicz et al., 2020). In rodent models
of numerous neurological conditions, including experimental autoim-
mune encephalomyelitis, Parkinson's disease, and Huntington's disease
(HD), the activation of PPAR-a causes anti-inflammatory effects that are
advantageous (Esmaeili et al., 2016). Recently, exogenous PPAR-a ag-
onists were shown to reduce pain and protect neurons in both human
and animal models of chronic neuropathic pain and inflammation
(Oliveira et al., 2007). These studies suggest that PPAR-« activation may
be effective in the treatment of neurological diseases.

Gynostemma pentaphyllum Makino, sometimes called five-leaf
ginseng (Zhang et al., 2021c¢), is an edible herb or folk dietary supple-
ment (Weng et al., 2021). It has garnered much interest lately because of
its multiple pharmacological effects, such as triglyceride, antioxidant,
anti-inflammatory, antiapoptotic, and antitumour effects, coupled with
its low toxicity (Shin et al., 2014; Shin et al., 2015; Zhao et al., 2017).
Gynostemma saponin is the main bioactive constituent of gynostemma
and is predicated on many cellular and animal models. Gynostemma
saponin has a range of neuroprotective properties; for example, it can
protect neonatal rat subventricular zone neural stem cells in the sub-
ventricular zone of the newborn rat brain prenatally exposed to ethanol
(Dong et al., 2014), in addition to guarding against oxidative damage to
substantia nigra neurons in a Parkinson's disease model (Wang et al.,
2010), in contrast to neural stem cells in the stroke-affected ischaemic
brain (Wang et al., 2014). In addition, gibberellin saponins have been
reported to reverse depressive or anxious behaviours by inhibiting
neuroinflammation (Dong et al., 2018). These studies indicate that
gypenosides have broad prospects in the prevention and treatment of
brain diseases. Gypenoside XLIX (CAS number: 94987-08-3) is the main
saponin in gypenoside, accounting for 6-20 % of the total saponins (Guo
et al., 2017; Huang et al., 2007). This compound was discovered in
gynostemma in 1983 by a Japanese scholar, Tsuneematsu Takemoto,
and was structurally characterized and confirmed to constitute the
highest content of the active ingredient (Zhao et al., 2022). This
component has not been reported in other families of plants and has also
been a hot topic in the study of the chemical composition of gynostemma
saponins in recent years. Given its excellent neuroprotective qualities,
we hypothesized that Gyp-XLIX could prevent SAE, but the specific
mechanisms involved are still unclear and need to be further
investigated.

2. Materials and methods
2.1. Chemicals and reagents

Gypenoside XLIX (Gyp-XLIX, purity >98 %, CAS: 94987-08-3, PUSH
BIO-TECHNOLOGY) was used. LPS (Escherichia coli 0111: B4) was pur-
chased from Sigma-Aldrich (MO, USA). Antibodies against GAPDH
(60004-1-Ig, 1:50000), Nrf2 (16396-1-AP, 1:2000), Bax (50599-2-Ig,
1:2000), GFAP (16825-1-AP, 1:500), and NSE (66150-1-Ig, 1:800) were
purchased from Proteintech (Wuhan, China). Antibodies against iNOS
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(A3374, 1:1000), COX-2 (A3560, 1:1000), and Keapl (A25297, 1:1000)
were purchased from ABclonal (Wuhan, China). Antibodies against Bcl-
2 (WL01556, 1:1000), PPAR-a (WL00978, 1:1000), and TLR4
(WL00196, 1:1000) were obtained from Wanleibio (Shenyang, China).
Antibodies against IBA1 (GB114490-100, 1:500; GB12105-100,
1:1000) were obtained from Servicebio (Wuhan, China). Antibodies
against p38 MAPK (8690), SAPK/JNK (9252), p-p38 (4511), and p-
SAPK/JNK (4668) were purchased from Cell Signalling (MA, USA). Anti-
mouse (SA00001-1) and anti-rabbit (SA00001-2) horseradish
peroxidase-conjugated secondary antibodies were purchased from Pro-
teintech. FITC-labeled goat anti-rabbit IgG(H + L) (E031220-01, 1:200),
Cy3-labeled goat anti-mouse IgG(H + L) (E031610-01, 1:500), FITC-
labeled goat anti-mouse IgG(H + L) (E031210-01, 1:200), and Cy3-
labeled goat anti-rabbit IgG(H + L) (E031620-01, 1:500) were ob-
tained from EarthoX (Beijing, China).

2.2. Experimental grouping and animal model establishment

Over a period of one week, C57BL/6 mice (aged 6-8 weeks, Pizhou
Oriental Breeding Co., Ltd., Xuzhou) were selected and housed under
standard conditions with a 12/12-h light/dark cycle (light hours of
7:00-19:00).

SAE was induced by caecal ligation and puncture (CLP) (Yin et al.,
2023). As the industry standard for sepsis investigations, the CLP model
is the most widely used experimental model of sepsis (Song et al., 2023).
Experimentally, the mice were split into four groups at random: (1) the
sham group; and the mice underwent CLP and after 4 h they received:
(2) a daily saline injection for 5 days (CLP group); (3) a daily intraper-
itoneal injection of Gyp-XLIX 40 mg/kg for 5 days (CLP + Gyp-XLIX
group); (4) a daily intraperitoneal injection of dexamethasone 2 mg/kg
for 5 days (CLP + DEX group) (Cassol et al., 2010); (5) an intraperitoneal
injection of Gyp-XLIX 40 mg/kg, then 0.5 h later injected daily with 2
mg/kg PPAR-a inhibitor-GW6471 for 5 days (CLP + Gyp-
XLIX4+GW6471 group).

The process of CLP can be summarized as follows: Mice were fixed on
a flat plate after being anaesthetized. After shaving, cleaning, and dis-
infecting the abdominal skin, a longitudinal incision was made along the
midline of the abdomen. The top end of the caecum was then gently
pushed to fill it in after it was exposed through the abdominal incision.
Using a sterile 18-G needle, the distal caecum was pierced, and 50 % of
the caecum was ligated with No. 3 silk. To guarantee a smooth perfo-
ration, a tiny amount of faeces was extruded. Following its replacement
within the abdominal cavity, the caecum was sealed and sterilized. The
ceca of the mice in the sham-operated group had their caecums gently
removed and placed back into their abdominal cavities, without any
kind of treatment. After that, the abdomen was sutured and sterilized,
and the mice were placed in a thermostatic blanket until they woke up.
At the end of the operation, all of the mice were subcutaneously injected
with 1 mL of recovery saline solution, and antibiotics were not used. The
mice were given the reagent injections for 5 days and monitored every
day for survival, behaviour, and condition. At the end of the experiment,
all of the mice were euthanized, the whole brain was collected, and the
cerebral cortex was separated for additional experiments. The experi-
mental procedures are shown in Fig. 1A.

Furthermore, we took great care to reduce both the quantity and
suffering of the animals employed. All animal experiments were
approved by the Institutional Animal Ethics Committee of Jiangsu
Ocean University, and animal care was performed in accordance with
institutional guidelines.

2.3. Neurological deficit test

An investigator blinded to the group assignment conducted the
neurological evaluations. The Longa test is used for this assessment:
Grade 0, with no neurological deficits (normal) in symptoms; Level 1,
the left front paw cannot be extended when the mouse's tail is lifted
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Fig. 1. Gypenoside XLIX can improve brain injury in septic mice. (A) The
group was noted, n = 15. (C) Mice in each group were subjected to the sepsis

CLP+DEX CLP+Gyp-XLIX

whole experimental process schedule. (B) The number of mice that survived in each
model score, n = 6. (D) Neurological deficit scores were performed on mice in each

group, n = 6. (E) Edema of mouse brain tissue was detected, n = 3. (F) Histopathological changes in the cerebral cortex were observed using HE staining, n = 3. Scale

bar = 100 pm.

(mild); Grade 2, hovering to the left when walking (moderate); Grade 3,
difficulty walking, tilting to the left (severe); and Grade 4, cannot walk
spontaneously (very severe) (Guo et al., 2019).

2.4. Brain water content

Wet and dry gravity methods were used to determine the water
content of the brain (Tang et al., 2017). The mice were euthanized, the
whole brains were extracted, and their wet weights were recorded. The
brain samples were then dried in an oven at 80 °C for 48 h to determine
their dry weight. Using the previously described method, the brain
samples were weighed via an analytical scale to calculate their wet
weight. The brain water content was calculated using the following
formula: (wet weight-dry weight)/wet weight x 100 % (Lee et al.,
2024).

2.5. BBB permeability assessment

BBB integrity was assessed by measuring the Evans blue (EB) con-
tent. One hour before the brains were removed, EB dye (2 % saline so-
lution, 4 mL/kg) was injected into the tail vein. The two cerebral
hemispheres were then rapidly divided on ice, weighed individually,
and homogenized in 1.5 mL of 50 % trichloroacetic acid solution. Ab-
solute ethanol was used to dilute the supernatant four times following
centrifugation (13,600 xg, 20 min). The absorbance value was deter-
mined via a fluorescence spectrophotometer (excitation wavelength:
620 nm; emission wavelength: 680 nm). Micrograms of EB per gram of
brain tissue constitute the unit of measurement for EB content in brain
tissue extracts. Similarly, EB dye leakage was also observed via a fluo-
rescence microscope using blue excitation light (Guo et al., 2019).
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2.6. Elevated plus maze

The elevated plus maze (EPM) was used to assess cognitive impair-
ment (Gao et al., 2022). The EPM is based on an animal's spontaneous
fear-like reflex, which is an unconditioned reflex model and an inter-
nationally recognized method for measuring anxiety responses (Li et al.,
2023). The EPM has a square central space (6 x 6 cm), with a wall
thickness of 15 cm, two open arms (35 x 6 cm) and two closed arms (35
x 6 cm). After the mouse was placed facing the closed arm on a central
platform, it was allowed to roam about at will for five minutes. The maze
was washed with 75 % ethanol after every trial. The automated tracking
software of the animal motion monitoring system was utilised to capture
and examine the activities of every mouse. The number of times the
mouse entered the maze arms and the time spent in each maze arm were
recorded. As mentioned earlier, we used the MWM and EPM tests to
detect behavioural changes.

2.7. Morris water maze

The Morris water maze (MWM) is commonly used to assess cognitive
impairment (Gao et al., 2022). Based on previous studies, we assessed
the cognitive function of spatial learning and memory in the mice in
each group via the MWM test (Li et al., 2022). In brief, the mice were
placed in a circular pool of water at a temperature of 24 + 1 °C. A
transparent platform is placed in the water, 2 cm below the surface. The
mouse was positioned with its back to the wall and allowed 60 s to find
the submerged platform. Computer software was used to monitor and
record every mouse action. The mice did not die from their wound
infection during the water maze test.

2.8. Open field test

The open field test was conducted according to previously described
methods (Reis et al., 2022). The mice were placed in a laboratory
chamber (100 x 100 x 70 cm container) for 5 min. The distance trav-
elled and the number of times they crossed the intermediate area were
tracked and measured to assess their motor ability. The apparatus was
cleaned with 75 % alcohol between tests to remove odour cues.

2.9. Cell culture

The Chinese Academy of Medical Sciences (Beijing, China) provided
the mouse microglial cell line BV-2. The cells were cultured at 37 °C/5 %
CO4 in 10 % DMEM (Servicebio, Wuhan, China) supplemented with 10
% FBS (Biological Industries, Israel) and 1 % penicillin and streptomycin
solution. Before usage, LPS was stored at —80 °C after being dissolved in
DMEM at a concentration of 1 pg/mL as a stock solution. Four different
experimental groups were subsequently established for follow-up ex-
periments: the control group, the LPS group, the LPS + Gyp-XLIX
treatment group, and the LPS + Gyp-XLIX-+GW6471 (a specific inhibitor
of PPAR-a, Abmole) treatment group. BV-2 cells were pretreated with
10 pM Gyp-XLIX before LPS stimulation, and after 12 h, they were
stimulated with 1 pg/mL LPS. After 24 h, the cells were harvested for
testing. In accordance with previous studies, the LPS + Gyp-
XLIX+GW6471 treatment group was pretreated with the PPAR-a
antagonist GW6471 (5 pM) for 30 min, treated with Gyp-XLIX for 12 h,
and finally stimulated with LPS (Zhou et al., 2022).

2.10. CCKS8

The CCKS8 test (Biosharp, Beijing, China) was used to measure the
viability of the BV-2 cells in accordance with the manufacturer's in-
structions. BV-2 cells were seeded at a density of 1 x 10° cells/mL in 96-
well plates and treated with various concentrations of Gyp-XLIX (0, 10,
20, 30, or 40 pM). Each well received 10 pL of CCK8 reagent. After an
hour, the absorbance value at 450 nm was determined to determine the
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viability of each group of cells.

2.11. NO detection

The Griess reagent test (Promega, USA) was used to measure NO
production. In brief, 50 pL of N-1-naphthyleneethylenediamine dihy-
drochloride (NED) solution was added after 50 pL of cell culture su-
pernatant had been combined for 10 min with an equal volume of
sulfanilamide solution. Finally, a plate reader was used to measure the
absorbance at 540 nm to determine the amount of NO.

2.12. ROS detection

To identify intracellular ROS generation, the Reactive Oxygen Spe-
cies Assay Kit (Biosharp, Beijing, China) was used, and the manufac-
turer's instructions were carefully followed. 2',7’-Dichlorofluorescein-
diacetate (DCFH-DA) is degraded enzymatically by intracellular ester-
ases to form nonfluorescent DCFH, which easily crosses the cell mem-
brane. ROS then oxidise the DCFH to generate highly fluorescent 2,7
dichlorofluorescein (DCF). The amount of ROS produced is closely
correlated with the fluorescence intensity.

2.13. Biochemical assay

The animals were euthanized, and the brains were immediately
excised, followed by cerebral cortex isolation. The cerebral cortex was
weighed and homogenized with 9 times the volume of isotonic saline.
Following centrifugation, the supernatant was obtained and utilised to
detect relevant indicators. Oxidative stress indicators, including total
antioxidant capacity (T-AOC, A015-1-1, the ferric reducing ability of the
plasma method), catalase activity (CAT, A007-1-1, the ammonium
molybdate method), glutathione peroxidase activity (GSH-Px, AO05-1-
2, the colorimetric method), and malondialdehyde content (MDA,
A003-1-2, the TBA method), were detected via kits from Nanjing Jian-
cheng Technology Co., Ltd.

2.14. Histological evaluation (HE)

Fresh cerebral cortex tissue was obtained, washed in PBS, and sliced
into thin sections. The sections were then fixed in a 4 % para-
formaldehyde solution (Biosharp, Beijing, China) for 12 h to preserve
the original brain structure. The sections were subsequently dehydrated
via a graded ethanol series and embedded in paraffin. Prior to staining,
the sections were dewaxed with xylene and stained with haematoxylin
for several minutes. Pathological changes in each group were further
examined by observing the morphological changes in the brain tissue via
optical microscopy.

2.15. Immunofluorescence

The frozen slices of cerebral cortex were baked in an oven at 37 °C for
10 min to control moisture. Then it was fixed in 4 % paraformaldehyde
solution for 30 min, and washed in PBS buffer for 3 times for 5 min each
time. Antigen repair was performed using EDTA antigen repair solution
(pH 9.0). After natural cooling, the frozen slices were washed 3 times in
PBS for 5 min each time. After the sections were slightly dried, draw
circles around the tissues with an immunohistochemical pen, add 3 %
BSA to seal them, and seal them for 30 min. Then the slices were incu-
bated with primary antibodies at 4 °C overnight in a wet box, second
antibodies at room temperature for 60 min, 2 pg/mL DAPI at room
temperature for 10 min, and autofluorescence quencher B solution for 5
min. Finally, the slices were sealed with anti-fluorescence quench
sealant. Images are observed and acquired under confocal microscopy.
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2.16. Real-time PCR detection

TRIzol (CW0580S; CWBIOTECH, Beijing, China) was used for total
RNA extraction and subsequent cDNA synthesis via reverse transcrip-
tion. rtPCR was performed to detect the cDNA, which was combined
with MonAmp SYBR Green qPCR Mix (MQ10101, Monad, Suzhou,
China), RNase-free water, and upstream and downstream primers. The
primers were designed on the basis of information from previous studies
and were provided by Sangon Biotech (Shanghai, China) (Zhang et al.,
2023b). The primers for the inflammatory cytokines were as follows:
MM-Actb-F:  GCCATGTACGTAGCCATCCA; MM-Acth-R: ACGCAC-
GATTTCCCTCTCAG; MM-IL-14-F: TGCCTTCTTGGGACTGATGC; MM-
IL-1p-R:  GCAAGTGCATCATCGTTGTTC; MM-iNOS-F: GGTGAAGG-
GACTGAGCTGTTA; MM-iNOS-R: TGAAGAGAAACTTCCAGGGGC; MM-
IL-10-F: TAACTGCACCCACTTCCCAG; MM-IL-10-R: AAGGCTTGG-
CAACCCAAGTA; MM-TNF-a-F: GACGTGGAACTGGCAGAAGA; MM-
TNF-a-R: GGCTACAGGCTTGTCACTCG. The expression of Actb was used
for normalization. The relative mRNA expression of the target gene was
assessed via the 222 method (Zhang et al., 2021Db).

2.17. Western blot analysis

Protein was extracted with RIPA lysis buffer supplemented with 1 %
PMSF and 1 % phosphatase inhibitor. The protein concentration was
determined via the BCA method and adjusted with RIPA buffer. To
prepare for western blot analysis, the material was combined with
loading buffer and heated for ten minutes at 100 °C in a water bath. After
being separated by 10 % SDS-PAGE, the protein sample was transferred
onto a PVDF membrane. After the membrane was blocked for an hour at
room temperature with TBST containing 5 % skim milk powder, it was
incubated with the corresponding primary antibody at 4 °C overnight.
After that, the membrane was incubated for 1.5 h at room temperature
with the secondary antibody. A multifunctional, ultrasensitive imaging
system (SHST, Shanghai, China) was used to photograph the protein
bands, which were visualized via an improved chemiluminescent re-
agent (Vazyme, Nanjing, China). Using GAPDH as an internal reference,
quantitative analysis was carried out using ImageJ software to deter-
mine the relative expression levels of each protein (Zhang et al., 2023a).

2.18. Tunnel staining

Paraffin embedded tissue sections of cerebral cortex were succes-
sively dewaxed in xylene, soaked in anhydrous ethanol, soaked in
gradient ethanol (90 %, 80 %, 70 %), soaked and rinsed. Then, the brain
tissue was circled with an immunohistochemical pen and permeated in
Proteinase K solution of 20 pg/mL at room temperature for 20 min.
According to the manual of TUNEL BrightRed Apoptosis Detection Kit
(Vazyme, Nanjing), brain tissue apoptosis staining was performed.
Specifically, equilibration was performed with 1 x Equilibration Buffer
at room temperature for 10 min, incubation with 50 pL of incubation
buffer containing TdT enzyme at 37 °C for 60 min and staining with 2
pg/mL DAPI at room temperature for 5 min. Finally, the anti-
fluorescence quencher cover is added. BrightRed fluorescence was
observed at 620 + 20 nm. Blue fluorescence of DAPI was observed at
460 nm. In the apoptotic nucleus there is red fluorescence produced by
the incorporation of BrightRed.

2.19. Bioinformatics analysis

We used bioinformatics to investigate the role of PPAR-a in the
process of brain injury in sepsis. The GEO database is an open functional
genomic database for obtaining transcriptional profiling datasets
(GSE131761). The GSE131761 microarray data are based on the
GPL13497 platform. We downloaded the transcription and expression
profiles of healthy people and sepsis patients in MINiML format, which
contained the complete data of all platforms, samples and GSE records in
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the GSE; log2 values were uniformly processed for the datasets that were
not normalized, and the final results were visualized (Barrett et al.,
2013; Zhang et al., 2019).

2.20. Statistical analysis

GraphPad Prism 8.0 software was used to conduct the statistical
analysis. The Shapiro-Wilk test was used to determine the distribution
of the data, and all of the data that conformed to a normal distribution
were analyzed via one-way ANOVA, followed by the use of the Tukey
post hoc test to compare variables between groups. Error bars represent
the mean + standard deviation (SD). *: CLP group vs. Sham group/
Control group vs. LPS group, *P < 0.05, **P < 0.01, ***P < 0.001; #. cLp
group vs. DEX-treated CLP group, Gyp-XLIX-treated CLP group/LPS
group vs. LPS + Gyp-XLIX treatment group, #p < 0.05, #*p < 0.01, *##p
< 0.001. % LPS + Gyp-XLIX treatment group vs. LPS + Gyp-
XLIX+GW6471, *P < 0.05, ¥°P < 0.01, %P < 0.001.

3. Results
3.1. Gyp-XLIX can ameliorate brain damage in mice with sepsis

To investigate whether Gyp-XLIX could be used to treat brain dam-
age caused by sepsis, a mouse model of CLP sepsis was used (Fig. 1A).
The effective dosage of gypenoside XLIX was determined as shown in
Fig. S1. After model establishment, the condition of the mice in the Sham
group was not different from that of the normal mice. Compared with
the Sham group, the CLP group presented obvious characteristics of
sepsis, including shortness of breath, body curl, a decrease in skin
temperature and other symptoms. The mice in the dexamethasone
administration group and the Gyp-XLIX administration group were
clinically improved relative to the CLP group. The main manifestations
were increased activity, increased amounts of food and water consumed,
decreased respiration, increased skin temperature, and no secretions on
the body surface. In addition, after the inhibition of PPAR-a with
GW6471 in CLP + Gyp-XLIX mice, the status of this group of mice
became worse than that of CLP + Gyp-XLIX mice, indicating obvious
symptoms of sepsis.

Analysis of the survival of the mice in each group revealed that,
compared with the Sham group, the CLP group's survival rate decreased
(F=1.591, P < 0.001). The survival rate of the CLP mice improved after
the injection of Gyp-XLIX (F = 1.591, P = 0.04), whereas the survival
rate did not differ from that of CLP 4+ DEX mice (F = 1.591, P = 0.85),
suggesting that the therapeutic effect of Gyp-XLIX was similar to that of
DEX. Compared with those in the CLP + Gyp-XLIX group, the survival
rates of the CLP + Gyp-XLIX+GW6471 group were lower after the
administration of GW6471 (F = 1.591, P = 0.31) (Fig. 1B). In conclu-
sion, the sepsis model scores of each group demonstrated the same
outcomes (Fig. 1C).

CLP mice displayed clear neurological damage during sepsis. Spe-
cifically, the neurological impairment score of the CLP group was much
greater than that of the Sham group (F = 22.64, P < 0.0001), whereas
the neurological impairment score of the CLP group was dramatically
lower in response to dexamethasone and Gyp-XLIX treatment (F =
22.64, P = 0.0026; F = 22.64, P = 0.0026). Notably, CLP + Gyp-
XLIX+GW6471 mice showed an increase in neurological dysfunction
scores compared with CLP + Gyp-XLIX mice (F = 22.64, P = 0.0113)
(Fig. 1D). These findings suggest that Gyp-XLIX and dexamethasone may
have protective effects on brain function. Similarly, the brain water
content of the CLP group was noticeably greater than that of the Sham
group (F = 8.359, P = 0.0211). Compared with that in CLP mice, ce-
rebral oedema was reduced during Gyp-XLIX therapy (F = 8.359, P =
0.0199). There was no significant difference between the CLP + Gyp-
XLIX treatment group and the CLP + DEX group in cerebral oedema (F =
8.359, P > 0.99), indicating that Gyp-XLIX has the same therapeutic
effect as DEX in this process. In contrast, the injection of GW6471 in CLP



P. Zhao et al.

+ Gyp-XLIX mice significantly increased brain oedema (F = 8.359, P =
0.0355). (Fig. 1E).

Subsequently, sections of the cerebral cortex stained with HE were
examined to ascertain whether pathological changes were present in
each group. As shown in Fig. 1F, compared with the Sham group, the
CLP group presented obvious structural damage to the cerebral cortex,
accompanied by microglial hyperplasia, and many elongated and
irregular nuclei were observed. Interestingly, compared with that in the
CLP group, the damage to the cortex in the DEX-treated group was
alleviated, and the proliferation of microglia was reduced. In addition,
after treatment with Gyp-XLIX, the morphological and structural dam-
age to the cerebral cortex caused by SAE returned to normal, and the
proliferation of microglia decreased, indicating that Gyp-XLIX can
restore the structure of the cortex and have the same effect as DEX.
These results all indicate that Gyp-XLIX can improve the pathology of
sepsis and inhibit the brain injury induced by sepsis to a certain extent.

3.2. Gyp-XLIX improves cognitive impairment and BBB destruction in
CLP mice

To investigate the effects of CLP on cognitive function in mice, we
conducted behavioural tests to evaluate cognitive function. First, we
evaluated the behaviour of each group of mice in open field studies to
eliminate the possibility that the corresponding alterations were from
decreased motor activity in CLP mice. As shown in Fig. 2A-E, there was
no difference in the movement speed or distance of the mice in each
group (F = 0.05681, P > 0.5; F = 0.2611, P > 0. 5), indicating that the
experiment did not affect autonomous motor ability, which is consistent
with the results of previous studies (Zhang et al., 2024). Interestingly,
compared with those in the Sham group, the CLP group spent less time in
the central region and travelled a shorter distance in the central region,
suggesting brain damage after CLP (F = 10.61, P = 0.0037; F = 7.261, P
= 0.0150). This phenomenon was significantly improved in the mice
treated with Gyp-XLIX (F = 10.61, P = 0.0176; F = 7.261, P = 0.0216).
Moreover, we did not observe a significant difference between the CLP
+ Gyp-XLIX and CLP -+ DEX groups (F = 10.61, P = 0.9796; F = 7.261, P
= 0.9820), indicating that the therapeutic effect of Gyp-XLIX is similar
to that of the positive control drug DEX.

The EPM test can be used to assess cognitive impairment (Gao et al.,
2022). The results of the behavioural test (EPM) demonstrated that the
CLP mice had decreased cognitive function; however, the cognitive
performance of the CLP mice was enhanced by dexamethasone and Gyp-
XLIX. Compared with the mice in the Sham group, the CLP group
explored the open arms less and the closed arms more. Interestingly,
compared with that of CLP mice, exploration in the open arms was
greater after treatment with Gyp-XLIX and DEX. In the MWM experi-
ment, CLP mice took longer to reach the platform than Sham mice did,
but these phenomena were alleviated after Gyp-XLIX treatment. In
addition, there was no significant difference in the improvement effect
between Gyp-XLIX and DEX. These results indicated that CLP induced
cognitive impairment in mice; however, dexamethasone and Gyp-XLIX
treatment alleviated this cognitive impairment (Fig. 2F-I).

Next, we explored the possible mechanisms of CLP-induced cognitive
impairment and revealed that BBB disruption is associated with the
pathogenesis of SAE (Chen et al., 2020). Previous research has demon-
strated that, in CLP models, BBB penetration increases. An azo dye called
Evans blue (EB) can bind to albumin in the blood and is unable to pass
across the BBB normally. Therefore, the degree of EB fluorescence in the
brain is indicative of structural damage to the BBB. Therefore, to assess
the degree of BBB damage, we injected EB into the tail vein. The findings
of the amount of EB in each group of brain tissue and the immunoflu-
orescence map demonstrated that the BBB integrity of the mice in the
CLP group was inferior to that of the mice in the Sham group. Compared
with the CLP group, the DEX group and the Gyp-XLIX group presented a
reduction in CLP damage to the BBB (Fig. 2J-K).

MMP9 is one of the most important MMPs in the gelatinase family,
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and the overexpression of MMP9 destroys the BBB. Claudins play an
important role in maintaining the BBB in the brain. Therefore, we
detected the protein expression of MMP9 and claudin to explore the BBB
situation in each group. Compared with the Sham group, the CLP group
presented significantly increased protein expression of MMP9 (F =
9.791, P = 0.0084) and decreased protein expression of claudin (F =
11.01, P = 0.0022). Compared with CLP, the addition of Gyp-XLIX
significantly reversed the changes in the expression levels of these
proteins, resulting in a decrease in the expression of MMP9 (F = 9.791, P
= 0.0057) and an increase in the expression of claudin (F = 11.01, P =
0.0213). DEX also reversed the expression change in the CLP group but it
did not significantly differ from that in the CLP + Gyp-XLIX group (F =
9.791, P = 0.4865; F = 11.01, P = 0.9352) (Fig. 2L-0). These results
suggest that Gyp-XLIX may be used to treat CLP-induced brain injury in
mice.

3.3. Gyp-XLIX inhibits the production of inflammatory mediators

One of the most important aspects of sepsis pathophysiology is
neuroinflammation. The primary pathogenic sign after an increase in
BBB permeability is the overproduction of inflammatory factors (Liu
et al., 2023; You and Jiang, 2021). Numerous investigations have veri-
fied that CLP triggers a systemic inflammatory response and results in
the release of a range of cytokines and immune factors (Yamashita et al.,
2018). In the brain tissues of each group, we detected the mRNA
expression levels of a few pro- and anti-inflammatory factors. Compared
with sham mice, CLP animals presented higher expression levels of the
proinflammatory factors IL-13 (F = 54.68, P < 0.0001), TNF-a (F =
11.06, P = 0.0002), IL-6 (F = 61.19, P < 0.0001), and INOS (F = 49.82,
P < 0.0001) and a decreasing trend in the anti-inflammatory cytokine IL-
10 (F = 14.58, P = 0.0006). Following treatment with Gyp-XLIX, the
expression levels of these inflammatory factors decreased (F = 54.68, P
< 0.0001; F=11.06, P =0.0030; F = 61.19, P < 0.0001; F = 49.82, P <
0.0001), whereas the expression of IL-10 increased (F = 14.58, P =
0.0010). Gyp-XLIX had the same anti-inflammatory effect as DEX (F =
54.68, P = 0.9999; F = 11.06, P = 0.9992; F = 61.19, P = 0.9905; F =
49.82, P > 0.9999; F = 14.58, P = 0.3683) (Fig. 3A-E). In addition, we
detected the expression of the inflammation-related proteins iNOS, COX-
2, TLR4 and p-p65 via western blotting. These proteins were markedly
elevated following brain tissue damage in septic mice compared with
Sham mice (F = 25.18, P = 0.0010; F = 16.07, P = 0.0043; F = 8.011, P
=0.0118; F = 43.28, P < 0.0001). The expression of these proteins was
restored after the administration of Gyp-XLIX (F = 25.18, P = 0.0003; F
=16.07, P = 0.0036; F = 8.011, P = 0.0155; F = 43.28, P < 0.0001). In
addition, there was no significant difference between Gyp-XLIX and CLP
+ DEX mice in alleviating the expression of inflammation-related pro-
teins, indicating the same anti-inflammatory effect (F = 25.18, P =
0.9723; F = 16.07, P = 0.6596; F = 8.011, P = 0.9599; F = 43.28, P =
0.1896) (Fig. 3F-J). These results suggest that Gyp-XLIX exerts a sig-
nificant anti-inflammatory effect during sepsis-induced brain injury.

3.4. Gyp-XLIX reduces oxidative stress during SAE

Furthermore, a biochemical kit was used to assess the effects of Gyp-
XLIX on oxidative stress in SAE mice. As shown in Fig. 4A-D, compared
with those in the Sham group, the MDA levels in the CLP group increased
quickly (F = 12.77, P < 0.0001). Gyp-XLIX treatment reversed this
phenomenon (F = 12.77, P = 0.0059), suggesting that Gyp-XLIX
decreased the degree of membrane lipid peroxidation. In addition, the
activities of three important antioxidant enzymes, SOD, T-AOC, and
CAT, and the content of GSH were evaluated. The findings demonstrated
that in mice with sepsis-induced brain injury, unlike those in Sham mice,
the activity of these enzymes was decreased (F = 10.75, P = 0.0067; F =
12.66, P < 0.0001; F = 11.21, P = 0.0005); however, following medi-
cation therapy, the condition of the mice improved, and the activity of
several antioxidant enzymes was restored (F = 10.75, P = 0.0002; F =
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Evans blue content

Fig. 2. Gypenoside XLIX improved cognitive impairment and BBB destruction in CLP mice. (A) Movement of the mice in an open field test, n = 6. (B)
Movement speed of the mice in an open field test, n = 6. (C) The distance each group of mice moved in an open field test, n = 6. (D) The proportion of time spent in
the central area by each group of mice. n = 6. (E) The distance each group of mice moved in the central region, n = 6. (F) The cognitive function of the mice in each
group was analyzed via an EPM test, n = 6. (G) The time the mice entered the open arms in an EPM test, n = 6. (H) The swimming path of each group of mice in a
MWM test, n = 6. (I) Escape latency of each group of mice in a MWM test, n = 6. (J) Confocal microscopy was used to observe EB leakage in the cerebral cortex, n = 3.
The red fluorescence signal is EB, scale bar = 100 pm, and was quantified (K). (L) Evans blue content was detected in brain tissue, and the content of Evans blue
extracted with formamide was quantified at 620 nm, n = 3. (M-O) The protein expression levels of claudin and MMP9 in the brain tissues of the mice in each group
were detected via western blotting and normalized, and GAPDH was used as an internal control, n = 3. (For interpretation of the references to colour in this figure
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Fig. 3. Gypenoside XLIX inhibits the production of SAE-related inflammatory mediators. (A-E) RNA collected from brain tissue was reverse transcribed into
cDNA, and the mRNA expression levels of IL-1f, TNF-a, IL-6, INOS, and IL-10 in each group were detected by QPCR, n = 6. (F-J) Expression levels of inflammation-
associated proteins iNOS, COX-2, TLR4, and p-p65 were determined using proteins isolated from brain tissue, n = 3.

12.66, P = 0.0246; F = 11.21, P = 0.0004). Similarly, the ability of Gyp-
XLIX to regulate oxidative stress was not different from that of the
positive control drug DEX (F = 12.77, P = 0.7528; F = 10.75, P =
0.3417; F = 12.66, P > 0.9999; F = 11.21, P = 0.8088).

Recent studies have shown that activated microglia produce ROS and
cause neuronal damage (Liu et al., 2023). To determine whether Gyp-
XLIX can mitigate oxidative stress, ROS in the mouse cerebral cortex
were stained with DHE. Compared with the Sham group, the CLP group

presented noticeably higher ROS levels (F = 174.1, P < 0.0001). On the
other hand, the CLP mice treated with Gyp-XLIX presented decreased
ROS levels (F = 174.1, P < 0.0001). Compared with the CLP + DEX
group, the CLP + Gyp-XLIX group presented no significant difference in
ROS levels (F = 174.1, P = 0.5027), suggesting that Gyp-XLIX has the
same ability to relieve ROS as DEX does (Fig. 4E-F). Compared with
Sham mice, CLP mice presented higher levels of Keapl (F = 11.84, P =
0.0106) and lower expression of Nrf2 (F = 11.09, P = 0.0127), and the
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Fig. 4. Gypenoside XLIX improves oxidative stress during SAE. (A-D) The CAT activity, GSH content, MDA content, and T-AOC activity in each group were
evaluated using supernatant from brain tissue homogenate, n = 6. (E) Cortical ROS staining of brain tissue. Red signal: ROS was generated, and the ROS fluorescence
intensity was quantified (F). Scale bar = 100 pm, n = 3. (G) The expression levels of Keap 1 and Nrf2 important proteins were measured and normalized using
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to the web version of this article.)

results revealed that the level of oxidative stress in the brain tissue of expression (F = 11.09, P = 0.0377). This result was not significantly
CLP mice was increased. After treatment with Gyp-XLIX, the changes in different from that of the CLP + DEX group (F = 11.84, P = 0.8720; F =
the expression of these proteins were reversed, as reflected by decreases 11.09, P = 0.2279), indicating that Gyp-XLIX and DEX played the same
in Keapl expression (F = 11.84, P = 0.0029) and increases in Nrf2 role in preventing oxidative stress (Fig. 4G-I). These results suggest that
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Gyp-XLIX improves oxidative stress during SAE by activating the cellular
protective system associated with Nrf2.

3.5. Gyp-XLIX treatment inhibited cell apoptosis during SAE

An increase in apoptosis is related to the pathogenesis of SAE (Chen
et al., 2020). In brief, compared with Sham group, tunel staining of a
large number of cortical cells in CLP group showed red signal (showed
by red triangle symbol), indicating that CLP process was accompanied
by apoptosis of brain cells. In addition, both Gyp-XLIX and DEX can
reduce the red signal, indicating that Gyp-XLIX and DEX can effectively
reduce the apoptosis of brain cells induced by CLP. However, GW6471
reversed the anti-apoptotic effect of Gyp-XLIX on the cerebral cortex of
CLP mice (Fig. 5A). In addition, we detected the expression of apoptosis-
related proteins. Compared with the Sham group, CLP significantly
increased the expression levels of Bax (F = 20.47, P = 0.0055) and Cyto-
C (F = 29.15, P = 0.0003) and inhibited the expression of Bcl-2 (F =
8.066, P = 0.0092). In contrast, Gyp-XLIX had a beneficial effect by
reversing these changes in protein expression in CLP-treated mice,
downregulating the protein levels of Bax (F = 20.47, P = 0.0007) and
Cyto-C (F = 29.15, P = 0.0002), and increasing the protein levels of Bcl-
2 (F = 8.066, P = 0.0425). In contrast, compared with those of CLP +
DEX, the expression of these proteins was not significantly different (F =
20.47, P = 0.9979; F = 29.15, P = 0.7540; F = 8.066, P = 0.9189),
indicating that the antiapoptotic ability of Gyp-XLIX was not signifi-
cantly different from that of DEX (Fig. 5B-E). These results suggest that
the administration of Gyp-XLIX alleviates SAE-induced apoptosis.

3.6. Gyp-XLIX plays a role in alleviating SAE by activating PPAR-a and
acting on its downstream MAPK signalling pathway

To investigate the mechanism of SAE in more detail, we used the
GEO database to conduct a more in-depth study. We discovered that the
expression of PPAR-a was lower in sepsis patients than in healthy con-
trols (P < 0.0001). As shown in Fig. 6A, PPAR-a seems to be crucial in
the development of SAE, and a decrease in its expression was directly
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linked to the onset of SAE.

This result was further verified by western blotting detection of
PPAR-a protein expression levels in each group of mice. Compared with
the Sham group, the level of PPAR-« in the CLP group was lower (F =
6.705, P = 0.0432). However, after Gyp-XLIX administration, the pro-
tein expression of PPAR-a was significantly greater than that in the CLP
group (F = 6.705, P = 0.0450). Moreover, the downstream MAPK sig-
nalling pathway was activated in SAE after the reduction in PPAR-« (F =
9.792, P = 0.0138; F = 15.25, P = 0.0076), and the activation of MAPK
was also alleviated after treatment with Gyp-XLIX (F = 9.792, P =
0.0350; F = 15.25, P = 0.0070) (Fig. 6B-E). Therefore, we speculated
that PPAR-o may be a potential target for the mitigation of SAE by Gyp-
XLIX, which plays a role in the mitigation of SAE by activating PPAR-a
and acting on its downstream MAPK signalling pathway.

Microglia are central nervous system macrophages and they are
essential for neuronal regeneration and healthy brain development.
There is increasing evidence that microglia are critical to the patho-
physiology of SAE (Michels et al., 2014). Previous studies have shown
that in the brain, PPAR-« is expressed in a variety of cell types, including
microglia (Marx et al., 2002; Ramanan et al., 2008). To verify whether
Gyp-XLIX targets BV-2 cells during SAE, we detected IBA1, a marker of
microglial activation. Compared with Sham mice, CLP-treated mice
presented increased expression of IBA1 (F = 16.74, P = 0.0037), which
was reduced when Gyp-XLIX was administered (F = 16.74, P = 0.0117).
These results indicate that microglia are overactivated during CLP and
that Gyp-XLIX can act on microglia. After Gyp-XLIX treatment, the
overactivation of microglia was reduced (Fig. 7A-B). In addition, we
used IBal to label microglia for colocalization with PPAR-a. Compared
with that in the Sham group, the expression of PPAR-« was inhibited in
the SAE model group, whereas the fluorescence signal of PPAR-a was
restored by Gyp-XLIX intervention (Fig. 7C). We also examined the
colocalization of PPAR-a with astrocytes and neurons, and interestingly,
in astrocytes, there was no significant change in PPAR-o expression in
the SAE model or Gyp-XLIX intervention. In neurons, PPAR-a expression
was inhibited in the SAE model group compared with the Sham group,
but Gyp-XLIX intervention did not significantly improve PPAR-a
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Fig. 6. Gypenoside XLIX can increase the expression of PPAR-a. (A) The mRNA expression levels of PPAR-« in patients with sepsis and patients without sepsis
were analyzed using GEO database, where G1 represented the group of patients without sepsis and G2 represented the group of patients with sepsis. (B-E) Expression
levels of PPAR-a, p-p38, p38, p-jnk and jnk proteins were measured and homogenized using proteins isolated from brain tissue, with GAPDH as the internal reference,

n=3.

expression, which may be related to neuron damage (Fig. S2). We sub-
sequently used BV-2 cells in subsequent in vitro experiments. Thus, to
mimic SAE, we stimulated BV-2 cells with LPS. First, we investigated the
impact of Gyp-XLIX on BV-2 activity via a CCK8 assay. We discovered
that BV-2 cells were toxically affected by 20 pM Gyp-XLIX (Fig. 7D).
Therefore, in the follow-up study, we used a 10 uM concentration to
conduct the experiment.

To further determine whether the role of Gyp-XLIX in SAE is related
to PPAR-a, we used GW6471 for validation. Next, we examined the ef-
fect on NO in each group. Compared with that in the normal group, the
NO content increased after LPS treatment (F = 21.88, P = 0.0011),
whereas the NO content decreased in the LPS + Gyp-XLIX treatment
group (F = 21.88, P = 0.0012); however, the PPAR-a inhibitor GW6471
partially counteracted this effect (F = 21.88, P = 0.0042). (Fig. 7E).
Moreover, FSC detection of the ROS content also revealed the same ef-
fect, and ROS were restored in cells incubated with Gyp-XLIX. GW6471
eliminated the effective effect of Gyp-XLIX (Fig. 7F). In addition, WB
experiments showed that PPAR-a expression was downregulated in vivo
and in vitro after injury. Compared with that in the control group, the
PPAR-a protein level decreased after LPS stimulation (F = 39.74, P <
0.0001), and Gyp-XLIX administration increased PPAR-a expression (F
= 39.74, P = 0.0008); however, the use of PPAR-« inhibitors partially
reversed this effect (F = 39.74, P = 0.0024). Moreover, compared with
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that in the control group, the expression of MAPK-related proteins
increased with LPS stimulation (F = 30.30, P = 0.0198; F = 14.75, P =
0.0019) and was effectively reduced after Gyp-XLIX treatment (F =
30.30, P = 0.0028; F = 14.75, P = 0.0097). Moreover, the expression of
MAPK signalling pathway proteins in the middle and downstream re-
gions of each group also increased after GW6471 intervention (F =
30.30, P =0.0001; F = 14.75, P = 0.0416), which was closely related to
the expression of PPAR-a. These results indicated that PPAR-a expres-
sion decreased after LPS stimulation, but Gyp-XLIX activated PPAR-«
expression (Fig. 7G-J). Similarly, the detection of proteins related to
inflammation, oxidative stress and apoptosis also showed the same re-
sults as those of the in vivo studies (Fig. 7K-T). GW6471 reversed the
therapeutic effect of Gyp-XLIX on LPS, indicating that during SAE, Gyp-
XLIX improved inflammation, oxidative stress and apoptosis, which are
PPAR-« targets. Therefore, we suggest that Gyp-XLIX can alleviate the
LPS-induced decrease in PPAR-a and regulate the MAPK signalling
pathway to relieve inflammation, oxidative stress, and apoptosis in brain
tissue to treat SAE. (See Fig. 8.)

4. Discussion

Since ancient times, sepsis has been thought to impact the central
nervous system (CNS), with so-called sepsis-associated encephalopathy
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Fig. 7. Gypenoside XLIX plays a role in alleviating SAE by activating PPAR-a and acting on its downstream MAPK signalling pathway. The SAE model was
established in vitro by stimulating BV-2 cells with 1 pg/mL LPS. (A-B) the expression of IBA1 in brain tissues of mice in each group was detected. With GAPDH as the
internal reference, n = 3. (C) PPAR-a and IBA1 colocalization fluorescence map. Scale bar = 50 pm. (D) The effect of gypenoside XLIX at different concentrations (10,
20, 30, 40 pM) on BV-2 was detected by CCK8, n = 6. (E) Measurement of NO in cells of different treatment groups, n = 6. (F) The expression of ROS in each group
was measured by flow cytometry, with green representing the control group, orange representing the LPS + gypenoside XLIX administration group, blue representing
the LPS stimulation group, and red representing the LPS + gypenoside XLIX +GW6471 group, n = 3. (G-J) was validated in vitro to detect PPAR-a and MAPK
signalling pathways in each group of BV-2 cells. (K—N) The inflammatory related proteins in BV-2, iNOS, COX-2, TLR4, were detected and homogenized in each
group, with GAPDH as the internal reference, n = 3. (0-Q) The oxidative stress-related proteins Nrf2 and Keapl in BV-2 of each group were detected and ho-
mogenized, with GAPDH as the internal reference, n = 3. (P-T) The apoptosis-related proteins in BV-2 were detected and homogenized in each group: Bax, Bcl-2,
GAPDH as internal reference, n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

serving as its clinical manifestation (Mazeraud et al., 2020), which leads
to worsening sepsis and high mortality (Wu et al., 2021), and SAE can
cause behavioural symptoms that range from coma to dementia. New
SAE treatment approaches will benefit from an understanding of the
underlying causes(Barichello et al., 2021). Numerous studies on SAE
have been conducted in recent decades, but its precise mechanism is still
unclear (Zhu et al., 2023). At present, various therapeutic strategies,
such as the use of activated protein C and steroids, have been attempted
in SAE models (Chaudhry and Duggal, 2014); however, an appropriate
treatment for SAE is lacking.

We investigated the possible therapeutic benefit of Gyp-XLIX in SAE
in this study. According to our results, Gyp-XLIX effectively alleviates a
series of phenomena, such as CLP-induced increases in mortality, cere-
bral nerve defects, BBB destruction, and cerebral neuroinflammation.
These effects are caused mainly by the activation of the PPAR-a
pathway. Therefore, our findings demonstrate that Gyp-XLIX may be a
neuroprotective agent for SAE and has strong therapeutic potential for
SAE.

Previous studies have suggested that acute brain nerve injury is
largely reversible with appropriate treatment (Chaudhry and Duggal,
2014). To verify whether Gyp-XLIX can reverse SAE injury, we first
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monitored mortality, body weight, the brain defect score and other in-
dicators and found that after Gyp-XLIX treatment, SAE mice experienced
obvious improvements. Dexamethasone has the same therapeutic effect.
Reports indicate that atrophy of the hippocampus and cortex may be
connected to sepsis accompanied by aberrant neurological symptoms
(Stubbs et al., 2013). We used HE to assess the condition of the cortex
and hippocampus and found that the brain damage induced by CLP
could be reversed by Gyp-XLIX, which indicated that Gyp-XLIX had an
initial protective effect.

An increasing amount of research on humans and animal models
suggests that SAE is linked to numerous long-term cognitive conse-
quences (Rothenhausler et al., 2001). It is believed that cognitive
impairment is caused by hippocampal damage associated with early
sepsis (Semmler et al., 2013). HE staining revealed that significant
hippocampal damage could be alleviated by the administration of Gyp-
XLIX. Consequently, we hypothesized that Gyp-XLIX may reduce SAE-
induced cognitive impairment in mice. Cognitive tests with an
elevated cross maze and a maze showed that Gyp-XLIX can improve
cognitive impairment in SAE mice.

According to previous reports, alterations in the permeability of the
blood-brain barrier during sepsis generate a number of clinical and
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Fig. 8. Gypenoside XLIX acts on microglia and then targets PPAR-a and downstream p38 MAPK. JNK MAPK regulates inflammation, oxidative stress and apoptosis

during SAE, thus playing a therapeutic role.

functional changes in brain tissue, including oedema (You and Jiang,
2021), in addition to a higher concentration of water in the brain and a
greater susceptibility to blood dyes. Consistent with earlier findings, we
observed increased brain oedema and BBB permeability following CLP
in this study. However, after treatment with Gyp-XLIX, the increase in
cerebral oedema and increased blood-brain barrier permeability were
significantly reversed, suggesting that the damage to the blood-brain
barrier during SAE can also be reversed by Gyp-XLIX.

The primary pathophysiological mechanisms linked to the develop-
ment of SAE are neuroinflammation, oxidative stress, and cell death
(Peng et al., 2021; Zhang et al., 2021a). Normally, the BBB allows only
trace levels of inflammatory agents, including TNF-a, IL-1, and IL-6, to
reach the brain. On the other hand, when systemic inflammation occurs,
the BBB is destroyed, which makes it possible for infections, neuro-
toxins, complement, and a variety of inflammatory cytokines to reach
the brain tissue (Ren et al., 2020); thus, we also examined neuro-
inflammation and oxidative stress. Previous animal sepsis models have
shown markedly elevated brain tissue expression levels of inflammatory
markers such as TNF-q, IL-1, and IL-6. In line with earlier findings, we
discovered that there was a notable increase in the expression of in-
flammatory markers, suggesting that inflammation followed the SAE
process when the BBB was destroyed. Interestingly, this phenomenon
can be improved by the administration of Gyp-XLIX, indicating that Gyp-
XLIX effectively alleviates the inflammatory response in SAE. Similarly,
oxidative stress can cause neuronal damage and brain dysfunction
during sepsis (Barichello et al., 2006), and excessive ROS production can
induce lipid peroxidation, which damages cell and mitochondrial
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membranes. Lipid peroxidation directly results in the production of
MDA, which is considered an indicator of ROS-mediated damage. GSH
and CAT are two important antioxidant enzymes that scavenge ROS
(Zhang et al., 2021a). To evaluate the degree of oxidative damage in the
brain tissue in each group of mice, we detected the levels of ROS in the
cerebral cortex and hippocampus, in addition to the related enzymes and
ROS, and found that the oxidative damage caused by SAE improved after
the administration of Gyp-XLIX. One type of noninflammatory cell death
is called apoptosis, and past research has extensively examined how
apoptosis affects SAE (Fan et al., 2022). Through tunnel staining, we
observed that apoptosis was reduced after the administration of Gyp-
XLIX. These findings indicate that Gyp-XLIX has anti-inflammatory,
antioxidant and antiapoptotic effects on CLP-induced cerebral
neuronal injury in septic mice.

The role of the signal transduction system in the aetiology and pro-
gression of SAE has garnered increasing attention in recent years (Yu
et al., 2019). The brain and other organs express PPAR-a and other re-
ceptors in this family, which can be implicated in the transcriptional
regulation of genes linked to neuroinflammation, neuroapoptosis, and
antioxidant defence (Corbett et al., 2015; Dutta et al., 2022). In addition,
PPAR-a promotes neurogenesis and cell differentiation in the CNS and
has been shown to have protective effects in neuroinflammatory lesions.
Research has indicated that particular PPAR-a activators could be
crucial in ameliorating neuro-related illnesses (Wojtowicz et al., 2020),
and the most promising treatment approach for neuro-related illnesses is
thought to include activating PPAR-a. Notably, PPAR-a agonists func-
tion as neuroprotective drugs in a range of neurological conditions,
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including multiple sclerosis, cerebral ischaemia, Parkinson's disease,
and Alzheimer's disease (Nisbett and Pinna, 2018). One of the most
evident examples is the reduction in antioxidant and anti-inflammatory
processes in Alzheimer's disease patients' brains due to the down-
regulation of PPAR-o, which can also alter fatty acid transport, lipid
metabolism, and mitochondrial dysfunction (Wojtowicz et al., 2020).
Moreover, activating PPAR-a has been shown in investigations of Alz-
heimer's disease to lessen Alzheimer-like pathology and cognitive
impairment in animal models of the disease (Luo et al., 2020).

Thus, we hypothesized that PPAR-a might be important for the
development of SAE. We verified that the level of PPAR-o tended to
decrease in sepsis patients through analysis of the GEO database, sug-
gesting that PPAR-a may be associated with injury. However, when we
treated cells with Gyp-XLIX to ameliorate the decrease in PPAR-a while
alleviating SAE damage, the same effect was observed at the cellular
level, and our results demonstrated that PPAR-a may be the target
through which Gyp-XLIX regulates the pathophysiological function of
SAE. Inflammation, oxidative stress, and apoptosis can be new targets
for treating SAE injury.

In summary, the activation of PPAR-a may be a potential target for
the treatment of SAE, and it is also a key mechanism by which Gyp-XLIX
exerts its anti-inflammatory, oxidative stress, and apoptotic effects,
which provides new insights for the clinical treatment of SAE patients.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.expneurol.2024.115027.
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