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MSC-derived exosomal miR-140-3p
improves cognitive dysfunction in sepsis-
associated encephalopathy by HMGB1
and S-lactoylglutathione metabolism

Check for updates

Ying Ma1, Xingguo She1, Yang Liu2 & Xian Qin 3

MiRNAs in mesenchymal stem cells (MSCs)-derived exosome (MSCs-exo) play an important role in
the treatment of sepsis. We explored the mechanism through which MSCs-exo influences cognitive
impairment in sepsis-associated encephalopathy (SAE). Here, we show that miR-140-3p targeted
Hmgb1. MSCs-exo plus miR-140-3p mimic (Exo) and antibiotic imipenem/cilastatin (ABX) improve
survival, weight, and cognitive impairment in cecal ligation and puncture (CLP) mice. Exo and ABX
inhibit high mobility group box 1 (HMGB1), IBA-1, interleukin (IL)-1β, IL-6, iNOS, TNF-α, p65/p-p65,
NLRP3, Caspase 1, and GSDMD-N levels. In addition, Exo upregulates S-lactoylglutathione levels in
the hippocampus of CLP mice. Our data further demonstrates that Exo and S-lactoylglutathione
increase GSH levels in LPS-induced HMC3 cells and decrease LD and GLO2 levels, inhibiting
inflammatory responses and pyroptosis. These findings suggest thatMSCs-exo-mediated delivery of
miR-140-3p ameliorates cognitive impairment in mice with SAE by HMGB1 and S-lactoylglutathione
metabolism, providing potential therapeutic targets for the clinical treatment of SAE.

Sepsis is a major clinical challenge that often leads to multiple organ
dysfunction1. Sepsis-associated encephalopathy (SAE) is a serious compli-
cation of sepsis that may be present in up to 70% of patients with sepsis and
increases mortality in patients with sepsis2,3. SAE is a multifactorial syn-
drome, characterized by diffuse cerebral dysfunction induced by the sys-
temic response to infection without clinical or laboratory evidence of direct
brain infection or other types of encephalopathy (e.g., hepatic or renal
encephalopathy)2,4. However, effective clinical treatments for SAE are cur-
rently lacking. Determining the pathogenesis of SAE and identifying ther-
apeutic targets are urgently needed.

High mobility group box 1 (HMGB1) is a major injury-associated
molecular pattern that leads to fatal systemic inflammation and multiple
organ dysfunction syndrome in critical diseases5. Studies have shown that
HMGB1mediates synaptic loss and cognitive impairment in animalmodels
of SAE6. Berberine mitigates SAE by blocking the HMGB1/receptor for
advanced glycation end products signaling pathway by inhibitingmicroglial
stress on A1 astrocytes and neuron-induced decline7. In sepsis, the NOD-
like receptor family pyrin domain containing 3 (NLRP3) inflammasome

leads to the cleavage of Caspase 1 (the typical pathway) or Caspase 11 (the
atypical pathway), thereby releasing interleukin (IL)-1β, IL-18, and
HMGB1, and leading to pyroptosis8. Recombinant CC16 reduces NLRP3,
Caspase 1, IL-6, and IL-1β levels, and the phosphorylation of p38 MAPK
and extracellular-signal-regulated kinase (ERK), thereby inhibiting cortical
pyroptosis and ameliorating SAE9. The role of HMGB1 in SAE is well
understood, but the underlying molecular mechanism through which
HMGB1 mediates microglial pyroptosis is poorly understood.

Mesenchymal stem cells (MSCs) are pluripotent stromal cells that can
be isolated from various biological tissues, including adult bone marrow,
adipose tissue, and neonatal tissue10. Inmicewith SAE,MSCs treatment can
protect the integrity of the blood‒brain barrier, reduce astrogliosis and
neuroinflammation, and improve cognition and behavior11. Our previous
research confirmed thatMSCs could improve the cognitive function ofmice
with SAE12, but the specific mechanism of action is still unknown. MSCs-
derived exosomes (MSCs-exo) are new candidates for cell-free therapy for
various diseases13. MSCs-exo carries long noncoding RNAs, microRNAs
(miRNAs), messenger RNAs (mRNAs), and proteins, enabling them to
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Fig. 2 | Verification of the expression of HMGB1-targeting miRNAs in MSCs-
exo. aMorphological observation of MSCs. Scale bars: ×100 images, 100 µm; ×200
images, 50 µm. b Flow cytometric analysis ofMSC surfacemarkers. cBone and lipid-
induced differentiation of MSCs was observed by alizarin red staining and oil red O
staining, respectively. Scale bars: ×100 images, 100 µm; ×400 images, 25 µm. d TEM
and NTA were used to observe the morphology of exosomes derived from MSCs.

Scale bars: 200 nm. e Western blot analysis of exosome surface markers (TSG101,
HSP70, and CD63). f The expression of the top 10 miRNAs in MSCs-exo was
measured by qRT-PCR. Each experiment was independently repeated three times.
g The box diagram showing the miR-140-3p level in the control (n = 3) and SAE
(n = 6) groups.

Fig. 1 | MiRNAs targeting HMGB1 in SAE. a Volcano map showing DEmiRNAs in the control group and SAE group. b Heatmaps showing the variations in miRNA
abundance. c Venn diagram showing the intersection of DEmiRNAs and HMGB1-targeting miRNAs.
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have profound effects on recipient cells through epigenetic regulation14.
MSCs and MSC-derived conditioned media alleviate SAE by reducing
inflammation and inhibiting the ERK pathway15. The plasma exosome-
derived long noncoding RNA NEAT1 promotes ferroptosis by regulating
themiR-9-5p/transferrin receptor and theGOT1 axis, thereby exacerbating
SAE16.MiR-146a-5pdelivery byMSCs-exoprotects the cardiomyocytes and
myocardial tissues during sepsis by regulating MYBL117. MSCs-exo alle-
viates M1 microglial activation in mice with brain injury caused by sub-
arachnoid hemorrhage by delivering miR-140-5p18. MiR-140-3p inhibits
the progression of sepsis by reducing the expression of genes associatedwith
inflammation and apoptosis19. MiR-140-3p alleviates inflammation, oxi-
dative stress, and apoptosis caused by oxygen–glucose deprivation and
reperfusion, thereby exacerbating ischemia–reperfusion-induced brain
injury20. MiR-140-3p protects hippocampal neuronal cells from pyroptosis
and alleviates post-operative cognitive dysfunction induced by sevoflurane
inhalation in rats21. In addition, miR-140-3p, which targets HMGB1,
ameliorates the inflammatory response in airway smooth muscle cells by
regulating the JAK2/STAT3 signaling pathway22. Bone marrow MSCs
(BMSCs)-derived exosomes inhibit hypophosphorous-induced aortic

calcification and improve renal function through the SIRT6-HMGB1 dea-
cetylation pathway23. However, whether MSCs-exo affects cognitive
impairment in SAE through HMGB1-associated microglial pyroptosis and
the molecular mechanisms are unclear.

Human microglial clone 3 (HMC3) cells were established by simian
virus (SV40)-dependent immortalization of human microglia in Professor
Tardieu’s laboratory in 199524,25 andhave beenwidely used in studies related
to brain diseases26–28. This study explored whether MSCs-exo regulated
HMGB1-related pyroptosis and S-lactoylglutathionemetabolism inHMC3
cells, thereby affecting cognitive dysfunction during SAE and the potential
molecular mechanisms to provide insights for the use of anti-HMGB1
therapy to treat SAE.

Methods
Identificationof differentially expressedmicroRNAs (DEmiRNAs)
The GSE101639 dataset included three normal controls, three
patients with sepsis, and three patients with septic shock and was
used to analyze DEmiRNAs associated with SAE. The expression
matrix was normalized using the quantile method through the limma

Fig. 3 | MSCs-exo-mediated delivery of miR-140-3p inhibited LPS-induced
HMC3 cell inflammation and pyroptosis. aMiR-140-3p levels were measured by
qRT-PCR. b IBA-1 and HMGB1 levels in HMC3 cells were examined by immu-
nofluorescence analysis. Scale bars: 25 µm. c,dELISAwas used to examine iNOS, IL-
1β, IL-6, TNF-α, and HMGB1 levels in the supernatant of HMC3 cells. e Western
blot analysis of p65, p-p65, NLRP3, and HMGB1 expression. f Bioinformatics

analysis was used to predict the binding sites of miR-140-3p to HMGB1 (human).
g The dual-luciferase reporter assay confirmed the binding of miR-140-3p to
HMGB1. hThe uptake ofMSCs-exo was observed by immunofluorescence analysis.
Scale bars: 25 µm. Each experiment was independently repeated three times. Error
bars show SD. *P < 0.05 vs. the normal group; #P < 0.05 vs. the LPS group; &P < 0.05
vs. the MSCs-exo group.
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package. A |log2FoldChange| > 1 and adjusted P < 0.05 were used to
identify DEmiRNAs. TargetScan (http://www.targetscan.org/mamm_
31/) was used to predict the miRNAs targeting the combination of
HMGB1. The intersection was used to obtain 15 prediction target
miRNAs for subsequent research.

Cell culture and intervention
The methods used to extract and identify MSCs and MSCs-exo, and other
protocols are shown in SupplementaryMethods. Humanmicroglia HMC3
cells (AW-CNH003, Abiowell, Changsha, China) were cultured in mini-
mumessentialmedium(MEM) supplementedwith 10% fetal bovine serum,
100 IU/mL penicillin, and 10 μg/mL streptomycin at 37 °C, 5% CO2. The
cells were randomly divided into the normal group, LPS group, MSCs-exo
group, and MSCs-exo+miR-140-3p mimics group. Then, 100 ng/mL
lipopolysaccharide (LPS) was added and incubated for 4 h under standard
culture conditions29. MSCs-derived exosome (MSCs-exo) (1 μg/mL)30 or
S-lactoylglutathione (10mM)31 were with the LPS. The MSCs-exo+miR-
140-3p mimics group consisted of MSCs-exo transfected with miR-140-3p
mimics (1 μg/mL).

Dual-luciferase reporter assay
TargetScan (http://www.targetscan.org/mamm_31/)wasused topredict the
binding sites of miR-140-3p and Hmgb1. Mutant (mut-Hmgb1) and wild-
type (wt-Hmgb1) sequences were designed, synthesized according to the
predicted results, cloned, and inserted into the pmirGLO reporter vector

(Synthgene Biotech, Nanjing, China). The vector was transfected into
HEK293T cells (AW-CNH086, Abiowell) with miR-140-3p mimics or
mimics-NC (HonorGene, Changsha, China). Then, luciferase activity was
determined by a dual-luciferase reporter gene assay kit (Promega, Shanghai,
China). Renilla luciferase activity was used as an internal control.

Animal experiment
C57BL/6J male mice, which were aged 6–8 weeks and weighed 25–30 g,
were purchased fromHunan Slack Jingda Laboratory Animal Co., Ltd. The
IRB of Third Xiangya Hospital, Central South University, approved all the
experiments in this study (2023-S633). The experiments complied with all
relevant ethical regulations for animal use. Themicewere randomly divided
into five groups (n = 10): the sham group, model group, MSCs-exo+miR-
140-3pmimic (Exo) group, antibiotic (ABX) group, andABX+ Exo group.
The cecal ligationpuncture (CLP)modelwas constructed12. Inbrief, animals
were anesthetized with 2% sevoflurane in a well-ventilated room. The distal
cecum was ligated 40% from the base and pierced once with a 20-G needle.
The sham group underwent the same laparotomy but not CLP.
The remaining groups were used to construct CLP models. Bupivacaine
(3mg/kg) and buprenorphine (0.1mg/kg) were injected subcutaneously to
avoid postoperative pain. On the 8th day after surgery, 200 μg of exosomes
were injected through the tail vein32. For five consecutive days after CLP,
25mg/kg/day of imipenem/cilastatin and 0.9% NaCl were injected intra-
peritoneally once per day33. The mice were continuously observed for
25 days and killed on the 31st day. The whole brain was dissected, rinsed

Fig. 4 | MSCs-exo-mediated delivery of miR-140-3p improved cognitive
impairment in mice with SAE. a Bioinformatics analysis was used to predict the
binding sites of miR-140-3p toHmgb1 (mouse). bThe dual-luciferase reporter assay
confirmed the binding of miR-140-3p to Hmgb1. c Survival rate analysis of CLP

mice. d Changes in the weight of CLP mice. eMorris water maze test. n = 10. Error
bars show SD. *P < 0.05 vs. the shamgroup; #P < 0.05 vs. themodel group;&P < 0.05
vs. the ABX group.
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with precooled saline, and fixed in 4% paraformaldehyde for paraffin-
embedded sections or further dissected for the hippocampus tissue. Then,
the dissected hippocampus tissue was snap-frozen by liquid nitrogen and
stored at−80 °C for subsequent molecular biological detection (n = 3) and
metabolites analysis (n = 3).

Morris water maze
As previously described12, the mice were trained four times daily for 5 days.
Afterpretraining, themicewere testedat intervals of 5 s, 20min, and2 h (the
interval between trials 1 and 2). Each test session lasted for 3 days. The time/
path length was calculated by subtracting Trial 2 time/path length from that
ofTrial 1.A larger time/path lengthdifference indicatedbetter performance.

Immunohistochemistry
Hippocampal tissuewas fixedwith 4%paraformaldehyde and cut into 2 μm
slices. The slices were baked at 62 °C for 8 h, dewaxed, and rehydrated. The
slices were soaked in 0.01M citrate buffer at high temperature for 20min
and placed in a periodate solution to inactivate endogenous enzymes. The
slices were incubated with primary antibodies against Caspase 1 (1:300,
22915-1-AP, Proteintech, USA) and NLRP3 (1:300, 19771-1-AP, Pro-
teintech, USA) at 4 °C overnight. The slices were incubated with HRP-
conjugated polyclonal goat anti-rabbit IgG (AWS0002, Abiowell, China).
The sliceswere observed and analyzedunder amicroscope (BA210T,Motic,
Singapore).

Immunofluorescence analysis
The slices were subjected to immunohistochemical staining. After the cells
were fixed with 4% paraformaldehyde for 30min, they were permeabilized
with 0.3% Triton X-100 for 30min. Then, the slices were blocked with 5%
bovine serum albumin (BSA) at 37 °C for 90min. The slices were incubated
with primary antibodies against Caspase 1 (1:300, 22915-1-AP, Proteintech,
USA), NLRP3 (1:300, 19771-1-AP, Proteintech, USA), HMGB1 (1:200,

ab190377, Abcam, UK) and ionized calcium-binding adaptor molecule-1
(IBA-1) (1:50, 10904-1-AP, Proteintech, USA) at 4 °C overnight. The slices
were incubated with secondary antibodies at 37 °C for 60min. The slices
were then preserved in glycerin buffer and observed under fluorescence
microscopy.

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)
Total RNA was extracted from cells and reverse-transcribed into com-
plementary DNA (cDNA) using TRIzol reagent (15596026, Thermo Fisher
Scientific, MA, USA) and a reverse transcription kit (CW2141, CWBIO,
Beijing, China). PCR was performed using UltraSYBR mixture (CW2601,
CWBIO). U6 was used as the internal control for miRNA expression.
Relative miRNA expression was determined by the 2−ΔΔCt method. The
primer sequences are shown in Supplementary Table 1.

Western blot analysis
Total proteins were extracted from brain tissue and neuronal cells with
RIPA lysis buffer (AWB0136, Abiowell). The bicinchoninic acid (BCA)
method was used to determine the protein concentration (AWB0104,
Abiowell). The proteins were separated by 10% sodium dodecyl sulfate‒
polyacrylamide gel electrophoresis and transferred to nitrocellulose mem-
branes (AWB0231, Abiowell). The membranes were blocked in 5% skim
milk at room temperature for 2 h and incubatedwith the primary antibodies
shown in Supplementary Table 2. The membrane was incubated with
secondary antibody HRP Goat anti-mouse IgG (SA00001-1, 1:5000, Pro-
teintech, USA) or HRP Goat anti-rabbit IgG (SA00001-2, 1:6000, Pro-
teintech, USA) at room temperature for 90min.AChemiScope6100 system
(CLiNX) was used to capture the chemiluminescence signals from the
membrane and produce a digital image of the protein bands. The band
density in the image was then quantified using ImageJ software (ImageJ 1.5,
USA). Uncropped blot images are shown in Supplementary Fig. 1.

Fig. 5 | MSCs-exo-mediated delivery of miR-140-3p reduced neuroinflammation
inmicewith SAE. a, bHippocampal apoptosis was observed by TUNEL staining. Scale
bars: 25 µm. c, d IBA-1 and HMGB1 levels in hippocampal tissues were examined by

immunohistochemistry. Scale bars: 25 µm. e ELISA was used to measure IL-1β, IL-6,
and TNF-α levels in the hippocampus. n = 3. Error bars show SD. *P < 0.05 vs. the sham
group; #P < 0.05 vs. the model group; & P < 0.05 vs. the Exo group.
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Statistics and reproducibility
The data were analyzed and plotted using GraphPad Prism 9 software. The
data are expressed as the mean ± standard deviation (SD). Each test was
repeated independently three times from distinct samples.
Kolmogorov–Smirnov test and exploratory descriptive statistics test were
used to analyze whether the data conformed to a normal distribution and
homogeneity of variance. The measurement data obeyed the normal dis-
tribution and homogeneity of variance. The data were analyzed by para-
metric test. The unpaired Student’s t-test was used to compare the data of
two groups that were not one-to-one correspondence using a two-tailed
approach. One-way ANOVA and Tukey’s post-hoc test were used to
compare data among three groups. Data comparisons between groups at

different timepointswere analyzedby two-wayANOVAwithBonferroni as
a post hoc test. The significance level was set at P < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Bioinformatics analysis of HMGB1-targeting miRNAs in
clinical SAE
We first identified DEmiRNAs in SAE patients in the GSE101639 dataset.
Volcanomaps were constructed for theDEmiRNAs in the control and SAE

Fig. 6 | MSCs-exo-mediated delivery of miR-140-3p reduced pyroptosis in mice
with SAE. aWestern blot analysis of HMGB1, p65, p-p65, andNLRP3 expression in
the hippocampus. b, c NLRP3 and Caspase 1 levels in the hippocampus were
examined by immunohistochemistry. Scale bars: ×100 images, 100 µm; ×400 images,

25 µm. dWestern blot analysis of Caspase 1 andGSDMD levels in the hippocampus.
n = 3. Error bars show SD. *P < 0.05 vs. the sham group; #P < 0.05 vs. the model
group; & P < 0.05 vs. the Exo group.
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groups (Fig. 1a). The heatmap shows variations in miRNA abundance
(Fig. 1b). The Venn diagram shows that the DEmiRNAs and HMGB1
targeting miRNAs shared 15 common miRNAs: hsa-miR-46445-5p, hsa-
miR-378b, hsa-miR-642a-3p, hsa-miR-4275, hsa-miR-548as-3p, hsa-miR-
611, hsa-miR-142-3p, hsa-miR-361-3p, hsa-miR-450a-5p, hsa-miR-589-
5p, hsa-miR-140-3p, hsa-miR-147a, hsa-miR-4733-3p, hsa-miR-205-5p,
and hsa-miR-340-5p (Fig. 1c).

miR-140-3p was highly expressed in MSCs-exo
First, the morphology of the MSCs was observed by optical microscopy.
The results showed that MSCs grew like fibrocytes, with spindle-shaped
or irregular triangles on the surface of the support, oval-shaped nuclei in
the center of the cells, and protrusions of different lengths in the cyto-
plasm. Almost all the MSCs were adherent and had strong adherent
abilities (Fig. 2a). The flow cytometry results showed that cluster desig-
nation (CD)73 (98.97%), CD90 (97.54%), and CD105 (99.32%) were
highly expressed. The expression levels of CD19 (3.24%), CD34 (2.33%),
CD45 (3.07%), and human leukocyte antigen-DR isotype (HLA-DR)
(0.58%) were low (Fig. 2b and Supplementary Fig. 2). The MSCs
exhibited osteogenic differentiation and lipogenic differentiation ability
(Fig. 2c). Our results indicated that the isolation of MSCs was successful.
Transmission electron microscopy (TEM) revealed that the isolated
exosomes were cup- or spherical-shaped, and the nanoparticle tracking
analysis (NTA) results revealed that the diameters of the exosomes were
~30–150 nm (Fig. 2d), indicating the successful extraction of the exo-
somes. Exosome surface markers (TSG101, HSP70, and CD63) were
examined by western blot. The results showed that TSG101, HSP70, and
CD63 were highly expressed inMSCs-exo (Fig. 2e). The expression of the
top 10 DEmiRNAs in MSCs-exo was measured by qRT-PCR. The results
showed that the expression level of miR-140-3p was the highest (Fig. 2f).
The GSE101639 dataset showed decreased miR-140-3p expression in
SAE samples (Fig. 2g). Therefore, we further explored the role of MSCs-
exo-mediated delivery miR-140-3p in SAE.

MSCs-exo-mediated delivery of miR-140-3p inhibited LPS-
induced HMC3 cell inflammation and pyroptosis
The effects of miR-140-3p delivery by MSCs-exo effects on LPS-induced
HMC3 cell inflammation and pyroptosis were further investigated. MSCs-
exo increased miR-140-3p levels in LPS-induced HMC3 cells. MiR-140-3p
expression was increased in the MSCs-exo+miR-140-3p mimic group
comparedwith theMSCs-exo group (Fig. 3a). LPS increasedHMGB1 levels
inHMC3 cells.MSCs-exo decreasedHMGB1 levels in LPS-inducedHMC3
cells. MSCs-exo+miR-140-3p mimic further inhibited HMGB1 levels in
LPS-induced HMC3 cells (Fig. 3b). MSCs-exo decreased inducible nitric
oxide synthase (iNOS), IL-1β, IL-6, tumor necrosis factor-α (TNF-α), and
HMGB1 levels in LPS-inducedHMC3 cells. Treatment withMSCs-exo and
the miR-140-3p mimic further reduced iNOS, IL-1β, IL-6, TNF-α, and
HMGB1 levels in LPS-induced HMC3 cells (Fig. 3c, d). In addition, MSCs-
exo reduced the p-p65/p65 ratio and NLRP3 levels in LPS-induced HMC3
cells. Furthermore, the p-p65/p65 ratio andNLRP3andHMGB1 levelswere
further reduced in the MSCs-exo + miR-140-3p mimic group (Fig. 3e).
Bioinformatics analysis revealed the binding sites of miR-140-3p and
HMGB1 (human). A dual-luciferase reporter assay confirmed the binding
of miR-140-3p to HMGB1 (Fig. 3f, g). Moreover, fluorescence microscopy
revealed thatHMC3 cells internalized theMSCs-exo (Fig. 3h). Our findings
suggested that the delivery of miR-140-3p by MSCs-exo reduced LPS-
induced HMC3 cell inflammation and pyroptosis.

MSCs-exo-mediated delivery of miR-140-3p improved cognitive
impairment in mice with SAE
Bioinformatics analysis revealed the binding site of miR-140-3p to Hmgb1
(mouse) (Fig. 4a). A dual-luciferase reporter assay confirmed the binding of
miR-140-3p toHmgb1 (Fig. 4b). Exo andABX improved the survival rate of
CLPmodel mice. The survival rate of mice in the ABX+ Exo group further
increased (Fig. 4c). Exo and ABX increased the body weight of model mice.
The body weights of the mice in the ABX+ Exo group were further
increased (Fig. 4d). TheMorris watermaze test results showed that Exo and

Fig. 7 | MiR-140-3p delivered by MSCs-exo changed the metabolic profile of the
hippocampus of mice with SAE. a Principal component analysis. b Volcano plot
showing differentially expressed metabolites in the groups. c Heatmap showing

differences inmetabolites between the groups. dBox plots showing key differentially
expressed metabolites. Error bars show SD. *P < 0.05 vs. the sham group; #P < 0.05
vs. the model group.
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ABX improved the path length savings between trial 1 and trial 2 in CLP
model mice. Path length savings between trial 1 and trial 2 for CLP model
mice in the ABX+ Exo group were further increased (Fig. 4e). Our results
suggested that delivery of miR-140-3p by MSCs-exo and ABX improved
cognitive impairment in mice with SAE, and ABX and MSCs-exo had
synergistic effects.

MSCs-exo-mediated delivery of miR-140-3p inhibited neuroin-
flammation and pyroptosis in mice with SAE
TUNEL staining showed CLP-induced apoptosis in the hippocampus in
mice with SAE. Exo and ABX inhibited apoptosis in the hippocampus of
CLP model mice, and ABX plus Exo further reduced apoptosis in the hip-
pocampus of CLPmodel mice (Fig. 5a, b). The colocalization of IBA-1 and
HMGB1 in the hippocampus was observed by immunofluorescence ana-
lysis. The CLP promoted the expression of IBA-1 and HMGB1 in the
hippocampus. Exo and ABX decreased IBA-1 and HMGB1 levels in the
hippocampus of CLP model mice, and ABX plus Exo further decreased
IBA-1 and HMGB1 levels in the hippocampus of CLP model mice
(Fig. 5c, d). Exo and ABX inhibited IL-1β, IL-6, and TNF-α levels in the
hippocampus of CLPmodelmice, andABX andExo had a synergistic effect

(Fig. 5e). Moreover, Exo and ABX decreased HMGB1, p-p65/p65, and
NLRP3 levels in thehippocampusofCLPmodelmice.ABXplusExo further
inhibited HMGB1, p-p65/p65, and NLRP3 levels in the hippocampus of
CLP model mice (Fig. 6a). In addition, Exo and ABX reduced NLRP3,
Caspase 1, and GSDMD-N levels in the hippocampus of CLP model mice.
Treatment with ABX plus Exo further inhibited NLRP3, Caspase 1, and
GSDMD-N levels in the hippocampus of CLPmodel mice (Fig. 6b–d). Our
findings revealed that delivery of miR-140-3p by MSCs-exo inhibited
neuroinflammation and pyroptosis in mice with SAE.

MSCs-exo-mediated delivery of miR-140-3p regulated NLRP3/
Caspase 1-induced hippocampal tissue metabolism via HMGB1
Next, LC–MS nontargeted metabolomics was performed to examine how
the delivery of miR-140-3p by MSCs-exo affected metabolic reprogram-
ming in the hippocampus of mice with SAE. Principal component analysis
revealeddifferences inmetabolic profiles between the sham,model, andExo
groups (Fig. 7a). Volcano plots and Heatmaps show differences in meta-
bolites in hippocampal tissue between the different groups. The boxplot
shows changes in key differentially expressed metabolites. Compared with
those in the sham group, 6-phosphogluconic acid, fructose 6-phosphate,

Fig. 8 | Overview of enriched metabolite sets
between different groups. Effects of miR-140-3p
delivered byMSCs-exo on metabolic function in the
hippocampus of mice with SAE.
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S-lactoylglutathione, and glutathione levels were lower in the model group,
while the amount of oxidized glutathione was increased. Exo upregulated
6-phosphogluconic acid, fructose 6-phosphate, and S-lactoylglutathione
levels in themodel group (Fig. 7b–d). Enrichment analysis revealed that the
differentially expressed metabolites regulated starch and sucrose metabo-
lism, the pentose phosphate pathway, pyruvate metabolism, cysteine and
methionine metabolism, amino sugar, and nucleotide sugar metabolism,
and fatty acid degradation (Fig. 8).Our results suggested that Exo altered the
metabolic characteristics of hippocampal tissue in mice with SAE.

S-lactoylglutathione and miR-140-3p delivered by MSCs-exo
could inhibit LPS-induced HMC3 cell inflammation and
pyroptosis
The effects of S-lactoylglutathione on LPS-induced HMC3 cell activation
and inflammasome expressionwere further explored and examined. ELISA
results showed that Exo and S-lactoylglutathione promoted the production
of glutathione (GSH) levels in LPS-inducedHMC3 cells while inhibiting LD
levels. Treatment with Exo plus S-lactoylglutathione further increased GSH
levels in LPS-induced HMC3 cells and suppressed LD levels (Fig. 9a).

Immunofluorescence analysis revealed that Exo and S-lactoylglutathione
decreased IBA-1 and HMGB1 levels in HMC3 cells induced by LPS. Exo
and S-lactoylglutathione further inhibited the LPS-induced changes in
IBA-1 and HMGB1 levels in LPS-induced HMC3 cells (Fig. 9b). Exo and
S-lactoylglutathione decreased iNOS, IL-1β, IL-6, TNF-α, and HMGB1
levels in LPS-induced HMC3 cells. Treatment with Exo plus
S-lactoylglutathione further reduced iNOS, IL-1β, IL-6, TNF-α, and
HMGB1 levels in LPS-induced HMC3 cells (Fig. 9c). In addition, the
immunofluorescence results showed that Exo and S-lactoylglutathione
reduced NLRP3 and Caspase 1 expression in LPS-induced HMC3 cells.
NLRP3 and Caspase 1 were further decreased in the Exo +
S-Lactoylglutathione group (Fig. 10a, b). The western blot results further
demonstrated that Exo and S-lactoylglutathione downregulated HMGB1,
GLO2, p-p65/p65, NLRP3, Caspase 1, and GSDMD-N levels in LPS-
induced HMC3 cells. Treatment with Exo plus S-lactoylglutathione further
inhibited HMGB1, GLO2, p-p65/p65, NLRP3, Caspase 1, and GSDMD-N
expression (Fig. 10c). Our findings suggested that S-lactoylglutathione
supplementation combined with the delivery of miR-140-3p by MSCs-exo
to reduce LPS-induced HMC3 cell inflammation and pyroptosis.

Fig. 9 | S-lactoylglutathione supplementation in combination with MSCs-exo
delivery of miR-140-3p inhibited LPS-induced HMC3 cell inflammation. a GSH
and LD levels were measured by ELISA. b IBA-1 and HMGB1 levels in HMC3
cells were examined by immunofluorescence analysis. Scale bars: 25 µm. c ELISA

was used to measure iNOS, IL-1β, IL-6, TNF-α, and HMGB1 levels in the
supernatant of HMC3 cells supernatant. Each experiment was independently
repeated three times. Error bars show SD. *P < 0.05 vs. the LPS group; #P < 0.05
vs. the Exo group.
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Discussion
In the present study, our results showed that MSCs-exo increased miR-
140-3p expression in LPS-induced HMC3 cells. The expression of miR-
140-3p was increased in the MSCs-exo+miR-140-3p mimic group

compared with the MSCs-exo group. MSCs-exo-mediated delivery of
miR-140-3p ameliorated cognitive impairment in CLP mice and inhib-
ited neuroinflammation and pyroptosis. In addition, Exo increased
S-lactoylglutathione levels in the hippocampal tissue of CLP mice. Our

Fig. 10 | S-lactoylglutathione supplementation in combination with MSCs-exo
delivery of miR-140-3p inhibited LPS-induced HMC3 cell pyroptosis. a and
bNLRP3 andCaspase 1 expressionwere examined by immunofluorescence analysis.

Scale bars: 25 µm. cWestern blot analysis of HMGB1, GLO2, p65, p-p65, NLRP3,
Caspase 1, and GSDMD levels. Each experiment was independently repeated three
times. Error bars show SD. *P < 0.05 vs. the LPS group; #P < 0.05 vs. the Exo group.
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data further demonstrated that Exo and S-lactoylglutathione increased
GSH content in LPS-induced HMC3 cells and inhibited LD and GLO2
levels, the inflammatory response, and pyroptosis.

MSCs are an attractive cell type for therapeutic exosome
production34. Studies have shown that MSCs-exo alleviates sepsis-related
acute liver injury by inhibitingMALAT1 throughmiR-26a-5p35. However,
the role of MSCs-exo in SAE and the underlying mechanisms remain
unclear. This study revealed that miR-140-3p expression was upregulated
in MSCs-exo and downregulated in SAE. MiR-140-3p activates the
5-hydroxytryptamine receptor 2A/ERK/nuclear factor-E2-related factor 2
axis by targeting DNA methyltransferase 1, thereby protecting hippo-
campal neurons from pyroptosis and alleviating postoperative cognitive
dysfunction caused by sevoflurane inhalation21. MiR-140-5p delivered by
MSCs-exo reduces neuronal apoptosis and neuroinflammation by inhi-
biting the activation of M1 microglia, thus alleviating brain injury in rats
with subarachnoid hemorrhage18. We hypothesized that MSCs-exo could
influence SAE disease progression through miR-140-3p. To verify this
hypothesis, we further explored the effect of MSCs-exo-mediated delivery
of miR-140-3p on LPS-induced HMC3 cells and mice with SAE. Our
results showed that MSCs-exo reduced IL-1β, IL-6, iNOS, TNF-α, and
p65/p-p65 levels in LPS-induced HMC3 cells and in the hippocampus of
CLP model mice. MSCs-exo improved survival, weight, and cognitive
impairment in CLP model mice. Compared with MSCs-exo, MSCs-exo
plus the miR-140-3p mimic further enhanced these effects. Studies have
shown that intestinal epithelial exosomes inhibit IL-1β, IL-18, iNOS, and
TNF-α expression in neuronal cells and ameliorate cognitive impairment
in CLP model rats36. Our results are consistent with these studies. Our
findings suggested that the delivery of miR-140-3p by MSCs-exo inhibited
LPS-induced inflammatory responses in HMC3 cells and improved cog-
nitive impairment in CLP model mice.

Eliminating the inflammatory cascade byHMGB1may be a strategy to
complement nonpharmacological interventions targeting SAE37. Infla-
chromene inhibits the expression of HMGB1 and IBA-1 in the hippo-
campus of CLP mice and restores cognitive function6. Berberine-mediated
blockade of HMGB1/receptor for advanced glycation end products sig-
naling reduces the expression of TNF-α, IL-1α, and complement C1q A
chain in the hippocampus of CLPmice, inhibits the activation of microglia,
and thus alleviates sepsis-induced cognitive impairment7. This work
showed that MSCs-exo inhibited HMGB1 and IBA-1 expression in LPS-
induced HMC3 cells and the hippocampal tissue of CLP mice.
Overexpression of miR-140-3p enhanced this effect. A dual-luciferase
reporter assay confirmed that miR-140-3p targeted HMGB1. Microglial
pyroptosis-mediated neuroinflammation is critical for the pathogenesis of
SAE. Studies have shown that Erbin downregulates NLRP3, Caspase 1,
GSDMD-N, IL-1β, IL-18, and TNF-α levels in the microglia of CLP mice,
thereby improving cognitive function38. Limited binding of HMGB1 and
MD-2 downregulates the expression of NLRP3, thereby alleviating neu-
roinflammation and cognitive impairment in CLP model mice39. Maf1
inhibits proinflammatory cytokine levels and neuronal apoptosis through
the NF-κB/NLRP3 inflammasome signaling pathway, thereby improving
SAE40. Our results showed thatMSCs-exo inhibitedNLRP3, Caspase 1, and
GSDMD-N expression in LPS-induced HMC3 cells and the hippocampal
tissue of CLP mice. In vitro and in vivo data showed that MSCs-exo-
mediated delivery of miR-140-3p inhibited the neuroinflammatory
response and pyroptosis by targeting Hmgb1 and improved cognitive
impairment in CLP mice.

Studies have shown thatmetabolic disorders are related to SAE disease
progression41. LC–MS metabolomics identified 81 metabolites in the hip-
pocampus of mice with SAE. Integrated pathway analysis revealed that
various dysregulated metabolic pathways, including lipid metabolism,
amino acid, glucose and nucleotide pathways, inflammation-related path-
ways, and dysregulated synapses, were closely associated with hippocampal
dysfunction in early SAE42. Our results showed that the effect of ABX on
LPS-inducedHMC3 cells was consistent with that of theMSCs-exo plus the
miR-140-3p mimic, and ABX had synergistic effects with MSCs-exo plus

themiR-140-3pmimic.MSCs-exo plus themiR-140-3pmimic upregulated
S-lactoylglutathione levels in the hippocampus of CLP mice. Starch and
sucrosemetabolism, the pentose phosphate pathway, pyruvatemetabolism,
cysteine and methionine metabolism, amino sugar and nucleotide sugar
metabolism, and fatty acid degradation were associated with hippocampal
dysfunction in SAE. The metabolite derivative ethyl pyruvate prevents
cognitive impairment in mice with SAE by inhibiting the NLRP3 inflam-
masome inmicroglia43. Our data further showed that treatmentwithMSCs-
exoplus themiR-140-3pmimic andS-lactoylglutathione increased theGSH
levels in LPS-inducedHMC3 cells and decreasedLD,GLO2,HMGB1, IBA-
1, IL-1β, IL-6, iNOS, GSH, TNF-α, NLRP3, Caspase 1, and GSDMD-N
levels in LPS-induced HMC3 cells, suggesting that delivery of miR-140-3p
by MSCs-exo inhibited the inflammatory response and pyroptosis in LPS-
induced HMC3 cells by regulating S-lactoylglutathione metabolism by
targeting to Hmgb1.

This study has several limitations. First, the effects of miR-140-3p-
mediated delivery of MSCs-exo on other processes in SAE, such as fer-
roptosis, microglial polarization, and mitochondrial autophagy, need
further investigation. In future studies, we will continue to explore the
mechanism by which the delivery of miR-140-3p by MSCs-exo affects
ferroptosis, microglial polarization, or mitochondrial autophagy in SAE.
Second, the delivery of other target molecules of miR-140-3p by MSCs-
exo in SAE deserves further analysis. In future projects, we will further
clarify the targets and functional mechanisms of MSCs-exo-mediated
delivery of miR-140-3p in SAE in combination with RNA sequencing. In
addition, the roles of other functional miRNAs within MSCs-exo in SAE
need further clarification. Further investigations of other regulatory
molecular networks involved in MSCs-exo-mediated improvement in
SAE are necessary.

In this study, we showed that the delivery ofmiR-140-3p byMSCs-exo
ameliorated cognitive impairment in CLP mice by improving microglial
pyroptosis and S-lactoylglutathione metabolism by targeting Hmgb1. The
delivery of miR-140-3p byMSCs-exomight be used for the development of
therapeutic strategies.

Data availability
Uncropped blot images and the source data of the bar/line graphs are
included in Supplementary Fig. 1/Supplementary Data 1. Any remaining
information can be obtained from the corresponding author upon rea-
sonable request.

Received: 8 September 2023; Accepted: 23 April 2024;

References
1. Yin, J. et al. Knockdown of long non-coding RNA SOX2OT

downregulates SOX2 to improve hippocampal neurogenesis and
cognitive function in a mouse model of sepsis-associated
encephalopathy. J. Neuroinflamm. 17, 320 (2020).

2. Sieminski, M., Szaruta-Raflesz, K., Szypenbejl, J. & Krzyzaniak, K.
Potential neuroprotective role of melatonin in sepsis-associated
encephalopathy due to its scavenging and anti-oxidative properties.
Antioxidants (Basel) 12, 1786 (2023).

3. Han, Q. et al. Effect of molecular hydrogen treatment on sepsis-
associated encephalopathy in mice based on gut microbiota. CNS
Neurosci. Ther. 29, 633–645 (2023).

4. Yan, X. et al. Central role of microglia in sepsis-associated
encephalopathy: from mechanism to therapy. Front. Immunol. 13,
929316 (2022).

5. Li, Y. et al. Targeting circulating high mobility group box-1 and
histones by extracorporeal blood purification as an immuno
modulation strategy against critical illnesses.Crit. Care 27, 77 (2023).

6. Yin, X. Y. et al. HMGB1 mediates synaptic loss and cognitive
impairment in an animalmodel of sepsis-associated encephalopathy.
J. Neuroinflamm. 20, 69 (2023).

https://doi.org/10.1038/s42003-024-06236-z Article

Communications Biology |           (2024) 7:562 11



7. Shi, J., Xu, H., Cavagnaro,M. J., Li, X. & Fang, J. BlockingHMGB1/RAGE
signaling by berberine alleviates A1 astrocyte and attenuates sepsis-
associated encephalopathy. Front. Pharmacol. 12, 760186 (2021).

8. Kader, M. et al. Interferon type I regulates inflammasome activation and
high mobility group box 1 translocation in hepatocytes during Ehrlichia-
induced acute liver injury. Hepatol. Commun. 5, 33–51 (2021).

9. Zhou, R. et al. Recombinant CC16 inhibits NLRP3/caspase-1-
induced pyroptosis through p38 MAPK and ERK signaling pathways
in the brain of a neonatal rat model with sepsis. J. Neuroinflamm. 16,
239 (2019).

10. Naji, A. et al. Biological functions of mesenchymal stem cells
and clinical implications. Cell. Mol. Life Sci. 76, 3323–3348 (2019).

11. Silva,A.Y.O. et al.Mesenchymal stromal cells protect theblood-brain
barrier, reduce astrogliosis, and prevent cognitive and behavioral
alterations in surviving septic mice. Crit. Care Med. 48, e290–e298
(2020).

12. Tan, L., Cheng, Y., Wang, H., Tong, J. & Qin, X. Peripheral
transplantation of mesenchymal stem cells at sepsis convalescence
improves cognitive function of sepsis surviving mice. Oxidative Med.
Cell. Longev. 2022, 6897765 (2022).

13. Zhang, K. et al. Enhanced therapeutic effects ofmesenchymal stem cell-
derived exosomes with an injectable hydrogel for hindlimb ischemia
treatment. ACS Appl. Mater. Interfaces 10, 30081–30091 (2018).

14. Lou, C. et al. MiR-146b-5p enriched bioinspired exosomes derived
from fucoidan-directed induction mesenchymal stem cells protect
chondrocytes in osteoarthritis by targeting TRAF6. J. Nanobio
technol.21, 486 (2023).

15. Ranjbaran, M. et al. Mesenchymal stem cells and their conditioned
medium as potential therapeutic strategies in managing comorbid
anxiety in rat sepsis induced by cecal ligation and puncture. Iran J.
Basic Med. Sci. 25, 690–697 (2022).

16. Wei, X. B. et al. Exosome-derived lncRNA NEAT1 exacerbates sepsis-
associated encephalopathy by promoting ferroptosis through regulating
miR-9-5p/TFRC and GOT1 axis.Mol. Neurobiol. 59, 1954–1969 (2022).

17. Liu, C. et al. Exosomes derived from miR-146a-5p-enriched
mesenchymal stem cells protect the cardiomyocytes andmyocardial
tissues in the polymicrobial sepsis through regulating MYBL1. Stem
Cells Int. 2021, 1530445 (2021).

18. Qian, Y. et al. Mesenchymal stem cell-derived extracellular vesicles
alleviate M1 microglial activation in brain injury of mice with
subarachnoid hemorrhage via microRNA-140-5p delivery. Int. J.
Neuropsychopharmacol. 25, 328–338 (2022).

19. Zheng, H. et al. Circular RNA PARG adjusts miR-140-3p to influence
progression in sepsis. Cell. Mol. Biol. (Noisy-le-grand) 69, 105–111
(2023).

20. Yi, M. et al. KCNQ1OT1 exacerbates ischemia-reperfusion injury
through targeted inhibition of miR-140-3P. Inflammation 43,
1832–1845 (2020).

21. Wu, Z., Tan, J., Lin, L., Zhang, W. & Yuan, W. microRNA-140-3p
protects hippocampal neuron against pyroptosis to attenuate
sevoflurane inhalation-induced post-operative cognitive dysfunction
in rats via activation of HTR2A/ERK/Nrf2 axis by targeting DNMT1.
Cell Death Discov. 8, 290 (2022).

22. Meng, J. et al. MiR-140-3p ameliorates the inflammatory
response of airway smooth muscle cells by targeting HMGB1 to
regulate the JAK2/STAT3 signaling pathway. Cell J. 24,
673–680 (2022).

23. Wei, W. et al. Bone marrow mesenchymal stem cell exosomes
suppress phosphate-induced aortic calcification via SIRT6-HMGB1
deacetylation. Stem Cell Res. Ther. 12, 235 (2021).

24. Janabi, N., Peudenier, S., Héron, B., Ng, K. H. & Tardieu, M.
Establishment of human microglial cell lines after transfection of
primary cultures of embryonic microglial cells with the SV40 large T
antigen. Neurosci. Lett. 195, 105–108 (1995).

25. Dello Russo, C. et al. The humanmicroglial HMC3 cell line: where do we
stand? A systematic literature review. J. Neuroinflamm. 15, 259 (2018).

26. Chu,C.H. et al. TIAM2S-positivemicroglia enhance inflammation and
neurotoxicity through soluble ICAM-1-mediated immune priming.
FASEB J. 37, e23242 (2023).

27. Khan, M. I., Jeong, E. S., Khan, M. Z., Shin, J. H. & Kim, J. D. Stem cells-
derived exosomes alleviate neurodegeneration and Alzheimer’s
pathogenesis by ameliorating neuroinflamation, and regulating the
associated molecular pathways. Sci. Rep. 13, 15731 (2023).

28. Li, Y. et al. LncRNA XIST exacerbates oxygen-glucose deprivation/
reoxygenation-induced cerebral injury through themiR-25-3p/TRAF3
axis.Mol. Neurobiol. 60, 6109–6120 (2023).

29. Baek, M. et al. Analysis of differentially expressed long non-coding
RNAs in LPS-induced human HMC3 microglial cells. BMC Genom.
23, 853 (2022).

30. Thomi, G., Surbek, D., Haesler, V., Joerger-Messerli, M. &
Schoeberlein, A. Exosomes derived from umbilical cordmesenchymal
stem cells reduce microglia-mediated neuroinflammation in perinatal
brain injury. Stem Cell Res. Ther. 10, 105 (2019).

31. Armeni, T. et al. S-D-Lactoylglutathione can be an alternative supply of
mitochondrial glutathione. Free Radic. Biol. Med. 67, 451–459 (2014).

32. Jiao, Y. et al. Exosomal miR-30d-5p of neutrophils induces M1
macrophage polarization and primes macrophage pyroptosis in
sepsis-related acute lung injury. Crit. Care 25, 356 (2021).

33. Han, C. et al. Intestinal microbiota and antibiotic-associated acute
gastrointestinal injury in sepsis mice. Aging (Albany, NY) 13,
10099–10111 (2021).

34. Haraszti, R. A. et al. Exosomesproduced from3Dcultures ofMSCsby
tangential flow filtration show higher yield and improved activity.Mol.
Ther. 26, 2838–2847 (2018).

35. Cai, J. et al. Mesenchymal stem cell-derived exosome alleviates
sepsis- associated acute liver injury by suppressingMALAT1 through
microRNA-26a-5p: an innovative immunopharmacological
intervention and therapeutic approach for sepsis. Front. Immunol. 14,
1157793 (2023).

36. Xi, S. et al. Intestinal epithelial cell exosome launches IL-1β-mediated
neuron injury in sepsis-associatedencephalopathy.Front.Cell. Infect.
Microbiol. 11, 783049 (2021).

37. DeWulf, B. et al. HighMobility Group Box 1 (HMGB1): potential target
in sepsis-associated encephalopathy. Cells 12, 1088 (2023).

38. Jing, G. et al. Erbin protects against sepsis-associated
encephalopathy by attenuating microglia pyroptosis via IRE1α/
Xbp1s-Ca(2+) axis. J. Neuroinflamm. 19, 237 (2022).

39. Xiong, Y., Yang, J., Tong, H., Zhu, C. & Pang, Y. HMGB1 augments
cognitive impairment in sepsis-associated encephalopathy by
binding to MD-2 and promoting NLRP3-induced neuroinflammation.
Psychogeriatrics 22, 167–179 (2022).

40. Chen, S. et al. Maf1 ameliorates sepsis-associated encephalopathy
by suppressing the NF-kB/NLRP3 inflammasome signaling pathway.
Front. Immunol. 11, 594071 (2020).

41. Chen, Q. et al. Integrative analysis of metabolomics and proteomics
reveals amino acid metabolism disorder in sepsis. J. Transl. Med. 20,
123 (2022).

42. Xu, K. et al. Integrated transcriptomics and metabolomics analysis of
the hippocampus reveals altered neuroinflammation, downregulated
metabolism and synapse in sepsis-associated encephalopathy.
Front. Pharmacol. 13, 1004745 (2022).

43. Zhong, X. et al. Ethyl pyruvate protects against sepsis-associated
encephalopathy through inhibiting the NLRP3 inflammasome. Mol.
Med. 26, 55 (2020).

Acknowledgements
Thisstudywassupportedby theHealthCommissionofHunanProvince (No.
202203104051).

https://doi.org/10.1038/s42003-024-06236-z Article

Communications Biology |           (2024) 7:562 12



Author contributions
Conceptualization and writing-original draft: Y.M.; Data curation, formal
analysis, and visualization: Y.M., X.S. and Y.L.; Methodology, project
administration, and writing-review & editing: X.Q. All authors reviewed the
results and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Ethics approval
ThestudywasapprovedbyThe IRBofThirdXiangyaHospital,CentralSouth
University (2023-S633).

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06236-z.

Correspondence and requests for materials should be addressed to
Xian Qin.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42003-024-06236-z Article

Communications Biology |           (2024) 7:562 13

https://doi.org/10.1038/s42003-024-06236-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MSC-derived exosomal miR-140-3p improves cognitive dysfunction in sepsis-associated encephalopathy by HMGB1 and S-lactoylglutathione metabolism
	Methods
	Identification of differentially expressed microRNAs (DEmiRNAs)
	Cell culture and intervention
	Dual-luciferase reporter�assay
	Animal experiment
	Morris water�maze
	Immunohistochemistry
	Immunofluorescence analysis
	Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
	Western blot analysis
	Statistics and reproducibility
	Reporting summary

	Results
	Bioinformatics analysis of HMGB1-targeting miRNAs in clinical�SAE
	miR-140-3p was highly expressed in MSCs-exo
	MSCs-exo-mediated delivery of miR-140-3p inhibited LPS-induced HMC3 cell inflammation and pyroptosis
	MSCs-exo-mediated delivery of miR-140-3p improved cognitive impairment in mice with�SAE
	MSCs-exo-mediated delivery of miR-140-3p inhibited neuroinflammation and pyroptosis in mice with�SAE
	MSCs-exo-mediated delivery of miR-140-3p regulated NLRP3/Caspase 1-induced hippocampal tissue metabolism via�HMGB1
	S-lactoylglutathione and miR-140-3p delivered by MSCs-exo could inhibit LPS-induced HMC3 cell inflammation and pyroptosis

	Discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	Additional information




