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Abstract
Background  Deoxynivalenol (DON), a mycotoxin produced by Fusarium species, posed significant threats to food 
safety and human health due to its widespread prevalence and detrimental effects. Upon exposure, the liver, which 
played a crucial role in detoxifying DON, experienced depleted antioxidant levels and heightened inflammatory 
responses. Bone marrow mesenchymal stem cell (BMSC)-derived exosomes (BMSC-exos) exhibited therapeutic 
potential by promoting cellular repair and delivering bioactive substances, such as cerium dioxide nanoparticles 
(CeO₂ NPs), which are recognized for their ability to mitigate oxidative stress and inflammation.

Results  We successfully loaded BMSC-exos with CeO2 NPs (BMSC-exos @ CeO2) using extrusion techniques, verified 
through electron microscopy and elemental mapping. The resulting BMSC-exos @ CeO2 displayed low cytotoxicity, 
boosted antioxidant activity, and reduced inflammation in Hepa 1–6 cells with DON condition. In vivo study, BMSC-
exos @ CeO2 maintained stability for 72 h, it also can prevent antioxidant depletion and inhibit liver inflammation 
under the DON condition. After BMSC-exos @ CeO2 treatment, multi-omics analyses further highlighted significant 
changes in metabolic and protein signaling pathways, notably in linoleic and arachidonic acid metabolism. Key 
pathways about AMPK and JAK1/STAT3 were involved in mitigating liver damage with or without DON.

Conclusion  Our findings revealed BMSC-exos @ CeO2 as a promising therapeutic strategy against DON’s toxicity, 
offering valuable insights into their potential for liver protection.
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Introduction
Deoxynivalenol (DON), a mycotoxin commonly found in 
grains and grain-based products, posed significant health 
risks to humans and animals upon exposure [1, 2]. Dif-
ferent levels of DON contamination in food and feed led 
to adverse health effects, such as vomiting in pigs and 
disrupting immune responses and liver function in mice 
[3, 4]. Epidemiological studies also suggested potential 
risks to human health from both acute and chronic DON 
exposure [5]. A recent cohort study showed that long-
term, low-level exposure to DON could disrupt growth 
hormone expression in pregnant women, which was pri-
marily produced by the liver [6], potentially leading to 
decreased fetal birth weight and length, and an increased 
risk of small-for-gestational-age (SGA) births [7, 8].

DON induced oxidative stress, an early pathologi-
cal event that led to organ damage, by promoting the 
dose-dependent production of reactive oxygen species 
(ROS) [9, 10]. This oxidative damage was associated 
with DON’s chemical structure, which included reac-
tive hydroxyl groups [11]. In previous studies, DON was 
shown to increase ROS levels, impacting AMP-activated 
protein kinase (AMPK) expression and thereby inhibit-
ing autophagy in grass carp liver cells (L8824) [12]. DON 
also induced inflammation, which decreased AMPK 
protein expression and reduced glucose absorption in 
IPEC-J2 cells [13]. Additionally, DON-mediated intesti-
nal damage was linked to alterations in the expression of 
interleukins IL-1β and IL-6 as well as the Janus kinase/

signal transducer and activator of transcription (JAK/
STAT) signaling pathway [14–16]. Our previous studies 
observed similar molecular mechanisms and phenotypic 
effects in the liver and colon [17–22]. Therefore, target-
ing the inhibition or reduction of DON-induced oxida-
tive stress and inflammation was a primary therapeutic 
objective. Despite advancements in understanding the 
harmful and toxic effects of DON, effective strategies 
for mitigating these adverse effects remain lacking. This 
underscores a significant research gap, which our study 
aims to address by investigating the potential of advanced 
nanomaterials and exosomal delivery systems to counter-
act DON-induced oxidative stress and inflammation.

Mesenchymal stem cell (MSC)-derived exosomes 
(MSC-exos) gained recognition as a promising thera-
peutic strategy in both research and clinical applications 
[23, 24]. Our previous studies indicated that BMSC-exos 
could interact with free radicals, as polyunsaturated fatty 
acids (PUFAs) within their lipid bilayers served as pri-
mary targets for ROS attack [25, 26]. This highlighted the 
potential of BMSC-exos in interrupting the lipid peroxi-
dation chain reaction—a key process in oxidative dam-
age to cellular membranes [22]. Additionally, we focued 
on CeO2 NPs as innovative antioxidant agents. CeO2 NPs 
acted as scavengers for ROS and reactive nitrogen spe-
cies and exhibited enzyme-mimetic activities similar to 
superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GSH-Px) [27–29]. Uniquely, CeO2 
NPs could switch between Ce³⁺ and Ce⁴⁺ oxidation states 
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(Ce³⁺ ⇌ Ce⁴⁺), allowing it to sustain antioxidant activity 
without depletion [30].

Notably, studies showed that MSC-exos loaded with 
CeO2 nanocrystals (MSCExo-Ce or BMSC-exos @ CeO2) 
effectively reduced ROS and inflammation levels, while 
also demonstrating good biocompatibility in treating 
conditions such as dry eye syndrome (DES) [31]. Fur-
thermore, Ce-loaded macrophage exosomes were shown 
to modulate the immune microenvironment and repair 
endothelial damage [32]. Another study also indicated 
that nanoceria exerted potent antioxidant and anti-
inflammatory effects in hepatocellular carcinoma [33]. 
Recent studies highlighted the potential advancements 
of various nanomaterials. For instance, Hyaluronic acid/
gelatin (HA/GEL) scaffolds encapsulated with met-
formin-loaded mesoporous silica nanoparticles (MET 
@ MSNs) were shown to enhance the proliferation of 
bone marrow-derived human mesenchymal stem cells 
(BM-hMSCs) without accelerating cellular aging [34]. 
Chitosan nanofiber dressings containing cerium oxide 
nanoparticles (CeO2-CSNPs) synthesized with Thymus 
vulgaris extract exhibited significant antimicrobial and 
antioxidant properties, promoting diabetic wound heal-
ing [35]. MSC demonstrated potential therapeutic ben-
efits in conditions related to COVID-19 [36]. At the same 
time, dual-stage curcumin release from electrospun poly-
caprolactone/gelatin (PCL/GEL) nanofibers supported 
the proliferation and longevity of adipose-derived stem 
cells (hADSCs) [37]. Additionally, ZSM-5 zeolite/poly-
caprolactone-polyethylene glycol (PCL-PEG) nanofibers 
facilitated the sustained release of dexamethasone (DEX) 
and ascorbic acid (ASC), promoting osteogenic differ-
entiation [38]. Despite existing challenges, nanotechnol-
ogy was promising for targeted liver disease therapy [39]. 
However, the protective effects of BMSC-exos @ CeO2 
against DON-induced liver damage remained unclear. 
By drawing on recent research regarding the potential 
of novel nanomaterials in therapeutic applications [39, 
40], our study also highlighted its innovative approach 
and situated itself within the broader context of this field, 
emphasizing its significance. Given the loading capacity 
of BMSC-exos, we proposed encapsulating CeO2 NPs 
within BMSC-exos (BMSC-exos @ CeO2) to counter-
act and/or reduce inflammatory responses and enhance 
antioxidant activity under DON exposure. We will also 
employed multi-omics platforms and associated analyti-
cal methods to explore/decipher/identify the molecular 
mechanisms by which BMSC-exos @ CeO2 mitigated 
DON-induced liver injury in C57BL/6J mice. This study 
addressed a significant research gap and aimed to pro-
vide new insights and a potential therapeutic approach 
for preventing and treating DON-induced organ damage, 
with implications for improving food safety and public 
health.

Materials and methods
Reagents
DON was purchased from Pribolab Biotech Co., Ltd. 
(Qingdao, China). Phosphatase and protease inhibi-
tors were obtained from Bimake (Houston, USA). Fetal 
bovine serum (FBS) and DMEM/F12 medium were 
acquired from Thermo Fisher Scientific (Waltham, USA). 
Exosome-depleted FBS was obtained from System Bio-
sciences (California, USA). The Total Glutathione Per-
oxidase (GPx, S0058), CAT (S0051), Total SOD (S0101), 
DAPI, Hoechst 33,342, and Edu-555 Cell Proliferation 
Assay Kits were purchased by Beyotime Institute of Bio-
technology (Shanghai, China). PKH26 dye was purchased 
from Sigma-Aldrich (St. Louis, MI, USA), and Cyclospo-
rin A dye was acquired from Yisheng Biotech Co., Ltd. 
(Shanghai, China). The Cell Proliferation and Cytotoxic-
ity Assay Kit (CCK-8) was purchased from Dojindo Sci-
ence Technology Inc. (Tokyo, Japan). Additionally, the 
Hydroxyl Radical Scavenging and Superoxide Anion 
Scavenging Assay Kits were obtained from Solarbio Life 
Sciences Co., Ltd. (Beijing, China).

Preparation and characterization of BMSC-exos @ CeO2
Isolation and purification of BMSC-exos
In this study, the isolation and purification of BMSC-
exos accorded to our previous publication [22] and the 
MISEV2023 guidelines established by the International 
Society for Extracellular Vesicles (ISEV) [41]. Specifi-
cally, BMSC were isolated from the femoral bone mar-
row of 50 male SPF-grade SD rats (3 weeks old, weighing 
60–90  g, supplied by Beijing Vital River Laboratory 
Animal Technology Co., Ltd.) [22]. Exosomes were 
extracted from BMSCs at passages 3 to 5 using ultra-
centrifugation. Upon reaching 80% confluence, the cells 
were washed with phosphate-buffered saline (PBS) and 
incubated in DMEM/F12 medium supplemented with 
exosome-depleted fetal bovine serum (FBS) for 48  h. 
The collected cell supernatant underwent differential 
centrifugation at 4  °C utilizing an SW41Ti rotor and 
Optima XE-100 ultracentrifuge (Beckman Coulter, USA). 
This process involved sequential centrifugation: first at 
300×g for 10 min, then 2000×g for another 10 min, and 
then at 10,000×g for 30 min to eliminate cellular debris. 
Finally, high-speed centrifugation was performed at 
100,000×g for 70 min to discard the supernatant. The pel-
let was washed with PBS and resuspended. Subsequently, 
another round of centrifugation at 100,000×g for an addi-
tional 70  min was conducted to remove any remaining 
supernatant, thereby isolating and purifying BMSC-exos. 
The final suspension of BMSC-exos was resuspended in 
PBS and filtered through a sterile membrane filter with 
a pore size of 0.22  μm. Protein quantification was per-
formed before the immediate packaging of BMSC-exos 
for subsequent applications.
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Packaging or encapsulating process and methods of BMSC-
exos @ CeO2
This method was accorded to the previous study [42]. 
The CeO2 NPs were obtained from Sigma-Aldrich, exhib-
iting a particle size of less than 25 nm in diameter (Item 
No. 544841, St. Louis, MI, USA). The CeO2 NPs were 
suspended in PBS at a concentration of 5  mg/mL and 
subjected to sonication using a sonicator set at 100% 
amplitude, comprising cycles of 10  s of sonication fol-
lowed by 10  s of pause, repeated for a total duration of 
10 min-to achieve a homogeneous suspension.

Regarding to encapsulation of CeO2 NPs with BMSC-
exos, a weight ratio of 1:20 (w/w) was employed, mix-
ing BMSC-exos (5  mg protein content) with CeO2 NPs 
(0.25  mg) [22, 43]. The mixture was extruded through 
a polycarbonate porous membrane with a pore size of 
200 nm using an Avantimini extruder (Item No. 610000, 
Avanti Polar Lipids, Alabama, US) within a biosafety 
cabinet, undergoing extrusion for fifteen cycles [42, 44]. 
Packaged BMSC-exos @ CeO2 were collected after elu-
tion through the membrane. Before extrusion, the Avan-
timini extruder was sterilized by UV irradiation for 
30 min to ensure aseptic conditions. During the concrete 
process, samples were injected from one side while col-
lected on the opposite side to maintain sterility through-
out handling.

Morphology of BMSC-exos @ CeO2 and biomarkers of BMSC-
exos
This section also referred to previous studies with the fol-
lowing experiments [31, 32, 42].

The Zeta potential of BMSC-exos particles and BMSC-
exos @ CeO2 was measured using a Malvern Zetasizer 
Nano ZS90. Samples were placed in DTS10701 cuvettes 
and analyzed under the following conditions: water as the 
dispersant, temperature set to 25 °C, equilibration time of 
120  s, measurement duration ranging from a minimum 
of 10 runs to a maximum of 100 runs, with three replicate 
measurements.

The scattering light signals of BMSC-exos particles and 
BMSC-exos @ CeO2 were detected using nanoparticle 
tracking analysis (NTA) technology (NanoSight NS300, 
Malvern, UK). Three 60-second videos were recorded 
for each sample at 30 frames per second. The hydrody-
namic radius and concentration of the particles were 
calculated using NTA 3.3 Dev Build 3.3.104 software by 
tracking their Brownian motion. The experimental setup 
included an sCMOS camera with a Blue 488  nm laser, 
camera brightness level set to 10, rolling shutter value of 
696, gain value of 73, and frame rate of 25.0 FPS. A total 
of 1498 frames were captured. The experimental temper-
ature was maintained at 25  °C, viscosity was 1.0 cP, and 
samples were diluted 1 × 10³-fold. The injection pump 
speed was set to 75 µL/min. During data analysis, the 

detection threshold was set to 2, blur size and maximum 
jump distance were set to automatic (ranging from 11.9 
to 12.2 pixels).

The morphology of BMSC-exos @ CeO2 was char-
acterized using scanning electron microscopy (SEM, 
ZEISS Gemini 300, Germany) and transmission electron 
microscopy (TEM, JEOL-2100, Japan). The elemental 
distribution was analyzed by Smartedx (Carl Zeiss, Ger-
many) and JED-2300T (JEOL, Japan) [45]. Initially, the 
sample was dispersed onto silicon wafers and subjected 
to gold sputtering for 45  s at a current of 10  mA using 
a sputter coater (SC7620, Oxford Quorum, UK). The 
morphological features were subsequently imaged with 
a Zeiss Sigma 300 scanning electron microscope (Carl 
Zeiss, Germany) at an accelerating voltage of 3  kV for 
morphology imaging and 15  kV for energy-dispersive 
X-ray spectroscopy (EDS) mapping, utilizing an SE2 sec-
ondary electron detector (Carl Zeiss, Germany). Addi-
tionally, the sample was also placed on copper grids to 
dry before conducting morphology assessment and EDS 
mapping using a JEM-F200 (JEOL, Japan) at an accelerat-
ing voltage of 200 kV in conjunction with the JED-2300T 
EDS system (JEOL, Japan).

To detect the protein markers CD9, CD81, and 
TSG101 of BMSC-exos [22, 46], the 20 µg of protein was 
separated using a 12% SDS-PAGE gel and subsequently 
transferred to a 0.45  μm nitrocellulose membrane (Mil-
lipore, USA). Following blocking with 5% non-fat milk in 
T-BST, the membrane was incubated overnight at 4  °C 
with primary antibodies against CD9 (ab223052), CD81 
(ab109201), and TSG101 (ab133586) obtained from 
Abcam (Cambridge, UK), all diluted to a ratio of 1:1000. 
After 1 h incubation with a horseradish peroxidase-con-
jugated secondary antibody (#7076, 1:10000, Cell Sig-
naling Technology, MA, USA), proteins were visualized 
using an enhanced chemiluminescence (ECL) substrate 
(Beyotime, Shanghai, China). The images were analyzed 
utilizing GeneSnap and GeneTools software (Syngene, 
UK).

Cell lines and treatments
Cell grouping and treatment
In this section, the dose of DON and intervention time 
were based on our previous studies [18]. The mouse 
hepatocellular carcinoma cell line Hepa 1–6 (CRL-1830™) 
was obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Hepa 1–6 cells (2 × 10 
6 cells per well) were divided into five groups, with each 
group cultured in three parallel wells: (1) Control group: 
Hepa 1–6 cells + PBS (0.01 M) for 24 h. (2) DON group: 
Hepa 1–6 cells + 0.6 µΜ DON for 24 h. (3) DON + BMSC-
exo group: Hepa 1–6 cells + 0.6 µΜ DON + 0.4  mg/mL 
BMSC-exos for 24 h. (4) DON + CeO2 NPs group: Hepa 
1–6 cells + 0.6 µΜ DON + 20  µg/mL CeO2 for 24  h [47, 
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48]. (5) DON + BMSC-exos @ CeO2 group: Hepa 1–6 
cells + 0.6 µΜ DON + BMSC-exos @ CeO2 (CeO2 NPs 
concentration also referred to the result of CCK8) for 
24 h. After treatment, the cells were collected for subse-
quent experiments.

Observation for uptake of BMSC-exos @ CeO2 by Hepa 1–6 
cells
BMSC-exos @ CeO2 were labeled by the PKH26 dye, 
followed by centrifugation at 120,000×g for 90  min to 
remove excess dye, and then co-cultured with Hepa 
1–6 cells. The cytoskeleton was also stained with FITC-
labeled phalloidin and the nuclei were finally stained with 
DAPI, the image acquisition used by confocal microscope 
(FV3000, OMTOOLS, China).

Cell viability
The effect of BMSC-exos @ CeO2 and CeO2 NPs on the 
viability of Hepa 1–6 cells was evaluated using the CCK-8 
kit. Cells were seeded in 96-well plates and incubated 
after adding different concentrations of reagents. Absor-
bance was determined using a microplate reader to assess 
cell viability.

Besides, the EdU staining assay was used to examine 
the effects of different treatments on the proliferation 
ability of Hepa 1–6 cells with or without DON. The quan-
tification of cell proliferation was evaluated using fluores-
cence microscopy and Image J.

Measurement of antioxidant activity and free radicals 
scavenging
The hydroxyl radical and superoxide anion scavenging, 
antioxidants activities (SOD, Gpx and CAT), as well as 
intracellular superoxide anion levels in cells and tissues, 
were assessed according to the instructions (Solebao, 
Beijing, China).

Measurement levels of inflammation factor
Multi-index flow cytometric analysis (Abclonal, Wuhan, 
China) was conducted with specific antibodies covalently 
linked to encoded microspheres to quantitatively detect 
various inflammatory cytokines in different samples 
(cells and liver tissue) [49]. The data recorded (TNF-α, 
IL-1β, IL-2, IL-4, IL-6, IL-12, Il-17 A and INF-γ) by flow 
cytometric analyzer (ABplex-100, Abclonal, China).

Animal care, treatments, and study design
Animals’ housing and treatments
All procedures in this animal experiment have been 
approved by the Institutional Animal Care and Use Com-
mittee of Huazhong University of Science and Technol-
ogy (IACUC number: 3622).

The 8-week-old SPF-grade male C57BL/6J mice 
(Total 30 mice), weighing between 16  g and 22  g, were 

purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. and housed in the SPF animal lab-
oratory at the Pesticide Toxicology Research Center of 
Tongji Medical College, Huazhong University of Science 
and Technology.

The environmental temperature was controlled at 
22  °C ± 2  °C, with 60% humidity and a 12  h light/dark 
cycle (8:00 AM to 8:00 PM), with food and water avail-
able ad libitum. The bedding and drinking water were 
changed twice a week. All animal housing and experi-
mental processes adhered strictly to the “Regulations on 
the Administration of Laboratory Animals in China”.

Experiment design
Thirty mice were purchased and housed in an SPF-level 
animal facility. After a one-week acclimatization period, 
each mouse was ear-tagged and randomly assigned to 
one of three groups (N = 10 per group): control group, 
DON group, and DON + BMSC-exos @ CeO2 group.

Mice in the DON group and the DON + BMSC-exos @ 
CeO2 group received DON via oral gavage twice weekly 
at a dose of 4 mg/kg body weight (BW) [50]. Mice in the 
DON + BMSC-exos @ CeO2 group also received intra-
venous injections of BMSC-exos @ CeO2 via the tail 
vein, twice weekly for 14 days [33, 51]. The BMSC-exos 
@ CeO2 were prepared at a ratio of 20:1 (w/w) based 
on BMSC-exos (5  mg, protein content) and CeO2 NPs 
(0.25  mg). The intravenous dose of BMSC-exos was 
4  mg/kg BW, and the dose of CeO2 NPs was 200  µg/kg 
BW [22, 43, 51].

Mice in the control group received ultrapure water via 
oral gavage and PBS via tail vein injection, matching the 
volume and frequency of treatments administered to the 
other groups.

Tracing distribution of BMSC-exos @ CeO2 in mice
Small animal live imaging
The live optical imaging methodology of small animal 
was adapted from previously published studies [22].

BMSC-exos @ CeO2 were stained with DiR dye by 
incubating at 37 °C in the dark for 30 min, and then cen-
trifuged to remove the supernatant and resuspended in 
PBS.

After tail vein injections, live bioluminescence imag-
ing of the mice was captured using a small animal opti-
cal imaging system (Lago X optical imaging systems; SI 
Imaging, USA) at excitation/emission wavelengths of 
745 nm/770 nm within 0 to 72 h, the luminescence from 
various organs was observed, recorded and calculated 
by software (Spectral Instruments Imaging, LLC 420 N. 
Bonita Avenue, Tucson, AZ 85745 USA).
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Inductively coupled plasma spectrometer (ICP-MS) 
measures for Ce contents in liver
In this section, Ce concentrations in the liver were quan-
tified using ICP-MS (Agilent 7800, California, USA) at 
24, 48, and 72 h following the administration of BMSC-
exos @ CeO2 and CeO2 NPs, respectively [33, 51]. Ini-
tially, samples were accurately weighed and placed into 
crucibles pre-treated with nitric acid for digestion at 
120  °C by microwave-assisted methods. After cooling, 
the digested solutions were diluted to a predetermined 
volume with deionized water. Standard solutions across 
various concentration gradients were prepared to estab-
lish a calibration curve. During ICP-MS analysis, sam-
ples were appropriately diluted to ensure they remained 
within the calibration range. Final results were reported 
in micrograms per kilogram (µg/kg). The analytical 
parameters were configured as follows: pump rate set at 
20 r/min, nebulizer flow maintained at 1.00 L/min, auxil-
iary gas flow at 1.00 L/min, sample flush time of 40 s, and 
radiofrequency power adjusted to 1550 W.

4D-DIA quantitative proteomics of mouse liver
Quantitative proteomics of mouse liver after treatment 
referred to previous studies [52–55].

Sample Preparation and detection
Samples were ground in liquid nitrogen, lysed with buf-
fer, and ultra-sonicated. Supernatants were collected by 
centrifugation and quantified. After proteolysis and de-
saltation, samples were precipitated with acetone and 
resuspended in ammonium bicarbonate solution for 
overnight digestion. Desalted with a C18 column, then 
re-dissolved and separated using the NanoElute UHPLC 
system. Solvent A was 0.1% formic acid aqueous solution, 
and B was 0.1% formic acid acetonitrile solution. The 
separated samples were analyzed using a timsTOF Pro2 
mass spectrometer in ddaPASEF and diaPASEF modes.

Mass spectrometry data analysis and protein quantification
DIA mass spectrometry data was searched using DIA-
NN software, leveraging deep learning to predict spectral 
libraries, and MBR-generated libraries were reanalyzed. 
The FDR for precursor ions and protein levels was set 
at 1%. Quantitative data was normalized by centering 
transformation, with differential analysis using t-tests or 
ANOVA.

Bioinformatics analysis
Comprehensive functional annotation of identified and 
differential proteins was performed to reveal expres-
sion changes and related physiological functions across 
groups, including GO, KOG, KEGG pathway, protein 
domain, subcellular localization, and signal peptide 
analyses. Differential proteins were subjected to GO 

classification, KOG functional classification, KEGG path-
way, protein domain enrichment analysis, subcellular 
location, and signal peptide predictions.

Non-targeted metabolomics for mouse liver
The non-targeted metabolomics analysis of mouse liver 
after treatment referred to previous studies [56, 57].

Sample Preparation and extraction
Twenty micrograms of liver samples were placed in num-
bered centrifuge tubes with beads and homogenized. 
After centrifugation, 400 µL of internal standard extrac-
tion solution was added, followed by shaking and stand-
ing. Centrifuge at 12,000  rpm for 10  min, transfer the 
supernatant to a new tube, allow it to stand in a refrigera-
tor, then centrifuge again and collect the supernatant in a 
sample vial for further analysis.

Chromatographic column selection and mobile phase 
conditions
The LC/MS positive and negative ion detection modes 
were adopted. In the positive ion mode, a T3 chromato-
graphic column was used with 0.1% formic acid water 
and 0.1% formic acid acetonitrile as solvents A and B. 
Gradient elution: From 5% B to 20% B within 2  min, 
to 60% B in 3  min, to 99% B in 1  min, maintained for 
1.5 min then quickly returned to 5% B and maintained for 
2.4  min. Negative ion mode used the same elution gra-
dient. Column temperature was 40 °C, flow rate 0.4 mL/
min, and injection volume was 4 µL.

Mass spectrometry conditions
The Analyst TF 1.7.1 software and AB TripleTOF 6600 
mass spectrometer were used. In ESI + mode, the acqui-
sition time was 10  min, ionization voltage 5000  V, ion 
source temperature 550 °C; in ESI- mode, the acquisition 
time was 10 min, ionization voltage − 4000 V, ion source 
temperature 450  °C. For MS1 and MS2, the mass range 
was set to 50-1000 Da, with acquisition times of 0.2 s and 
0.04 s respectively.

Data analysis
Raw data was converted to mzXML format, peaks were 
extracted and retention time was corrected using the 
XCMS program. Peaks with high missing rates were fil-
tered and filled, and peak areas were adjusted using the 
SVR method. Metabolite identification was performed 
through database searching and the metDNA method, 
selecting substances with high scores and low CV val-
ues. Subsequent analysis included principal component 
analysis (PCA), hierarchical clustering analysis, Pearson 
correlation coefficient calculation, differential metabolite 
selection (determined by VIP or/and P-value), and KEGG 
annotation and enrichment analysis.
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Detection of Oxylipins and energy metabolites in mouse 
liver
Detection of Oxylipins
In this section, we referred to a previous publication [58]. 
Eicosanoids and their deuterated standards were bought 
from Cayman Chemical, while HPLC-grade solvents 
and acetic acid were obtained from Merck and Sigma-
Aldrich, respectively. Samples were prepared by thaw-
ing at -80 °C, homogenizing with a methanol/acetonitrile 
solution containing an internal standard, and extracting 
proteins at -20 °C before centrifugation. The supernatant 
was then processed using Poly-Sery MAX SPE columns. 
For UPLC/MS/MS analysis, the samples were analyzed 
on a Waters ACQUITY UPLC HSS T3 C18 column with 
a water-acetonitrile gradient containing acetic acid. The 
QTRAP® 6500 + LC-MS/MS System with ESI in negative 
mode was used for detection, employing scheduled mul-
tiple reaction monitoring for eicosanoid analysis, with 
data acquisition and quantification managed by Analyst 
1.6.3 and Multiquant 3.0.3 software, respectively.

Detection of energy metabolites
In this section, we referred to previous publications [59]. 
Samples were prepared by thawing, homogenizing, and 
extracting with 70% methanol. After vortexing and cen-
trifugation, the supernatant was processed through a 
Protein Precipitation Plate for LC-MS. The UPLC analy-
sis was performed on a Waters ACQUITY H-Class sys-
tem with an amide column, using a water gradient with 
ammonium additives and acetonitrile. The flow rate was 
0.4 mL/min at 40  °C, with a 2 µL injection volume. MS 
analysis utilized a QTRAP® 6500 + system with both posi-
tive and negative ESI. Parameters were optimized for 
each metabolite, and data were acquired and quantified 
using Sciex software. The method involved scheduled 
multiple reaction monitoring for targeted metabolite 
analysis.

Western blotting
Our experimental procedures were following previously 
published studies [60]. We employed primary antibodies 
against AMPKα (#5831, 1:1000, Cell Signaling Technol-
ogy, MA, USA), p-AMPKα (Thr172) (#2535, 1:1000, Cell 
Signaling Technology, MA, USA), P-JAK1 (ab138005, 
1:1000, Abcam, UK), JAK1 (ab133666, 1:1000, Abcam, 
UK), P-STAT3 (#9145, 1:1000; Cell Signaling Technology; 
MA; USA), STAT3 (#79D7; 1:1000; Cell Signaling Tech-
nology; MA; USA), and GAPDH (#5174; 1: 10,000; Cell 
Signaling Technology; MA; USA). Secondary HRP-linked 
antibodies (#7076; 1:10,000) were utilized alongside 
Lumigen ECL Ultra detection reagents (Lumigen Inc., 
MI, USA) for protein visualization.

Data analysis
Prism software (GraphPad 8.0) was used for data pro-
cessing, statistical analysis, and graphing. All experimen-
tal results were expressed as mean ± standard deviation. 
All data were derived from more than three independent 
experiments. For comparisons among multiple groups, 
one-way analysis of variance (ANOVA) was used to 
assess differences in means between groups. Tukey’s post 
hoc test (Tukey’s HSD test) was employed to correct for 
multiple comparisons, a widely recognized method to 
control the risk of Type I error associated with multiple 
comparisons. All adjusted P values from multiple com-
parisons were reported. The significance level was set at 
P < 0.05, meaning that results were considered statisti-
cally significant when the P value was below 0.05. This 
significance level was consistently applied across all sta-
tistical analyses.

Results
Characterization of BMSC-exos, CeO2 NPs and BMSC-exos 
@ CeO2
Pictures from TEM and SEM revealed that CeO2 NPs 
appeared as spherical particles and BMSC-exos exhibited 
a “cup-shaped” morphology. The profile of BMSC-exos 
@ CeO2 displayed a similar bilayer membrane structure 
(Fig.  1a-b). Data and pictures from EDS confirmed that 
cerium (Ce) and oxygen (O) elements were concentrated 
in the core, whereas membrane-associated elements such 
as nitrogen (N) and phosphorus (P) were distributed 
peripherally (Fig. 1c-d).

Results of NTA indicated that the particle sizes of both 
BMSC-exos and BMSC-exos @ CeO2 predominantly 
ranged from 70 to 300  nm, with mode sizes measured 
at 127.3 ± 1.4 nm for BMSC-exos and 141.0 ± 2.9 nm for 
BMSC-exos @ CeO2, this result bore a resemblance to 
those published in previous studies [32, 61]. Although no 
significant changes in particle size were observed at the 
D10 and D90 positions, there was a notable increase in 
particle size within moderate ranges for BMSC-exos @ 
CeO2, this may have been attributed to smaller BMSC-
exos being less effective at encapsulating CeO2 NPs while 
larger exosomes experienced compression during chro-
matography to approximately 200 nm, leading medium-
sized exosomes to exhibit an increase upon encapsulation 
of CeO2 NPs (Fig. 1f-g).

Besides, Zeta potential analysis demonstrated that fol-
lowing loading, the surface charge of the particles became 
more negative, changing from + 4.213 mV for pure CeO2 
NPs to -10.89 mV for BMSC-exos and further decreasing 
to -21.57 mV for the BMSC-exos @ CeO2 (Fig. 1h), this 
increased negative charge was advantageous that could 
reduce nonspecific adsorption, enhance blood circula-
tion, maintain tissue penetration, ultimately improve bio-
availability [42].



Page 8 of 20Meng et al. Journal of Nanobiotechnology          (2025) 23:215 

According to data from Western blotting, both BMSC-
exos and BMSC-exos @ CeO2 expressed exosome-spe-
cific markers CD9, CD81, and TSG101 (Fig.  1e), which 
could form “eat-me” signals between donor and recipi-
ent cells. This information also indicated that BMSC-
exos @ CeO2 met the exosome evaluation characteristics 
outlined in the newest guidelines (MISEV2023) by the 
International Society for Extracellular Vesicles (ISEV) 
[41]. These results also suggested that extrusion had not 
destroyed the membrane structure. However, these pro-
tein expressions were not detected on CeO2 NPs (Fig. 1e).

Effects of BMSC-exos @ CeO2 on cell viability, antioxidant 
activity, and anti-inflammatory responses under the DON 
condition
To investigate the protective effects of BMSC-exos @ 
CeO2 on Hepa 1–6 cells treated with DON, we first con-
firmed the endocytosis of BMSC-exos @ CeO2 by the 
cells. Following a co-culture for 3 h with PKH26-labeled 
BMSC-exos @ CeO2, pictures revealed that fluorescent 
signaling was internalized and uniformly distributed in 
the cytoplasm of Hepa 1–6 cells (Fig. 2a).

Data from the EdU proliferation assay demonstrated 
that DON significantly inhibited cell proliferation. How-
ever, treatment of BMSC-exos @ CeO2 effectively miti-
gated this inhibition and exhibited a trend compared to 
either BMSC-exos or CeO2 NPs alone (Fig.  2b-c). The 
results of the CCK-8 assay indicated that at a concen-
tration of 20 µg/mL, cell viability in both the CeO2 NPs 
group and the BMSC-exos @ CeO2 group exceeded 80%, 
demonstrating no significant difference in their effects 
on cell viability across concentrations ranging from 0 to 
20 µg/mL (Fig. 2d). Notably, at a concentration of 40 µg/
mL, cell viability was significantly highest in BMSC-
exos @ CeO2 group under the DON condition (Fig. 2d). 
Thus, a dosage of 20 µg/mL was selected for subsequent 
experiments.

Meanwhile, pictures of DHE staining revealed that 
superoxide anion levels were markedly elevated in DON 
group. Conversely, treatments involving CeO2 NPs or 
BMSC-exos @ CeO2 reduced superoxide anion lev-
els (Fig.  2e-f ). Furthermore, BMSC-exos @ CeO2 group 
showed that substantially improved the scavenging 
capacity against levels of oxygen anions and hydroxyl 

Fig. 1  Characterization of BMSC-exos @ CeO2. (a) From left to right: images of CeO2 NPs, BMSC-exos, and BMSC-exos @ CeO2 were taken by TEM. Scale 
bar: 100 nm. (b) From left to right: images of CeO2 NPs, BMSC-exos, and BMSC-exos @ CeO2 were taken by SEM. Scale bars: 200 nm, 500 nm, and 500 nm, 
respectively. (c) EDS mapping of BMSC-exos @ CeO2 by TEM. Scale bar: 250 nm. (d) EDS mapping of BMSC-exos @ CeO2 by SEM. Scale bar: 250 nm. (e) 
Western blotting analysis for CD9, CD81 and TSG101 in CeO2 NPs, BMSC-exos, and BMSC-exos @ CeO2. (f-g) Particle size distribution of BMSC-exos and 
BMSC-exos @ CeO2 were characterized by NTA. (h) Zeta potential of CeO2 NPs, BMSC-exos, and BMSC-exos @ CeO2
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Fig. 2  Impact of BMSC-exos @ CeO2 on cell viability, antioxidant activity, and anti-inflammatory responses in Hepa 1–6 cells under the DON treatment. (a) 
Uptake of BMSC-exos @ CeO2: cell nuclei were stained with Hoechst 33,342 (blue), the cytoskeleton with FITC-phalloidin (green), and BMSC-exos @ CeO2 
with PKH26 (red). Merged confocal fluorescent images display colocalization. Scale bar: 20 μm. (b) Effects of different treatments on cell proliferation: 
Hoechst 33,342-stained nuclei (blue) and EDU-stained nuclei (red) were shown, with merged images indicating colocalization. The white arrow points 
to the nucleus stained with EDU. Scale bar: 20 μm. The experiment was conducted independently three times with three samples per group. (c) Relative 
fluorescence intensity of EDU-labeled nuclei under different conditions. (d) CCK-8 assay measuring cytotoxicity of BMSC-exos @ CeO2 and CeO2 NPs in 
Hepa 1–6 cells; control cell viability was set at 100%. Conducted independently three times, three samples per group. (e) Effects of different treatments 
on intracellular ROS levels: cell nuclei stained with Hoechst 33,342 (blue) and superoxide signals with Dihydroethidium (DHE, red). Merged images show 
colocalization. Scale bar: 20 μm. Experiments independently conducted three times, three samples per group. (f) Relative fluorescence intensity of DHE-
labeled ROS. (g) Activity of superoxide dismutase (SOD). (h) Catalase (CAT) activity. (i) Glutathione peroxidase (GPX) activity. (j) Superoxide anion scaveng-
ing ability. (k) Hydroxyl radical scavenging ability. Data was mean ± standard deviation of three biological replicates. Conducted independently three 
times, three samples per group. (l-s) Effects of different treatments on inflammatory factor levels: data was mean ± standard deviation of three biological 
replicates. Conducted independently three times, three samples per group. (t) Heat map of the relative distribution levels of anti-inflammatory/oxidative 
stress and antioxidant indices between groups: data was the mean of three biological replicates. Zero to One method used for data normalization. “*” 
indicates P < 0.05 compared to the DON group for BMSC-exos @ CeO2, BMSC-exos, or CeO2 NPs. Green to red represents low to high relative distribution 
levels of inflammatory cytokines or antioxidant indices
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radicals, resulting in indirectly increasing activities of 
antioxidant enzymes such as GPX, SOD, and CAT, with 
optimal performance observed for the BMSC-exos @ 
CeO2 (Fig.  2g-k). Additionally, BMSC-exos @ CeO2 
induced significant reductions in levels of inflammatory 
cytokines, including TNF-α, IL-17 A, IL-6, IL-2, IL-4 and 
IL-1β within DON treatment (P < 0.05) (Fig. 2l-s). Finally, 
the heat-map further illustrated that the comprehensive 
anti-inflammatory, anti-oxidative stress and antioxidant 
activities associated with BMSC-exos @ CeO2 were sig-
nificantly better than those obtained from separate appli-
cations of either BMSC-exos or CeO2 NPs alone (Fig. 2t).

Distribution and levels of BMSC-exos @ CeO2 in mouse liver 
and pathological and liver function detection under the 
DON condition
To investigate the distribution and retention of BMSC-
exos @ CeO2 in mouse liver, we first observed in vivo flu-
orescence imaging. The results and figures demonstrated 
that DiR-labeled BMSC-exos @ CeO2 could be detected 

in the mouse liver for 72 h following tail vein injection, 
while no background fluorescence was observed in the 
Control group (Fig. 3a). Ex vivo imaging further showed 
a similar phenomenon, and the fluorescence signals 
were localized and observed from the liver at 72 h post-
injection. These data indicated that BMSC-exos @ CeO2 
could maintain 72  h in the liver (Fig.  3b-c). Meanwhile, 
results from the ICP-MS platform further revealed that 
the Ce concentration in CeO2 NPs group was highest 
at 24  h, and there was no significance between 48 and 
72 h (P > 0.05). However, the Ce levels of the BMSC-exos 
@ CeO2 group were higher than CeO2 NPs group at 24 
(P < 0.05), 48 (P < 0.05) and 72  h (P < 0.05), respectively 
(Fig. 3d).

Besides, compared to the Control group, the serum 
ALT and AST levels in the DON group significantly 
increased (P < 0.05). The BMSC-exos @ CeO2 group 
significantly maintained lower levels of serum ALT lev-
els (P < 0.05) and AST levels (P < 0.05) than DON group 
(Fig. 3e-f ).

Fig. 3  Distribution of BMSC-exos @ CeO2 in mouse liver and their protective effect against DON-induced liver injury. (a) In vivo distribution of BMSC-exos 
@ CeO2: DiR-labeled BMSC-exos @ CeO2 were injected via the tail vein, and their distribution was monitored at 24 h, 48 h, and 72 h using in vivo fluores-
cence imaging. Three biological samples per time point. (b) Organ distribution of BMSC-exos @ CeO2: DiR-labeled BMSC-exos @ CeO2 were injected via 
the tail vein, and organ distribution was assessed at the same time points using ex vivo fluorescence imaging. (c) Relative fluorescence intensity in the 
liver was shown, with green bars indicating background levels in the control group injected with PBS, and red bars showing the relative intensity post-
injection compared to controls. Three biological samples per time point. (d) Ce levels in the liver measured by ICP-MS: Livers were collected at 24 h, 48 h, 
and 72 h post-injection of BMSC-exos @ CeO2 and CeO2, with Ce concentration evaluated using ICP-MS. Data represent mean ± standard deviation from 
three biological samples with two technical repeats. (e-f) Effects of BMSC-exos @ CeO2 on serum ALT and AST levels: Data were shown as mean ± standard 
deviation. Six biological samples per group. (g) Hematoxylin and eosin (H&E) staining of mouse liver: Red arrows indicate lymphocyte infiltration. (h) Im-
munohistochemistry of mouse liver: Brown indicates Ly6g positive expression

 



Page 11 of 20Meng et al. Journal of Nanobiotechnology          (2025) 23:215 

Pathological examination also showed significant 
inflammatory cell infiltration around the central veins of 
liver lobules in the DON group, accompanied by hepa-
tocyte deformation, swelling, and irregular arrange-
ment. In contrast, the BMSC-exos @ CeO2 group had a 
lower inflammatory response, indicating that this treat-
ment could effectively alleviate DON-induced hepatic 
inflammation and other pathological damages (Fig.  3g). 
Meanwhile, as a GPI-anchored protein and a marker of 
neutrophils, Ly6g’s positive expression indicated inflam-
matory processes. Immunohistochemistry (IHC) results 
further confirmed that positive expression of Ly6g sig-
nificantly increased in the DON group compared to the 
control group. At the same time, BMSC-exos @ CeO2 
treatment significantly reduced Ly6g expression in the 
liver compared with DON group (Fig. 3h).

BMSC-exos @ CeO2 alleviate DON-induced hepatic 
inflammatory response in mice associating with the JAK1/
STAT3 signaling pathway
To explore the potential molecular mechanisms in this 
study, we employed 4D-DIA quantitative proteomics 
platform to uncover the interaction and signaling net-
works of differential proteins among groups. Qualitative 
and quantitative analyses of protein expression in mouse 
liver and quality control were conducted to assess the 
impact of BMSC-exos @ CeO2 administration on liver 
protein expression patterns after DON exposure. Differ-
entially expressed liver proteins among groups, GO anal-
ysis, and KEGG annotation results were provided in the 
supplementary materials (Sects.  1–6). Differential pro-
teins were annotated using the KEGG database. KEGG 
enrichment analysis among groups was performed based 
on an enrichment ratio (DiffRatio/BgRatio) higher than 1, 
with P < 0.05 as the standard. Significant KEGG enrich-
ment results in different groups were shown in Fig. 4a-c.

Additionally, KEGG-enriched pathways in each group 
were presented using Venn diagrams to show the rela-
tionship of key differential metabolic pathways among 
groups. Differential metabolic pathways shared between 
the DON + BMSC-exos @ CeO2 group and Control 
group, as well as between the DON and Control groups, 
were of primary concern, including the JAK-STAT signal-
ing pathway and arachidonic acid metabolism (Fig.  4d). 
Our previous research demonstrated that BMSC-exos 
could mitigate DON-induced free radicals through their 
intrinsic PUFAs and significantly altered the profile of 
oxidative lipid metabolites associated with DON-induced 
liver damage, primarily enriched in the arachidonic acid 
metabolism pathway. Our current study leveraged the 
carrier potential of BMSC-exos to develop a composite 
formulation rich in PUFAs and CeO2 NPs, which were 
designed as DON + BMSC-exos @ CeO2. This compos-
ite synergistically reduces lipid peroxidation damage to 

hepatocyte membranes and other cellular components. 
Furthermore, various inflammatory mediators, such as 
IL-6, could activate the JAK1/STAT3 signaling pathway, 
thereby regulating the transcriptional activity of inflam-
matory genes and promoting the inflammatory response 
[62, 63].

To further testify results from the above mentioned, 
compared to the Control group, the expression levels of 
p-JAK1/JAK1 and p-STAT3/STAT3 were significantly 
increased in the DON group (P < 0.05). Moreover, in 
DON + BMSC-exos @ CeO2 group, the expression lev-
els of p-JAK1/JAK1 and p-STAT3/STAT3 were signifi-
cantly reduced compared to the DON group (P < 0.05), 
with p-STAT3/STAT3 levels reduced by approximately 
1-fold (Fig.  4e-f ). Next, because the inflammatory cyto-
kine could impact the JAK/STAT signaling pathway, we 
further measured inflammatory cytokine levels in mouse 
liver tissues and serum. Compared to the Control group, 
TNF-α, IL-17 A, IL-2, IL-4, and IL-6 levels were signifi-
cantly increased in the DON group (P < 0.05). In con-
trast, BMSC-exos @ CeO2 group showed significantly 
lower levels of IL-2, IL-4, and IL-6 than the DON group 
(P < 0.05) (Fig.  4g-l). In the serum, compared with the 
control group, IL-4 and IL-6 levels were significantly 
increased in the DON group (P < 0.05). However, BMSC-
exos @ CeO2 group illustrated significantly lower IL-6 
levels than the DON group (P < 0.05) (Fig.  4m-r). These 
results suggested that BMSC-exos @ CeO2 could inhibit 
inflammatory cytokine levels and inflammatory lesions.

Untargeted/targeted metabolomics reveal Oxylipins 
profiles in different groups
Observations of protein expression levels and protein 
interactions alone might have been dimensionally lim-
ited. Therefore, this study also employed LC-MS/MS 
platform-based untargeted/targeted metabolomics anal-
ysis on mouse liver. This method enabled an unbiased 
analysis of nearly all metabolite categories in samples, 
providing a multidimensional view of the logical and 
interactive relationship among DON treatment, protein 
molecules, metabolic pathways, and damage phenotypes.

Qualitative and quantitative analyses of metabolites and 
functional KEGG annotations among groups were pro-
vided in the supplementary materials (Sects. 7–11). Based 
on the results of differential metabolites, KEGG pathway 
enrichment analysis was conducted, revealing significant 
enrichment of linoleic acid, glycerophospholipid, arachi-
donic acid, and alpha-linolenic acid metabolism among 
groups (Fig.  5a, d and g). A comprehensive joint analy-
sis of enrichment pathways for differentially expressed 
hepatic metabolites and proteins was performed. Bar 
graphs illustrating co-annotated KEGG pathways dem-
onstrated a differential distribution and abundance of 
these metabolites and proteins within specific pathways 
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(Fig. 5b, e and h). Notably, linoleic acid and arachidonic 
acid metabolism pathways consistently ranked among 
the top three across all comparative groups, highlighting 
a significant presence of these metabolites and proteins 
within these pathways. Additionally, bar graphs of KEGG 
co-enriched pathways presented pathways’ enrichment 

P-values, with the top 50 pathways displayed based on 
proteomics data. Compared with the DON group vs. the 
control group and DON + BMSC-exos @ CeO2 vs. DON 
groups, linoleic acid and arachidonic acid metabolic 
pathways were significantly enriched (Fig. 5c, f and i). The 
core target proteins with differentially expressed levels 

Fig. 4  Impact of BMSC-exos @ CeO2 on liver protein functional pathways after DON exposure and their validation. (a-c) KEGG enrichment analysis of dif-
ferentially expressed proteins: The x-axis represents the enrichment factor, and the y-axis shows KEGG pathways. Dot color and size indicate P-values and 
the number of differentially expressed proteins, respectively. (d) Venn diagram illustrating inter-group relationships of KEGG differential metabolic path-
ways: Analysis of KEGG pathways with a ratio of DiffRatio/BgRatio greater than 1 and P-value less than 0.05. Each circle represents a comparison group, 
overlapping sections show shared differential metabolic pathways, and non-overlapping sections indicate unique pathways. (e-f) Effects of BMSC-exos @ 
CeO2 on p-JAK1/JAK1 and p-STAT3/STAT3 protein expression in DON-exposed mouse liver: Western blot lanes C1-C6 were controls, D1-D6 were the DON 
group, and E1-E6 were the DON + BMSC-exos @ CeO2 group. Data were presented as mean ± standard deviation. (g-l) Effects of BMSC-exos @ CeO2 on 
serum inflammatory factor levels in mice: Data shown as mean ± standard deviation. Six biological samples per group. (m-r) Effects of BMSC-exos @ CeO2 
on liver inflammatory factor levels in mice: Data shown as mean ± standard deviation. Six biological samples per group
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Fig. 5  Integrated analysis of differential metabolites and protein enrichment pathways in the liver. (a) Enrichment analysis of differential metabolites be-
tween groups: The y-axis represents pathway names, sorted by P-value; dot color and size indicate enrichment significance and the number of differential 
metabolites. The x-axis shows the pathway’s Rich Factor. (b) Bar plot of KEGG pathways jointly annotated by differential analyses from two omics: The x-
axis represents the number of differentially expressed proteins (green) and metabolites (red) annotated to each pathway, while the y-axis represents KEGG 
pathways. (c) Bar chart of KEGG pathways co-enriched by both omics analyses: The chart displays the P-values for pathway enrichment, showing the top 
50 pathways based on protein analysis P-values. The x-axis shows KEGG pathway names; the y-axis displays enrichment P-values, with red and green indi-
cating metabolomics and proteomics, respectively. (d-f) Joint KEGG pathway analysis of differential metabolites and proteins between DON and Control 
groups. (g-i) Joint KEGG pathway analysis of differential metabolites and proteins between DON + BMSC-exos @ CeO2 and DON groups. (j) Key KEGG path-
ways identified in the integrated analysis of intergroup differential metabolites and proteins. (k) Overall sample clustering heat map: Samples were on the 
x-axis, metabolites on the y-axis. Colors represent normalized abundance values (red for high, blue for low). Group indicates sample grouping, and Class 
indicates substance classification. (l-n) Fold-change bar plot: The x-axis shows log2 FC of differential metabolites, while the y-axis lists metabolites. Red 
bars indicate upregulated metabolites; green bars indicate downregulated metabolites. (o) GPx activity. (p) SOD activity. (q) CAT activity. (r) Superoxide 
anion scavenging capacity. (s) Hydroxyl radical scavenging capacity. Data were presented as mean ± standard deviation. Six biological samples per group
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shared between the DON + BMSC-exos @ CeO2 group 
and the DON group, as well as between the DON group 
and the Control group, were the focus of this study. Nota-
bly, Angptl3 (Angiopoietin-like 3), an essential regulator 
of lipid metabolism, played a critical role in regulating 
cholesterol, triglycerides, and glucose metabolism, and 
was involved in fatty acid synthesis and oxidation pro-
cesses (Figures S11). Its expression levels were associated 
with various metabolic diseases, such as atherosclerosis 
and fatty liver disease. Studies have shown that regulating 
lipid metabolism by Angptl3 might affect the protective 
mechanisms of the liver through multiple signaling path-
ways. We further conducted a correlation analysis of the 
quantitative values of proteins and metabolites across all 
samples (Table S1). The results revealed that the Angptl3 
protein was significantly correlated with several metab-
olites, including Ascorbic acid, Trigallic Acid, Equol 
7-O-glucuronide, and Ergothioneine, which exhibited 
antioxidant and anti-inflammatory properties. Addition-
ally, metabolites such as 2’-Deoxyuridine 5’-monophos-
phate and Febuxostat played crucial roles in energy and 
lipid metabolism (Table S2). These findings suggested 
that when using BMSC-exos @ CeO2 to alleviate DON-
induced liver injury, these metabolites and proteins had 
significant biological implications for antioxidation, 
anti-inflammation, and regulating energy metabolism 
homeostasis.

Additionally, hepatic oxidative lipidomics analysis data 
in different groups revealed the distribution heat map of 
oxylipins. We found that BMSC-exos @ CeO2 or DON 
affected the pattern of oxylipins distribution/pattern, 
with metabolites derived from arachidonic acid precur-
sors being the largest subset (Fig. 5k). Administration of 
BMSC-exos @ CeO2 significantly reduced all differen-
tial oxidative lipid levels compared to the DON group 
(Fig.  5l-n). The reduction in specific pro-inflammatory 
oxidized lipids, such as 11-HEDE, 18-HETE, 11β-PGF2α, 
8-iso-PGF2α, PGE1, 6-keto-PGF1α, and PGF1α, might 
inhibit oxidative stress, thereby reducing the synthesis of 
inflammatory mediators. This regulation could alleviate 
inflammation and tissue damage and was closely associ-
ated with inhibiting the JAK1/STAT3 pathway. The dif-
ferential oxylipins among groups were presented in Table 
S3, and the KEGG Differential Abundance Score were 
also presented in Table S5.

We further assessed the antioxidant capacity in differ-
ent groups. Compared to the Control group, DON group 
showed a significant reduction of SOD and GPX enzyme 
activities in livers (P < 0.05), whereas BMSC-exos @ CeO2 
treatment significantly enhanced these enzyme activi-
ties (P < 0.05). Moreover, DON exposure significantly 
impaired the superoxide anion and hydroxyl radical scav-
enging abilities in livers (P < 0.05). However, BMSC-exos 
@ CeO2 treatment significantly enhanced superoxide 

anion scavenging ability (P < 0.05), while improving 
hydroxyl radical scavenging ability without significance 
(P > 0.05) (Fig. 5o-s). Thus, according to the above results, 
we suggested that the BMSC-exos @ CeO2 could syner-
gistically reduce DON-induced lipid peroxidation and 
maintain a rich content of unsaturated fatty acids for 
reducing damage on hepatocyte membranes or other cel-
lular components and enhancing the defense abilities of 
antioxidants.

Untargeted/targeted metabolomics reveal energy 
metabolism in different groups
Metabolic and proteomic differences among groups were 
path-searched and regulatory interaction networks were 
analyzed through the KEGG database (Fig.  6a-c). Sub-
sequently, a picture of the Venn diagram illustrated the 
relationship of key differential metabolite pathways and 
modules among groups, focusing on specific differential 
metabolic pathways and modules between DON + BMSC-
exos @ CeO2 and the DON group, where the AMPK was 
associated with the inflammatory response by restoring 
cellular energy homeostasis (Fig. 6d). Numerous studies 
suggested AMPK activation might have been a new stra-
tegic option for treating inflammatory diseases [64, 65], 
highlighting its association with unsaturated fatty acid 
metabolism and inflammatory regulation. Further tar-
geted metabolomics analyses of energy metabolism prod-
ucts in mouse livers from different groups showed that 
both BMSC-exos @ CeO2 and DON significantly altered 
the energy metabolite distribution pattern in mouse liv-
ers (Fig.  6e). The differential energy metabolites in dif-
ferent groups were presented in Table S4, and the KEGG 
Differential Abundance Score were presented in Table S5.

Finally, because DON influenced AMPK expression, 
thereby altering energy metabolism and cell homeosta-
sis, Western blotting was further used to detect AMPK 
protein expression levels in different groups for testifying 
above. Compared to the Control group, p-AMPK/AMPK 
expression was significantly enhanced in DON group 
(P < 0.05). Meantime, DON + BMSC-exos @ CeO2 group 
displayed a higher protein expression level of p-AMPK/
AMPK compared to the Control group (P < 0.05) and 
protein expression levels about 1.2-fold higher than the 
DON group (P < 0.05, Fig. 6f ). In summary, the alleviat-
ing effects of BMSC-exos @ CeO2 on DON-induced 
oxidative stress and inflammatory response were closely 
related to the involvement of the AMPK and JAK1/
STAT3 pathways.

Discussion
In this study, we investigated the toxic mechanisms 
of DON on the liver and presented a novel strategy for 
reducing its toxic effects. DON was a pervasive toxin 
that had multiple toxic effects on humans and animals, 
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including acute and chronic symptoms [1–3]. Further-
more, DON was primarily metabolized and detoxified 
in the liver, where its induction of oxidative stress repre-
sented a key pathway leading to liver damage. Previous 
studies showed that DON exposure reduced liver antioxi-
dant enzyme activity and elevated oxidative stress levels 
[66].

Recent research has highlighted the potential of CeO2 
NPs as antioxidants. The CeO2 NPs transitioned between 
Ce3+ and Ce4+ states, where Ce3+ bound to reactive oxy-
gen or nitrogen species and reduced them to peroxides 
and nitrates, while oxidizing itself to the Ce4+ state, simi-
lar to the function of SOD [28, 67]. This oxidation pro-
cess was followed by the reduction of Ce⁴⁺ back to Ce³⁺, 
which oxidized hydrogen peroxide into molecular oxy-
gen, thereby mimicking catalase activity [67]. The radical 
scavenging capacity of CeO2 NPs was renewable, func-
tioning through a continuous Ce3+ → Ce4+ → Ce3+ reac-
tion cycle on their surface, offering an advantage over 

other antioxidants [68, 69]. These CeO2 NPs were rela-
tively inert under healthy physiological conditions, slowly 
dissolving into low-toxicity Ce3+ in the body and eventu-
ally being excreted through the urinary or fecal (hepato-
biliary circulation) pathways [51, 68, 70]. This excellent 
biocompatibility and stability made CeO2 NPs a promis-
ing candidate for antioxidant therapy.

Compared to traditional antioxidants such as SOD and 
vitamin C, the CeO2 NPs offered the added benefit of 
reusability, as their capacity to scavenge reactive oxygen 
species remained sustained over time [71, 72]. Our study 
results also showed CeO2 NPs significantly inhibited the 
oxidative stress and inflammatory response that DON 
induced in Hepa1-6 cells. Notably, CeO2 NPs became 
active only in the presence of excess free radicals, thus 
minimizing the potential adverse effects associated with 
excessive free radical scavenging [72]. We further investi-
gated the encapsulation of CeO2 NPs within BMSC- exos 
as an innovative approach to mitigate the toxic effects of 

Fig. 6  Differential energy metabolism and effects on AMPK expression. (a-c) Regulatory network analysis of differential metabolites between groups. 
Red circles indicate differential metabolic pathways, yellow circles represent regulatory enzymes, green circles denote background substances, purple 
circles indicate molecular modules, blue circles represent chemical interactions, and green squares indicate differential metabolites. (d) Venn diagram 
showing the relationships between key differential metabolic pathways and modules among groups. Circles represent comparison groups; overlapping 
areas indicate shared differential pathways and modules, while non-overlapping areas denote unique ones. (e) Heat map of overall sample cluster aver-
ages: Samples were on the horizontal axis, metabolites on the vertical axis. Different colors represent normalized average values across groups, with red 
indicating high abundance and blue indicating low abundance. (f) Effects of BMSC-exos @ CeO2 on AMPK and p-AMPK protein expression in the livers 
of DON-exposed mice: Western blot lanes C1-C6 were for the control group, D1-D6 were for the DON group, and E1-E6 were for the DON + BMSC-exos @ 
CeO2 group. Data were presented as mean ± standard deviation
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DON on the liver. The combination of CeO2 NPs with 
BMSC-exos offered several advantages. Previous studies 
demonstrated that the dispersion of CeO2 NPs was criti-
cal for their efficacy. Reducing aggregation minimized 
immune system recognition and ensured a larger surface 
area-to-volume ratio, thereby enhancing their free radical 
scavenging capacity. Additionally, the particle size, solu-
bility, and stability of CeO2 NPs significantly influenced 
their cellular uptake and fate in vivo [73–75]. Therefore, 
previous studies often involved re-ultrasonication before 
administration to ensure uniform distribution; however, 
this method could not guarantee sustained dispersion in 
vivo. As excellent drug delivery carriers, exosomes were 
derived from cells and exhibited high biocompatibility. 
Their vesicular structure protected internal cargo from 
degradation and phagocytosis by immune cells. More-
over, exosomes possessed good permeability, and their 
nanoscale size and membrane structure enabled effi-
cient intracellular delivery [76, 77]. Thus, loading CeO2 
NPs into BMSC-exos prevented aggregation, enhanced 
biocompatibility and permeability, and ensured safer 
and more effective functionality. This approach also 
provided an initial “defense line” against DON-induced 
oxidative damage. The rich PUFAs in exosomes contrib-
uted to synergistic antioxidant and anti-inflammatory 
effects [22]. Further exploration of CAT activity in the 
DON + BMSC-exos @ CeO2 group revealed interest-
ing results. Our previous studies showed that BMSC-
exos intervention significantly increased SOD activity in 
mouse livers, with a strong positive correlation between 
Cu/Zn SOD and oxygen species targeted by BMSC-exos 
[22]. This indicated that BMSC-exos inherently enhanced 
SOD activity. When loaded with CeO2 NPs, this effect 
might have been synergistically amplified. Additionally, 
DON exposure triggered cellular self-protection mecha-
nisms, leading to higher antioxidant enzyme activity in 
the short term compared to the control group. Conse-
quently, the DON + BMSC-exos @ CeO2 group exhibited 
significantly higher CAT activity than the control group, 
though no significant difference was observed compared 
to the DON-only group. These differences may be attrib-
uted to the synergistic effects of BMSC-exos and CeO2 
NPs and the stress response induced by DON. Both in 
vitro and in vivo experiments confirmed the effective-
ness of the BMSC-exos @ CeO2 combination in alleviat-
ing DON-induced cell and liver damage. Therefore, this 
dual-functional delivery system, characterized by its 
antioxidant and protective properties, as well as biocom-
patibility, offered significant advantages over traditional 
methods. Compared to other nanocarrier systems, such 
as liposomes and polymer nanoparticles, which provided 
enhanced solubility and sustained release, exosome-
based systems excelled in inherent biocompatibility and 
targeting efficiency. Our BMSC-exos @ CeO2 system 

stood out due to its intrinsic biocompatibility and sus-
tained scavenging activity, features uncommon in other 
nanoparticles. However, potential disadvantages included 
the complexity of exosome isolation and purification 
processes and the extensive characterization required to 
ensure consistency and safety in therapeutic applications.

Using a multi-level analysis that integrated proteomics 
and metabolomics, this study investigated the toxic 
effects and mechanisms of DON and the protective 
effects of BMSC-exos @ CeO2. The 4D-DIA quantita-
tive proteomics combined with LC-MS/MS untargeted 
and targeted metabolomics analyses identified expres-
sion patterns of numerous differential proteins and 
metabolites, along with the biological pathways they 
influenced. This analysis highlighted the involvement 
of the JAK-STAT signaling pathway and arachidonic 
acid metabolism in DON-induced liver injury. Further-
more, our results demonstrated that the intervention of 
BMSC-exos @ CeO2 significantly impacted the regula-
tion of these pathways, highlighting its protective poten-
tial. KEGG database annotation and enrichment analysis 
further elucidated key signaling networks, particularly 
those involved in inflammatory and metabolic pathways. 
The most differentially expressed metabolites and pro-
teins were found in the linoleic acid and arachidonic acid 
metabolism pathways. On the one hand, this finding cor-
roborated our hypothesis that DON-induced lipid per-
oxidation primarily affected the biomembrane, serving as 
the “main battlefield” or “first line of beneficial defense”. 
BMSC-exos @ CeO2, rich in unsaturated fatty acids and 
CeO2 NPs, synergistically mitigated DON-induced lipid 
peroxidation damage to liver cell membranes and other 
cellular components. The affected metabolic pathways, 
including unsaturated fatty acid metabolism and associ-
ated damage phenotypes, formed a complex multi-factor 
regulatory network. On the other hand, studies showed 
that AMPK, an energy-sensing enzyme, played a central 
role in maintaining cellular energy balance and inter-
acted intricately with PUFAs metabolism. Metabolites of 
PUFAs, such as epoxyeicosatrienoic acids (EETs) derived 
from arachidonic acid, activated AMPK and promoted 
autophagy, which helped inhibit TNF-α-induced endo-
thelial cell apoptosis [78]. Additionally, AMPK regu-
lated PUFAs metabolism, such as conjugated linoleic 
acid (CLA), by influencing key enzymes in fatty acid 
synthesis and oxidation, including acetyl-CoA carbox-
ylase (ACC) and sterol regulatory element-binding pro-
tein 1c (SREBP1c), thereby modulating lipid metabolism 
and reducing inflammatory responses [79]. Linoleic 
acid also activated AMPK via the SQSTM1 (P62) and 
Kelch-like ECH-associated protein 1 (Keap1) complex, 
connecting the autophagy and antioxidant systems to 
enhance cellular antioxidant capacity and reduce oxida-
tive stress [80]. These interactions revealed that under 
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the regulation of BMSC-exos @ CeO2, AMPK and PUFAs 
metabolism played a synergistic role in antioxidation and 
anti-inflammation.

Proteomic analysis revealed that the JAK-STAT signal-
ing pathway significantly alleviated DON-induced liver 
injury by BMSC-exos @ CeO2. The metabolomic analy-
sis further indicated that the AMPK signaling pathway 
was a unique differential metabolic pathway between the 
DON + BMSC-exos @ CeO2 group and the DON group. 
AMPK inhibited inflammatory responses by restoring 
cellular energy homeostasis, and numerous studies sug-
gested that activating AMPK might represent a poten-
tial new strategy for treating inflammatory diseases [64, 
81]. Our research demonstrated that BMSC-exos @ 
CeO2 administration significantly reduced the levels of 
IL-2, IL-4, and IL-6 in the livers of DON-exposed mice 
(P < 0.05) and also significantly decreased serum IL-6 
levels in DON-exposed mice (P < 0.05). Based on these 
findings, it was inferred that DON induced an increase 
in PUFAs metabolism through oxidative stress, while 
liver cells initiated self-rescue mechanisms by upregu-
lating AMPK expression. BMSC-exos @ CeO2 could 
block the peroxidation chain reaction, further acti-
vated AMPK expression, alleviated oxidative stress, and 
inhibited JAK1/STAT3 pathway activation, suppress-
ing inflammatory response occurrence or exacerbation 
(Fig.  7). Therefore, it was concluded that the alleviation 
of DON-induced inflammatory responses by BMSC-exos 

@ CeO2 was closely related to the interaction and modu-
lation of the AMPK/JAK1/STAT3 pathways, providing 
new evidence for mitigating DON-induced inflammatory 
damage.

Oxidative lipidomics analysis indicated that BMSC-
exos @ CeO2 could reduce DON-induced abnormal lipid 
metabolism and improved antioxidant capacity, which 
was related to enhanced superoxide anion scavenging 
ability and increased antioxidant enzyme activity. Energy 
metabolism analysis further revealed the activation of the 
AMPK signaling pathway’s important role in the protec-
tive effect mediated by BMSC-exos @ CeO2, highlight-
ing the close connection between fatty acid metabolism 
and oxidative stress and inflammatory response regula-
tion. Additionally, it was worth exploring the observation 
that, although SOD activity in the DON + BMSC-exos 
@ CeO2 group was significantly increased compared to 
both the control and DON-only groups, the compre-
hensive analysis of differential metabolites and protein 
enrichment pathways in the liver did not reveal signifi-
cant enrichment of antioxidant enzyme-related path-
ways. To address this inconsistency, we considered the 
unique antioxidant mechanism of CeO2 NPs. Previ-
ous studies showed that CeO2 NPs directly mimicked 
the effects of antioxidant enzymes by cycling between 
Ce3+ and Ce4+ oxidation states [28, 29, 82, 83], rather 
than by stimulating the expression of intracellular anti-
oxidant enzymes. Consequently, this direct antioxidant 

Fig. 7  Schematic diagrams of research results. Schematic diagram illustrating the synergistic protective effects from BMSC-exos @ CeO2 administration 
under the DON condition

 



Page 18 of 20Meng et al. Journal of Nanobiotechnology          (2025) 23:215 

mechanism might have explained the lack of significant 
enrichment of antioxidant enzyme-related pathways in 
the metabolic pathway enrichment analysis. These find-
ings provided a detailed understanding of the molecular 
mechanisms involved, supporting further exploration of 
DON toxicity and possible interventions. This study pro-
vided a comprehensive understanding of the molecular 
mechanisms involved, supporting further exploration 
of vomitoxin toxicity and potential intervention strate-
gies. A limitation of this study was that it focused solely 
on the protective effects of BMSC-exos @ CeO2 against 
DON-induced liver damage. Future research should 
investigate the systemic impact of BMSC-exos @ CeO2 
on other organs affected by DON toxicity. Additionally, 
while animal models offered valuable insights, caution 
was needed when extrapolating these findings to human 
health. In the future, the BMSC-exos @ CeO2 system 
held promise for developing therapies targeting liver dis-
eases exacerbated by oxidative stress, but ensuring safety 
and efficacy remained critical for clinical translation. This 
system could also be applied to protect livestock consum-
ing DON-contaminated feed, thereby reducing economic 
losses in the livestock industry and enhancing food safety. 
To ensure economic feasibility, challenges related to scal-
ing up production and improving cost-effectiveness must 
have been addressed.

Conclusion
This study investigated the potential mechanisms and 
effects of BMSC-exos @ CeO2 in mitigating hepatic 
injury induced by DON. The synthesized nanoparticles 
exhibited favorable bioavailability, characterized by opti-
mal particle size and surface charge properties, which 
promoted Hepa 1–6 cell proliferation while reducing 
oxidative stress and inflammation. In vivo studies dem-
onstrated their superior liver biodistribution and per-
sistence, significantly decreasing inflammatory cytokine 
levels and modulation of the JAK1/STAT3 signaling 
pathway. Multi-dimensional metabolomics analysis fur-
ther revealed that these nanoparticles protected against 
DON-induced liver injury by modulating energy metabo-
lism and oxidative stress. Overall, BMSC-exos @ CeO2 
exhibited enhanced protective effects against liver dam-
age through synergistic antioxidant and anti-inflamma-
tory mechanisms, offering promising insights for the 
future treatment of DON-related liver diseases.
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