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Mastitis, a prevalent inflammatory disease affecting both humans and animals, imposes significant health
burdens globally. Taraxacum mongolicum Hand.-Mazz. has been traditionally used to treat mammary
gland disorders, however, the clinical translation of its crude extracts remains challenging due to the
poor bioavailability. Emerging as innovative nanotherapeutic agents, plant-derived extracellular vesicles
(PEVs) exhibit enhanced bioavailability, low immunogenicity, and targeted delivery capabilities, making
them promising candidates for precision medicine applications. Herein, extracellular vesicles derived
from Taraxacum mongolicum Hand.-Mazz. (TH-EVs) were successfully isolated employing ultracentri-
fugation and sucrose gradient centrifugation. Subsequently, these physicochemical properties, including
particle size distribution and composition analysis, were comprehensively characterized. The anti-
inflammatory efficacy and mechanism of TH-EVs were explored in both lipopolysaccharide (LPS)-
stimulated murine mammary epithelial cells (HC11) and a murine mastitis model. In vitro, TH-EVs
reduced TNF-o, IL-6, IL-1B and cellular oxidative stress. In vivo, TH-EVs alleviated histopathological
damage, decreased myeloperoxidase activity, inhibited T lymphocyte activation, and reduced oxidative
stress in mammary tissues. Mechanistically, TH-EVs inhibited the NLRP3 inflammasome, NF-xB and
MAPK pathways. This study demonstrates that TH-EVs are a potent natural nanotherapeutic agent for
mastitis, with potential for translational applications.
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of non-antibiotic strategies.”'® Plant-derived therapeutics have
been regarded as promising alternatives, with over 60% of
recently investigated anti-mastitis compounds originating from
botanical sources. Nevertheless, conventional phytochemical

1. Introduction

Mastitis, an inflammatory disorder of the mammary gland,
predominantly affects humans and livestock, with dairy cows

being particularly vulnerable." In lactating women, this condi-
tion complicates 3%-20% of breastfeeding cases, often leading
to psychological distress and premature weaning.”* The global
dairy industry suffers huge losses every year due to bovine
mastitis-induced milk quality deterioration and production
decline.”® Gram-negative bacterial pathogens, particularly
through lipopolysaccharide (LPS)-mediated inflammatory cas-
cades, drive disease pathogenesis in both clinical scenarios.”®
While antibiotics remain the therapeutic mainstay, escalating
antimicrobial resistance (AMR) rates demand urgent development
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extraction methods face critical limitations: (1) compromised
bioactivity through isolation of single compounds and (2) sub-
optimal bioavailability (<15% for most polyphenols).">** The
above obstacles seriously hinder their clinical application.
Plant-derived extracellular vesicles (PEVs) are nanovesicles
with a particle size of 30-200 nm extracted from various edible
vegetables, fruits and medicinal plants, which contain a variety
of bioactive components such as proteins, lipids, nucleic acids,
etc."® PEVs offer distinct advantages, including scalability in
production’’® and enhanced safety due to the absence of
animal pathogens'®'” and have shown great advantages in the
treatment of many diseases."®'® For example, ginseng-derived
PEVs exhibited cardioprotective effects against cisplatin-induced
injury through the modulation of the MAPK signaling pathway
and improved the efficiency of cisplatin in treating cancer.>**!
Platycodon grandiflorum-derived PEVs suppressed triple-
negative breast cancer by strengthening systemic immunity
and modulating the gut microbiota.>> Momordica-derived PEVs
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alleviated blood-brain barrier damage in the model and inhib-
ited neuronal apoptosis by promoting the AKT/GSK3f signaling
pathway.?® Thus, harnessing PEVs, particularly those isolated
from medicinal plants, represents a promising therapeutic
strategy for mastitis treatment.

Taraxacum mongolicum Hand.-Mazz. is a kind of perennial
herbaceous plant of the Asteraceae family, widely distributed
across the warm temperate regions of the Northern hemisphere
on the slopes, grasslands, roadsides, etc. As a plant with medi-
cinal and edible homologous, Taraxacum mongolicum Hand.-Mazz.
has been regarded as a superior medicine for clearing heat and
detoxifying, reducing stasis and swelling and treating mastitis since
ancient times.>**> Contemporary pharmacological investigations
have revealed that Taraxacum mongolicum Hand.-Mazz. has a
diverse many of bioactive compounds, including phenolic
acids, polysaccharides, and flavonoids, which exhibit multiple
pharmacological properties such as antimicrobial,***” anti-inflam-
matory,28 antioxidant,> immunomodulatory, anti-tumor, and
breast disease. The therapeutic effects of Taraxacum mongolicum
Hand.-Mazz. extracts on breast diseases have been extensively
studied. For instance, Taraxacum mongolicum Hand.-Mazz.
extracts could effectively alleviate oxidative damage in bovine
mammary epithelial cells (BMECs) through activation of the Nrf2
pathway.*® Additionally, chlorogenic acid derived from Taraxa-
cum officinale had been demonstrated to reduce lipoteichoic
acid (LTA)-induced inflammation in BMECs by inhibiting the
phosphorylation of proteins within the NF-xB pathway.*' None-
theless, the bioavailability of these components is relatively low
(2-5%),%* which hinders its clinical application. In addition, in
contrast to synthetic reagents, PEVs possess excellent biocom-
patibility and exhibit extremely low immunogenicity.*® Their
inherent lipid bilayer structure circumvents the drawbacks asso-
ciated with synthetic materials, such as accelerated blood clear-
ance and inflammatory responses.** Meanwhile, PEVs are rich in
bioactive molecules (such as proteins, lipids, nucleic acids),
which have similar effects to the original plants and can syner-
gistically enhance the therapeutic effect. Currently, research on
TH-EVs is still relatively limited. Studies have demonstrated that
TH-EVs effectively reduced indirect hypoxia-induced hyper-
tension by modulating gut microbes.*® In addition, TH-EVs-
laden hydrogels were capable of neutralizing Staphylococcus
aureus exotoxins, aiding in the treatment of invasive wounds.*®
We assumed that the natural origin and synergistic multi-
component cargo of PEVs from Taraxacum mongolicum Hand.-
Mazz. may overcome the bioavailability limitations of
conventional phytochemicals and address the pressing need
for non-antibiotic alternatives in combating mastitis.

In the current study, PEVs derived from Taraxacum mongolicum
Hand.-Mazz. (TH-EVs) were extracted through ultracentrifugation
and sucrose gradient centrifugation. We determined their mor-
phology and particle size characteristics and proteins and nucleic
acid distribution. The effects of TH-EVs in LPS-induced murine
mammary epithelial cells were investigated. In addition, their
efficacy and the mechanisms in LPS-induced mastitis were eval-
uated in vivo (Scheme 1). Our findings provide a novel therapeutic
protocol for the treatment of mastitis and contribute to the
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development and utilization of Taraxacum mongolicum Hand.-
Mazz. as a medicinal resource.

2. Materials and methods

2.1. Isolation and identification of TH-EVs

The whole Taraxacum mongolicum Hand.-Mazz. was thoroughly
washed, cut into small pieces, and then processed into juice.
The juice was initially centrifuged at 200xg, 10 min, followed by
centrifugation at 2000xg, 20 min, and finally at 10000xg,
30 min to remove fibers and larger particles (Beckman Coulter,
USA). The resulting supernatant was centrifuged at 100 000x g,
60 min to obtain the pellet. It was resuspended in phosphate-
buffered saline (PBS) and passed through a 0.45 pm filter
(Millipore, Burlington, MA). The solution was transferred to a
gradient sucrose solution (15%, 30%, 45%, and 60%) and
ultracentrifuged at 120000xg, 1 h. The interfacial fraction
(30%-45% sucrose gradient) was harvested, subjected to PBS
dilution, and filtered using a 0.22 pm membrane. This result-
ing filtrate underwent ultracentrifugation (100 000x g, 1 h), with
the resultant pellet either freshly reconstituted in PBS or
cryopreserved at —80 °C for future use.

The structural profiling of TH-EVs was evaluated through
TEM (JEOL, Tokyo, Japan). The size of TH-EVs was measured
via nanoflow cytometry (NanoFCM, Xiamen, China). Total RNA
was isolated using a nucleic acid extraction kit (Tiangen,
Beijing, China). The RNA composition of TH-EVs was analyzed
using agarose gel electrophoresis. Protein denaturation was
achieved through 5x loading buffer system equilibration
(10 min, 100 °C boiling point stabilization). The protein sam-
ples were electrophoresed on a 12% resolving phase (Epizyme
Biomedical Technology, Shanghai, China) and the protein
distribution of TH-EVs was identified by Coomassie Brilliant
blue staining.

2.2. Cell culture

Mouse mammary epithelial cell lines (HC11) were purchased
from Wuhan Pricella Biotechnology Co., Ltd (Wuhan, China).
We grew the cells in Roswell Park Memorial Institute 1640
medium (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS) (PAN, Germany) and 1% penicillin-streptomycin
(Gibco, USA), and maintained at 37 °C under a 5% CO,
atmosphere.

2.3. Uptake of TH-EVs by HC11 cells

2 pL of TH-EVs and 1 pL of DII (Beyotime Biotechnology,
Shanghai, China) were incubated at 37 °C for 30 min, followed
by centrifugation at 150000xg, 90 min. Then, centrifuged
particles were resuspended in PBS to obtain DII-TH-EVs. Sub-
sequently, HC11 cells were maintained in 12-well plates with a
concentration of 3 x 10> cells per well. Upon achieving approxi-
mately 50% confluence, DII-TH-EVs were introduced to the
cells and incubated for 12 h. After incubation, the cells were
washed with PBS, and the nuclei were treated with 50 pL of

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Protective mechanism of TH-EVs against LPS-induced mastitis in mice.

DAPI for 5 min. Finally, the cells were visualized under a
fluorescence microscope (Nikon, Tokyo, Japan).

2.4. Cell viability assays

HC11 cells were seeded in 96-well plates (1 x 10° cells per well).
When the seeded cells achieved a confluence of about 60%, the
cells were starved for 12 h by changing the medium to 1% FBS.
The cells were incubated for 12 h, the medium was discarded,
and the cells were treated with TH-EVs at concentrations of
1-40 pg mL~" for 24 h. Subsequently, each well received working
fluids (medium: CCK8 = 9:1) (KeyGEN Biotechnology, Nanjing,
China), after which the cells were cultured at 37 °C for 2 h. The
absorbance at 450 nm was measured with a microplate reader
to evaluate cell viability. Furthermore, to examine the impact
of TH-EVs on the viability of LPS-activated HC11 cells, the cells
were categorized into three groups: control group, LPS group
(2 pg mL™Y), and LPS + TH-EVs (2 pg mL ™" + 20 ug mL™") group.
The cell viability in these groups was evaluated using the same
method as described above.

2.5. Quantitative real time polymerase chain reaction
(QRT-PCR)

6 x 10° HC11 cells per well were cultured with medium with 1%
FBS in 6-well plates for 12 h. Then, the cells were divided into

This journal is © The Royal Society of Chemistry 2025

control group, LPS group (2 pg mL '), and LPS + TH-EVs
(2 pg mL™" + 20 ug mL™") group, and cultured in full medium
for 24 h. After incubation, the cells were washed three times
with PBS, and the total RNA was extracted using the nucleic
acid extraction kit (Tiangen, Beijing, China). The mRNA expres-
sion levels of TNF-a, IL-1f, IL-6, INOS and COX2, along with
NLRP3 inflammasome pathway markers (NLRP3, ASC, and
Caspase-1) were assessed using qRT-PCR experiments. The
primer sequences of inflammatory genes are indicated in
Table S1, ESL}

2.6. Western blot

Proteins were harvested from HC11 cells under different treat-
ments and from mouse breast tissue using RIPA lysis buffer
(KeyGEN BioTECH, Nanjing, China) supplemented with phos-
phatase inhibitors (Roche, Basel, Switzerland) and protease
inhibitors (Roche, Basel, Switzerland), and the protein con-
centration of each sample was determined using a BCA kit
(Thermo Fisher, Waltham, MA, USA). An equal amount of
protein was mixed with loading buffer and boiled at 100 °C
for 20 min. Next, the protein sample was subjected to electro-
phoresis on 10% SDS-PAGE (120 V, 90 min) and transferred to a
PVDF membrane. Then the membrane was blocked for 40 min
at ambient temperature. Then, the membrane was treated
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overnight at 4 °C with the primary antibodies, including IL-6,
ASC, IL-1p, Caspase-1, p-P65, p-P38, p-JNK, and p-ERK (Abcam,
Cambridge, UK). B-actin, GAPDH, INOS, COX2, and NLRP3
(Cell Signaling Technology, Boston, USA). The membranes were
then washed 3 times (10 min each) with TBST and incubated
for 60 min at room-temperature with secondary antibodies, and
then the proteins were visualized and analyzed.

2.7. Animal

SPF-grade ICR pregnant mice (30 + 2 g) were acquired from
Shenyang Changsheng Biotechnology Company (Shenyang,
China). These mice were housed at 20-22 °C with 55%-65%
humidity and allowed free access to food and water for 7 d.
All experimental procedures were conducted in compliance
with the guidelines and regulations by the Animal Administra-
tion and Ethics Committee of the Institute of Special Animal
and Plant Sciences, Chinese Academy of Agricultural Sciences
(NO. ISAPSAEC-2023-039TM).

2.8. LPS-induced mouse mastitis model

Lactating mice at 5-7 days postpartum were assigned to the
control group, LPS group (2 pg mL™ "), LPS + dexamethasone
(Dex) (5 mg kg™ ) group, LPS + TH-EVs-low group (2 mg kg™ 1),
and LPS + TH-EVs-high group (4 mg kg '). Dex, a commonly
used steroid anti-inflammatory drug, was selected as the posi-
tive drug. Initially, the corresponding drugs were intraperito-
neally injected into the mice of different groups (the control
group and LPS group were injected with physiological saline).
After 1 h, the mice were anesthetized, and LPS was injected into
their mammary glands via the milk ducts. After 12 h, the
corresponding drug was injected to the mice again. Then the
mice were sacrificed, serum and the fourth pair of breast tissue
were taken for testing.

2.9. ELISA

The concentrations of inflammatory cytokine (TNF-o, IL-1,
and IL-6) levels of the mouse serum after TH-EV treatment
were detected using the ELISA kit (Shanghai Enzyme linked
Biotechnology Co., Ltd, Shanghai, China) according to the
manufacturer’s directions. Optical density measurements at
450 nm wavelength were acquired through spectrophotometric
analysis, with TNF-o, IL-1f, and IL-6 derived from standard
curve, expressed in pg mL ™.

2.10. Hematoxylin-eosin (H&E) staining

The collected mammary tissues were embedded in paraffin.
Subsequently, the paraffin-embedded samples were sliced into
4-um-thick sections. They were then stained with H&E dyes.
Finally, the slices were observed for histopathological changes
under a microscope.

2.11. Immunohistochemical experiments

To explore the expression of TNF-a, IL-6, myeloperoxidase
(MPO), and cluster of differentiation 3 (CD3) in breast tissue
through immunohistochemical experiments, paraffin slices
endogenous enzymatic activity suppression was achieved through
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immersion in 3% H,0,. We treated the sections with TNF-o
(Boster, Wuhan, China), IL-6 (Servicebio, Wuhan, China), MPO
(Abcam, Cambridge, UK), and CD3 (Abcam, Cambridge, UK)
antibodies at 4 °C overnight, followed by incubation with the
corresponding secondary antibodies (SeraCare, Massachusetts,
USA) for 1 h at room temperature. Then, the DAB chromogenic
agent was used for colorimetric development, followed by counter-
staining with hematoxylin. Finally, all tissue sections were visua-
lized under a microscope.

2.12. Reactive oxygen species (ROS) staining

Frozen breast tissue slices were reheated and incubated with
DHE (Beyotime Biotechnology, Shanghai, China) in the dark at
37 °C for 40 min. After washing the slices with PBS, DAPI
solution was added dropwise and the slices were stained for
10 min in the dark at room temperature. Then the stained
slices were observed under a fluorescence microscope.

2.13. Data analysis

The results were shown as mean + standard deviation (SD) and
analysis was performed using the Tukey test by Origin 2024
software. Statistical significance was indicated as follows:
Compared with the control group, “p< 0.05, *p < 0.01,
#p < 0.001; compared with the LPS group, *p < 0.05,
**p < 0.01, ***p < 0.001.

3. Results

3.1. Identification, characterization and biological activity of
TH-EVs

TH-EVs were extracted from fresh Taraxacum mongolicum
Hand.-Mazz. using ultracentrifugation and sucrose density
gradient centrifugation (Fig. 1A). TEM results showed that
TH-EVs exhibited cup-shaped vesicles with a bilayer membrane
structure (Fig. 1B). The mean size of TH-EVs was measured at
63 nm using nanoflow cytometry (Fig. 1C). SDS-PAGE analysis
indicated that the distribution of the proteins in TH-EVs ranged
from 25 to 70 kDa (Fig. 1D). RNA extracted from TH-EVs was
primarily 250 bp (Fig. 1E). These results demonstrated the
successful isolation of TH-EVs. To investigate the uptake of
TH-EVs by HC11 cells (mouse mammary epithelial cells), TH-
EVs were tagged with the fluorescent dye DII (DII-TH-EVs) and
observed using fluorescence microscopy. The results showed
that the DII-TH-EVs were abundantly enriched around the
nucleus (Fig. 1F), demonstrating that TH-EVs could smoothly
enter the cell membrane and be internalized by HC11 cells.
In order to detect the toxicity of TH-EVs on HC11 cells, TH-EVs
were applied to these cells at graded concentrations ranging
from 1 to 40 pg mL ™" and the cell viability was measured using
the CCK8. These data revealed that TH-EVs did not exhibit
toxicity toward HC11 cells at concentrations of 1-20 pg mL ™.
However, at the concentration of 40 pg mL™ ", the cell viability
decreased to 88.6% (Fig. 1G). To further investigate the effect of
TH-EVs on the viability of LPS-induced HC11 cells under
inflammatory conditions, we conducted the CCK8 experiment.

This journal is © The Royal Society of Chemistry 2025
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The data showed that treatment with 20 pg mL ™" TH-EVs did
not affect the viability of HC11 cells under the inflammatory
state induced by LPS (Fig. 1H). Based on these results, the
concentration of 20 ug mL~"' TH-EVs was selected for subse-
quent experiments to explore their effects on the inflammatory
response of LPS-induced HC11 cells.

3.2. TH-EVs alleviate LPS-induced inflammation in HC11 cells

In order to simulate breast inflammation in vitro, the HC11
cells were treated with LPS. For testing the effect of TH-EVs on
HC11 cell inflammation, the qRT-PCR tests were performed to
analyze the gene expression profiles of TNF-a, IL-1f, IL-6, INOS
and COX2 (Fig. 2A-E). The data clarified that LPS stimulation
conspicuously raised the gene expression levels of TNF-o, IL-6,
IL-1B, INOS, and COX2 in HC11 cells. However, exposure to TH-
EVs (20 ug mL ") decreased the gene expression levels of these
factors. Moreover, the protein expressions of IL-1B, IL-6,
and COX2 in HC11 cells were detected by western blot. LPS
induction led to a significant increase in the expression of these
proteins (Fig. 2F-I). Nevertheless, after treatment with TH-EVs

This journal is © The Royal Society of Chemistry 2025

(20 ug mL™"), there was a marked reduction in the levels of
IL-1B, IL-6, and COX2. These results collectively demonstrated
that TH-EVs could alleviate the inflammatory response in LPS-
induced HC11 cells.

3.3. TH-EVs ameliorate LPS-induced HC11 cell inflammation
through the inhibition of NLRP3 inflammasomes, NF-kB and
MAPK pathways

It is well known that the occurrence of inflammation is influ-
enced by a variety of pathways, among which the activation
of NLRP3 inflammasome, NF-kB and MAPK pathways are
essential for inflammatory response regulation. In order to
explore the mechanism of TH-EVs on LPS-induced HC11 cells,
gRT-PCR was utilized to detect the expression profiles of NLRP3
inflammasome signaling pathway marker genes in LPS-
induced HC11 cells. As indicated in Fig. 3A-C, TH-EVs treat-
ment appreciably inhibited the expressions of NLRP3, ASC, and
Caspase-1 in LPS-induced HC11 cells. Furthermore, the expres-
sions of the NLRP3 signaling pathway markers NLRP3, ASC,
and Caspase-1, the NF-kB signaling pathway marker protein

J. Mater. Chem. B, 2025, 13,10609-10620 | 10613
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Fig. 2 TH-EVs attenuate inflammation in HC11 cells following LPS exposure. gRT-PCR experiments were used to detect the expression of TNF-a (A),
IL-1p (B), IL-6 (C), INOS (D) and COX2 (E) in HC11 cells in control group, LPS (2 pg mL™%) and LPS + TH-EVs (2 pg mL™t + 20 pg mL™%) groups. Western blot
analysis (F) and quantification results of IL-1p (G), IL-6 (H) and COX2 (1) expressions in HC11 cells in control, LPS (2 pg mL™) and LPS + TH-EVs (2 pg mL™*

+20 pg mL™Y) groups (n = 3).

p-P65, and the MAPK signaling pathway marker protein in
HC11 cells were analyzed. The results showed that LPS adminis-
tration greatly enhanced the levels of ASC, NLRP3, Caspase-1,
p-P65, p-JNK, p-ERK, and p-P38 protein. However, in contrast to
the LPS group, the expression of these proteins in TH-EVs
groups were considerably reduced (Fig. 3D-L). These findings
strongly suggested that TH-EVs could attenuate inflammation
in HC11 cells by targeting the NLRP3 inflammasome, NF-kB,
and MAPK pathways.

3.4. TH-EVs attenuate LPS-induced mastitis in mice

To investigate the effects of TH-EVs on mastitis in vivo, we
established a mouse model of mastitis. Breast tissues were
collected 24 h after LPS induction and TH-EVs treatment
(Fig. 4A). Observing the mammary gland tissue of mice in
different groups, we found that TH-EVs treatment remarkably
improved the inflammatory response of redness, swelling, and
congestion in the mammary gland tissue induced by LPS
(Fig. 4B). Moreover, H&E staining was carried out to explore
structural differences in mammary tissue across different treat-
ment groups. The results implied that LPS led to the dis-
appearance of the acinar cavity structure in mammary tissue,

10614 | J Mater. Chem. B, 2025, 13, 10609-10620

with a large number of inflammatory cells and exudates
observed in the acinar cavity. In contrast, treatment with TH-
EVs distinctly mitigated the histopathological changes in
mouse mammary glands induced by LPS (Fig. 4C). In order to
further confirm the inflammatory changes in mice, an immu-
nohistochemistry experiment was carried out to evaluate the
protein expressions of inflammatory cytokine. These findings
suggested that LPS stimulation resulted in a significant
increase in the expression of TNF-o, and IL-6, while TH-EVs
treatment remarkably inhibited this effect (Fig. 4D). To further
determine the variations in the inflammatory response in mice,
ELISA was used to detect the levels of inflammatory cyto-
kines in mouse serum after different treatments. As shown in
(Fig. 5A-C), these inflammatory cytokine concentrations in the
LPS group were substantially higher than in the control group.
However, they were considerably downgraded in mastitis mice
after TH-EVs treatment. These results were similar to those
from immunohistochemistry experiments, further indicating
that TH-EVs could reduce the inflammatory response in mas-
titis mice. MPO, as a peroxidase enzyme, is a key marker of
neutrophil activation. Given that neutrophils play a central role
in inflammatory response, MPO levels can sensitively reflect the

This journal is © The Royal Society of Chemistry 2025
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targeting the activation of the NLRP3 inflammasomes, NF-kB, and MAPK

pathways. qRT-PCR was employed to detect the levels of NLRP3 inflammasome pathway key marker genes NLRP3 (A), ASC (B) and Caspase-1 (C) in
different treatment groups. Western blot analysis (D) and quantification results of NLRP3 inflammasome signaling pathway marker proteins NLRP3 (E),
ASC (F) and Caspase-1 (G) in different treatment groups. Western blot evaluation (H) and quantification of NF-«B signaling marker proteins p-P65 (I) and
MAPK signaling pathway markers p-JINK (J), p-P38 (K), and p-ERK (L) in HC11 cells with different treatment groups (n = 3).

presence and degree of inflammation.?” Therefore, we addi-
tionally measured the MPO levels in breast tissue through
immunohistochemistry experiments (Fig. 5D). The findings
indicated that MPO was considerably higher in the LPS group
than in the control group. The control group, whereas TH-EVs
treatment markedly reduced MPO levels. ROS, which caused
oxidative stress, also played a major role in the inflammatory
process.*®?? Therefore, we further measured the production of
ROS in breast tissues through fluorescence staining. The data
presented that ROS fluorescence in breast tissues was notably
boosted after LPS stimulation, and could be inhibited by TH-
EVs treatment (Fig. 5E). CD3 is a pivotal marker of T lympho-
cytes, prominently displayed on their membrane surface.
It exerts significant influence on inflammation, immune dis-
eases, and cancer.*® Herein, CD3 in breast tissues was assessed
by immunohistochemistry. (Fig. 5F) indicated that the expres-
sion of CD3 increased after LPS stimulation and decreased after
TH-EVs treatment. The above results underscore that TH-EVs
could attenuate oxidative stress and tissue damage in mastitis
mice, thereby alleviating the inflammatory response.

3.5. TH-EVs ameliorate LPS-induced mastitis in mice by
preventing NLRP3 inflammasome, NF-kB, and MAPK pathways

The NLRP3 inflammasome, NF-kB and MAPK signaling pathway
play crucial roles in regulating the inflammatory response. To
further explore the underlying anti-inflammatory mechanisms of

This journal is © The Royal Society of Chemistry 2025

TH-EVs, we detected the expression of NLRP3 inflammasome
signaling pathway markers ASC, Caspase-1 (Fig. 6A-C) and the
NF-kB signaling marker p-P65 (Fig. 6D and E), and MAPK signal-
ing pathway markers p-JNK, and p-ERK (Fig. 6F-H) in breast
tissues of mice after various treatments by western blot experi-
ments. The data revealed that LPS treatment hugely upgraded the
protein expressions of ASC, Caspase-1, p-P65, p-JNK, and p-ERK.
By contrast, TH-EVs administration greatly lowered the expression
of these proteins. The findings implied that TH-EVs could attenu-
ate LPS-induced mastitis in mice by targeting the activation of
NLRP3 inflammasome, NF-kB and MAPK pathways.

4. Discussion

Mastitis is a common disease that poses significant threats to
human health.”" As a well-known medicinal and edible homo-
logous plant, Taraxacum mongolicum Hand.-Mazz. is regarded
as a superior medicine for heat-clearing and detoxifying proper-
ties, diminishing swelling, and resolving stasis, especially in
the treatment of breast diseases.*> Taraxacum officinale sterol,
the principal bioactive component of Taraxacum mongolicum
Hand.-Mazz., exhibits anti-inflammatory effects by reducing
cellular oxidative stress and modulating the production of
pro-inflammatory cytokines and mediators.*>** However, it
comprises diverse compounds, including carotene, stigmas-
terol, and pB-sitosterol, with a complicated composition that
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poses challenges for pharmacological research. Additionally,
the low utilization rate of plant sterols, at merely 2-5%,
impedes their clinical application.>® In contrast, the nanoscale
(63 nm) of the TH-EVs we extracted facilitates cell membrane
penetration (Fig. 1B). Their bilayer lipid membrane structure
not only provides superior protection for the contents but also
enhances fusion with target cell membranes,*® thereby over-
coming the restrictions of limited cellular uptake and bioavail-
ability of Taraxacum mongolicum Hand.-Mazz. sterol. Specific
proteins on the membrane of TH-EVs are capable of recognizing
specific protein receptors, thereby achieving targeted delivery.
This mechanism enables the direct release of contents into
the cytoplasm, avoiding lysosomal degradation.’® Compared to
synthetic liposomes, TH-EVs exhibit superior stability, stronger
delivery capacity, and higher utilization efficiency.”” Owing to
their natural plant origin, TH-EVs possess lower cytotoxicity and

10616 | J. Mater. Chem. B, 2025, 13, 10609-10620

higher biocompatibility compared to synthetic materials. As
demonstrated by the CCK-8 assay in this study (Fig. 1G-H), TH-
EVs maintain low toxicity on HC11 cells even at a high level of
40 pg mL™'. Furthermore, unlike single active ingredients, TH-
EVs contain diverse bioactive substances, including proteins and
RNAs (Fig. 1D and E), which exert synergistic effects, resulting
in a more comprehensive therapeutic outcome. In vitro studies
demonstrated that TH-EVs, exhibited remarkable anti-
inflammatory effects by inhibiting the production of inflam-
matory factors (Fig. 2).

In a murine mastitis model, TH-EVs administered via intra-
peritoneal injection significantly alleviated LPS-induced masti-
tis with reduced inflammatory cytokine levels in both serum
and mammary tissue (Fig. 4D and 5A-C). MPO and ROS levels
were significantly reduced, indicating that TH-EVs diminished
inflammatory cell infiltration and alleviated oxidative stress.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 TH-EVs attenuate LPS-induced mastitis in mice in vivo. The concentrations of TNF-a (

Moreover, TH-EVs treatment markedly decreased CD3 expres-
sion in breast tissue, thereby inhibiting excessive immune
responses through the regulation of the activation balance of
T lymphocytes. In conclusion, TH-EVs ameliorated breast tissue
damage by alleviating oxidative stress, reducing inflammatory
cell infiltration, and suppressing T cell activation.

Confirming the anti-inflammatory properties of TH-EVs in
LPS-induced mastitis, we investigated the underlying mechan-
isms. The inflammasome, NF-xB and MAPK pathways are
crucial regulators of the inflammatory response. Upon LPS
stimulation, toll like receptor 4 (TLR4) activates NF-kB and
MAPK via the MyD88-dependent signaling pathway, thereby
inducing cytokine release.*®*° NF-kB, acts as the master switch,
which synergistically activates inflammatory response with

This journal is © The Royal Society of Chemistry 2025
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, and IL-6 (C) were detected in the serum of

A), IL-1B (B)
mice from different treatment groups using ELISA. (D) Immunohistochemistry staining was used to detect the expression of MPO in breast tissues of mice
in different treatment groups, scale bar: 10 um. (E) Fluorescence images of ROS in breast tissues of mice across various treatment groups, scale bar:
10 um. (F) Immunohistochemistry staining was performed to evaluate the expression of CD3 in breast tissues of mice in different treatment groups, scale
bar: 10 um (n = 6).

MAPK. Upon activation, NF-kB triggers the production of NLRP3
and pro-IL-1fB, which are essential for activating the NLRP3 path-
way. Meanwhile, MAPK pathway activation promotes NLRP3
pathway activation by regulating ROS production and ASC oligo-
merization. After the NF-kB and MAPK pathways are activated,
pro-inflammatory factors and the NLRP3 inflammasome are
upregulated, leading to the release of inflammatory mediators.
The synergistic interaction between MAPK and NF-xB further
exacerbates the inflammatory response.’®* In this study, TH-
EVs not only directly inhibited the inflammatory factors produced
by the NF-«xB and MAPK pathways themselves but also indirectly
deprived the essential substrates and signals for NLRP3 inflam-
masome pathway activation (Fig. 6). Compared with single-
pathway drugs, TH-EVs exhibited stronger anti-inflammatory
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Fig. 6 TH-EVs ameliorate LPS-induced mastitis in mice by inhibiting the NLRP3 inflammasome, NF-kB, and MAPK signaling pathways. Western blot (A)
and quantification results of the expression of NLRP3 inflammasome pathway markers ASC (B) and Caspase-1 (C) in breast tissue among mice in distinct
treatment groups. Western blot (D) and associated quantification results of the expression of NF-kB signaling marker p-P65 (E) in the mammary gland
tissues of mice from various treatment protocols. Western blot (F) and quantification results of the expression of MAPK signaling markers p-JNK (G) and

p-ERK (H) in breast tissues of mice in different treatment groups (n = 6).

effects through multi-target synergy. Additionally, their natural
origin endowed them with higher safety and reduced side effects,
offering a novel therapeutic strategy for mastitis treatment.

5. Conclusions

In summary, TH-EVs were successfully isolated from Taraxacum
mongolicum Hand.-Mazz. by ultracentrifugation and sucrose
gradient centrifugation, and their physicochemical properties
were characterized. We investigated the therapeutic potentials
and mechanisms of TH-EVs in treating mastitis in both in vitro
and in vivo models. The data demonstrated that TH-EVs signifi-
cantly reduced the levels of inflammatory cytokines TNF-a,
IL-1B, and IL-6 and decreased the expression of MPO, ROS,
and CD3 in mammary tissues by blocking the triggering of the
NLRP3 inflammasome, NF-kB, and MAPK pathways, thereby

10618 | J. Mater. Chem. B, 2025, 13, 10609-10620

alleviating mastitis damage in mice. Our work highlights TH-
EVs as a natural and potent nanotherapeutic agent for mastitis.
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