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Extracellular vesicles from
Akkermansia muciniphila protect
streptozotocin-induced diabetic
mice by regulating glucose
homeostasis, oxidative stress,
and immune tolerance
Yunxiang Chang†, Cheng Zhang*†, Zhipeng Li , Shikai Wang,
Jialin Wu, Jiacheng Xie and Xinsheng Cheng
Department of Hepatobiliary Surgery, Shenzhen Nanshan People’s Hospital, Shenzhen,
Guangdong, China
Introduction: Accumulating evidence suggests that extracellular vesicles (EVs)
derived from gut microbiota play important roles in modulating host metabolism
and immune responses, thereby in�uencing the development of metabolic
disorders including diabetes mellitus. Akkermansia muciniphila (A. muciniphila),
a mucin-degrading bacterium, exerts bene�cial effects on glucose metabolism
and immune regulation.
Methods: This study investigated the protective effects of A. muciniphila-derived
extracellular vesicles (AmEVs) in streptozotocin (STZ)-induced type 1 diabetes
mellitus (T1DM) mice. Metabolic parameters, pancreatic histology, oxidative
stress, in�ammatory cytokines, and regulatory T cell (Treg) responses were
assessed. Anti-CD25–mediated Treg depletion was performed to evaluate the
functional role of Tregs.
Results and discussion: STZ-induced T1DM mice exhibited a signi�cantly
reduced abundance of A. muciniphila. AmEV treatment ameliorated
hyperglycemia and improved glucose tolerance, insulin tolerance, and pyruvate
tolerance, showing greater metabolic improvement than heat-inactivated
A. muciniphila. AmEVs preserved pancreatic islet morphology and enhanced
b-cell function, accompanied by improved systemic metabolic parameters. In
addition, AmEVs reduced oxidative stress and suppressed in�ammatory cytokine
production while enhancing Treg-associated immunoregulation in pancreatic
tissue. Importantly, anti-CD25–mediated Treg depletion partially reversed the
metabolic and anti-in�ammatory bene�ts of AmEV treatment. These �ndings
suggest that AmEVs alleviate diabetic pathology through coordinated metabolic
and immune regulation. The protective effects are at least partly dependent on
Treg-mediated immunoregulation, highlighting the potential of AmEVs as
microbiota-derived therapeutic candidates for T1DM.
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Introduction

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease
caused by the immune-mediated destruction of insulin-producing
pancreatic b-cells (1), leading to insulin de�ciency and persistent
hyperglycemia. It typically develops in children or young adults and
requires lifelong insulin therapy (2). Although insulin replacement can
delay disease progression, it does not address the underlying
autoimmune processes or prevent long-term complications such as
nephropathy, retinopathy, and cardiovascular disease (3, 4). Increasing
evidence suggests that immune dysregulation, particularly within the
pancreatic microenvironment, plays a central role in T1DM onset and
progression (5). A deeper understanding of the immune mechanisms
involved in b-cell destruction has opened avenues for therapeutic
interventions that aim to restore immune balance rather than merely
control blood glucose.

One of the key immunological mechanisms underlying b-cell
destruction is the breakdown of peripheral immune tolerance (6). In
the pancreatic microenvironment, this breakdown facilitates the
activation of autoreactive T cells that target islet antigens (7).
Regulatory T cells (Tregs), characterized by the expression of
Foxp3, play a central role in maintaining immune homeostasis by
suppressing excessive immune activation and promoting self-
tolerance. In T1DM, a reduction in Treg numbers or suppressive
function has been consistently observed both in patients and in
animal models (8–10). Enhancing Treg responses and restoring
immune tolerance within the pancreatic islets are thus considered
promising strategies for modulating immune dysregulation
associated with T1DM.

Meanwhile, increasing attention has been paid to the gut
microbiota as a potential modulator of both metabolic and
immune pathways relevant to T1DM (11). Perturbations in
microbial composition have been linked to increased intestinal
permeability (12), systemic in�ammation (13), and altered T-cell
differentiation (14). Among the gut microbial taxa, Akkermansia
muciniphila (A. muciniphila), a mucin-degrading bacterium
residing in the intestinal mucus layer, has emerged as a key
player in host–microbe interactions (15). Reduced abundance of
A. muciniphila has been reported in multiple disorders, including
pre-eclampsia (16), hepatic encephalopathy (17), and diabetes (18).
Experimental studies have shown that supplementation with A.
muciniphila can improve glucose homeostasis (19), strengthen gut
barrier integrity (20), and modulate host immunity (21), suggesting
its potential as a next-generation probiotic.

Beyond live bacteria, recent studies have revealed that bacteria-
derived extracellular vesicles (EVs) serve as critical mediators of
microbe-host communication (22). EVs are nano-sized membrane-
bound particles secreted by both Gram-negative and Gram-positive
bacteria, capable of delivering bioactive molecules to host cells and
in�uencing distant organ functions (23). EVs from A. muciniphila
(AmEVs) have shown promising potential in various disease
models, such as hypertension (24), colitis (25), and so on; and
other in�ammatory disorders, and in some cases have
demonstrated superior ef�cacy compared with the bacterium itself
(26, 27). More importantly, the critical role of A. muciniphila in
host immune regulation has been highlighted in recent years.
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For example, A. muciniphila has been reported to mediate the
negative effects of interferon-g (IFN-g) on glucose metabolism (28),
and to induce gut microbiota remodeling and control islet
autoimmunity in non-obese diabetic (NOD) mice (29). However,
whether AmEVs exert therapeutic bene�ts in autoimmune diabetes
remains unknown. Moreover, their role in regulating pancreatic
immune tolerance, especially through the modulation of Treg
populations, has not been systematically investigated.

To address this gap, the present study aimed to investigate the
protective effects of AmEVs in a streptozotocin (STZ)-induced
T1DM mouse model, with a particular focus on glucose
metabolism and pancreatic immune regulation. Although the STZ
model primarily re�ects b-cell injury–driven diabetes rather than
spontaneous autoimmune disease, it is accompanied by signi�cant
in�ammatory and immune perturbations, allowing evaluation of
immunomodulatory interventions under diabetic in�ammatory
conditions. These �ndings may help clarify the therapeutic
potential of bacterial vesicles in autoimmune diabetes and
support the development of microbiota-derived interventions.
Materials and methods

Study approval

The Animal Research Committee of the Shenzhen Nanshan
People’s Hospital approved the animal experiments, ensuring full
compliance with the institution’s guidelines for animal care during
housing and handling. The study protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of
Shenzhen Nanshan District People’s Hospital (Approval No.:
A202400918; approval date: 18 September 2024). All procedures
were conducted in accordance with national and institutional
guidelines and were reported in compliance with the ARRIVE
2.0 guidelines.

Mice were monitored daily for general health status and signs of
distress. Humane endpoints included more than 20% body weight
loss, severe lethargy, or inability to access food and water. All efforts
were made to minimize animal suffering. Euthanasia was performed
under deep iso�urane anesthesia followed by cervical dislocation.

After con�rmation of hyperglycemia, mice were randomly
assigned to experimental groups using a computer-generated
randomization sequence. Investigators responsible for metabolic
testing, histological quanti�cation, and data analysis were blinded to
group allocation. Mice that did not reach the prede�ned
hyperglycemic criterion (Fasting blood glucose, FBG � 11.1 mM)
were excluded before randomization. No animals were excluded
after group allocation. Group allocation codes were maintained by
an independent investigator until completion of data analysis.

Animal husbandry and T1DM model
induction

Male C57BL/6 mice (5–6 weeks old, 18-22g) were purchased
from Guangdong Medical Laboratory Animal Center and housed in
a speci�c pathogen-free facility under standard conditions (12 h
frontiersin.org
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light/dark cycle, 22 ± 2 °C, 55 ± 10% humidity) with ad libitum
access to food and water. Environmental enrichment, including
nesting materials and shelters, was provided throughout the study
period. After one week of acclimatization, T1DM was induced by
intraperitoneal injection of STZ (50 mg/kg/day, dissolved in 0.1
mol/L citrate buffer, pH 4.5) for �ve consecutive days. FBG levels
were measured 72 h after the �nal injection, and mice with FBG
� 11.1 mM were considered T1DM.

Fecal collection and quanti�cation of A.
muciniphila

Fresh fecal samples were collected from individual mice at week
10, snap-frozen in liquid nitrogen, and stored at -80 °C. Genomic
DNA was extracted using the E.Z.N.A.® Stool DNA Kit (Omega
Bio-tek). The relative abundance of A. muciniphila was determined
b y q u a n t i t a t i v e P C R u s i n g s p e c i � c p r i m e r s ( 5 ’ -
C A G C A C G T G A A G G T G G G G A C , A M 2 : 5 ’ -
CCTTGCGGTTGGCTTCAGAT). Universal bacterial primers
(UniF340/UniR514: 5’-ACTCCTACGGGAGGCAGCAGT/5’-
ATTACCGCGGCTGCTGGC) were used as internal control.

Preparation and characterization of AmEVs

A. muciniphila (ATCC BAA-835) was anaerobically cultured in
mucin-based medium. Bacterial culture supernatants were
sequentially �ltered through 0.45 µm and 0.22 µm membranes,
followed by ultracentrifugation at 150,000 × g for 2 h at 4 °C. The
obtained EVs (AmEVs) were washed and resuspended in sterile
PBS. Morphology was assessed by transmission electron
microscopy (TEM), and particle size and concentration were
determined using nanoparticle tracking analysis (NTA).

Animal grouping, treatment, and sample
collection

After STZ administration, FBG was measured 48 hours after the
�nal injection. Mice with FBG � 11.1 mM were considered T1DM
and selected for subsequent treatment. Mice were then randomly
divided into six groups (n = 6 per group): (1) Control (non-diabetic,
no STZ), (2) T1DM (STZ-induced, untreated), (3) T1DM +
AKK.m, (4) T1DM + AmEV low dose (AmEV-L), (5) T1DM +
AmEV medium dose (AmEV-M), (6) T1DM + AmEV high dose
(AmEV-H). Mice in the T1DM + AKK.m group received oral
gavage of 105 CFU heat-inactivated A. muciniphila suspended in
100 mL saline once daily. The T1DM + AmEV groups received 10
mg (low), 20 mg (medium), or 40 mg (high) of AmEVs in 100 mL
saline per day via oral gavage. Control and T1DM mice received 100
mL sterile saline daily as vehicle control. All treatments were
administered continuously for 8 weeks.

At the end of the intervention, mice were euthanized during the
�nal week. Blood samples were collected by cardiac puncture and
centrifuged to obtain serum. Pancreatic and hepatic tissues were
excised, weighed, and processed for histological staining, protein
analysis, or snap-frozen in liquid nitrogen for subsequent assays.
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Body weight monitoring and metabolic
tests

Body weight was recorded weekly after experimental beginning.
Glucose metabolism was assessed using oral glucose tolerance test
(OGTT), insulin tolerance test (ITT), and pyruvate tolerance test
(PTT). For OGTT and PTT, mice were fasted for 12 h and injected
orally with glucose (2 g/kg) or intraperitoneally with pyruvate (2 g/
kg), respectively. For ITT, mice were fasted for 6 h and injected
intraperitoneally with insulin (0.75 U/kg). Blood glucose was
measured from tail vein at 0, 15, 30, 60, 90, and 120 min
post-administration.

Measurement of FBG, fasting insulin, and
b-cell function

FBG was measured using Glucose Assay Kit (Sigma, cat.no
MAK476) while fasting serum insulin (FINS) was quanti�ed by
enzyme-linked immunosorbent assay (ELISA) (Aviva Systems
Biology, cat.no OKRC01234). b-cell function was assessed using
the HOMA-b index: HOMA-b = 20 × FINS/(FBG – 3.5).

Histological analysis and islet
morphometry

Pancreatic and hepatic tissues were �xed in 4% paraformaldehyde
for 24–48 hours at room temperature, embedded in paraf�n, and
sectioned at 4 mm thickness. Sections were stained with hematoxylin
and eosin (H&E) following standard protocols. For pancreatic tissue,
islet morphology and area were evaluated under a light microscope.
Quanti�cation of islet area was performed using ImageJ software by
analyzing at least 10 randomly selected islets per mouse from multiple
pancreatic sections, and the mean islet area per mouse was used for
statistical analysis. Histological evaluation and morphometric analysis
were performed by investigators blinded to group allocation.

For hepatic tissue, histopathological changes including
hepatocyte ballooning, steatosis, and in�ammatory in�ltration
were assessed. Representative images were captured and liver
architecture integrity was qualitatively compared across groups to
evaluate treatment-related improvements.

Western blot analysis for insulin expression

Total protein was extracted from pancreatic tissue and quanti�ed
by BCA assay. Equal amounts of protein were separated by SDS-
PAGE, transferred to PVDF membranes, and probed with anti-
insulin (Abcam, cat.no ab181547) and anti-b-actin (Beyotime,
cat.no AF5003) antibodies. Bands were visualized using ECL
substrate and analyzed by densitometry with ImageJ software.

Assessment of liver function and lipid
metabolism

Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and triglycerides (TG) were measured
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using the corresponding commercial kits (ALT, Abcam, cat.no
ab285263; AST, elkbiotech, cat.no ELK1778; TG, Abcam,
cat.no ab65336).

Evaluation of oxidative stress markers

Levels of oxidative stress in serum and pancreatic tissues were
assessed by measuring malondialdehyde (MDA), glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase
(CAT) using commercially available colorimetric assay kits (MDA,
Beyotime, cat.no S0131S; GSH-Px, Abcam, cat. no ab102530; SOD,
Solarbio, cat. no BC0175; CAT, Solarbio, cat.no BC0205). Sample
preparation and assay procedures were performed in accordance
with the manufacturer’s instructions.

In�ammatory cytokine analysis

The levels of in�ammatory cytokines including tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), IFN-g, and interleukin-1b
(IL-1b) were measured in serum and pancreatic tissues using ELISA
kits (TNF-a, Thermo Fisher, cat.no BMS607-2HS; IL-6, Thermo
Fisher, cat. no BMS603HS; IFN-g, Cell Sciences, cat. no CKM036;
IL-1b, Abcam, cat.no ab229440). For tissue samples, protein was
extracted from frozen pancreatic tissue using RIPA buffer
containing protease inhibitors, and total protein concentrations
were determined by the BCA method. Cytokine levels in tissues
were normalized to total protein content.

Flow cytometric analysis of Tregs in
pancreatic lymph nodes

Single-cell suspensions from pancreatic draining lymph nodes
were prepared for surface staining with �uorochrome-conjugated
antibodies against CD3 (PerCP/Cyanine5.5, clone 17A2,
BioLegend, catalog no. 100218), CD4 (FITC, clone RM4-5,
BioLegend, catalog no. 100510), and CD25 (APC, clone PC61,
BioLegend, catalog no. 102012). After surface staining, cells were
�xed and permeabilized using the Foxp3/Transcription Factor
Staining Buffer Set (Invitrogen, catalog no. 00-5523-00) according
to the manufacturer’s instructions. Intracellular staining was then
carried out using anti-Foxp3 (PE, clone FJK-16s, Invitrogen, catalog
no. 12-5773-82) antibody. Flow cytometry was performed on a BD
FACSCanto II system, and data were analyzed using FlowJo
software. At least 50,000 events were acquired for each sample.
Gating strategy �rst identi�ed lymphocytes based on FSC-A and
SSC-A parameters, followed by doublet exclusion using FSC-A
versus FSC-H gating. CD3+ T cells were then gated, followed by
identi�cation of CD4+ T cells, followed by CD25+Foxp3+ cells
within the CD3+CD4+ population to de�ne Tregs. Representative
gating strategies are shown in Supplementary Figure 1.

Immuno�uorescence detection of Tregs in
the pancreas

Paraf�n-embedded pancreatic sections were deparaf�nized and
subjected to heat-mediated antigen retrieval using citrate buffer (pH
6.0). Sections were incubated with 5% bovine serum albumin for 1 h
Frontiers in Immunology 04
at room temperature and incubated overnight at 4 °C with primary
antibodies against Foxp3 (rabbit anti-Foxp3, Servicebio, catalog no.
GB112325, dilution 1:2500) and CD4 (rabbit anti-CD4, Servicebio,
catalog no. GB15064, dilution 1:2000). After washing, sections were
incubated with Alexa Fluor–conjugated secondary antibodies (goat
anti-rabbit Alexa Fluor 555 and goat anti-rabbit Alexa Fluor 488,
dilution 1:500) for 1 h at room temperature in the dark. Nuclei were
counterstained with DAPI. Images were captured using a
�uorescence microscope (model, manufacturer) under identical
exposure settings for all groups.

Treg depletion experiment

Anti-CD25 antibody (clone PC61) was used to deplete CD25+ T
cells in vivo. Mice received intraperitoneal injections of anti-CD25
antibody prior to AmEV treatment, followed by maintenance
injections every three weeks. Depletion ef�ciency was con�rmed
by �ow cytometric analysis of CD4+Foxp3+ T cells in pancreatic
draining lymph nodes.

Statistical analysis

Data are presented as mean ± SEM. Time-course data, including
body weight, OGTT, ITT, and PTT curves, were analyzed using two-
way repeated-measures ANOVA followed by Tukey’s multiple
comparisons test. For endpoint comparisons among multiple
groups, one-way ANOVA followed by Tukey’s post hoc test was
used. The area under the curve (AUC) for OGTT, ITT, and PTT was
calculated using the trapezoidal rule based on glucose measurements
at each time point. Before applying parametric statistical tests,
normality was assessed using the Shapiro–Wilk test, and variance
homogeneity was evaluated. For analyses involving multiple
cytokines and oxidative stress markers, false discovery rate (FDR)
correction using the Benjamini–Hochberg method was applied. A p-
value < 0.05 was considered statistically signi�cant. GraphPad Prism
9.0 was used for all analyses.
Results

STZ-induced T1DM mice showed a
decrease in the abundance of A.
muciniphila levels

To establish a murine model of T1DM, male C57BL/6 mice (5–
6 weeks old) were intraperitoneally injected with STZ (50 mg/kg/
day) for �ve consecutive days following one week of adaptation
(Figure 1A). Compared to control mice, STZ-induced T1DM mice
exhibited marked hyperglycemia, as evidenced by signi�cantly
elevated blood glucose levels during the OGTT and increased
AUC values (Figure 1B). Next, the abundance of A. muciniphila
in fecal samples collected from mice 10 weeks after modeling was
assessed. The result revealed a signi�cant reduction in A.
muciniphila levels in the T1DM group compared to controls
(Figure 1C), supporting that STZ-induced diabetes is associated
with gut microbiota alterations, particularly a loss of A. muciniphila.
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AmEVs improve glucose homeostasis in
T1DM mice

To evaluate the therapeutic ef�cacy of AmEVs, we �rst
con�rmed their structural characteristics. TEM revealed that
AmEVs displayed typical spherical morphology with a diameter
of approximately 40–50 nm (Figure 2A), which was further
validated by NTA (Figure 2B).

T1DM mice were then treated with daily oral gavage of heat-
inactivated A. muciniphila (105 CFU) or AmEVs at low (10 mg),
medium (20 mg), or high (40 mg) doses for 8 weeks (Figure 2C).
During the treatment period, T1DM mice exhibited a signi�cant
reduction in body weight compared to healthy controls, while
AmEV administration dose-dependently mitigated weight loss
(Figure 2D). In addition, AmEVs markedly improved glucose
homeostasis. OGTT revealed reduced blood glucose levels and
signi�cantly lower AUC values in AmEV-treated groups
compared to T1DM mice (Figure 2E). Similarly, AmEVs
enhanced insulin sensitivity, as evidenced by improved responses
in ITT (Figure 2F), and restored hepatic gluconeogenesis in PTT
(Figure 2G). Notably, AmEVs outperformed heat-inactivated A.
muciniphila in all metabolic assessments (Figures 2E–G). These
results suggest that AmEVs exert systemic metabolic bene�ts in
T1DM mice, laying the foundation for further investigation into
their effects on pancreatic islet preservation.
Frontiers in Immunology 05
AmEVs preserve pancreatic islet structure
and insulin secretory function in T1DM
mice

To further investigate the protective effects of AmEVs on
pancreatic endocrine function, FBG and FINS levels were
analyzed. Compared to the T1DM group, both heat-inactivated A.
muciniphila (AKK.m) and AmEV treatments signi�cantly reduced
FBG, with AmEVs showing a more pronounced and dose-
dependent effect (Figure 3A). Similarly, FINS levels were partially
restored in the AKK.m group and further elevated in mice receiving
medium and high doses of AmEVs (Figure 3B). Notably, the
HOMA-b index, which re�ects b-cell functional capacity, was not
signi�cantly improved in the AKK.m group relative to the T1DM
group. In comparison, medium- and high-dose AmEV treatment
markedly increased HOMA-b values, indicating an effective
restoration of b-cell function (Figure 3C). Histological analysis of
pancreatic sections revealed that T1DM mice exhibited disrupted
islet architecture and signi�cant islet atrophy. In contrast, AmEV-
treated mice showed preserved islet morphology and enlarged islet
area relative to the T1DM group (Figure 3D). Quanti�cation of islet
area con�rmed signi�cant improvements in all treatment groups,
with the high-dose AmEVs group showing near-complete
restoration to control levels (Figure 3E). To further validate these
�ndings, insulin protein expression in pancreatic tissue was
FIGURE 1

STZ-induced T1DM mice exhibit impaired glucose tolerance and reduced A. muciniphila abundance. (A) Schematic timeline of the experimental
protocol. Male C57BL/6 mice (5–6 weeks old, 18–22 g) were adapted for one week, followed by intraperitoneal injection of sodium citrate buffer
(control) or STZ (50 mg/kg/day) for 5 consecutive days to T1DM. Mice were sacri�ced at day 70. (B) OGTT and AUC analysis in control and T1DM
mice. Data are shown as blood glucose levels at indicated time points. (C) Relative abundance of A.muciniphila in fecal samples at week 8 post-STZ
modeling (day 70), expressed as percentage change compared to pre-injection baseline (day 8). Data are presented as mean ± SEM (n = 6 per
group). Statistical signi�cance was determined by unpaired Student’s t-test. **p < 0.01, ***p < 0.001.
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evaluated by western blot. As shown in Figures 3F, insulin levels
were markedly reduced in the T1DM group, whereas AmEV
treatment restored insulin expression in a dose-dependent
manner. Notably, medium and high doses of AmEVs exhibited
stronger protective effects on islet structure and insulin production
compared to heat-inactivated A. muciniphila. These results indicate
that AmEVs not only ameliorate hyperglycemia but also preserve
pancreatic islet integrity and enhance b-cell secretory function in
T1DM mice.
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AmEVs improve hepatic lipid metabolism in
T1DM mice

To evaluate the effects of AmEVs on liver function and lipid
metabolism, serum levels of AST, ALT, and TG were measured. As
expected, T1DM mice exhibited signi�cantly elevated levels of AST,
ALT, and TG compared to the control group, indicating hepatic
injury and lipid metabolic disorder (Figures 4A–C). Treatment with
heat-inactivated A. muciniphila and all three doses of AmEVs led to
FIGURE 2

AmEVs improve glucose metabolism and attenuate weight loss in STZ-induced T1DM mice. (A) TEM image showing the spherical morphology of
AmEVs. Scale bar: 100 nm. (B) Size distribution of AmEVs analyzed by NTA, indicating a predominant diameter of 40-50 nm. (C) Experimental
timeline and treatment groups. (D) Body weight changes recorded weekly throughout the treatment period. (E) OGTT and corresponding AUC.
(F) ITT and AUC analysis. (G) PTT and AUC analysis. Data are presented as mean ± SEM (n = 6 per group). Statistical signi�cance was determined by
one-way ANOVA with Tukey’s post hoc test. *p < 0.05, ***p < 0.001 vs. Control group; ##p < 0.01, ###p < 0.001 vs. T1DM group.
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a reduction in these serum markers. Although the overall trend
showed improvement across all treatment groups, the differences
among the AKK.m and AmEV-treated groups were minimal. H&E
staining revealed that T1DM mice displayed marked hepatic
structural disruption, including hepatocyte ballooning and
cytoplasmic vacuolation. These pathological features were
alleviated to a comparable extent in the AKK.m and AmEV
groups, with improved hepatocyte morphology and more
organized tissue architecture (Figure 4D). Collectively, these
results indicate that both heat-inactivated A. muciniphila and
AmEVs exert protective effects on liver injury and glucolipid
metabolic disturbances in T1DM mice, though no signi�cant
differences were observed among treatment groups.
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AmEVs attenuate oxidative stress and
in�ammation in T1DM mice

Oxidative stress and chronic in�ammation are key contributors
to pancreatic damage in T1DM. To determine whether AmEVs
exert antioxidant and anti-in�ammatory effects, we measured
oxidative stress markers and pro-in�ammatory cytokines in both
plasma and pancreatic tissues.

To assess whether AmEVs alleviate oxidative stress in diabetic
mice, we measured MDA content and antioxidant enzyme activities
in both plasma and pancreatic tissues. In plasma (Figures 5A–D),
STZ-induced T1DM mice exhibited signi�cantly increased MDA
levels and decreased activities of GSH-Px, SOD, and CAT compared
FIGURE 3

AmEVs preserve pancreatic islet morphology and insulin secretory function in STZ-induced T1DM mice. (A–C) FBG, FINS levels, and HOMA-b index
in each group. (D) Representative H&E-stained pancreatic sections showing islet morphology at low and high magni�cation. Scale bar = 100 and 50
mm (E) Quanti�cation of mean islet area based on ImageJ analysis of H&E sections. (F) Western blot analysis of insulin expression in pancreatic tissue
and quanti�cation relative to b-actin. Data are presented as mean ± SEM (n = 6 per group). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test. ***p < 0.001 vs. Control group; ##p < 0.01, ###p < 0.001 vs. T1DM group.
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to controls. Treatment with heat-inactivated A. muciniphila and
AmEVs signi�cantly reduced MDA levels, with the medium and
high doses of AmEVs showing greater reductions. All treatment
groups also showed signi�cant improvements in GSH-Px, SOD, and
CAT activities relative to T1DM. Among them, the AmEV-H group
displayed the most robust elevation in antioxidant enzyme activity.
A similar trend was observed in pancreatic tissue (Figures 5E–H).
T1DM mice showed elevated MDA levels and reduced GSH-Px,
SOD, and CAT activities. All treatments signi�cantly reversed these
alterations. Notably, AmEV-M and AmEV-H groups restored
antioxidant enzyme levels close to those of the control group,
while the AKK.m group showed moderate improvement.

To investigate in�ammatory status, levels of pro-in�ammatory
cytokines were quanti�ed in plasma (Figures 6A–D) and pancreatic
tissues (Figures 6E–H). Compared to controls, T1DM mice had
signi�cantly elevated TNF-a, IL-6, IFN-g, and IL-1b levels. Both
AKK.m and AmEV treatment groups signi�cantly reduced these
cytokine levels in plasma and pancreas. AmEV-M and AmEV-H
groups showed the greatest reduction in most cytokines,
particularly IL-6 and IL-1b, which were signi�cantly lower than
those in the AKK.m and AmEV-L groups.

These results collectively demonstrate that both AKK.m and
AmEVs mitigate oxidative stress and in�ammation in T1DM mice,
with AmEVs showing a dose-dependent trend of improved ef�cacy.

AmEVs promote pancreatic immune
tolerance in T1DM mice

To explore whether AmEVs modulate local immune tolerance,
we examined the frequency of Tregs in pancreatic lymph nodes and
their localization in pancreatic tissue. Flow cytometry analysis
showed that the proportion of CD4+CD25+Foxp3+ Tregs was
signi�cantly reduced in T1DM mice compared to controls
Frontiers in Immunology 08
(Figure 7A). Treatment with heat-inactivated A. muciniphila
partially restored Treg frequency, while AmEVs induced a dose-
dependent increase in Tregs, with the AmEV-H group showing the
highest percentage, approaching control levels. Consistently,
immuno�uorescence staining of pancreatic sections revealed a
marked decrease in Foxp3+CD4+ Tregs in T1DM mice
(Figure 7B). Both AKK.m and AmEV treatments promoted the
presence of Foxp3+CD4+ Tregs in pancreatic tissue, with stronger
Foxp3 and CD4 co-localization observed in AmEV-M and AmEV-
H groups. These �ndings indicate that AmEVs enhance Treg-
associated pancreatic immune regulation, potentially through the
expansion and local enrichment of Tregs.

Treg depletion attenuates the protective
effects of AmEVs

To determine whether Tregs contribute functionally to the
immunomodulatory effects of AmEVs, a Treg depletion
experiment was performed using an anti-CD25 antibody. Flow
cytometric analysis con�rmed that anti-CD25 treatment markedly
reduced the proportion of CD4+Foxp3+ Tregs in pancreatic
draining lymph nodes (Figure 8A). Importantly, depletion of
CD25+ T cells signi�cantly attenuated the anti-in�ammatory
effects of AmEV-H treatment. Compared with the T1DM +
AmEV-H group, mice treated with an anti-CD25 antibody
exhibited increased levels of pro-in�ammatory cytokines,
including TNF-a, IL-6, IFN-g, and IL-1b (Figures 8B–E).

Moreover, metabolic parameters were also analyzed following
Treg depletion. Compared with the T1DM + AmEV-H group, anti-
CD25 treatment signi�cantly weakened the bene�cial effects of
AmEV-H on body weight, glucose tolerance, and insulin secretion
(Figures 9A–J). Speci�cally, mice treated with an anti-CD25
antibody exhibited elevated fasting blood glucose, impaired
FIGURE 4

AmEVs improve liver function and lipid metabolism in STZ-induced T1DM mice. (A–C) Serum levels of AST, ALT, and TG in each group. (D)
Representative H&E staining of liver sections showing hepatic architecture and morphology. Scale bar = 100 mm. Data are expressed as mean ± SEM
(n = 6 per group). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. ***p < 0.001 vs. Control group; #p <
0.05, ##p < 0.01, ###p < 0.001 vs. T1DM group.
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