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Purpose: Insulin resistance, a hallmark feature of type 2 diabetes and cardiovascular diseases, is critically influenced by liver-adipose
tissue crosstalk, offering a novel therapeutic strategy for its management. Emerging evidence indicates that extracellular vesicles (EVs)
secreted from adipose tissue serve as essential carriers of miRNA-mediated interorgan communication. This study aimed to investigate
the regulatory effects of adipose tissue-derived EVs on obesity-induced hepatic insulin resistance and to elucidate the underlying
molecular mechanisms by which EV-mediated signaling contributes to metabolic dysfunction.

Methods: EVs with miR-141-3p knockout or overexpression were constructed and administered to both in vitro cell models and
in vivo mouse models to investigate the regulatory role and underlying mechanisms of miR-141-3p-mediated adipose tissue-derived
EVs in obesity-induced hepatic insulin resistance.

Results: miR-141-3p is significantly upregulated in adipose tissue-derived EVs from high-fat diet (HFD)-fed mice, as well as in other
obesity-related conditions. Furthermore, the knockdown of miR-141-3p in EVs from chow diet (CD-EVs) counteracted the effect in
improving obesity-induced hepatic insulin resistance, whereas the overexpression of miR-141-3p in HFD-EVs improved hepatic
insulin resistance. Mechanistically, EVs-derived miR-141-3p directly targets PTEN to promote PI3K/AKT signaling, thereby mediat-
ing hepatic glucose homeostasis through the regulation of hepatic gluconeogenesis and glycogen synthesis.

Conclusion: In summary, our results highlight the emerging role of miR-141-3p in mediating adipose tissue-derived EVs to alleviate
obesity-induced hepatic insulin resistance, providing potential therapeutic targets for type 2 diabetes.
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Introduction

Insulin resistance is a significant factor in the development and progression of the vast majority of type 2 diabetes
(T2D)." The liver plays a central role in systemic metabolic regulation, particularly in glucose metabolism and lipid
metabolism, and aberrant hepatic insulin action is thought to be a major driver of insulin resistance.” The liver maintains
glucose homeostasis through glycolysis (glucose consumption), glycogen synthesis (glucose storage), and gluconeogen-
esis (glucose release).” Under conditions of hepatic insulin resistance, the effect of insulin is impaired, resulting in
decreased hepatic glycogen synthesis and increased gluconeogenesis, leading to persistent hepatic glucose output and

postprandial hyperglycemia.*>
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Obesity has emerged as a significant contributor to insulin resistance globally.® Obesity has become a widespread
epidemic worldwide, resulting in a concurrent increase in the prevalence of T2D.” The abnormal accumulation of adipose
tissue in various parts of the body is a key driver of insulin resistance (IR).* Previous studies have demonstrated that the
liver plays a pivotal role in regulating the metabolism of other organs, including adipose tissue, through the secretion of
FGF21, IGF1, or extracellular vesicles.”'' Adipose tissue, as a specialized endocrine organ, secretes a variety of
cytokines, such as TNF-a, IL-6, adiponectin, and leptin, which influence the functions of other tissues.'>!'® The crosstalk
between the liver, adipose tissue, and other tissues through specific bioactive factors is essential for maintaining
metabolic homeostasis. However, there are few reports on the crosstalk between the liver and adipose tissue.

Emerging evidence has demonstrated that extracellular vesicles function as signaling vehicles for cell-cell commu-
nication, cell-tissue communication, and tissue-tissue communication.'*!'> Extracellular vesicles derived from diverse
cell types facilitate intercellular communication by delivering bioactive molecules, including proteins, lipids, and RNAs
(miRNAs, mRNAs, IncRNAs, and circRNAs), to neighboring and distant target cells and tissues.'®!7 Previous studies
have demonstrated that extracellular vesicles play a critical role in modulating glucose and lipid metabolic
homeostasis.'®'? Among the key signaling molecules carried by EVs, miRNAs have emerged as pivotal regulators of
glucose and lipid metabolism.?’

miR-141-3p, a member of the miR-200 family, is widely involved in the progression and metastasis of various
cancers.>'*? Notably, miR-141-3p is associated with insulin resistance and type 2 diabetes,® however, research in this
area remains relatively scarce. Additionally, previous studies have reported that phosphatase and tensin homolog (PTEN)
may be a target of miR-141-3p.**** The tumor suppressor PTEN, a protein and lipid phosphatase, antagonizes the
phosphatidylinositol 3-kinase (PI3K) pathway and plays a pivotal regulatory role in insulin signaling.® As a negative
regulator of the insulin signaling pathway, PTEN suppresses downstream signaling cascades to maintain metabolic
homeostasis.>”*® Our previous study preliminarily demonstrated that exosomes containing miR-141-3p obtained from
lean adipose tissue can improve hepatic insulin resistance by targeting PTEN. Nonetheless, the precise molecular
mechanism underlying its effect remains unclear.”’

In our previous study, we demonstrated that EVs released from obese adipose tissue impair insulin sensitivity and
glucose uptake in hepatocytes by transferring reduced miR-141-3p.>” However, whether adipose tissue-derived EVs
regulate obesity-induced hepatic insulin resistance through miR-141-3p and the underlying mechanisms remain unex-
plored. In this study, miR-141-3p knockout and overexpressing EVs were constructed to further investigate the potential
regulatory role and molecular mechanisms of miR-141-3p-mediated adipose tissue-derived EVs in obesity-induced

hepatic insulin resistance.

Materials and Methods

Animals and Treatments

Five-week-old male C57BL/6 mice were purchased from Beijing Huabengkang Biotechnology Co., Ltd (Beijing, China)
and raised in a specific pathogen-free (SPF) environment. Five mice per cage were housed under controlled conditions
with an ambient temperature of 20-25°C, a humidity of 45-55%, and a 12-hour light-dark schedule. All mice had ad
libitum access to food and tap water during the entire protocol. After a 7-day acclimation period, the mice were randomly
assigned to two groups and fed a normal chow diet (TP2330055AC; calories fat 10%, carbohydrate 75%, and protein
15%; Trophic Animal Feed High-tech Co., Ltd, China) or a high-fat diet (TP2330055A; calories fat 60%, carbohydrate
25%, and protein 15%; Trophic Animal Feed High-tech Co. Ltd, China) to produce diet-induced obesity model mice, as
described previously.*® During the experiment, the body weight and food intake of each group were recorded weekly. To
investigate the effects of miRNAs on HFD-fed mice, HFD-fed mice were randomly divided into five groups and injected
with 30 pg of adipose tissue EVs from different sources or modifications via the tail vein (twice per week) for 3 weeks.
The animal study was conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the
Chinese Animal Welfare Committee, and the protocols were approved by the Animal Care Committee of Jinan
University.
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AMLI2 Cell and Model Establishment

Mouse hepatocytes (AML12 cells) were purchased from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China), and cultured in 1:1 mixture DMEM/F12 (Gibco, US) supplemented with 10% fetal bovine
serum (FBS; BI, South America), 1% Insulin—Transferrin—Selenium Solution (ITS; Sigma-Aldrich, USA), 40 ng/mL
dexamethasone (Macklin, China) and 1% Penicillin Streptomycin (Gibco, USA). The cells were cultured at 37°C in
a humidified atmosphere with 5% CO,. In vitro cell experiments, cells were treated with 200 uM PA for 24 h to establish
an obesity-induced insulin resistance model, and then treated with 10 ug/mL EVs from different sources in cell medium
for another 48 h. Then, the cells were stimulated with insulin (100 nM) for 20 min at 37°C. Finally, the cells were
collected for protein extraction, RNA isolation, and other experiments.

EVs Isolation and Identification

The adipose tissue was removed from 14-week-old normal mice or HFD-induced obese mice (WT; HFD) and rinsed in
PBS three times. The adipose tissue was cut into 2 mm x 2 mm pieces. The minced tissue pieces were transferred to
DMEM/F12 medium containing 10% exosome-free FBS (Thermo Fisher Scientific, USA), and the supernatant was
collected after 12 h. Cultured supernatants were centrifuged at 500 xg for 10 min and 2000 xg for 10 min to remove
cellular debris. The supernatant was centrifuged at 10,000 xg for 40 min at 4°C, and then filtered through a 0.22-um
filter. The supernatants were concentrated using a protein concentrator with a 100-kDa cutoff (Millipore, USA). Finally,
EVs were precipitated from the supernatant using an ExoQuick kit (System Biosciences, USA). EV protein concentration
was quantified using a BCA Protein Assay kit (Thermo Fisher Scientific, USA). EVs were characterized by detecting
exosomal markers (CD81, CD9, TSG101) and the negative control Calnexin via Western blotting. In addition, the
samples were further analyzed by transmission electron microscopy (TEM) as previously described.®!

EVs Labeling

To monitor EVs trafficking, extracellular vesicles were fluorescently labeled using the PKH26 Red Fluorescent Cell
Linker Kit (Sigma-Aldrich, USA) according to the manufacturer’s protocol. After PKH26 staining, unincorporated dye
was removed from labeled EV preparations using Exosome Spin Columns (Invitrogen, USA). Subsequently, AML12
cells were incubated with 10 pug/mL PKH26-labeled EVs in an incubator at 37°C with 5% CO,. After 6 h, the cells were
fixed in 4% paraformaldehyde for 15 min and then stained with DAPI for 10 min. Fluorescence images were captured
using a microscope (Olympus IX71, Japan).

Overexpression/Inhibition of miR-141-3p in EVs

The miR-141-3p mimic, miR-141-3p inhibitor, mimic negative control (mimic NC), and inhibitor negative control
(inhibitor NC) were synthesized by GenePharma (Shanghai, China). These constructs were transfected into EVs with
Lipofectamine RNAIMAX Reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. After
incubation for 6 h at 37°C, an ExoQuick kit (System Biosciences, USA) was used to re-extract the EVs.

RNA Isolation and RT-qPCR

Total RNA was isolated from EVs, AML12 cells, or tissues using RNAiso Plus reagent (Takara, Japan) according to
the manufacturer’s instructions. RNA purity and concentration were measured using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, USA). For RT-PCR, total RNA (2 pg) was reverse transcribed into
cDNA using the ReverTra Ace qPCR RT Master Mix with genomic DNA remover (Toyobo, JAPAN). For miRNA RT-
PCR, poly (A) addition to miRNA and reverse transcription were performed using miRNA First Strand cDNA
Synthesis (Tailing Reaction; Sangon Biotech, China). Quantitative real-time PCR (qPCR) reactions were conducted
using 2x SYBR Green qPCR Master Mix (Genstar, China). Relative expression levels of mRNA and miRNA were
calculated by the 27**“" method, normalized to the internal reference genes RPLPO and U6, respectively. Primer
sequences are listed in Supplementary Table 1.
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Western Blotting Assay

EVs, cells, and liver tissue were homogenized with RIPA buffer supplemented with protease and phosphatase inhibitors
(Beyotime Biotechnology, China). After the protein concentration was determined using the BCA Protein Assay Kit
(Thermo Fisher Scientific, USA), 30 pg of protein was separated on a 10% SDS—PAGE gel and then transferred onto
a 0.2 pm polyvinylidene difluoride (PVDF) membrane (Pall Life Sciences, USA). Membranes were blocked with 5%
BSA in TBST (Tris-buffered saline with Tween-20 solution) at room temperature for 1h, followed by incubation with
diluted primary antibodies at 4°C overnight. After five washes with TBST (10 minutes each), membranes were incubated
with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1h at room temperature. The
chemiluminescence signals were examined using a SuperLumia ECL Plus HRP Substrate kit (Abbkine, China). Protein
expression was normalized to GAPDH. The primary antibodies are listed in Supplementary Table 2.

Blood Glucose, Serum Insulin and HOMA-IR Index

After mice were fasted for 12 h, fasting blood glucose levels were measured using 5 pL tail vein blood applied to glucose
test strips (Sinocare, China) and analyzed with a blood glucose meter (Sinocare, China), and serum insulin levels were
measured using a mouse insulin ELISA kit (Excell Bio, China) according to the manufacturer’s instructions. HOMA-IR
was calculated as: [fasting blood glucose level (mmol/L)] x [fasting serum insulin level (uWU/mL)]/22.5.%2

Glucose Tolerance and Insulin Tolerance Tests

For the glucose tolerance test (GTT), mice were fasted for 12 hours and intraperitoneally injected with 2 g/kg glucose,*
and the blood glucose concentration was determined from the tail vein at 0, 15, 30, 60, 90, and 120 min. For the insulin
tolerance test (ITT), the mice were intraperitoneally injected with insulin at 0.4 TU/kg after fasting for 4 h. Blood glucose
levels were measured at the indicated time points.

PAS Staining

For in vivo experiments, tissue samples were fixed in 4% paraformaldehyde for more than 24 h, followed by paraffin
embedding. Then, the liver sections were sectioned at 5 um and stained using a Periodic Acid-Schiff (PAS) kit (Bestbio,
China) according to the manufacturer’s instructions. In vitro experiments, IR-AML12 cells treated with EVs for
48 h were washed 3 times with PBS, fixed in 4% paraformaldehyde for 20 min, then washed with PBS 3 times. PAS
staining was subsequently performed as described for in vivo samples.

Statistical Analysis

All data are expressed as the mean =+ standard deviation (SD). Statistical analysis was performed using GraphPad Prism
8.0. The statistical significance of differences among groups was analyzed by one-way ANOVA, followed by the
Newman-Keuls test. Comparisons between two groups were performed using a two-tailed Student’s #-test. p < 0.05,
p <0.01 and p < 0.001 were considered statistically significant. Data are representative of at least three independent
experiments.

Results
Adipose Tissue-Derived EVs Were Identified and Taken Up by Hepatocytes

The EVs extracted from the adipose tissue of the chow diet-fed and high-fat diet-fed mice were named CD-EVs and
HFD-EVs, respectively (Figure 1A). To determine the quality of EVs, we analyzed the morphology by TEM and
marker proteins of the EVs via Western blotting, respectively. TEM revealed that the particles isolated by
centrifugation and exosome extraction kit methods contained abundant exosomes with a double-layered membrane
structure and a diameter of 30-150 nm (Figure 1B). The extracellular particles released from adipose tissue
expressed exosome markers (CD9, CD63, and TSG101) but not the exosome-negative marker Calnexin
(Figure 1C). These data indicated that the main components of the harvested EVs were exosomes. To ascertain
whether CD-EVs and HFD-EVs could be taken up by hepatocytes, PKH26-labeled EVs were co-cultured with
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Figure | Characterization and identification of adipose tissue-derived EVs. (A) Schematic diagram of EVs isolated from adipose tissue collected from mice fed a chow or
high-fat diet. Created in BioRender. Bao, X. (2025) https://BioRender.com/7ucfgo7. (B) Representative TEM images of CD-EVs and HFD-EVs. Scale bar: 200 nm. (C) The
presence of marker proteins in CD-EVs and HFD-EVs. (D) PKH26-labeled CD-EVs and HFD-EVs were absorbed by AMLI2 cells. Scale bar: 50 um.

AMLI12 cells for 6 h. Fluorescent staining experiments showed that PKH26-labelled EVs were detected in the
perinuclear region of the cytoplasm of AMLI12 cells, indicating that CD-EVs and HFD-EVs were successfully
internalized by hepatocytes (Figure 1D).

The Level of miR-141-3p in EVs Is Downregulated in Obese Environment

Our previous studies revealed that miR-141-3p as the primary small RNA mediating adipose tissue exosome-regulated
insulin sensitivity.”” The differential expressed levels of miR-141-3p in the CD-EVs and HFD-EVs were confirmed by
gPCR. The results confirmed that the expression level of miR-141-3p was significantly decreased in the EVs secreted by
the adipose tissue of HFD-fed mice (Figure 2A). Similarly, miR-141-3p levels in adipose tissue were significantly lower
in the HFD group compared to the chow diet group (Figure 2B). Finally, we compared the levels of miR-141-3p in
AMLI2 cells after treatment with EVs and found that the level of miR-141-3p in AMLI12 cells also increased with the
addition of CD-EVs (Figure 2C). In addition, the melting curve and amplification efficiency of miR-141-3p are in
Supplementary Figure 2.
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Figure 2 Detection of miR-141-3p expression levels in different samples. (A) Detection of miR-141-3p expression in the adipose tissue of obese and lean mice by qPCR.
***P< 0.001, HFD-adipose tissue vs CD-adipose tissue. n=5. (B) Comparison of miR-141-3p levels between HFD-EVs and CD-EVs. **P<0.001, HFD-EVs vs CD-EVs. n=5.
(C) The miR-141-3p level was detected by qPCR in AMLI2 cells with the administration of HFD-EVs, CD-EVs, or PBS. n=3. **P<0.01 compared to the PBS administration
group, #P<0.05, #P<0.01 compared to the CD-EVs administration group. All values were expressed as mean % SD.

Effects of miR-141-3p on Body Weight and Insulin Sensitivity in Mice

In previous work, we demonstrated that miR-141-3p mediates the functions of adipose tissue exosomes in hepatocytes,
including significantly promoting insulin sensitivity and glucose uptake in vitro.”” However, the role of miR-141-3p
in vivo has not been explored. In this study, we sought to explore the effect of miR-141-3p in adipose tissue-derived EVs
on obesity-induced insulin resistance in vivo. First, C57BL/6 male mice were fed a high-fat diet for 8 weeks. The body
weight of the mice in the HFD group significantly increased (Supplementary Figure 1A). Interestingly, there was no

significant difference in food intake among the mice (Supplementary Figure 1B). Moreover, glucose tolerance and insulin
tolerance were impaired in the HFD group (Supplementary Figure 1C and D). These findings indicate that mice
developed significant insulin resistance after being fed a high-fat diet for 8 weeks.

To investigate the role of miR-141-3p in insulin resistance, CD-EVs were first decorated with miR-141-3p inhibitor
(CD-EVs-inhibitor) and inhibitor NC (CD-EVs-NC) followed by tail vein injection (Figure 3A). After CD-EVs
transfection with the miR-141-3p inhibitor, miR-141-3p levels were reduced by nearly 64.33% compared with the CD-
EVs-NC group (Figure 3B). However, the body weight and daily food intake had no obvious changes (Figure 3C and D).
Furthermore, reducing the level of miR-141-3p in CD-EVs resulted in impaired glucose tolerance and insulin tolerance
(Figure 3E and F). The HOMA-IR index more intuitively showed that the knockdown of miR-141-3p in CD-EVs
reversed the effect of CD-EVs on improving insulin resistance (Figure 3G). These results indicate that miR-141-3p in
CD-EVs can regulate insulin sensitivity.

To further confirm that miR-141-3p is the main molecule mediating EVs to regulate insulin sensitivity, we transfected
miR-141-3p mimic or mimic NC into EVs to obtain HFD-EVs-mimics or HFD-EVs-NC (Figure 3H). Compared with the
HFD-EVs-NC group, the level of miR-141-3p in the HFD-EVs-mimics group was increased by nearly 14.37 times
(Figure 31). The changes in body weight and food intake of the mice in each group were recorded every week, and there
was no significant difference between the HFD-EVs-mimics and HFD-EVs-NC groups (Figure 3J and 3K). Compared
with the HFD-EVs-NC group, mice treated with HFD-EVs-mimics showed higher glucose tolerance and insulin
sensitivity (Figure 3L and M). The HOMA-IR index more intuitively confirmed that increasing the level of miR-141-
3p in HFD-EVs improved insulin resistance (Figure 3N). Therefore, these results indicate that miR-141-3p is an
important factor in mediating EVs to regulate insulin sensitivity in mice.

Effects of miR-141-3p in Adipose Tissue-Derived EVs on Hepatocyte Insulin Sensitivity
Given the prominent in vivo effects in regulating insulin sensitivity, we next investigated the in vitro function of miR-
141-3p in hepatocytes. In contrast to previous work on normal hepatocytes,”” we verified the effect on a hepatocyte
model that mimics obesity-induced insulin resistance in vivo. First, AML12 cells were treated with sodium palmitate
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Figure 3 miR-141-3p in adipose tissue-derived EVs regulates obesity and insulin sensitivity in mice. (A and H) Schematic diagram of mouse model construction and different EVs
interventions . (A) Created in BioRender. Bao, X. (2025) https://BioRender.com/cziécco; (H) Created in BioRender. Bao, X. (2025) https://BioRender.com/0e8x5y|. (B) miR-141-
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intake of chow diet-fed mice and high-fat diet-fed mice administrated with CD-EVs, CD-EVs-NC, CD-EVs-inhibitor, or normal saline as indicated. (E-G) The GTT, ITT, and HOMA-
IR index of mice were measured after administration for 3 weeks. HOMA-IR index = [fasting blood glucose levels (mmol/L)] x [fasting serum insulin levels (uU/mL)]/22.5. *P<0.01,
#44p<0,001 compared to the CD/NS group. *P<0.05, *#P<0.001 compared to the HFD/NS group. #P<0.05, the HFD/CD-EVs-inhibitor group vs the HFD/CD-EVs-NC group (I)
miR-141-3p levels in HFD-EVs infected with miR-141-3p mimic or mimic NC were detected by qPCR. ***P<0.001, the HFD-EVs-mimics groups vs the HFD-EVs-NC group. (J and
K) The body weight and weekly food intake of chow diet-fed mice and high-fat diet-fed mice administrated with HFD-EVs, HFD-EVs-NC, HFD-EVs-mimics, or normal saline. (L—N)
The GTT, ITT, and HOMA-IR index of the mice in different treatment groups were measured. *P<0.01, #P<0.001 compared to the CD/NS group. *P<0.05, #P<0.01, ##p<0.001
compared to the HFD/NS group. #¥#p<0.001, the HFD/HFD-EVs-mimics group vs the HFD/HFD-EVs-NC group. n=5. All values were expressed as mean * SD.
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Figure 4 miR-141-3p in adipose tissue-derived EVs regulates insulin sensitivity in IR-AMLI2 cells. (A) Effects of PA on AMLI2 cell viability. (B) Effects on glucose uptake
after treatment with PA for 24 h. ¥P<0.05, **P<0.01, ***P<0.001, different concentrations of PA group vs control group. (C) The levels of miR-141-3p in IR-AMLI?2 cells after
transfection of miR-141-3p inhibitor in CD-EVs. (D) Effects of glucose uptake in IR-AMLI2 cells after transfection of miR-141-3p inhibitor in CD-EVs. (E) The levels of miR-
141-3p in different treatment groups were measured in cell after HFD-EVs were transfected with the miR-141-3p mimic. (F) Effects on glucose uptake in cell after
transfection of the miR-141-3p mimic in HFD-EVs. *P<0.05, **P<0.01, ***P<0.00| compared to the Control group. *P<0.05, #P<0.01, *#p<0.001 compared to the PA/PBS
group. %P<0.05, #4%p<0.001, the PA/CD-EVs-inhibitor group vs the PA/CD-EVs-NC group or the PA/HFD-EVs-mimics group vs the PA/HFD-EVs-NC group. n=3. Al values
were expressed as mean + SD.

(PA) for 24 h, which showed that PA reduced the survival and glucose uptake capacity in a dose-dependent manner
(Figure 4A and B). At 0.3 mM PA, the cell survival rate was only approximately 50%, while 0.2 mM PA treatment
significantly impaired glucose uptake compared to untreated controls. Therefore, 0.2 mM PA was used to construct an
obesity-induced insulin resistance AML12 cells (IR-AML12) model. Compared with CD-EVs and CD-EVs-NC treat-
ment groups, miR-141-3p expression was significantly reduced in IR-AMLI12 cells treated with the CD-EVs-inhibitor
(Figure 4C). CD-EVs treatment significantly increased insulin-stimulated glucose uptake and AKT phosphorylation in
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AMLI12 cells, while both glucose uptake and AKT phosphorylation in hepatocytes were inhibited by transfection with
a miR-141-3p inhibitor (Figures 4D and 5C).

Next, we further explored the regulation of hepatocyte insulin sensitivity by miR-141-3p overexpression in HFD-
EVs. First, we tested the levels of miR-141-3p in cells treated with HFD-EVs-mimics. The results showed that the levels
of miR-141-3p in these cells were significantly elevated (Figure 4E). Furthermore, we evaluated the effects of miR-141-
3p mimic modified HFD-EVs on cellular glucose uptake and AKT phosphorylation. Adipose tissue-derived EVs from
obese mice significantly inhibited insulin-stimulated glucose uptake and AKT phosphorylation in AML12 cells, whereas
HFD-EVs mimics treatment reversed this phenomenon (Figures 4F and 5D). These results indicate that miR-141-3p
plays an important role in mediating EVs to regulate hepatic insulin sensitivity.

Effects of miR-141-3p in Adipose Tissue-Derived EVs on Hepatic Glycogen Synthesis

and Gluconeogenesis in HFD Mice

Studies have shown that hepatic glycogen synthesis is decreased and hepatic gluconeogenesis is increased in type 2 diabetes.”
This observation prompted us to evaluate whether miR-141-3p regulates insulin resistance by these pathways. As expected,
liver glycogen content was reduced in the CD-EVs-inhibitor group compared with the CD-EVs-NC group, as indicated by
liver tissue glycogen staining (Figure 6A). Glycogen content determination further indicated that the knockdown of miR-
141-3p in CD-EVs reversed the promotion of liver glycogen synthesis by CD-EVs (Figure 6B). In addition, the expression
levels of the gluconeogenic genes glucose-6-phosphatase (G6PC) and phosphoenolpyruvate carboxykinase (PCK) were
elevated in the CD-EVs inhibitor group (Figure 6C and D). Western blotting results further showed that the knockdown of
miR-141-3p in CD-EVs reversed the inhibition of liver G6PC and PCK protein expression by CD-EVs (Figure 6E). In
addition, we further measured the effects of miR-141-3p overexpression in HFD-EVs on hepatic glycogen synthesis and
gluconeogenesis in HFD mice. The miR-141-3p mimic transfection reversed the HFD-EVs-induced decrease in liver
glycogen staining and content and the increase in gluconeogenic gene and protein expression (Figure 6F and G).

Effects of miR-141-3p in Adipose Tissue-Derived EVs on Glycogen Synthesis and

Gluconeogenesis in Hepatocytes

Furthermore, we measured the influence of miR-141-3p knockdown in CD-EVs on insulin-stimulated cellular glycogen
synthesis and gluconeogenesis. miR-141-3p knockdown significantly attenuated the promotive effect of CD-EVs on glycogen
synthesis in AML12 cells, which was consistent with a decrease in glycogen concentration (Figure 7A and B). Moreover,
infection of CD-EVs with the miR-141-3p inhibitor reversed the inhibitory effect of CD-EVs on the expression of gluconeogenic
genes and proteins of G6PC and PCK (Figure 7C-E). In addition, glycogen staining results showed that HFD-EVs-mimics
significantly promoted hepatocyte glycogen synthesis compared with the HFD-EVs-NC group (Figure 7F), as evidenced by
glycogen content assays in hepatocytes (Figure 7G). Similarly, the expression of gluconeogenesis-related genes and proteins
(G6PC and PCK) was also inhibited by HFD-EVs-mimics (Figure 7H-J). These data strongly suggest that miR-141-3p can
mediate EVs to regulate insulin resistance in hepatocytes and hepatic tissue by regulating glycogen synthesis and
gluconeogenesis.

miR-141-3p Regulates Hepatic Glycogen Synthesis and Gluconeogenesis by Activating
the PI3K/AKT Signaling Pathway via PTEN

In the liver, AKT is a key regulator of insulin resistance, and its activation promotes glycogen synthesis while inhibiting
gluconeogenesis.***> Our previous experiments demonstrated miR-141-3p orchestrates PTEN, a critical modulator of
insulin resistance in hepatocytes.”” PTEN is reported to be upstream of the PI3K/AKT pathway,*® so miR-141-3p may
mediate insulin resistance through PTEN and the downstream PI3K/AKT pathway. To further prove our hypothesis, miR-
141-3p inhibitor, inhibitor-NC, miR-141-3p mimic, or mimic-NC was transfected into CD-EVs or HFD-EVs, respec-
tively. Western blotting analysis revealed that CD-EVs treatment significantly reduced PTEN expression, whereas miR-
141-3p inhibition reversed this effect (Figure 5A). Similarly, overexpression of miR-141-3p in HFD-EVs markedly
decreased PTEN protein levels compared to the PBS group, which conflicts with the results of HFD-EVs-NC treatment
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Figure 5 miR-141-3p regulates PI3K/AKT signaling in hepatocytes via PTEN. (A) Effect of CD-EVs transfected with the miR-141-3p inhibitor on PTEN protein expression.
(B) Effect of HFD-EVs transfected with the miR-141-3p mimic on PTEN protein expression. (C) Effect of CD-EVs transfected with the miR-141-3p inhibitor on the
phosphorylation of AKT, GSK3p and FOXO|. (D) Effect of HFD-EVs transfected with the miR-141-3p mimic on the phosphorylation of AKT, GSK3f and FOXOI. *P<0.05,
#P<0.01, #¥P<0,001 compared to the Control group. *P<0.05, P<0.01, "#P<0.001 compared to the PA/PBS group. P<0.05, #4P<0.01, the PA/CD-EVs-inhibitor group vs
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Figure 6 Adipose tissue-derived EVs regulate hepatic glycogen synthesis and gluconeogenesis through miR-141-3p. (A and B) PAS staining and liver glycogen content after
transfection of CD-EVs with the miR-141-3p inhibitor. (C and D) qPCR analysis of G6PC and PCK expression in the liver after transfection of CD-EVs with the miR-141-3p
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content after transfection of HFD-EVs with the miR-141-3p mimic. (H and I) gPCR analysis of G6PC and PCK expression in the liver after transfection of HFD-EVs with the miR-
141-3p mimic. (J) Western blotting of G6PC and PCK protein expression in the liver after transfection of HFD-EVs with the miR-141-3p mimic. *P<0.05, **P<0.01, ***P<0.001
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(Figure 5B). Next, we investigated the effect of miR-141-3p on PI3K/AKT signaling. In hepatocytes, insulin-induced
phosphorylation of Protein kinase B (AKT), Glycogen synthase kinase 38 (GSK3p), and Forkhead transcription factor 1
(FOXO1) was reduced after transfection with the miR-141-3p inhibitor compared with CD-EVs treatment, indicating
impaired insulin signaling (Figure 5C). Furthermore, we measured the influence of overexpressing miR-141-3p in HFD-
EVs on insulin signaling activation. In AML12 cells, miR-141-3p mimic transfection abrogated the PA-induced increase
in AKT, GSK3p, and FOXO1 phosphorylation (Figure 5D). Collectively, these findings suggested that miR-141-3p is
a positive regulatory factor of cellular insulin signaling. Furthermore, we measured the expression of PTEN in the liver
of obese mice treated with CD-EVs-inhibitor and HFD-EVs-mimics. Transfection of CD-EVs with the miR-141-3p
inhibitor significantly increased the protein level of PTEN (Figure 8A). In contrast, miR-141-3p overexpression in HFD-
EVs significantly reduced the expression of PTEN (Figure 8B). We then studied the effect of miR-141-3p on insulin
signaling in the mouse liver. Consistent with the results of the cell experiments, knockdown of miR-141-3p in CD-EVs
significantly inhibited the CD-EVs-induced increase in the phosphorylation of the AKT, GSK3f and FOXOI1 proteins in
the liver (Figure 8C). In addition, HFD-EVs transfected with the miR-141-3p mimic significantly promoted the
phosphorylation of the AKT, GSK3f and FOXO1 proteins in the liver (Figure 8D). Collectively, these findings indicate
that miR-141-3p may mediate insulin resistance through PTEN and the downstream PI3K/AKT pathway.

Finally, we analyzed the expression of adipocyte-specific protein Adiponectin and macrophage-specific protein
CDI11b in EVs derived from adipose tissue, adipocytes, and macrophages using Western blotting. As shown in
Supplementary Figure 3, Adiponectin was detected in both adipose tissue-derived EVs and 3T3-L1 cell-derived EVs,

whereas CD11b remained nearly undetectable in adipose tissue-derived EVs.

Discussion

Obesity, as the primary driver of insulin resistance, constitutes a central mechanism in type 2 diabetes pathogenesis.>” Emerging
studies have confirmed the existence of close endocrine crosstalk between the liver and adipose tissue.”® However, the molecular
mechanisms of this interorgan communication remain to be elucidated. Notably, miRNAs in adipose tissue-derived EVs, acting
as a novel class of endocrine factor, are closely related to liver-related diseases, including hepatic insulin resistance.***° In the
current study, we aimed to examine whether adipose tissue-derived EVs improve obesity-induced hepatic insulin resistance
through miR-141-3p and delineate the underlying molecular mechanisms. As a member of the miR-200 family, miR-141-3p is
widely implicated in cancer progression and metastasis.”>*' Emerging evidence links miR-141-3p to insulin resistance and type 2
diabetes pathogenesis,23 though its mechanistic role in metabolic disorders remains underexplored. In this study, we first
confirmed that miR-141-3p was significantly downregulated in obesity-associated contexts, including the adipose tissue of
obese mice, EVs derived from the adipose tissue of obese mice, and AML12 cells treated with HFD-EVs (Figure 2). This finding
suggested that miR-141-3p may mediate adipose tissue-derived extracellular vesicle regulation of hepatic insulin resistance.

Hepatic insulin resistance is a key driver of type 2 diabetes. Recent studies have demonstrated that EVs derived from
adipose tissue can improve insulin sensitivity by delivering functional miRNAs.*? Given the pivotal role of hepatic glucose
metabolism (including synthesis and breakdown) in systemic glucose homeostasis.** Identifying miRNAs that regulate this
process is critical. This study focuses on miR-141-3p in adipose tissue-derived EVs, investigating its potential to alleviate
insulin resistance through modulation of hepatic glucose metabolic pathways. In this study, we found that knockdown of miR-
141-3p in CD-EVs resulted in impaired glucose tolerance and insulin tolerance, and reduced systemic insulin sensitivity in
HFD-fed mice compared with those in CD-EVs-treated group (Figure 3A—G), whereas depletion of miR-141-3p in HFD-EVs
significantly improved systemic insulin sensitivity (Figure 3H—N). Further in vivo and in vitro experiments revealed that CD-
EVs-inhibitor treatment reversed the effects of CD-EVs on promoting glycogen synthesis and inhibiting gluconeogenesis,
while HFD-EVs-mimics restored hepatic glucose metabolic balance (Figures 6 and 7). These findings collectively establish
miR-141-3p as a central regulator of adipose tissue-derived EVs in ameliorating hepatic insulin resistance.

The inherent multi-target nature of miRNAs poses significant challenges in deciphering the regulatory mechanisms of
specific miRNAs. This study focuses on PTEN, a core target of miR-141-3p, which acts as a critical negative regulator in
the insulin signaling pathway. PTEN impairs hepatic insulin sensitivity by catalyzing PIP3 dephosphorylation, thereby
suppressing PI3K/AKT signaling activation.”***> Our data demonstrate that miR-141-3p exerts its pivotal regulatory role
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Figure 8 miR-141-3p regulates insulin signaling in the mouse liver via PTEN. (A) Effect of CD-EVs transfected with the miR-141-3p inhibitor on PTEN protein expression.
(B) Effect of HFD-EVs transfected with the miR-141-3p mimic on PTEN protein expression. (C) Effect of CD-EVs transfected with miR-141-3p inhibitor on insulin signaling.
(D) Effect of HFD-EVs transfected with the miR-141-3p mimic on insulin signaling. *P<0.05, *P<0.01, **P<0.00] compared to the CD/NS group. *P<0.05, *#P<0.01,
##p<0,001 compared to the HFD/NS group. %P<0.05, #%P<0.01, the HFD/CD-EVs-inhibitor group vs the HFD/CD-EVs-NC group or the HFD/HFD-EVs-mimics group vs

the HFD/HFD-EVs-NC group. n=5. All values were expressed as mean + SD.
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in hepatic insulin signal transduction through direct targeting of PTEN. Knockdown of miR-141-3p in CD-EVs
upregulated PTEN protein expression in hepatocytes and liver tissues while inhibiting phosphorylation of AKT,
GSK3p, and FOXOI. Conversely, overexpression of miR-141-3p in HFD-EVs downregulated PTEN expression and
concurrently activated phosphorylation of these proteins. These findings indicate that miR-141-3p enhances insulin signal
transduction by targeting PTEN to alleviate its negative regulation of the PI3K/AKT pathway.

This study demonstrates that adipose tissue-derived EVs ameliorate obesity-associated hepatic insulin resistance via miR-
141-3p-mediated PTEN inhibition and PI3K/AKT activation, redefining miR-141-3p as a metabolic regulator. Circulating
EVs carrying miR-141-3p may serve as non-invasive biomarkers for early insulin resistance, while engineered EVs loaded
with insulin-sensitizing molecules (eg, miR-141-3p or synergistic factors) hold promise as targeted therapeutic tools.
However, this study has several limitations. First, the therapeutic potential of miR-141-3p-enriched EVs requires further
validation in large animal models. Second, While the study primarily focused on hepatic glucose metabolism, the roles of miR-
141-3p in lipid metabolism remains unclear. Additionally, we did not directly quantify the proportion of adipose tissue-derived
EVs in circulating plasma or measure endogenous miR-141-3p levels in circulating EVs due to experimental constraints.
Future investigations will employ tissue-specific EV tracking and multi-omics technologies to decipher systemic regulatory
networks, ultimately advancing precision diagnostics and therapeutics for metabolic disorders.

Conclusion
In conclusion, our study is the first to reveal that EV-derived miR-141-3p from adipose tissue ameliorates obesity-induced
hepatic insulin resistance by regulating hepatic glucose metabolism. This study unveils a novel paradigm in which obesity
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Figure 9 Schematic diagram of the mechanism revealed in this study. miR-141-3p regulates the expression of PTEN, further regulates the activation of the PI3K/AKT
signaling pathway, and participates in the regulation of insulin resistance (By Figdraw).
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reprograms miR-141-3p cargo within adipose tissue-derived EVs, enabling interorgan crosstalk to ameliorate hepatic insulin
resistance. Mechanistically, adipose EV-derived miR-141-3p acts as a master regulator through PTEN targeting, dually
coordinating hepatic glucose homeostasis by concurrently suppressing gluconeogenesis via the PI3K/AKT/FOXO1 axis and
enhancing glycogen synthesis via the PI3K/AKT/GSK3p pathway-a previously unrecognized “single miRNA-dual path-
way” strategy (Figure 9). Notably, miR-141-3p expression levels may serve as both a therapeutic target and early diagnostic
biomarker for metabolic disorders. These findings not only highlight miR-141-3p’s dual role in combating insulin resistance
and type 2 diabetes mellitus, but also redefine the role of adipose tissue-derived EVs in systemic metabolic regulation and
open promising avenues for diagnosing and treating insulin resistance-related disorders.
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Chow diet; HFD, High-fat diet; CD-EVs, Adipose tissue-derived extracellular vesicles from mice fed with the chow diet;
HFD-EVs, Adipose tissue-derived extracellular vesicles from mice fed with a high-fat diet; CD-EVs-NC, CD-EVs
treated with microRNA inhibitor N.C; CD-EVs-inhibitor, CD-EVs treated with miR-141-3p inhibitor; HFD-EVs-NC,
HFD-EVs treated with microRNA Negative Control; HFD-EVs-mimics, HFD-EVs treated with miR-141-3p mimic;
PIP3, Phosphorylated inositol triphosphate; PI3K, Phosphatidyl-inositol 3-kinase; AKT, Protein kinase B; G6PC,
Glucose 6 phosphate kinase; PCK, Phosphoenolpyruvate carboxykinase; FOXO1, Forkhead transcription factor 1;
GSK3p, Glycogen synthase kinase 3p; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; HGP, Hepatic glucose
production; P-AKT, Phosphorylated AKT; P-FOXO1, Phosphorylated FOXO1; P-GSK3, Phosphorylated GSK3f3; GTT,
Glucose tolerance test; ITT, Insulin tolerance test; PAS, Periodic acid-Schiff; NS, Normal saline.
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