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Purpose: Nanovesicles (NVs) derived from bone mesenchymal stem cells (BMSCs) as drug delivery systems are considered an 
effective therapeutic strategy for diabetes. However, its mechanism of action remains unclear. Here, we evaluated the efficacy and 
molecular mechanism of BMSC-derived NVs carrying the curcumin analog H8 (H8-BMSCs-NVs) on hepatic glucose and lipid 
metabolism in type 2 diabetes (T2D).
Subjects and Methods: Mouse BMSCs were isolated by collagenase digestion and H8-BMSCs-NVs were prepared by microvesicle 
extrusion. The effects of H8-BMSCs-NVs on hepatic glucose and lipid metabolism were observed in a T2D mouse model and 
a HepG2 cell insulin resistance model. To evaluate changes in potential signaling pathways, the PI3K/AKT/AMPK signaling pathway 
and expression levels of G6P and PEPCK were assessed by Western blotting.
Results: H8-BMSCs-NVs effectively improved lipid accumulation in liver tissues and restored liver dysfunction in T2D mice. 
Meanwhile, H8-BMSCs-NVs effectively inhibited intracellular lipid accumulation in the insulin resistance models of HepG2 cells. 
Mechanistic studies showed that H8-BMSCs-NVs activated the PI3K/AKT/AMPK signaling pathway and decreased the expression 
levels of G6P and PEPCK.
Conclusion: These findings demonstrate that H8-BMSCs-NVs improved hepatic glucose and lipid metabolism in T2D mice by 
activating the PI3K/AKT/AMPK signaling pathway, which provides novel evidence suggesting the potential of H8-BMSCs-NVs in the 
clinically treatment of T2D patients.
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Introduction
Dramatic changes in lifestyle and environment have enabled diabetes to rapidly become a global epidemic in the 21st 
century, with attendant complications posing a major threat to global health.1–3 The global prevalence of diabetes is 
expected to increase to 700 million by 2045, compared to an estimated 463 million in 2019.4 Type 2 diabetes (T2D), 
which accounts for 90% of diabetes cases worldwide, is a global epidemic metabolic disease characterized by 
hyperglycemia and insulin resistance in target tissues.5,6 Controlling hyperglycemia and improving insulin resistance 
are two key steps in T2D treatment. Although conventional insulin sensitizers, including rosiglitazone, metformin, and 
the antioxidant α-lipoic acid, have been shown to improve insulin sensitivity in target tissues, no single drug has been 
found to treat T2D completely.7 Therefore, more effective strategies to reduce blood glucose levels and promote insulin 
sensitivity through novel mechanisms are urgently required.
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Curcumin is a yellow polyphenol compound derived from turmeric plants and is commonly used as a spice, dye, and 
medicinal plant. Previous studies have revealed that curcumin has numerous pharmacological properties, including anti- 
inflammatory, anti-bacterial, anti-cancer, and anti-diabetic activities.8–10 Hajavi et al demonstrated that curcumin could improve 
insulin resistance and reduce glucose levels in T2D patients.11 In addition, supplementation of curcumin improved lipid profile 
and increased total antioxidant capacity of patients with T2D.12,13 However, the therapeutic applications of curcumin are limited 
by its extremely low solubility in aqueous buffers, instability in bodily fluids, and rapid metabolism. To overcome these defects, 
we removed the unstable diketone structure of its parent compound and introduced a more stable cyclopentanone structure to 
construct the curcumin analog (2E,5E)-2,5-bis[2-fluoro-6-(trifluoromethyl)benzylidene] cyclopentanone (compound number: 
H8).14 H8 further increased the stability and pharmacokinetic properties of curcumin by maintaining and enhancing its original 
function.15 However, its role and molecular mechanisms in T2D require further investigation.

Bone mesenchymal stem cells (BMSCs) are multipotent stem cells with the ability to self-renew, which makes them 
attractive for the treatment of many diseases.16 Recently, BMSCs have been considered to exhibit potential immunomodu-
latory and anti-inflammatory properties through their paracrine effects,17,18 which are mainly mediated by extracellular 
vesicles derived by BMSCs. Nanovesicles (NVs) are extracellular vesicles that typically range in diameter from 30 nm to 150 
nm. NVs have several advantages over cells, including effectiveness through systemic delivery, and capability of crossing the 
blood-brain barrier, making them promising vectors for drug delivery.19,20 Previous studies have confirmed that NVs improve 
diabetes by regulating the glucose metabolism and insulin secretion.21 Additionally, NVs have been investigated as potential 
drug delivery systems for diabetes. Several studies have demonstrated the successful delivery of antidiabetic drugs using NVs 
to modulate glucose metabolism and insulin sensitivity.22,23 However, the therapeutic effects of H8 in complex with NVs in 
T2D have not been investigated and require further investigation.

In this study, we generated bone marrow stem cell nanovesicles containing H8 (H8-BMSCs-NVs). We established 
a mouse T2D model using a high-fat diet (HFD) combined with streptozotocin (STZ) and established palmitic acid (PA)- 
and oleic acid (OA)-induced insulin resistance in HepG2 cells. We evaluated the effects of H8-BMSCs-NVs on hepatic 
glucose and lipid metabolism in vitro and in vivo. Finally, we demonstrated that H8-BMSCs-NVs decreased the 
expression levels of G6P and PEPCK by activating the PI3K/AKT/AMPK signaling pathway. In summary, our results 
provide new ideas and a scientific basis for H8-BMSCs-NVs intervention strategies for T2D.

Materials and Methods
Extraction and Identification of BMSCs
According to the previously reported method of BMSCs extraction,24 C57BL/6J neonatal mice within 0–3 days were 
taken, and the femur and tibia of the extremities of the neonatal mice were transferred to type I collagenase solution 
(100 mg type I collagenase was dissolved in a mixture of 32 mL PBS and 8 mL FBS) for digestion and cell isolation. The 
cells were cultured in a cell incubator (5% CO2, 37 °C) for 1–2 days, and their morphology and growth of cells were 
observed under a microscope. When the cell fusion degree was approximately 80%-90%, the cells were passaged, and 
third-generation cells were used for follow-up experiments. BMSCs were evaluated for pluripotency, lipogenesis, 
osteogenesis, and chondrogenesis of BMSCs were evaluated.

Preparation of NVs
After the stem cells were isolated for identification, stem cells of more than three generations were cultured with 15 μM H8 
solution (dissolved in Dimethyl sulfoxide) for 24 hours. The mesenchymal stem cells of the third generation and above were 
digested in a 15 mL centrifuge tube, centrifuged at 11,000 r/min for 5 min, the supernatant was discarded, and the cells were re- 
suspended using PBS (pH=7.4). BMSCs and H8-BMSCs cell suspensions were successively extruded through 5 μm, 1 μm and 
0.2 μm polycarbonate membranes using a microvesicle extruder, and each polycarbonate membrane was extruded 15 times. The 
extruded sample was centrifuged (10,000 g, 10 min) to remove the cell debris and microcapsules. The centrifuged sample was 
concentrated at 1000 g in a centrifugal filter (100 kDa) for 15 min, then resuspended in the same amount of PBS, infrared was used 
to verify the presence of H8 in this NVs, and finally stored at −80°C.
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Cell Culture
The HepG2 cell line was purchased from Procell Life Sciences Technology Co., LTD. (Hepatocellular Cancer cell line, 
CL-0103). It was cultured in DMEM medium (Gibco) containing 10% fetal bovine serum (FBS) and 1% penicillin/ 
streptomycin solution(Biosharp). The culture conditions were 37°C, 5% CO2. The cells were passed with trypsin-EDTA. 
After the cells were inoculated in a 6-well plate with 70% fusion, the cells were placed overnight in serum-free DMEM 
containing normal glucose. Cells incubated with 5.5 mM D-glucose were used as control group. T2DM was simulated by 
30 mM glucose plus 100 nM insulin (HGHI) for 24 h.

Cell Viability
Cell proliferation was detected using a methyl thiazolyl tetrazolium (MTT) assay. BMSCs Cells with exponential growth 
were inoculated into 96-well plates, different concentrations of H8 solution were used for 24h or 48h, or use different 
concentrations of BMSCs-NVs and H8-BMSCs-NVs for 24h, 10 μL of MTT solution was added to each well after drug 
incubation. After incubation for 4 h, 150 μL of dimethyl sulfoxide (DMSO) was added to dissolve the formaldehyde 
crystals, and the light absorption value was measured at 490 nm.

Live/Dead Cell Staining
HepG2 cells treated with different concentrations of H8 were seeded in 24-well plates, each well was added with 250 μL of 
Calcein AM/PI detection solution, and incubated at 37°C for 30 min under a fluorescence microscope. (Calcein AM is green 
fluorescence, Ex/Em=494/517 nm; PI is red fluorescence, Ex/Em=535/617nm). Avoid light during the whole process.

The Construction of T2D Model
Thirty 4-week-old male C57BL/6J mice were randomly divided into five groups: blank group (con), type 2 diabetes 
group (Dia), H8 treatment group (H8), BMSCs-NVs treatment group (BMSCs-NVs), and H8-BMSCs-NVS treatment 
group (H8-BMSCS-NVS), with six mice per group. C57BL/6J mice in the control group were fed a maintenance diet, 
while the, H8 group, and H8-BMSCS-NVS groups were fed a high-fat diet (HFD) for 12 weeks. A 50 mg/kg 
streptozotocin (STZ) solution fully dissolved in sodium citrate buffer was intraperitoneally injected the next day, and 
the mice in the control group were intraperitoneally injected with equal doses of sodium citrate buffer. The fasting blood 
glucose of mice was measured after 3 days, and fasting blood glucose ≥11.1 mmol/L for 3 consecutive days, indicating 
that the T2D model was successfully established. The H8, BMSC-NV, and H8-BMSCS-NVS groups were treated for 
eight weeks. H8 group was intraperitoneally injected with 1% dissolved H8 (0.35 mg/kg) every 4 days, BMSCs-NVs 
group and H8-BMSCS-NVS group were intraperitoneally injected with NVs (100 μg/mL) every 4 days for 8 weeks. The 
H8-BMSCs-NVS treatment group were treated with PI3K inhibitor25 (LY294002, 1.2 mg/kg/day) for 4 weeks. All 
animal experiments followed the ethical guidelines stated in the “Guidelines for the Care and Use of Laboratory 
Animals” approved by the Ethics Committee of Mudanjiang Medical College ((2011) 04-2018070603-3015).

Intraperitoneal Glucose Tolerance Test and Insulin Tolerance Test
The Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test (IPITT) were administered to 
overnight-fasted mice via intraperitoneal injections of 2 g/kg glucose or 1U/kg insulin, respectively. To test glucose 
tolerance,26 the mice were restricted to food for 12 hours before receiving an intraperitoneal administration with 
a glucose load of 2 g/kg. Their blood sugar was measured from the tail tip using a glucose meter (Accu-chek®, 
Roche) before (0 min) and 15, 30, 60, and 120 min after glucose-loaded administration. After 2 days of recovery, the 
mice were fasted for 4 hours to test insulin resistance, and the mice received 1U/kg insulin (Humulin R, Eli Lilly) 
intraperitoneally, and blood glucose was measured before (0 min) and 5, 10, 15, 20, 25, 30, and 60 min after insulin 
administration. Based on the AUC, we evaluated the effective use of insulin in mice to determine the extent of insulin 
resistance.
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Histological Analysis
Liver tissue was dissected and fixed with 4% PFA. Paraffin-embedded liver sections were then cut into 4μm slices after 
dewaxing and dewatering, stained with hematoxylin and eosin (H&E), Masson’s trichromee (Beyotime), and Sirius Red 
(Beyotime). Frozen sections were prepared and stained with the Oil Red O (Beyotime) working solution.

Enzyme Linked Immunosorbent Assay (ELISA) of Cytokines
For serum examination, the mice were anesthetized and whole peripheral blood was obtained from the retro-orbital 
venous plexus. Serum was obtained by centrifugation at 3000 rpm for 10 min. For tissue lysis examination, liver tissue 
was homogenized in a frozen lysis buffer containing protease inhibitors and centrifuged at 2000 rpm for 5 min. The 
concentrations of interleukin-6 (IL-6), IL-1β, TNF-α, IL-10, and IL-11 in the serum and liver lysates were measured 
using mouse ELISA kits according to the manufacturer’s instructions (Cloud-Clone Corp., Wuhan, China).

NVs Uptake in vitro
HepG2 cells were inoculated in confocal laser culture dishes with a density of 1×106 cells per dish. After HepG2 cells were 
attached to the wall, BMSCs-NVs and H8-BMSCs-NVs solutions containing 10 μg/mL were put into 1.5mL EP tube, and 
PKH26 (2× 10−6m, Shanghai Maokang Biotechnology, MX4021) dye solution was added into the EP tube. After incubation 
at 37°C for 10 min, BMSCs-NVs and H8-BMSCs-NVs containing PKH26 dye solution27 were added to the confocal laser 
culture dish inoculated HepG2 cells for co-incubation. After 12 h, the confocal laser petri dish was taken out and washed 3 
times with PBS (pre-heated at 37°C), and appropriate 4% paraformaldehyde solution was fixed for 10 min, then washed 
twice with PBS (30 s/ times), Triton100 (0.5%) for 2 min, and washed twice with PBS (30 s/ times). Phalloidin (Shanghai 
Maokang Biotechnology, MX4402) staining (in dark) was incubated at 37°C for 30min, washed with PBS twice (30 s/ 
time), DAPI staining for 2 min, and cleaned with PBS for 3 times. After that, the uptake of BMSCs-NVs and H8-BMSCs- 
NVs by HepG2 cells was observed under confocal laser microscope and images were collected.

Biochemical Assays
Alanine aminotransferase (ALT), aspartate aminotransferase (AST), high-density lipoprotein cholesterol (HDL-C), low-density 
lipoprotein cholesterol (LDL-C), triglyceride (TG), and total cholesterol (TC) levels were measured using kits from the Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China). According to the kit instructions, mouse serum samples, liver tissue samples 
after centrifugation supernatant and HepG2 cell broken homogenate were mixed with the working liquid in each kit, incubated at 
37°C for corresponding time, and TC and TG were measured at 500 nm for light absorption values. The light absorption values of 
HDL-C and LDL-C were measured at 600 nm, AST and ALT were measured at 510 nm.

Western Blot Analysis
The HepG2 cells, BMSCs and liver tissue were lysed using RIPA buffer (Solarbio) supplemented with a mixture of 
protease and phosphatase inhibitors ABC, full grinding, and then centrifuged for 120,000r for 15 min at 4 °C, take the 
supernatant. The protein concentration of the cells or tissue samples was determined using a bicinchoninic acid (BCA) 
protein assay kit (Beyotime, Beijing, China). Total protein was electrophoresed using 10% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and transferred onto PVDF membranes. After blocking with skimmed milk (5%), 
followed by cultivation with the primary antibodies at 4 degrees overnight. The primary antibodies used were anti- 
calnexin (AF5362, 1:1000, Affinity), anti-CD9 (AF5139, 1:1000, Affinity), anti-CD63 (AF5117, 1:1000, Affinity), anti- 
PI3K (AF6241, 1:1000, Affinity), anti-p-PI3K (AF3241, 1:1000, Affinity), anti-AKT (AF6259, 1:1000, Affinity), anti- 
p-AKT (AF0016, 1:1000, Affinity), anti-AMPK (AF6423, 1:1000, Affinity), anti-p-AMPK (AF3423, 1:1000, Affinity), 
PEPCK (DF6770, 1:1000, Affinity), G6P (DF6444, 1:1000, Affinity), and anti-GAPDH(AF7021, 1:3000, Affinity). After 
washing, the membranes were blotted with secondary antibodies (1:10,000, dilute with antibody diluent) for 1 h at room 
temperature, followed by detection using an electrogenerated chemiluminescence (ECL) system.
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Glycogen Content Assay
The glycogen content of the HepG2 cells was determined using a glycogen assay kit from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). The wavelength of the blue compound generated by the reaction was 620 nm.

Small Interferon RNA (siRNA) Knockdown
HepG2 cells were transfected with a negative control siRNA or si-PI3K (GenePharma, Suzhou, China). HepG2 cells were 
transfected with a final concentration of 100 nM siRNA for 72 h, and transfection efficiency was determined by Western blotting.

HOMA-IR
HOMA-IR was used to evaluate the level of insulin resistance in individuals.28 The calculation method is as follows: 
fasting blood glucose level (FPG, mmol/L) × fasting insulin level (FINS, μU/mL) /22.5, HOMA-IR index of normal 
individuals is 1. As the level of insulin resistance increases, the HOMA-IR index will be higher than 1.

2-NBDG Uptake Assay
HepG2 cells were seeded in 24-well plates, the culture medium was discarded and trypsin was added to digest cells. After 
the supernatant was discarded by centrifugation, the supernatant was washed twice with PBS, and 1 mL 2-NBDG 
working liquid was added (2.92 mL DDH2O diluted 1 mg 2-NBDG to prepare 1 mM reserve liquid), incubated at room 
temperature for 30 minutes, 3400 g, centrifuged at 4°C for 3 to 3 minutes, and the supernatant was discarded. PBS was 
added to wash the cells twice. After the cells were suspended with 1 mL serum-free medium or PBS, confocal 
microscopy was used to observe the cells.

Statistical Analysis
All experiments were repeated three times. All data are presented as mean ± standard deviation (SD). Statistical and 
graphical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, USA). For comparison of the two 
groups, significance was assessed using Student’s t-test. For multiple group comparisons, significance was assessed using 
one-way analysis ANOVA with Tukey’s post-hoc test. P < 0.05 was statistically significant.

Results
Isolation and Identification of Mouse BMSCs
We isolated and characterized the BMSCs used in this study. Consistent with the International Society for Cell Therapy 
(ISCT) criteria,29 the BMSCs showed a spindle shape (Figure 1A). In addition, the isolated BMSCs were undifferentiated, 
and Oil Red O, Alcian Blue, and Alizarin Red staining showed that BMSCs had lipogenic, chondrogenic, and osteogenic 
differentiation potentials after induction in lipogenic, chondrogenic, or osteogenic media (Figure 1A). It was confirmed that 
BMSCs have the characteristics of three-directional differentiation of stem cells. As shown in Supplementary Figure 1C, 
both H8 and H8NV exhibit a prominent peak at 1705 cm−1, indicating the presenceof carbonyl (-C-O) derived from the 
cyclopentane unit structure in H8. Furthermore, twocharacteristic peaks observed at 1157 and 794 cm−1 correspond to 
C-H bending vibrations and further confirm the presence of -CH2 bonds. And, the stretching vibration bond of -C-C was 
observed at 1635 cm−1 and 1457 cm−1, indicating the existence of unsaturated carbon bonds, which originate from the 
structural framework of H8’s benzene unit. These Results indicate that H8 is successfully encapsulated in vesicles.

Preparation and Characterization of H8-BMSCs-NVs
To determine the optimal concentration of H8 for BMSCs, they were treated with different concentrations of H8 for 24 
and 48 h. There was no significant difference between the results at 24 and 48 h by MTT analysis (Figure 1B and C). The 
survival rate of BMSCs was still high at the concentration of H8 of 15 μM (Figure 1B–F). An H8 concentration of 15 μM 
was selected for the subsequent experiments. We isolated NVs from BMSCs by using a microvesicle extruder. BMSCs, 
BMSCs-NVS and H8-BMSCs-NVs markers were identified by Western blot analysis. The BMSCs protein markers CD9 
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and CD63 were enriched in MSCs, while calnexin, an endoplasmic reticulum marker, was present in cells but absent in 
NVs (Figure 1G). These data confirmed the successful preparation of H8-BMSCs-NVs.

H8-BMSCs-NVs Improved Glucose Tolerance and Increased Insulin Sensitivity in T2D 
Mice
To test the hypoglycemic effect of H8-BMSCs-NVs in vivo, we established an HFD/STZ-induced T2D mouse model. 
A significant increase in body weight and blood glucose levels confirmed the successful construction of the T2D model 
(Supplemental Figure 1A, B, 2A and B). After treatment with H8-BMSCs-NVs, BMSCs-NVs, and H8, the weight of T2D 
mice decreased significantly. The effect of H8-BMSCs-NVs was the most prominent, and the weight of T2D mice returned to 
normal after 8 weeks of treatment (Figure 2A). Meanwhile, H8-BMSCs-NVs were the most effective in reducing blood 
glucose levels in T2D mice (Figure 2B). The results of the IPGTT (Figure 2C and D) and IPITT (Figure 2E and F) revealed 
that H8-BMSCs-NVs significantly ameliorated glucose metabolism and insulin sensitivity in T2D mice. In addition, we 
measured serum glucose and insulin levels after eight weeks of treatment with H8-BMSCs-NVs, BMSCs-NVs, and H8. H8- 
BMSCs-NVs most significantly reduced serum glucose and insulin levels compared to the other groups (Figure 2G and H). 

Figure 1 Preparation and identification of H8-BMSCs-NVs. (A) Morphology and three-way induced differentiation of BMSCs. (B–F) BMSCs were treated with different 
concentrations of H8. BMSCs Cell viability at 24 h (B) and 48 h (C). (D) Representative images of live and dead cells. Proportion of live (E) and dead (F) cells. (G) Western 
blotting showing characteristics of BMSCs and NVs using the BMSC markers, CD9 and CD63, and the endoplasmic reticulum marker, calnexin. (*P<0.05, **P<0.01 vs control).
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Homeostasis model of insulin resistance (HOMA-IR) is commonly used to quantify insulin resistance. H8-BMSCs-NVs also 
most significantly decreased the HOMA-IR index compared with the other groups (Figure 2I). These data suggest that H8- 
BMSCs-NVs improved glucose tolerance and increase insulin sensitivity in T2D mice.

H8-BMSCs-NVs Relieved Liver Dysfunction and Improved Lipid Profiles in T2D Mice
We further verified the effects of the H8-BMSCs-NVs on liver dysfunction and lipid metabolism. Treatment with H8, BMSC- 
NVs, and H8-BMSCs-NVS significantly alleviated the increase in hepatic steatosis and liver weight in T2D mice (Figure 3A and 

Figure 2 H8-BMSCs-NVs improve glucose tolerance and increase insulin sensitivity in T2D mice. C57BL/6J male mice were induced T2D by HFD/STZ and treated with H8, 
BMSCs-NVs and H8-BMSCs-NVs for 8 weeks. (A) Changes in body weight were monitored during the experiment. (B) Blood glucose levels measured during the 
experiment. (C and D) Results of IPGTT and the corresponding AUC. (E and F) Results of the IPITT assay and the corresponding AUC. Serum glucose level (G), serum 
insulin level (H) and HOMA-IR index (I) when mice were harvested. All results are expressed as mean ± SD (n = 6 mice per group, $$P<0.01, vs control, *P<0.05, **P<0.01, 
vs Dia, #P<0.05, ##P<0.01, vs H8).
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B). ALT and AST, which are important indicators of liver dysfunction, were significantly elevated in T2D mice compared to those 
in the control group, while the levels of ALT and AST in H8, BMSCs-NVs and H8-BMSCs-NVs-treated groups were significantly 
decreased, and the therapeutic effect of H8-BMSCs-NVs was the most significant (Figure 3C). In addition, we found that H8- 
BMSCs-NVs most effectively promoted lipid metabolism by analyzing the serum lipid profiles (HDL-C, LDL-C, TG, and TC) 
(Figure 3D) and liver lipid profiles (TG and TC) (Figure 3E). The results of liver tissue H&E and Oil Red O staining analysis 
showed that H8-BMSCs-NVs significantly alleviated liver dysfunction and improved lipid accumulation in T2D mice (Figure 3F 
and G). We found that H8-BMSCs-NVs also had the effect of alleviating fibrosis by Masson and Sirius red staining 
(Supplementary Figure 2). These data suggest that H8-BMSCs-NVs improved liver dysfunction and lipid profiles in T2D mice.

H8-BMSCs-NVs Alleviated Inflammatory Response in T2D Mice
We detected the expression levels of inflammatory factors in the serum and liver tissues using ELISA kits, and the experimental 
results showed that H8-BMSCs-NVs most significantly decreased the expression of pro-inflammatory factors (IL-6, IL-1β, and 
TNF-α) and increased the expression of anti-inflammatory factors (IL-10 and IL-11) in T2D mice (Figure 4A and B). To further 
ascertain the tissue toxicities of H8-BMSCs-NVs, histochemical analysis of the heart, liver, spleen, lung, kidney, and brain was 
conducted after administration. No apparent evidence of damage or abnormality was detected in H&E-stained sections of major 
organs harvested from BMSC-NVs or H8-BMSC-NVs -treated mice (Supplementary Figure 3). These data suggested that H8- 
BMSC-NVs inhibited the inflammatory response in T2D mice.

H8-BMSCs-NVs Improve Glucose and Lipid Metabolism in vitro
To investigate the mechanism of H8-BMSCs-NVs against insulin resistant, the corresponding cell line (HepG2) was used 
to investigate. First, we examined the effects of BMSCs-NVs and H8-BMSCs-NVs at different concentrations of and 

Figure 3 H8-BMSCs-NVs improved liver dysfunction and reduced lipid levels in T2D mice. C57BL/6J male mice were induced T2D by HFD/STZ and treated with H8, 
BMSCs-NVs and H8-BMSCs-NVs for 8 weeks. (A and B) Macroscopic photographs of the liver and liver weights. (C) Serum ALT and AST levels. (D) Serum HDL-C, LDL-C, 
TG, and TC levels. (E) Liver TG and TC levels. (F) H&E and Oil Red O staining of liver sections from different mouse groups (scale bar, 100 µm). (G) Quantitative analysis of 
oil red O staining. All results are expressed as mean ± SD (n = 6 mice per group, $$P<0.01, vs control, *P<0.05, **P<0.01, vs Dia, #P<0.05, ##P<0.01, vs H8).
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viability on HepG2 cell viability. We found that both 5 μg/mL BMSCs-NVs and H8-BMSCs-NVs significantly increased 
cell viability, with the highest efficiency at 15 μg/mL and toxicity at concentrations above 30 μg/mL (Figure 5A and B). 
Therefore, BMSCs-NVs and H8-BMSCs-NVs at 5, 10, and 30 μg/mL were selected for further analyses.

An insulin-resistant HepG2 cell model was established as previously described.30 As shown in Figure 5C and D, the 
expression levels of TG and TC were significantly increased in the high glucose and high insulin (HGHI) groups compared to the 
control group. Treatment with BMSCs-NVs and H8-BMSCs-NVs reduced the TG and TC levels induced by the insulin 
resistance model. We found that the treatment effect of H8-BMSCs-NVs was better than that of BMSC-NVs in a dose-dependent 
manner, with the best treatment effect observed at a concentration of 30 μg/mL. Hence, H8-BMSCs-NVs at a concentration of 30 
μg/mL were selected for subsequent experiments. The endocytosis assay showed that both BMSCs-NVs and H8-BMSCs-NVs 
were internalized by HepG2 cells (Figure 5E).

Glucose consumption in the HGHI group decreased significantly (Figure 5F–J), indicating that an extra amount of 
insulin was unable to exert its function and even caused hyperglycemia and impaired glucose metabolism in insulin- 
responsive cells. However, treatment with H8, BMSC-NVs, and H8-BMSCS-NVS increased glucose uptake and reduced 
lipid accumulation in HepG2 cells, with the most significant effect observed for H8-BMSCS-NVS (Figure 5F–H). 
Similarly, H8-BMSCs-NVs most significantly increased glucose consumption and glycogen content under HGHI 
conditions (Figure 5I and J).

H8-BMSCs-NVs Improve Glucose and Lipid Metabolism by PI3K/AKT/AMPK Signaling 
Pathway
The PI3K/AKT/AMPK signaling pathway is a critical regulator of T2D,31 and its activation leads to suppression of 
gluconeogenesis and enhancement of glycogen synthesis.32 Western blot analysis showed that the expression levels of 
p-PI3K, p-AKT, and p-AMPK in the liver tissues of T2D mice were significantly decreased (Figure 6A and B). In 
addition, the expression levels of two key liver gluconeogenic enzymes, PEPCK and G6P, significantly increased in the 
liver tissues of T2D mice (Figure 6A and B). Treatment with H8, BMSCs-NVs and H8-BMSCs-NVs significantly 
activated the PI3K/AKT/AMPK signaling pathway and decreased the expression of PEPCK and G6P, among which H8- 
BMSCs-NVs showed the most significant therapeutic effect (Figure 6A and B). This process was verified in vitro. 
Consistent with the results of the animal experiments, the treatment effect of H8-BMSCs-NVs was most significant under 
HGHI conditions (Figure 6C and D).

Figure 4 H8-BMSCs-NVs improved inflammatory response in T2D mice. C57BL/6J male mice were induced T2D by HFD/STZ and treated with H8, BMSCs-NVs and H8- 
BMSCs-NVs for 8 weeks. (A) Serum levels of IL-6, IL-1β, TNF-α, IL-10, and IL-11 were quantified by ELISA kits. (B) Liver levels of IL-6, IL-1β, TNF-α, IL-10, and IL-11 were 
quantified using ELISA kits. All results are expressed as mean ± SD (n = 6 mice per group, $$P<0.01, vs control, *P<0.05, **P<0.01, vs Dia, #P<0.05, ##P<0.01, vs H8).
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Figure 5 H8-BMSCs-NVs decreased glucose consumption and uptake in HGHI-induced insulin-resistant HepG2 cells. (A) HepG2 cells were incubated with various 
concentrations of BMSC-NVs for 24 hours. Cell viability was determined using an MTT assay. (B) HepG2 cells were incubated with different concentrations of the H8- 
BMSCs-NVs for 24 h. Cell viability was determined using an MTT assay. (C and D) TG and TC levels in different treatment groups were detected using biochemical kits. (E) 
Cellular uptake of NVs. (F) 2-NBDG uptake and Oil Red O staining of HepG2 cells. (G) Quantitative analysis of 2-NBDG uptake. Glucose levels (H), glucose consumption 
(I), and glycogen content (J) in different treatment groups were determined using biochemical kits. Data are representative of at least three independent experiments ($ 

$P<0.01 vs control, *P<0.05, **P<0.01, vs HGHI; #P<0.05, ##P<0.01, vs H8).
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To further analyze whether H8-BMSCs-NVs regulate PEPCK and G6P expression through the PI3K/AKT/AMPK 
signaling pathway, we performed molecular mechanistic studies using a PI3K inhibitor (LY294002) and siRNA (si-PI3K) 
. LY294002 significantly inhibited the H8-BMSCs-NVs activation of the PI3K/AKT/AMPK signaling pathway and 
restored the H8-BMSCs-NVs reduced PEPCK and G6P under HGHI conditions (Figure 7A and B). The experimental 
results for si-PI3K and LY294002 were consistent (Figure 7C and D). These data suggested that H8-BMSCs-NVs 
inhibited the expression of PEPCK and G6P by activating the PI3K/AKT/AMPK signaling pathway.

Figure 6 H8-BMSCs-NVs activated the PI3K/AKT/AMPK signaling pathway and reduced the expression levels of G6P and PEPCK. (A and B) C57BL/6J male mice were 
induced T2D by HFD/STZ and treated with H8, BMSCs-NVs and H8-BMSCs-NVs for 8 weeks. The expression levels of p-PI3K, PI3K, p-AKT, AKT, p-AMPK, AMPK, PEPCK, 
and G6P proteins in liver tissues were determined using Western blot analysis. Protein density was quantified by densitometry. Phosphoprotein levels were normalized to 
total protein levels. The PEPCK and G6P levels were normalized to those of GAPDH. Data are representative of at least three independent experiments ($$P<0.01 vs 
control, *P<0.05, **P<0.01 vs T2D, #P<0.05, ##P<0.01 vs H8). (C and D) HepG2 cells were incubated with H8, BMSCs-NVs or H8-BMSCs-NVs for 24 h. The expression 
levels of p-PI3K, PI3K, p-AKT, AKT, p-AMPK, AMPK, PEPCK and G6P proteins in HepG2 cells were determined using Western blot analysis. The densities of proteins were 
quantified using densitometry. Phospho-proteins were normalized to total proteins. PEPCK and G6P were normalized to GAPDH. The data are representative of at least 
three independent experiments ($$P<0.01, vs control; *P<0.05, **P<0.01 vs HGHI; #P<0.05, ##P<0.01, vs H8).
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Figure 7 H8-BMSCs-NVs decreased G6P and PEPCK expression by the PI3K/AKT/AMPK signaling pathway. (A and B) HepG2 cells were incubated with H8-BMSCs-NVs or 
LY294002 for 24 h. The expression levels of p-PI3K, PI3K, p-AKT, AKT, p-AMPK, AMPK, PEPCK, and G6P proteins in HepG2 cells were determined using Western blot 
analysis. (C and D) HepG2 cells were incubated with H8-BMSCs-NVs or si-PI3K for 24 h. The expression levels of p-PI3K, PI3K, p-AKT, AKT, p-AMPK, AMPK, PEPCK, and 
G6P proteins in HepG2 cells were determined using Western blot analysis. Protein density was quantified by densitometry. Phosphoprotein levels were normalized to total 
protein levels. The PEPCK and G6P levels were normalized to those of GAPDH. The data are representative of at least three independent experiments ($$P<0.01 vs control, 
*P<0.05, **P<0.01 vs HGHI, #P<0.05, ##P<0.01 vs H8-BMSCs-NVs).
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In order to verify whether PI3K inhibitor has the same effect in vivo, we measured the serum TC, TG, HDL-C and 
LDL-C contents after intraperitoneally injecting PI3K inhibitor into mice in the H8-BMSCs-NVs group. We found that 
the effects of H8-BMSCs-NVS on liver function in mice with type 2 diabetes were largely reversed by inhibitors 
(Supplementary Figure 4).

Discussion
NVs are tiny nanoparticles that can carry drugs to specific cells or tissues, with the advantage of precision therapy. In this 
study, we confirmed that H8-BMSCs-NVs reduced blood glucose levels, effectively alleviated liver steatosis, and 
restored liver function in T2D mice. In addition, we confirmed that H8-BMSCs-NVs effectively inhibited lipid 
accumulation in HepG2 cells in an insulin-resistant model. Mechanistic analysis, H8-BMSCs-NVs inhibited the expres-
sion levels of G6P and PEPCK by activating the PI3K /AKT/AMPK signaling pathway.

Extracellular vesicles have been extensively studied as small membrane-bound vesicles released by cells into the 
extracellular environment.33 They contain a range of biomolecules, including proteins, nucleic acids, and lipids, which 
typically range in diameter from 30–150 nanometres and are able to cross biological barriers such as the blood-brain 
barrier, making them promising vectors for drug delivery and disease diagnosis.34 The unique composition and 
biocompatibility of NVs make it an attractive candidate for drug delivery systems and regenerative medicine. NVs 
play an important role in intercellular communication, allowing cells to exchange information and materials.35 One of the 
most promising applications of NVs is drug delivery. Because they are naturally produced by cells, NVs are non-toxic 
and biocompatible.

NVs is an adaptable and promising drug transport and targeting system.36,37 Compared to other microstructures, NVs 
have both hydrophilic and hydrophobic microregions, which enable them to deliver both water-soluble and lipid-soluble 
drugs.38,39 NVs are ideal drug carriers in vivo because of their biofilm structure and good biocompatibility with biofilm.40 

In recent years, several studies have demonstrated the use of NVs as diabetes drug delivery systems to reduce glucose 
and improve insulin sensitivity.22,23 In the present study, we prepared biomimetic exosome NVs generated by continuous 
extrusion with a microvesicle extruder. These vesicles are similar to exosomes in terms of size, morphology, and 
function, and have the advantages of high yield and a simple preparation process.

In previous studies, we found that H8 reduced the effect of reducing blood glucose concentration and effectively 
improved insulin sensitivity in T2D mice, and the effect was better than that of curcumin.41,42 In this study, NVs were 
used as a sustained-release agent to encapsulate H8, and more biologically targeted nanodrugs (H8-BMSCS-NVS) were 
prepared by taking advantage of the fact that it takes a long time for molecules to enter and exit the NVs. Our results 
demonstrated that H8-BMSCs-NVs effectively improved insulin resistance, inhibited hepatic steatosis, and restored 
impaired liver function in T2D mice. H8-BMSCs-NVs also effectively reduced TG and TC levels and inhibited 
intracellular lipid accumulation in the insulin resistance model. However, our current studies are limited to mouse and 
cellular models, and further validation is required in T2D patients.

However, how H8-BMSCs-NVs regulates the immune component, how long it can act in the body after administra-
tion, and whether long-term use will produce biological toxicity are the limitations of our study.

The PI3K/AKT/AMPK signaling pathway plays a key role in glucose homeostasis and energy metabolism, and 
is a potential therapeutic target for T2D.43,44 Binding of insulin to its receptor activates the PI3K/AKT signaling 
pathway, leading to the translocation of GLUT4 to the cell membrane and promoting glucose uptake.45 In an 
insulin resistance model, activation of the PI3K/AKT signaling pathway led to reduced glucose uptake and 
utilization.46 AMPK phosphorylation promotes glucose uptake and utilization in muscles and inhibits glucose 
production in the liver.47 G6P and PEPCK are important regulatory enzymes in the glucose metabolic pathway, 
and are essential for maintaining blood glucose levels during fasting or glucose requirements.48 In this study, we 
found that H8-BMSCs-NVs significantly activated the PI3K/AKT/AMPK signaling pathway and further inhibited 
the expression levels of G6P and PEPCK in the HepG2 cell insulin resistance and T2D mouse models. According 
to research, Nuclear FoxO1 and its downstream genes PEECK and G6P were decreased in the livers of the 
lipocalin2 (LCN2) knockout (LCN2KO) mice, and AMPK activity was stimulated and directly phosphorylated 
FoxO1.49 In vitro, AMPK activity was inhibited in HepG2 cells overexpressing LCN2 leading to a decrease in 
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phosphorylated FoxO1 and an increase in nuclear FoxO1. However, the upstream and downstream relationships of 
proteins in this signaling pathway need to be further explored. Also, we think that primary hepatocytes may be 
better at replicating in vivo conditions, which is a limitation of our experiment. Studies have shown that, 
Application of curcumin-loaded permeation enhancer nanovesicles (PE-NVs) reduced symptoms of hyperpigmen-
tation because of higher accumulation because of better permeation into skin layers. Results confirmed that PE- 
NVs is a potential drug delivery system for topical administration drugs to treat skin-associated inflammatory 
disorders.50 Previous studies have also found that H8-BMSCS-NVS also has a good therapeutic effect on diabetic 
wounds, inhibits inflammation and promotes angiogenesis.51 Therefore, the mechanism of H8-BMSCs-NVs is still 
worth further exploration.

In conclusion, our study confirmed that H8-BMSCs-NVs regulated lipid metabolism disorders and played 
a hypoglycemic role by activating the PI3K/AKT/AMPK signaling pathway, thus improving insulin resistance in T2D 
mice. This study provides a new research basis for the treatment of T2D.

Conclusion
In Conclusion, we have successfully prepared H8-BMSCs-NVs. It can improve glucose tolerance, increase insulin 
sensitivity, improve liver dysfunction, inflammatory response and reduced lipid levels in T2D mice. Meanwhile, H8- 
BMSCs-NVs effectively inhibited intracellular lipid accumulation in insulin resistance models of HepG2 cells. 
Mechanism studies showed that H8-BMSCs-NVs activated the PI3K/AKT/AMPK signaling pathway and decreased 
the expression levels of G6P and PEPCK. Given the abilities of their therapy abilities, as well as the remarkable 
combined effectiveness and biosafety, H8-BMSCs-NVs might be a potential candidate to improve the treatment result of 
T2D, especially liver dysfunction. Due to the complex regulation of immune mechanism in vivo, how drugs regulate 
immune components needs further study. At the same time, we can only prove that the drug has a short-term effect in the 
body is safe, but in the long run, whether the drug has a certain biological toxicity we do not know. All these need our 
further Discussion.
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