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Abstract
BACKGROUND 
Glucotoxic pancreatic β cells impair glycogenesis of hepatocytes, with exosomes 
serving as novel mediators. miR-375-3p is the most abundant miRNA in the 
pancreas and critical for β-cell function, but whether it plays a role in pancreas-
liver crosstalk remains unclear.

AIM 
To investigate the role of miR-375-3p, a key regulator of pancreatic β cells, in 
remotely regulating hepatocyte glycogenesis via exosomes.

METHODS 
Mice fed a high-fat diet (HFD) served as animal models, and mouse primary 
pancreatic islet cells and the β-cell line MIN-6 were used as cellular models. miR-
375-3p expression in pancreatic cells, hepatocytes and exosomes was detected in 
both animal and cellular models. Transwell assays, exosome treatment, and 
exosome-depleted supernatant culture were used to investigate the role of 
exosomal miR-375-3p in pancreatic-hepatocyte crosstalk. The AKT/GSK signaling 
pathway and hepatic glycogen content were used as indicators to evaluate 
hepatocyte glycogenesis. Luciferase reporter assays were used to evaluate the 
downstream targets of miR-375-3p.

RESULTS 
Increased levels of miR-375-3p were observed in both the pancreas and liver of 
HFD-fed mice. In contrast to the in vivo results, high-glucose treatment exclusively 
increased the expression of miR-375-3p in pancreatic cells but had no effect on 
hepatocytes. Furthermore, hepatocytes treated with the supernatant and exo-
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somes from glucotoxic pancreatic cells presented elevated expression of miR-375-3p. Additionally, exosomal 
transfer of miR-375-3p from pancreatic cells to hepatocytes suppressed the AKT/GSK signaling pathway, thereby 
reducing the hepatic glycogen content. Luciferase analysis indicated that the recombination signal binding protein 
for the immunoglobulin kappa J region (Rbpj) is a target gene of miR-375-3p. Rbpj inhibition impaired hepatic 
glycogenesis, and Rbpj overexpression reversed the effect on glycogenesis induced by miR-375-3p.

CONCLUSION 
Pancreatic cell-derived miR-375-3p can be delivered to hepatocytes via exosomes and inhibits hepatocyte gly-
cogenesis by targeting Rbpj.
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Core Tip: Glucotoxic pancreatic β cells impair glycogenesis of hepatocytes, with exosomes serving as novel mediators. 
Glucotoxicity increased the expression of miR-375-3p in pancreatic cells but had no effect on hepatocytes. Exosomal 
transfer of miR-375-3p from pancreatic β cells to hepatocytes enables it to directly target and inhibit the recombination 
signal binding protein for the immunoglobulin kappa J region (Rbpj). This suppression of Rbpj subsequently impairs the 
AKT/GSK-3 signaling pathway, thereby reducing hepatic glycogen content.
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INTRODUCTION
The interaction between pancreatic β cells and hepatocytes plays a central role in regulating systemic glucose homeostasis
[1,2]. Pancreatic β cells secrete insulin, which plays a key role in regulating blood glucose levels by acting on target cells
[2]. The liver, a significant site for venous return, receives a rich supply of insulin through the portal vein. As one of the 
primary target organs of insulin, the process of glycogen synthesis in the liver under insulin stimulation is a critical 
determinant of systemic glucose homeostasis. The liver activates AKT/GSK signaling and promotes glycogenesis upon 
insulin stimulation, which plays an important role in reducing systemic glucose levels[3].

An in-depth study of the endocrine function of pancreatic β cells found that, in addition to secreting traditional 
hormones, pancreatic β cells can secrete novel molecular endocrine hormones, such as exosomes, to participate in the 
regulation of insulin signaling in the liver[4]. Exosomes are extracellular vesicles with a diameter of 30-150 nm that 
facilitate cell-organ communication by encapsulating and delivering a variety of biomolecules through a bilayer 
membrane structure[5]. In recent years, exosomal microRNAs have gained widespread recognition as a novel class of 
communication molecules. These microRNAs are selectively secreted in response to specific stimuli and participate in 
specific physiological or pathological processes in vivo by regulating the expression levels of related genes[6,7]. In the 
context of type 2 diabetes mellitus (T2DM), pancreatic β cells can increase the delivery of deleterious exosomal miRNAs
[8-11] or decrease the delivery of protective exosomal miRNAs[12-15] to peripheral tissues, affecting the disease process
[16]. However, the crosstalk between impaired pancreatic β cells and hepatocytes remains largely unexplored.

miR-375-3p is a small RNA that is highly expressed in pancreatic cells and plays crucial roles in the development and 
differentiation of β cells, their own proliferation, and regulation of insulin secretion[17]. Recent studies suggest that miR-
375-3p has potential as a circulating biomarker for β-cell injury. In pancreatic β cells, expression of miR-375-3p is 
upregulated in response to high glucose stimulation and is subsequently released into the bloodstream[18]. In addition, 
elevated levels of miR-375-3p have been observed in animal models of T2DM as well as in patients with newly diagnosed 
T2DM, with a positive correlation to islet damage[19-22]. However, the role of miR-375-3p derived from glucotoxic 
pancreatic cells in systemic glucose homeostasis has been poorly investigated.

Previous studies have largely focused on the role of pancreatic β cells in reducing insulin secretion under glucotoxic 
conditions, thereby influencing hepatic gluconeogenesis. Here, our findings demonstrate that, in addition to decreased 
insulin level, glucotoxic pancreatic β cells can secrete miR-375-3p encapsulated within exosomes. These exosomes are 
subsequently transferred to hepatocytes, where they target the insulin signaling pathway by inhibiting recombination 
signal binding protein for the immunoglobulin kappa J region (Rbpj), thus modulating AKT/GSK-mediated hepatocyte 
glycogenesis. These results reveal new functions of miR-375-3p and provide fresh insights into the prevention and 
treatment of T2DM from the perspective of interactions between the pancreas and liver. The abbreviations are in Supple-
mentary Table 1.
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MATERIALS AND METHODS
Animals and treatments
Eight-week-old male C57BL/6 mice were obtained from Sibefu Biotechnology Co. (Beijing, China). Twenty mice were 
equally divided into 2 groups and were fed ad libitum for 18 weeks with a standard chow diet (CD, H10010) or a high-fat 
diet (HFD, H10045) obtained from Beijing Huafukang Biotechnology Co. All the mice were housed under a 12:12 Light-
dark cycle with lights on at 07:00 under a constant temperature of 25 °C. All mouse procedures were approved by the 
Laboratory Animal Welfare Ethics Branch of the Biomedical Ethics Committee of Peking University (No. LA2022012).

Isolation and cultivation of mouse primary pancreatic cells
Preliminary pancreatic secretory cell clusters were obtained using in vivo perfusion, in vitro digestion and centrifugation. 
Pancreatic endocrine cells were then enriched by density gradient centrifugation using polysucrose solution, after which 
mouse pancreatic islet cell clusters were obtained by artificial cell sorting[23]. The cells were cultured in RPMI 1640 
medium (Gibco, 11875135) supplemented with 7 mmol/L D-glucose (Solarbio Life Science, G8150), 10% FBS (Gibco, 
A5670701), 100 units/mL penicillin (Sigma, P4458), and 0.1 mg/mL streptomycin (Sigma, P4458). Morphological identi-
fication of pancreatic islet primary cells was accomplished by white light photography of the sorted islet cell clusters.

Cell culture and treatment
The mouse pancreatic β-cell line MIN-6 and hepatic cell line Hep1-6 were purchased from the American Type Culture 
Collection (Manassas, VA, United States). The cells were cultured in low-glucose Dulbecco's modified Eagle's medium 
(DMEM) (Gibco, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/
streptomycin (Sigma, St. Louis, MO, United States) at 37 °C with humidified air and 5% CO2. A high glucose medium at a 
concentration of 33.5 mmol/L was prepared by adding 28 mmol/L D-glucose (Solarbio Life Science) to low-glucose 
DMEM to stimulate cell lines. After the cells were cultured in low-glucose medium for 1 day, they were stimulated with 
low-glucose medium and high-glucose medium for 24 hours. For the exosome secretion inhibition experiment, MIN-6 
cells were pretreated with the exosome inhibitor GW4869 (MedChemExpress) at 2.5 μM, 5 μM, and 10 μM for 24 hours, 
followed by stimulation with 33.5 mmol/L glucose for a further 24 hours.

Exosome isolation and purification
To harvest the exosomes, the medium was replaced with fresh low-glucose DMEM, and cells were cultured for 72 hours. 
Then, the cell culture supernatants were centrifuged at 1000 × g for 20 minutes at 4 °C to remove cell debris and dead 
cells, centrifuged at 10000 × g for 30 minutes at 4 °C to eliminate large vesicles and finally centrifuged at 100000 × g for 4 
hours at 4 °C to obtain exosome deposition. After washing with PBS (100000 × g, 2 hours, 4 °C), the exosome-containing 
pellet was resuspended in PBS. To obtain tissue-derived exosomes, fresh pancreatic tissue was sheared, digested, and 
filtered to obtain pancreatic tissue exosome pellets by differential centrifugation[24].

Exosome characterization and tracing
The size of the exosomes was analyzed via NTA (NanoSight, NS300), and the physical characterization of the exosomes 
was viewed by transmission electron microscopy (JEOL, JEM1400). The expression of exosome surface-specific marker 
proteins FLOT1 (ab41927, Abcam), CD63 (67605-1-Ig, Proteintech), and CD9 (60232-1-Ig, Proteintech) was detected by 
western blot. For exosome tracing, the exosomes were labeled with a PKH26 fluorescent tracer (MINI26-1KT, Sigma-
Aldrich).

Coculture assay
MIN-6 cells were seeded into Transwell chambers (3412, Corning) and cultured for 1-2 days. After being treated with 
low- or high-glucose medium for 1 day, cells were washed with PBS twice. The cells were subsequently cultured with 
Hep1-6 cells placed in the lower chamber at a 1:1 ratio in low-glucose medium for 48 hours. Finally, Hep1-6 cells were 
harvested for downstream analysis.

Construction of recombinant plasmids
The recombinant plasmid pcDNA-Rbpj (Beijing Tsingke Biotech) was constructed by inserting mouse Rbpj cDNA into the 
pcDNA vector. The sequences of Rbpj 3'-UTR predicted to interact with miR-375-3p were cloned and inserted into the 
pmirGLO vector to construct a wild-type recombinant plasmid (pmirGLO-Rbpj-WT), and the binding site was mutated to 
construct a mutant recombinant plasmid (pmirGLO-Rbpj-MT).

Cell transfection
The mimics and inhibitors of miR-375-3p, Rbpj siRNA and negative control were synthesized by GenePharma. Mimics 
and inhibitors were transfected into Hep1-6 cells for 48 hours using Lipofectamine RNAiMAX transfection reagent 
(13778150, Invitrogen), while recombinant plasmids were transfected using VigoFect High Performance Eukaryotic 
Transfection Reagent (T001, Beijing Jiangchen Wenxuan Biotechnology) for 48 hours.

Quantitative polymerase chain reaction analysis
Total RNA was extracted using TRIzol (15596026, Invitrogen) reagent. Then, the RNA was reverse transcribed to cDNA 
using a two-step reversal reagent (RR0307A, Takara) and finally analyzed by quantitative polymerase chain reaction 
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(qPCR) (RR820A, Takara) using an IQ5 system (Bio-Rad). The primers used for reverse transcription were as follows: 
miR-375-3p: 5'-GTCGTATCCAGTGCCAGGGTCGAGGTATTCGCAC TGGATACGACTCAGC-3' and U6: 5'-GTCGTA-
TCCAGTGCCAGGGTCGAGGTATTC GCACTGGATACGACAAA TAT-3'. The primers used for qPCR were as follows: 
miR-375-3p forward: 5'-TTTGTTCGTTCGGCTCGCG-3', miR-375-3p reverse: 5'-GTGCAGG GTCCGAGGT-3', U6 for-
ward: 5'-CGCAGCTACATCTGGCTACTG-3', U6 reverse: 5'-GTGCAGGGTCCGAGGT-3', 18S forward: 5'-GGAAGGG-
GCACCACCAGGAGT-3', 18S reverse: 5'-TGCAGCCCCGGACATCTAAG-3', insulin forward: 5'-GTGGCTTCTTC TACA-
CACC-3', insulin reverse: 5'-TACAATGCCACGCTTCTG-3', Rbpj forward: 5'-GAATTTCCACGCCAGTTCAC-3', and 
Rbpj reverse: 5'-ATACAGGGTCGTCTGCATCC -3'.

Protein extraction and western blot analysis
Total protein was extracted from mouse liver tissue and Hep1-6 cells using RIPA buffer. Protein samples were separated 
using SDS-PAGE gel and transferred to PVDF membranes (Millipore). After being blocked with 5% milk for 2 hours at 
room temperature, the protein blots were incubated with primary antibody overnight at 4 °C, followed by incubation 
with HRP-conjugated anti-IgG (115-035-003, 111-035-003, Jackson ImmunoResearch) for 2 hours at room temperature. 
Finally, the bands were detected using an enhanced chemiluminescence western blot detection kit (F010, Solarbio Life 
Science). Primary antibodies against phospho-AKT (Ser473, 9271, 1:1000), AKT (11E7, 4685, 1:1000), phospho-GSK-3β 
(Ser9, 9323, 1:1000) and GSK-3β (D5C5Z, 12456, 1:1000) were purchased from Cell Signaling Technology. Primary 
antibodies against Rbpj (30044-1-AP, 1:1000), β-Actin (66009-1-Ig, 1:2000) and β-Tubulin (10094-1-AP, 1:2000) were 
purchased from Proteintech.

Glycogen content measurement
The treated cells were incubated in the presence of insulin (0.25 IU/mL) for 3 hours before collection. The glycogen 
content in liver tissues and cells was measured using a glycogen assay kit (A043-1-1; Nanjing Jiancheng Bioengineering) 
according to the manufacturer’s instructions.

Insulin staining of the pancreas
The mouse pancreas specimens were embedded in paraffin and serially sectioned at 6-μm intervals. After dewaxing to 
water, antigen repair, and blocking, the sections were incubated with a primary insulin antibody (GB15334-100, 
Servicebio, 1:200) and then incubated with the corresponding secondary antibody. After counterstaining with DAPI 
(C1002, Beyotime), the sections were sealed with an anti-fluorescence quenching agent (S2100, Solarbio Life Science).

TUNEL detection
The mouse pancreas samples were paraffin-embedded and sectioned. MIN-6 cells were seeded on glass cover slips for 24 
hours and stimulated with low- or high-glucose medium for 24 hours. After fixation and permeabilization, tissue or cells 
were subjected to TUNEL detection using the In Situ Cell Death Detection Kit and fluorescein (Roche, 11684795910) 
according to the instructions.

Luciferase reporter assay
The wild-type recombinant plasmid (pmirGLO-Rbpj-WT) or the mutant recombinant plasmid (pmirGLO-Rbpj-MT) was 
cotransfected with the miR-375-3p mimics or negative control into Hep1-6 cells using VigoFect for 48 hours. The binding 
of Rbpj to miR-375-3p was detected using the Dual-Luciferase Assay Kit (E1910, Promega) according to the 
manufacturer’s instructions.

Statistical analysis
The data are expressed as the mean ± SE. The two-tailed unpaired Student's t-test or analysis of variance was used to 
analyze the data, and a value of P < 0.05 was considered statistically significant.

RESULTS
HFD induces pancreas and liver dysfunction in mice
HFD is a commonly used diet in mouse models of T2DM. In line with results of previous studies, compared with CD-fed 
mice, HFD-fed mice exhibited markedly elevated fasting blood glucose levels (Figure 1A) and signs of pancreatic tissue 
damage, including increased apoptosis (Figure 1B and C) and reduced insulin levels (Figure 1D-F). In addition to 
pancreatic injury, the livers of HFD-fed mice also exhibited obvious characteristics of impaired glycogenesis, including 
suppression of the AKT/GSK signaling pathway (Figure 1G-I) and decreased liver glycogen content (Figure 1J).

Supernatants of glucotoxic pancreatic cells impair glycogenesis of hepatocytes
First, we assessed whether glucotoxic pancreatic cells influenced glycogenesis of hepatocytes through the microenvir-
onment. The MIN-6 mouse pancreatic β-cell line treated with high glucose (33.5 mmol/L) presented a decrease in cell 
viability (Figure 2A), elevated apoptosis (Figure 2B and C), and reduced insulin mRNA levels (Figure 2D), indicative of 
substantial glucose-induced cell damage. Subsequently, conditioned media from glucotoxic MIN-6 cells and control cells 
were collected and used to treat Hep1-6 cells. The results demonstrated that the medium from glucotoxic MIN-6 cells led 
to decreased AKT and GSK-3β phosphorylation levels in Hep1-6 cells (Figure 2E-G) and a reduction in glycogen content 
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Figure 1 High-fat diet feeding induces pancreas and liver dysfunction in mice. The mice were fed a chow diet or high-fat diet for 18 weeks. A: Fasting 
blood glucose levels; B: TUNEL staining for apoptotic cells in the pancreas; C: Quantification of TUNEL-positive cells via ImageJ software; D: Immunofluorescence 
staining for insulin in the pancreas; E:  Insulin mRNA levels in the pancreas; F: Quantification of insulin-positive areas using ImageJ software; G: Western blot 
analysis of AKT/GSK signaling in the liver; H and I: Densitometric quantification of relative protein levels normalized to β-actin performed using ImageJ; J: Liver 
glycogen content. The experiments were repeated three times. aP < 0.05, bP < 0.01, cP < 0.001. Scale bar: 20 μm. Western blot raw data in Supplementary material.

(Figure 2H). Similar results were obtained when Hep1-6 cells were treated with media from primary islet cells (IPCs) 
derived from HFD-fed or CD-fed mice (Figure 2I-L).

To better replicate the cellular microenvironment, we cocultured MIN-6 cells and hepatocytes in a Transwell plate. Our 
data revealed that AKT/GSK signaling was suppressed in hepatocytes cocultured with MIN-6 cells treated with high 
glucose (Figure 2M-O), and the glycogen content was also decreased (Figure 2P). Collectively, these results indicate that 
glucotoxic pancreatic cells can modulate the glycogenesis of hepatocytes via the microenvironment.

Exosomes secreted by glucotoxic pancreatic cells reduce glycogenesis in hepatocytes
Exosomes are novel mediators that regulate the subtle interactions between cells. To evaluate whether exosomes mediate 
the crosstalk between glucotoxic pancreatic cells and hepatocytes, we first harvested exosomes from mouse pancreatic 
cells, IPCs, and MIN-6 cells. Then, we employed NanoSight technology to analyze the particle size distribution of the 
exosomes (Figure 3A), observed their morphology using electron microscopy (Figure 3B), and detected the surface 
markers of exosomal membrane proteins via western blotting (Figure 3C), which confirmed the successful isolation of the 
exosomes.

We investigated whether exosomes derived from glucotoxic pancreatic cells could enter hepatocytes and participate in 
the regulation of glycogenesis in hepatocytes. We treated hepatocytes with the collected exosomes and labeled them with 
PKH26 dye, and immunofluorescence tracking confirmed that the exosomes were efficiently internalized by the 
hepatocytes (Figure 3D). Next, we explored whether exosomes are involved in the impairment of hepatocyte glycogenesis 
induced by glucotoxic pancreatic cells. As shown in Figure 3E-H, exosomes released from the IPCs of HFD-fed mice 
decreased the phosphorylation levels of AKT and GSK-3β and inhibited glycogen synthesis in hepatocytes. Similarly, 
exosomes derived from glucotoxic MIN-6 cells also suppressed the activation of AKT and GSK-3β in hepatocytes 
(Figure 3I-K) and reduced the glycogen content (Figure 3L). In contrast, treatment of hepatocytes with cell culture 
supernatant devoid of exosomes did not alter the phosphorylation levels of AKT and GSK-3β (Figure 3M-R) or glycogen 
content (Figure 3S and T). These findings imply that exosomes originating from glucotoxic pancreatic cells serve as the 
primary mediators, contributing to the decline in glycogenesis of hepatocytes.

miR-375-3p is transferred from glucotoxic pancreatic cells to hepatocytes via exosomes
miR-375-3p is a miRNA that is highly expressed in islets. We conducted a comparative analysis of miR-375-3p expression 
levels in the mouse pancreas and liver, as well as in IPCs and liver parenchymal cells. In accordance with results of 
previous studies, our findings confirmed that miR-375-3p was highly abundant in pancreatic cells and the expression 
level of miR-375-3p in pancreatic cells was much higher than that in hepatocytes (Figure 4A-C).

Next, we compared the effects of glucotoxicity on miR-375-3p expression in both pancreatic cells and hepatocytes. In 
vivo, our results revealed significant upregulation of miR-375-3p expression in both the liver and pancreas following HFD 
feeding (Figure 4B and C). Unlike the in vivo data, high-glucose treatment upregulated miR-375-3p expression in the 
MIN-6 mouse pancreatic β cell line but had no effect on miR-375-3p expression in Hep1-6 cells (Figure 4A). Notably, 
similar results were observed in pancreatic cells and hepatocytes, both of which were treated with high palmitate concen-
trations (data not shown). These findings indicate that glucotoxicity induces increased expression of miR-375-3p in 
pancreatic cells but not in hepatocytes. These observations suggest that the elevated levels of miR-375-3p in the liver of 
HFD-fed mice may originate from the pancreas.

To confirm that miR-375-3p from pancreatic cells can be transferred to hepatocytes via the microenvironment, we 
treated hepatocytes with supernatants collected from IPCs and MIN-6 cells. Conditioned medium from both HFD-

https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
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Figure 2 Supernatants of glucotoxic pancreatic cells impair glycogenesis of hepatocytes. MIN-6 cells were treated with low (5.5 mmol/L) or high 
(33.5 mmol/L) glucose. A: Cell viability was detected by MTT assay; B and C: TUNEL staining and quantification of apoptotic MIN-6 cells; D: Insulin mRNA expression 
levels in MIN-6 cells. Hep1-6 cells were treated with supernatant from MIN-6 cells (MIN6-Sup); E-G: Western blot analysis of AKT and GSK-3β phosphorylation 
levels; H: Detection of the glycogen content. Hep1-6 cells were treated with conditioned media from primary islet cells (IPC-Sup) of high-fat diet-fed or chow diet-fed 
mice; I-K: Western blot analysis of AKT and GSK-3β phosphorylation levels; L: Detection of the glycogen content. MIN-6 and Hep1-6 cells were cocultured using 
Transwell plates; M-O: Western blot analysis of AKT and GSK-3β phosphorylation levels; P: Detection of the glycogen content. The experiments were repeated three 
times. aP < 0.05, bP < 0.01, cP < 0.001. Western blot raw data in Supplementary material.

derived IPCs and high-glucose-treated MIN-6 cells significantly increased miR-375-3p levels in hepatocytes (Figure 4D 
and E). Similar results were obtained from Transwell coculture experiments (Figure 4F). Additionally, we observed a 
marked increase in miR-375-3p expression in the plasma of HFD-fed mice (Figure 4G). Collectively, these findings 
demonstrate that miR-375-3p can be transmitted from pancreatic cells to hepatocytes through the microenvironment.

Next, we investigated whether miR-375-3p can be transferred via exosomes. Notably, we detected a substantial increase 
in miR-375-3p expression in exosomes derived from the pancreas, IPCs of HFD-fed mice, and high-glucose-stimulated 
MIN-6 cells (Figure 4H-J). Importantly, hepatocytes treated with exosomes from HFD-derived pancreatic IPCs or high-
glucose-stimulated MIN-6 cells presented marked upregulation of miR-375-3p, whereas exosome-depleted supernatants 
failed to alter its expression (Figure 4I-J). Collectively, these results demonstrate that exosomes act as essential carriers for 
miR-375-3p delivery under glucotoxic conditions. This conclusion was further strengthened by experiments showing that 
blocking exosome secretion with GW4869 diminished miR-375-3p transfer from pancreatic β cells to hepatocytes in a 
concentration-dependent manner (Figure 4K).

miR-375-3p inhibition abrogates the influence of glucotoxic pancreatic cell-derived exosomes on hepatocytes
First, we explored the role of miR-375-3p in hepatocyte glycogenesis. Transfection of Hep1-6 cells with miR-375-3p 
mimics reduced the levels of AKT and GSK-3β phosphorylation (Figure 5A-C) and decreased glycogen content 
(Figure 5D). These findings suggest that miR-375-3p acts as a negative regulator of glycogenesis in hepatocytes.

We subsequently investigated whether miR-375-3p mediated the effects of pancreatic cell-derived exosomes on 
hepatocytes. Transfection of Hep1-6 cells with an miR-375-3p inhibitor reversed the inhibitory effects of exosomes on 
AKT and GSK-3β activation (Figure 5E-G) and restored glycogen content (Figure 5H) in hepatocytes. These findings 
confirm that glucotoxic pancreatic β cells reduce hepatocyte glycogenesis through exosomal delivery of miR-375-3p.

https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
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Figure 3 Exosomes secreted by glucotoxic pancreatic cells reduce hepatocyte glycogenesis. A: Exosome identification by NanoSight particle size 
analysis; B: Exosome morphology visualized by transmission electron microscopy; C: Western blot analysis of exosomal markers (CD63, CD9, and FLOT1); D: 
Tracking of pancreatic cell-derived exosomes labeled with PKH26 dye in Hep1-6 cells; E-L: Western blot analysis of AKT/GSK signaling (E-G, I-K) and glycogen 
content (H and L) in Hep1-6 cells treated with exosomes from High-fat diet (HFD) mouse islet primary cells (IPC-Exos) and MIN-6 cells (MIN-6 Exos); M-T: Western 
blot analysis of AKT/GSK signaling (M-O, P-R) and glycogen content (S and T) in Hep1-6 cells treated with exosomes-free conditioned media from HFD mouse islet 
primary cells (IPC-Exos free) and MIN-6 cells (MIN-6 Exos free). The experiments were repeated three times. Western blot raw data in Supplementary material. aP < 
0.05, bP < 0.01, cP < 0.001. CD63: Cluster of differentiation 63; CD9: Cluster of differentiation 9; FLOT-1: Flotillin.

miR-375-3p regulates hepatocyte glycogenesis via Rbpj
We used the miRNA target gene prediction database to identify potential targets of miR-375-3p related to insulin 
signaling. TargetScan analysis revealed that there was a binding site for miR-375-3p in the 3' untranslated region (3'-UTR) 
of Rbpj (Figure 6A).

Rbpj is a key regulator of AKT signaling. We investigated the role of Rbpj in hepatocyte glycogenesis. Following the 
transfection of Hep1-6 cells with siRNA targeting Rbpj, we observed a reduction in the phosphorylation levels of AKT 
and GSK-3β (Figure 6B-E) and a decrease in glycogen content (Figure 6F) in hepatocytes. In addition, overexpression of 

https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
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Figure 4 miR-375-3p is transferred from glucotoxic pancreatic cells to hepatocytes via exosomes. Relative miR-375-3p levels were quantified by 
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quantitative reverse transcription polymerase chain reaction. A: Hep1-6 and MIN-6 cells after low- or high-glucose stimulation; B: Pancreatic and liver tissues of high-
fat diet (HFD)-fed or chow diet (CD)-fed mice; C: Primary islet cells (IPCs) and LPCs from HFD-fed or CD-fed mice; D: Hep1-6 cells treated with conditioned media 
from IPCs (IPC-Sup); E: Hep1-6 cells treated with conditioned media from MIN-6 cells (MIN6-Sup); F: Hep1-6 cells cocultured with MIN-6 cells using Transwell plates 
(MIN6-Transwell); G: Plasma of HFD-fed or CD-fed mice; H-J: Exosomes or exosome-depleted supernatantsisolated from pancreatic tissues (pancreas-Exos), IPCs 
(IPC-Exos), and MIN-6 cells (MIN-6 Exos); K: Hep1-6 cells treatment with conditioned media from GW4869-treated MIN-6 cells. The experiments were repeated three 
times. aP < 0.05, bP < 0.01, cP < 0.001.

Figure 5 miR-375-3p inhibition abrogates the influence of glucotoxic pancreatic cell-derived exosomes on hepatocytes. Hep1-6 cells were 
transfected with miR-375-3p mimics or control mimics for 48 hours using RNAi Max. A-C: Western blot analysis of AKT/GSK signaling and quantification of 
phosphorylated proteins; D: Glycogen content analysis in Hep1-6 cells. Hep1-6 cells were transfected with a miR-375-3p inhibitor or control inhibitor for 48 hours and 
treated with exosomes from low- or high-glucose-stimulated MIN-6 cells for 24 hours; E and F: Western blot analysis of AKT/GSK signaling and Rbpj protein levels; 
G: Densitometric quantification of the relative protein levels normalized to β-actin performed using ImageJ; H: Glycogen content analysis in Hep1-6 cells. The 
experiments were repeated three times. aP < 0.05, cP < 0.001. Western blot raw data in Supplementary material.

https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
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Figure 6 miR-375-3p regulates hepatocyte glycogenesis via Rbpj. A: Schematic diagrams illustrating the miR-375-3p binding site in the Rbpj 3'-
untranslated region (UTR) predicted by TargetScan. Hep1-6 cells were transfected with a miR-375-3p inhibitor or control inhibitor for 48 hours; B-E: Western blotting 
of AKT/GSK signaling and protein level of Rbpj; F: Detection of glycogen content. Hep1-6 cells were cotransfected with miR-375-3p mimics and Rbpj expression 
plasmid or empty vector for 48 hours; G-J: Western blotting of AKT/GSK signaling and the protein level of Rbpj; K: Detection of the glycogen content; L-N: 
Quantification of Rbpj protein (L and M) and mRNA (N) levels in Hep1-6 cells transfected with miR-375-3p mimics or control mimics; O-Q: Protein and RNA levels of 
Rbpj in the livers of high-fat diet-fed mice and chow diet-fed mice; R-U: Protein and RNA levels of Rbpj in Hep1-6 cells treated with exosomes secreted from MIN-6 
cells after low- or high-glucose stimulation (R and S) or with miR-375-3p inhibitor (T and U); V: Schematic diagrams of the mutated miR-375-3p binding site in the 
Rbpj 3'-UTR; W and X: Hep1-6 cells were cotransfected with miR-375-3p mimics and pmirGLO-Rbpj-WT/MUT plasmids, followed by luciferase reporter assay. The 
experiments were repeated three times. aP < 0.05, bP < 0.01, cP < 0.001. Western blot raw data in Supplementary material.

Rbpj in hepatocytes reversed the impairment of the AKT/GSK pathway (Figure 6G-J) and glycogen synthesis (Figure 6K) 
induced by miR-375-3p overexpression.

Next, we investigated whether miR-375-3p affects the expression of Rbpj. Transfection with miR-375-3p mimics 
reduced both protein and mRNA levels of Rbpj (Figure 6 L-N) in Hep1-6 cells. The protein and mRNA levels of Rbpj 
were significantly reduced in the liver of HFD-fed mice (Figure 6O-Q), In addition, treatment of Hep1-6 with exosomes 
derived from high-glucose-stimulated MIN-6 cells decreased Rbpj protein expression (Figure 6R and S). Transfection of a 
miR-375-3p inhibitor abolished the influence of glucotoxic pancreatic-cell-derived exosomes on Rbpj protein expression in 
Hep1-6 cells (Figure 6T and U).

To confirm that Rbpj is a target gene of miR-375-3p, we constructed a wild-type Rbpj recombinant plasmid (pmirGLO-
Rbpj-WT) and a mutant recombinant plasmid (pmirGLO-Rbpj-MT) (Figure 6V). The results of the luciferase reporter 
assay demonstrated that the overexpression of miR-375-3p suppressed the luciferase activity of Rbpj-WT but not that of 
Rbpj-MT (Figure 6W and X). These findings confirmed that miR-375-3p can directly bind to the 3'-UTR of Rbpj.

All these results suggest that miR-375-3p regulates hepatocyte glycogenesis through Rbpj.

DISCUSSION
In this study, we revealed a new role of miR-375-3p in addition to its role in pancreatic β cells. We elucidated that 
glucotoxicity-damaged pancreatic β cells can secrete miR-375-3p in the form of exosomes, which are then transferred to 
hepatocytes. Exosomal transfer of miR-375-3p from pancreatic β cells affects AKT/GSK-mediated hepatocyte 
glycogenesis by inhibiting Rbpj (Figure 7). These results demonstrate for the first time the regulatory role of pancreatic-β-
cell-derived miR-375-3p in hepatic glycogenesis via exosomes, revealing a novel mechanism by which intracellular 
regulators in the pancreas remotely modulate glucose metabolic homeostasis.

As an important endocrine organ, the pancreas plays a crucial role in regulating glucose homeostasis in the body. 
Pancreatic β cells play a decisive role in the body's glucose metabolic homeostasis because the decline in insulin levels 
caused by cell loss and functional failure is highly correlated with the occurrence and deterioration of DM[24,25]. 
Glucotoxicity is one of the important factors causing β cell damage. Consistent with previous results, we found that high 
glucose levels led to decreased insulin secretion and increased apoptosis in the pancreas as well as in the β-cell line MIN-
6.

The liver is one of the major target organs of insulin, and impaired glycogenesis is a hallmark of hepatic insulin 
resistance. Previous studies have shown that glucotoxic pancreatic β cells impair the glycogenesis of hepatocytes, which 
impairs systemic glucose homeostasis. By using Transwell assays and supernatant culture, we revealed that glucotoxicity 
not only induces damage to the pancreatic cells themselves but also influences hepatocyte glycogenesis through the 
microenvironment.

What mediates the interaction between glucotoxic pancreatic cells and hepatocytes in the microenvironment? Insulin, 
the primary effector molecule regulating insulin target organ actions, was initially identified. Additionally, soluble 
cytokines such as interleukin-6 have been reported to participate in the functional regulation of target organs. With the 

https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9e48395a-c0be-4d19-ad90-3f40d8913e05/109815-supplementary-material.pdf
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Figure 7 Schematic diagram of the mechanism underlying pancreatic-cell-derived miR-375-3p inducing impairment of hepatocyte 
glycogenesis. Glucotoxicity specifically upregulates miR-375-3p in pancreatic cells but not in hepatocytes. Pancreatic cell-derived miR-375-3p is delivered to 
hepatocytes via exosomes, leading to reduced glycogenesis. miR-375-3p inhibits the AKT/GSK signaling pathway by targeting Rbpj, thereby impairing hepatocyte 
glycogenesis. Figure created by Figdraw.

deepening of research into the endocrine function of pancreatic β cells, it has been found that these cells can also regulate 
insulin signaling pathways in insulin target organs such as the liver through novel molecules such as exosomes[26]. Since 
Transwell and supernatant experiments cannot completely rule out the influence of soluble cytokines on hepatocytes, we 
isolated and purified pancreatic cell-derived exosomes using ultracentrifugation. PKH26 Labeling experiments 
demonstrated that pancreatic cell-derived exosomes can enter hepatocytes. Subsequent experiments with conditioned 
media depleted of exosomes and exosome-treated hepatocytes revealed that exosomes indeed mediate the regulation of 
glycogenesis in hepatocytes by glucotoxic pancreatic cells. Notably, although high-glucose treatment can lead to 
alterations in insulin secretion from pancreatic cells, we did not detect any influence of pancreatic-cell-secreted insulin on 
insulin signaling pathways and hepatic glycogen synthesis in hepatocytes cultured with pancreatic cells with exosome-
depleted conditioned medium. One possible reason is that all the aforementioned assays, including AKT/GSK signaling 
and glycogen synthesis, required the addition of exogenous insulin (0.25 IU/mL) in vitro, which provides a concentration 
much greater than the level of insulin secreted by pancreatic cells themselves. Although our results did not confirm the 
role of insulin in the microenvironment, they clearly demonstrated the role of exosomes in microenvironmental cell-cell 
communication.

Various miRNA molecules, such as miR-9, miR-124a, miR-143, miR-338-3p, miR-7, and miR-184, are involved in the 
regulation of insulin secretion and apoptotic injury in pancreatic β cells[27-33]. miR-375-3p, the most abundant miRNA in 
the pancreas[17,34], is involved in the regulation of pancreatic cell apoptosis and is closely related to pancreas injury[35]. 
El Ouaamari et al[36] reported that miR-375-3p promotes pancreatic β-cell apoptosis through the inhibition of 
phosphatidylinositol 3-phosphate-dependent protein kinase 1, whereas Li et al[37] reported that, in the presence of 
palmitic acid stimulation, miR-375-3p promotes pancreatic β-cell apoptosis through the downregulation of myotrophin. 
Consistent with previous studies, our results revealed that pancreatic cell injury was accompanied by a significant 
increase in miR-375-3p expression in pancreatic cells.

Recently, several studies have shown that some important regulators in pancreatic β cells not only function within 
pancreatic β cells but also act in an exosomal manner to regulate insulin signaling in insulin target cells. For example, 
peripheral insulin sensitivity is induced by injured β cells through decreasing the exosomal translocation of protective 
miR-26a[14]. Pancreatic cell-derived exosomal miR-15a translocates to retinal cells and causes retinal damage by inducing 
oxidative stress, leading to diabetic complications[38]. Exosomal miR-29s released by pancreatic β cells can control 
glucose homeostasis by targeting hepatic insulin signaling[26]. As a pancreas-enriched miRNA critical for β-cell function, 
whether miR-375-3p is released via exosomes to act on other insulin target organs remains unclear.

We compared the expression of miR-375-3p in the pancreas and liver. As expected, as a miRNA highly expressed in the 
pancreas, miR-375-3p expression levels were hundreds of times higher than those in the liver before and after high-
glucose treatment, whether in MIN-6 vs Hep1-6 cells, primary pancreatic cells vs liver cells, or pancreas vs liver tissues. 
Notably, high glucose levels increased miR-375-3p in pancreatic cells but not in hepatocytes in vitro. Conversely, HFD 
feeding upregulated miR-375-3p in mouse livers in vivo. These observations suggest that hepatic miR-375-3p elevation in 
HFD-fed mice originates from the pancreas.

To address this issue, we used pancreatic cell supernatant to culture hepatocytes and carried out a Transwell assay to 
coculture MIN-6 cells with hepatocytes to simulate the in vivo environment. The results showed that miR-375-3p 
produced by pancreatic cells could be delivered to hepatocytes through the microenvironment. Further treatment with 
exosomes or exosome-depleted culture supernatants revealed that miR-375-3p produced by pancreatic cells was 
delivered to hepatocytes via exosomes.
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What effects does exosomal miR-375-3p exert when it enters the liver? Impaired glycogenesis is a hallmark of reduced 
insulin sensitivity in hepatocytes, where insulin promotes hepatic glycogen synthesis through the phosphoinositide 3 
kinase/AKT/GSK signaling pathway. We treated hepatocytes with supernatants from cultured pancreatic cells, 
Transwell assays, exosomes and exosome-depleted supernatants to measure p-AKT and p-GSK-3β levels in the insulin 
signaling pathway and glycogen content. The results showed that glucotoxicity-induced damage to pancreatic cells could 
reduce hepatocyte glycogenesis through exosomal delivery.

To clarify the role of miR-375-3p during this process, we overexpressed miR-375-3p in hepatocytes or inhibited its 
expression in hepatocytes. The results revealed that the overexpression of miR-375-3p led to impaired hepatocyte 
glycogenesis, whereas the inhibition of miR-375-3p expression ameliorated the effect of pancreatic-cell-derived exosomes 
on hepatocyte glycogenesis. Considering these findings together, exosomal miR-375-3p derived from pancreatic cells 
mediated the reduction in hepatocyte glycogenesis.

miRNAs are able to bind to the 3'-UTR of target gene mRNAs to negatively regulate protein expression, thereby 
participating in physiological and pathological processes[39]. To further explore the specific mechanism by which miR-
375-3p participates in the glycogenesis of hepatocytes, we identified Rbpj as a potential target of miR-375-3p using 
TargetScan bioinformatics analysis and confirmed by luciferase reporter analysis that miR-375-3p targeted Rbpj and 
significantly downregulated its expression. Rbpj is a key transcription factor involved in cell proliferation, differentiation 
and development. Previous studies have demonstrated that Rbpj can positively regulate AKT signaling, thereby affecting 
the transmission and effects of the insulin signaling pathway[40]. In vitro experiments demonstrated that the inhibition of 
Rbpj likewise inhibited hepatic glycogenesis, while overexpression of Rbpj reversed the damage to the insulin signaling 
pathway caused by miR-375-3p overexpression. Collectively, these results demonstrate that miR-375-3p regulates 
hepatocyte glycogenesis by inhibiting Rbpj expression.

Nevertheless, it is imperative to acknowledge the limitations of our study. Firstly, there was a lack of human clinical 
validation. Secondly, the in vivo delivery efficiency remained low due to the insufficient hepatocyte-targeting specificity 
of natural exosomes in systemic circulation. Future research should concentrate on verifying clinical relevance and 
optimizing delivery strategies. This includes establishing a dynamic association between miR-375-3p and liver glycogen 
synthesis in T2DM, and developing engineered targeting vectors (such as galactose modification or GPC3 affinity 
peptides) to enhance liver enrichment efficiency. Additionally, this study identified an exosome-mediated pancreas-liver 
axis. Beyond pancreatic exosomes, extracellular vesicles from other sources (e.g., adipose tissue and intestinal epithelium) 
may also regulate hepatic and systemic metabolism[41,42]. Exploring the cross-talk network of these multi-tissue 
extracellular vesicles could deepen understanding of metabolic regulation and aid in identifying new therapeutic targets 
for metabolic diseases[43].

CONCLUSION
This study revealed a novel mechanism of intercellular communication between the pancreas and the liver. We 
demonstrated that under glucotoxic conditions, pancreatic β-cells secreted exosomes containing miR-375-3p. These 
exosomes acted as vehicles to deliver miR-375-3p to hepatocytes, where it impaired hepatic glycogenesis by directly 
targeting and inhibiting its downstream gene, Rbpj. This discovery not only expands our understanding of the endocrine 
function of exosomes in regulating systemic glucose metabolism but also identifies miR-375-3p as a critical mediator in 
pancreas-liver crosstalk, offering a potential therapeutic target for metabolic diseases such as T2DM.
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