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Recently, the prevalence of diabetes mellitus (DM) in the world continues to rise, which has seriously 
threatened human health. Enhanced pancreatic β-cell death is one of the important factors in 
the pathogenesis of type 1 diabetes mellitus (T1DM). Berberine, an alkaloid, plays a series of 
pharmacological functions in many disease. The purpose of this study was to explore the specific 
mechanisms of berberine in the high glucose (HG) stimulated pancreatic β-cell. The 30 mM D-glucose 
stimulated mouse pancreatic β cells (NIT-1) was used to estabilish T1DM model in vitro. Then the 
cell viability was detected by CCK-8 assay. The lactic dehydrogenase (LDH), reactive oxygen species 
(ROS), Iron, malondialdehyde (MDA), glutathione (GSH), and glutathione peroxidase 4 (GPX4) levels 
were determined by corresponding kits. The cell death was evaluated by PI staining. Western blot was 
performed to measure the O-linked N-acetylglucosamine (O-GlcNAc) and O-GlcNAc transferase (OGT) 
protein levels. The results showed that berberine treatment significantly increased the cell viability, 
GPX4 activity and GSH levels, and decreased the ROS, Iron, MDA levels and PI positive cells in the 
HG stimulated NIT-1 cells. Additionally, the molecular docking analysis showed that berberine could 
bind to OGT. Berberine treatment significantly decreased the global O-GlcNAc levels and OGT protein 
expression in the HG stimulated NIT-1 cells. Furthermore, OGT overexpression reversed the role of 
berberine in the HG stimulated NIT-1 cells. This study demonstrated that berberine treatment inhibited 
the ferroptosis of pancreatic β-cell under high-glucose condition via decreasing the OGT expressions.
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In recent years, the prevalence of diabetes mellitus (DM) in the world continues to rise, which has seriously 
threatened human health1. With the improvement of life, the prevalence of diabetes among Chinese people has 
continued to rise, accounting for 7.5% of the total population 1%, higher than the global average, ranking first 
in the world2. In diabetes, type 1 diabetes mellitus (T1DM) accounts for more than 5% of the total number of 
patients3. Insulin resistance and impaired pancreatic β-cell function are the two most important factors in the 
pathogenesis of T1DM4. According to previous reports, impaired function β cell is closely related to the decrease 
of β cell number. In the T1DM progression, the decrease of β cells was due to cell death rather than the decrease 
of newborn B cells5,6. Therefore, explore the specific mechanisms of islets β cells plays an important role in the 
prevention and treatment of T1DM.

Coptis chinensis is a widely used medicinal material for the treatment of traditional Chinese medicine 
(TCM) diseases, which was demonstrated to have the effect of clearing away heat and toxic material7–9. Western 
medicine confirmed that the main component of coptis chinensis is berberine, an alkaloid, which plays a series of 
pharmacological functions as an active ingredient in many medicinal materials10. In addition to the antibacterial, 
antiviral, anti-inflammatory, and anti diarrhea functions11,12, berberine also has significant improvement effects 
on metabolic, neurological, and heart diseases13,14. Previous studies have demonstrated that berberine plays 
an important role in the growth of islets β cells15,16. However, the specific mechanisms of berberine in T1DM 
remains unclear.

Posttranslational modification of proteins enables cells to respond quickly to internal and external signals 
through direct and dynamic control of protein function17. O-glycosylation is a nonclassical glycosylation 
involving a single O-linked N-acetylglucosamine (O-GlcNAc) partially connecting to serine and threonine 
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residues of cytoplasmic, nuclear, and mitochondrial proteins18. Unlike phosphorylation, which is regulated 
by hundreds of kinases, there is only one intracellular O-GlcNAc glycosyltransferase (OGT) and O-GlcNAc 
glycosidase (OGA) that regulate the O-GlcNAc modification process19. Under the catalytic action of OGT, UDP 
GlcNAc is connected to the exposed silk/threonine residue of the protein to complete O-GlcNAc modification20; 
Under the action of OGA, GlcNAc is hydrolyzed from the peptide chain of protein to complete the degradation 
of glycosylation21. Previous studies have demonstrated that OGT mediated O-GlcNAc aggravated the DM 
development22,23. Therefore, we speculated whether berberine can regulate the O-GlcNAc modification in DM 
progression, thereby inhibiting cell death of islets β cells.

Therefore, in this study, mouse pancreatic β cells were treated with high glucose to establish the DM model 
in vitro to explore the role of berberine in the injury of mouse pancreatic β cells. NIT-1 cell line was derived 
from murine pancreatic β-cells line derived from the hybrid rat insulin-promoter/SV40 large T-antigen Non-
Obese Diabetic (NOD) mouse24. Our use of this cell line provides a relevant in vitro model for investigating 
the mechanisms underlying β-cell dysfunction and death, including ferroptosis, in the context of T1DM. We 
hypothesized that berberine inhibited the cell death of β cells through inhibiting the OGT mediated O-GlcNAc.

Materials and methods
Cell culture and treatment
Mouse pancreatic β cells (NIT-1) were purchased from Procell (Wuhan, China). The DMEM-F12 medium 
containing 10% fetal bovine serum was used to perform the cell culture. The cultivation condition of the 
humidified incubator was set to 95% air, 5% CO2 and 37 °C. After incubation, the cells were treated with 30 
mM D-glucose to establish the DM injury model (high glucose, HG group), and the cells in the control group 
were cultured in the normal medium (normal control, NC group). For berberine treatment, the cells were 
cultured in the medium containing different dose of berberine (0.2, 0.4 and 0.6 µM) for 24 h, respectively. For 
cell transfection, the OGT overexpressed vector and empty vector were acquired from Genepharma (Shanghai, 
China), and transfected into the cells using Lipofectamine 3000 (Invitrogen) for 48  h. Then, the cells were 
collected for the next experiments.

CCK-8 assay
After treatment, the cells were resuspended to 3 × 105 cells/ml. Then 200 µl of cells were seeded into a 24-well 
plate and treated with 10 µl of CCK-8 regents for 2 h. Subsequently, cell viability was determined using microplate 
at the wavelength of 450 nm.

Determination of LDH, ROS, iron, MDA, GSH, and GPX4 levels
The lactic dehydrogenase (LDH), reactive oxygen species (ROS), Iron, malondialdehyde (MDA), glutathione 
(GSH), and glutathione peroxidase 4 (GPX4) levels in the cells of each group were determined using 
Corresponding kits, which were purchased from the Nanjing Jiangcheng Bioengineering Institute (Nanjing, 
China). The Iron levels were detected using Iron determination kit, which was purchased from Beckman Coulter, 
Inc. (USA). The ROS levels were measured using Reactive Oxygen Species (ROS) Fluorometric Assay Kit, which 
was purchased from the Elabscience Biotechnology Co., Ltd (Wuhan, China). All operations shall be carried out 
in strict accordance with the kit instructions.

DAPI/PI double staining
DAPI/PI double staining was performed to evaluate cell death. The cells in each group were centrifuged and 
suspended with 1 mL cell staining buffer, followed by 5 µL DAPI staining solution (Beyotime, Shanghai, China) 
and 5 µL PI staining solution (Beyotime). Next, the cells were stained in dark for 30 min at 4℃. Finally, the cells 
were washed with PBS for 2 times and observed with fluorescence microscope (TE2000, Nikon, Japan).

Western blot
Cells were lysed in RIPA lysis buffer (Beyotime). Then the protein concentration was detected using a BCA 
kit (Beyotime). Equal proteins (20  µg/lane) were separated by 15% SDS-polyacrylamide gel and transferred 
to PVDF membrane (Millipore). Next, the membranes were blocked with 5% skim milk, and then incubated 
with primary antibodies (anti-OGA, 1:1200, Abcam; anti-OGT, 1:1000, Abcam; anti-O-GlcNAc, 1:2000, Abcam; 
anti-FTH1, 1:1500, Abcam; anti-NCOA44, 1:2000, Abcam; anti-DMT1, 1:1000, Abcam; anti-GAPDH, 1:2500, 
Abcam) at 4 °C overnight, followed by incubated with secondary antibody at 37 °C for 1 h. The bands were 
observed using ECL reagent (Beyotime).

Molecular docking
Protein crystal structure of OGT was downloaded from RCSB PDB database (https://www1.rcsb.org/) and the 
pdb file was obtained. The mol2 files of berberine were downloaded from TCMSP database, and AutoDock 
Tools was used to process protein crystals and compound structures, including separating protein structures and 
original ligands, removing water molecules, adding charges to structures. Finally the files were converted into 
PDBQT format and molecular docking was conducted. The docking results are visualized by PyMOL software.

Statistical analysis
The statistical analysis was performed using SPSS v.19.0 software (IBM). All experiments were performed in 
triplicate (N = 3) and all data are presented as means ± SD. Student’s t-test was used to analyze the differences 
between two groups and one-way ANOVA followed by Tukey test was used for multiple groups. Statistical 
significance was set at p < 0.05.
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Results
Selection of optimal dose of berberine
The chemical structural formula of berberine was shown in Fig. 1A. To select the most suitable dose of berberine 
for subsequent experiments, the NIT-1 cells were treated with different dose of berberine (0.2, 0.4 and 0.6 µM) 
for 24 h. Then we found that 0.4 and 0.6 µM dose of berberine significantly increased the cell viability of the NIT-
1 cells (Fig. 1B), while 0.6 µM dose of berberine significantly increased the LDH release (Fig. 1C) in the NIT-1 
cells. Therefore, 0.4 µM dose of berberine was selected for the next experiments.

Berberine treatment relieved HG stimulation induced ferroptosis in the NIT-1 cells
Then the NIT-1 cells were stimulated with 30 mM D-glucose to establish the DM injury model. We found that 
HG stimulation significantly decreased the cell viability (Fig. 2A), increased the ROS (Fig. 2B), Iron (Fig. 2C) and 
MDA (Fig. 2D), and decreased GPX4 activity (Fig. 2E) and GSH levels (Fig. 2F) in the NIT-1 cells. Additionally, 
we found that HG treated increased the PI positive cells in the NIT-1 cells (Fig. 2G). Furthermore, we found 
that the protein levels of ASCL4, TFRC, NCOA4 and DMT1 were increased, while SCL7A11 and FTH1 were 
decreased in the HG stimulated NIT-1 cells (Fig. 2H). These results indicated that the HG stimulation might 
induced the ferroptosis of the NIT-1 cells. Subsequently, the HG stimulated NIT-1 cells were treated with 0.4 µM 
dose of berberine. The results showed that berberine treatment significantly increased the cell viability (Fig. 2A), 
decreased the ROS (Fig.  2B), Iron (Fig.  2C), MDA (Fig.  2D) levels, increased GPX4 activity (Fig.  2E) and 
GSH levels (Fig. 2F), and decreased PI positive cells (Fig. 2G) in the HG stimulated NIT-1 cells. Furthermore, 
berberine treatment decreased ASCL4, TFRC, NCOA4 and DMT1 protein levels, and increased SCL7A11 and 
FTH1 in the HG stimulated NIT-1 cells (Fig. 2H).

Berberine treatment decreased the OGT mediated O-GlcNAc modification
The molecular docking results of berberine (BBR) with OGT protein are illustrated in Fig. 3A. The top panel 
shows the surface electrostatic potential of the OGT protein, with red and blue regions indicating positive and 
negative charges, respectively. BBR, depicted in stick representation with a combination of red and white colors, 
is docked into a specific binding pocket on the surface of the OGT protein. The bottom panel provides a detailed 
view of the interaction between BBR and OGT. The OGT protein is represented as a green ribbon structure, 
highlighting the region where BBR binds. Berberine forms hydrogen bonds with an aspartic acid residue 
(ASP-152) in the OGT protein, as indicated by the yellow dashed lines. This interaction suggests that BBR 
may modulate the function or activity of OGT by stabilizing its conformation through these hydrogen bonds. 
Additionally, we found that HG stimulation significantly increased the global O-GlcNAc levels and OGT protein 
expression, while showed no effects on the OGA protein levels. Berberine treatment significantly decreased the 
global O-GlcNAc levels and OGT protein expression (Fig. 3B).

Overexpression of OGT reversed the Berberine roles in the HG stimulated NIT-1 cells
Finally, the OGT levels were overexpressed to explore whether berberine played role in the HG stimulated NIT-1 
cells through targeting the OGT levels. OGT overexpression significantly decreased the cell viability (Fig. 4A), 
increased the ROS (Fig.  4B), Iron (Fig.  4C), MDA (Fig.  4D) levels, decreased GPX4 activity (Fig.  4E) and 
GSH levels (Fig. 4F), and increased PI positive cells (Fig. 4G) in the HG stimulated NIT-1 cells after berberine 
treatment. Besides, OGT overexpression significantly decreased the SCL7A11 and FTH1 protein levels, and 
increased ASCL4, TFRC, NCOA4 and DMT1 in the HG stimulated NIT-1 cells after berberine treatment 
(Fig.  4H). In addition, we also found that OGT overexpression significantly increased the global O-GlcNAc 
levels in HG stimulated and berberine treated NIT-1 cells (Supplementary Fig. 1). Bessides, in the normal NIT-1 

Fig. 1.  Selection of optimal dose of berberine. (A) The chemical structural formula of berberine. The cell 
viability (B) and LDH levels (C) in the NIT-1 cells were detected by CCK-8 assay and kits after 0.2, 0.4 and 0.6 
µM of berberine treatment. N = 3. *P < 0.05, **P < 0.01.
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Fig. 2.  Berberine treatment relieved HG stimulation induced ferroptosis in the NIT-1 cells. The HG stimulated 
NIT-1 cells were treated with 0.4 µM dose of berberine. (A) Then the cell viability was determined by CCK-8 
assay. The ROS (B), Iron (C), MDA (D), GPX4 (E) and GSH (F) levels were detected by corresponding kits. 
(G) The cell death was detected by PI staining. (H) The protein levels of FTH1, NCOA4, DMTA, ACSL4, TFRC 
and SCL7A11 were detected by western blot. N = 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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cells and HG stimulated NIT-1 cells, OGT knockdown showed no effects on ferroptosis of normal NIT-1 cells, 
while OGT knockdown rinhibited the ferroptosis of HG stimulated NIT-1 cells (Supplementary Fig. 2).

Discussion
DM is a common metabolic disease, which is caused by the imbalance between the production and consumption 
of glucose in the body25. The loss of pancreatic β-cells have been demonstrated to be one of the key factors during 
DM progression26. In current study, we demonstrated that berberine treatment relieved the ferroptosis in the 
HG stimulated NIT-1 cells through decreaseing the OGT expression levels. OGT overespression reversed the 
effects of berberine on the ferroptosis in the HG stimulated NIT-1 cells.

Berberine has been previously confirmed to exert antioxidant27, anti-inflammatory28 and inhibitory effects 
on cell death29, which has attracted the attention of researchers. Recently, Yi et al.30 found that berberine relieved 
the liver fibrosis development through inhibiting the ROS-mediated ferroptosis of hepatic stellate cells, which 
showed that berberine also exert inhibitory effect on ferroptosis. Ferroptosis is different from apoptosis, necrosis, 
autophagy, and pyroptosis in morphology, biochemical characteristics, and genetics, which is characterized by 
the accumulation of that iron dependent lipid peroxides31. Ferroptosis is widely involved in pathophysiological 
processes such as tumor inhibition and drug resistance, neurodegeneration, ischemia reperfusion injury and 
metabolic diseases32,33. In DM progression, pancreatic β-cell can express low levels of antioxidant enzymes such 
as superoxide dismutase, GPX, and catalase, making them susceptible to oxidative stress. The accumulation 
reactive oxygen species (ROS) during this progress leads to various forms of cell death, including ferroptosis34. 
Previous study have shown that the induction of ferroptosis can lead to impaired islet function, which further 
aggravates the DM progression. Krümmel et al.35 found that GPX4 silencing led to ferroptosis in rat pancreatic 
β-cell, manifested by the increase of lipid peroxidation, decrease of GSH levels, and degradation of GPX4, 
while overexpression of GPX4 can significantly reduce pancreatic β-cell death. In vitro experiments, significant 
death occurred in pancreatic β-cell after ferroptosis inducers Erastin and RSL3 treatment, while ferristatin or 
desferriamine treatment improved the ferroptosis of pancreatic β-cell36. In this study, we found that berberine 
treatment significantly increased the cell viability, GPX4 activity and GSH levels, and decreased the ROS, 
Iron, MDA levels and PI positive cells in the HG stimulated NIT-1 cells. Our results indicated that berberine 
promoted the NIT-1 cells growth through preventing the ferroptosis development. These researches indicated 
that ferroptosis is associated with impaired insulin secretion. Preventing ferroptosis occurrence might be a 
promising method for treating DM.

Previous studies demonstrated that the emerging roles of protein modification via O-GlcNAc modification 
have been linked to the pathogenesis of DM and its complications37. OGT, as the key factor in the up-regulation 
of O-GlcNAc modification, promoted the DM progression through enhancing the O-GlcNAc modification. 
Runager et al.38 suggested that OGT silencing enhanced the rate of wound closure in patients with diabetic skin 
ulcers through decreasing the levels of O-GlcNAc modification. Nobuyuki et al.39 found O-GlcNAc modification 
activated the nitric oxide synthase and aggravated glucose-induced impairment in endothelial cells of T2DM 
patient. Thus it can be seen that O-GlcNAc modification played an important role in DM progression. However, 
the regulatory effect of O-GlcNAc modification on pancreatic β-cell is still poorly studied. Here, through the 

Fig. 3.  Berberine treatment decreased the OGT mediated O-GlcNAc modification. (A) The bonding 
relationship between berberine and OGT was verified by molecular docking analysis. (B) The global O-GlcNAc 
levels, OGT and OGA protein levels were detected by western blot assay. N = 3. *P < 0.05, **P < 0.01.
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Fig. 4.  Overexpression of OGT reversed the berberine roles in the HG stimulated NIT-1 cells. The HG 
stimulated NIT-1 cells were treated with 0.4 µM dose of berberine and transfected with OGT overexpressed 
vector. (A) Then the cell viability was determined by CCK-8 assay. The ROS (B), Iron (C), MDA (D), GPX4 
(E) and GSH (F) levels were detected by corresponding kits. (G) The cell death was detected by PI staining. 
(H) The protein levels of FTH1, NCOA4, DMTA, ACSL4, TFRC and SCL7A11 were detected by western blot. 
N = 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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molecular docking analysis, we found that berberine could bind to OGT. Furthermore, we also found that 
berberine treatment significantly decreased the global O-GlcNAc levels and OGT protein expression in the HG 
stimulated NIT-1 cells. The rescue experiment showed that OGT overexpression reversed the role of berberine 
in the HG stimulated NIT-1 cells. However, the relationship between OGT and ferroptosis remains unclear. As 
reported by Tang et al.40, inhibition of ubiquitin specific peptidase 8 inhibited the progression of hepatocellular 
carcinoma and induce ferroptosis via decreasing the stability of OGT, which was contrary to our research 
findings. This may be due to the different target genes that OGT acts on, as well as the inherent specificity of 
tumor diseases. But more research is needed in the future to prove the specific mechanism of OGT regulating 
ferroptosis.

However, this study represents a preliminary investigation into the involvement of berberine in the regulation 
of ferroptosis through modulation of O-GlcNAcylation mediated by OGT. A more comprehensive confirmation 
of this conclusion will require additional research, such as in vivo experiments (high-fat diet induced C57Bl/6J 
treated with berberine) and the use of O-GlcNAcylation inhibitors. This will be a key focus of our future research 
endeavors.

In conclusion, this study demonstrated the protective effects of berberine on the ferroptosis of the pancreatic 
β-cell in DM progression. Mechanistically, berberine treatment inhibited the OGT mediated O-GlcNAc levels 
in the pancreatic β-cells. Our research provided a solid theoretical basis for the promotion and application of 
berberine and precise treatment of DM in the future.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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