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A B S T R A C T   

Injuries to pancreatic β-cells are intricately linked to the onset of diabetes mellitus (DM). Met-
formin (Met), one of the most widely prescribed medications for diabetes and metabolic disor-
ders, has been extensively studied for its antioxidant, anti-aging, anti-glycation, and 
hepatoprotective activities. N6-methyladenosine (m6A) plays a crucial role in the regulation of 
β-cell growth and development, and its dysregulation is associated with metabolic disorders. This 
study aimed to elucidate the mechanistic basis of m6A involvement in the protective effects of 
Met against oxidative damage in pancreatic β-cells. Hydrogen peroxide (H2O2) was employed to 
induce β-cell damage. Remarkably, Met treatment effectively increased methylation levels and 
the expression of the methyltransferase METTL14, subsequently reducing H2O2-induced 
apoptosis. Knocking down METTL14 expression using siRNA significantly compromised cell 
viability. Conversely, targeted overexpression of METTL14 specifically in β-cells substantially 
enhanced their capacity to withstand H2O2-induced stress. Molecular evidence suggests that the 
anti-apoptotic properties of Met may be mediated through Bcl-xL and Bim proteins. In conclusion, 
our findings indicate that Met induces METTL14-mediated alterations in m6A methylation levels, 
thereby shielding β-cells from apoptosis and oxidative damage induced by oxidative stress.   

1. Introduction 

Pancreatic β-cell damage stands as a pivotal factor that contributes to the impaired function of β-cells, thereby promoting the 
pathological progression of diabetes [1,2]. This multifactorial process involves various stressors, including but not limited to metabolic 
and oxidative stress [3,4], altered growth factors [5], immune attacks [6], and circulating hormones [7]. It has been observed by 
researchers that the expression levels of catalase and glutathione peroxidase in pancreatic β-cells are comparatively lower than those in 
other organs [8]. As a consequence, β-cells exhibit a greater susceptibility and sensitivity to oxidative stress in contrast to other cell 
types [8,9]. The exposure of cells to substantial amounts of hydrogen peroxide (H2O2), a typical reactive oxygen species, often leads to 
an imbalance between cellular oxidation and antioxidants, ultimately resulting in cell death [10]. 

Metformin (Met), known as the most conventional antihyperglycemic medication, has been extensively employed in the treatment 
of type 2 diabetes for a considerable duration [11]. The prominent mechanism underlying Met’s hypoglycemic effects lies in its ability 
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to diminish hepatic glucose synthesis [12]. Recent evidence suggests that Met may exert regulatory control over endoplasmic retic-
ulum (ER) stress, oxidative stress, immunological response, and gut microbiota [13–16]. Notably, Met exhibits the capability to reduce 
the production of reactive oxygen species [17,18]. However, the precise manner in which this ancient medication safeguards 
pancreatic β-cells against damage still remains elusive. 

N6-methyladenosine (m6A) has emerged as a pivotal post-transcriptional mechanism governing gene regulation [19,20], playing a 
crucial role in numerous physiological and pathological processes [21,22]. The proper development and maintenance of β-cells heavily 
rely on the modulation of m6A methylation [23]. Notably, evidence suggests that individuals with type 2 diabetes exhibit significantly 
reduced levels of m6A methylation in their islets and plasma, potentially attributed to the downregulation of m6A methyltransferase 
METTL3 and upregulation of demethylases such as FTO [24–26]. Further investigation is required to elucidate whether m6A 
methylation exerts control over H2O2-induced pancreatic apoptosis. 

The objective of this study was to investigate the protective potential of Metformin (Met) against oxidative damage in the NIT-1 
mouse pancreatic β-cell line. NIT-1 cells were treated with Met in the presence of H2O2 as a direct oxidizing agent. Subsequently, 
cellular growth and viability were assessed, and the underlying molecular mechanisms of Met-induced m6A methylation were eval-
uated. Furthermore, we explored the cytoprotective role of the m6A methyltransferase METTL14 in Met-treated β-cells, elucidating the 
impact of Met on β-cell survival, apoptosis, and the expression of m6A-methylated proteins. 

2. Materials and Methods 

2.1. Cell culture and reagent 

The NIT-1 cell line (Cl-0562, Procell, Wuhan, China), derived from mouse islet β-cells, was cultured in a proliferative medium 
consisting of DMEM (11,885,084, Gibco, NY, USA) supplemented with 10 % FBS (10,099,141, Gibco, NY, USA) at 37 ◦C in a hu-
midified atmosphere with 5 % CO2. Cells were treated with hydrogen peroxide (H2O2, S0051, Beyotime, Shanghai, China) or Met-
formin (Met, D150959, Sigma-Aldrich, St. Louis, USA) for the indicated durations in each experimental group. The concentrations of 
H2O2 and Met were determined based on previous relevant research studies [27,28], which employed 300 μM H2O2 and 0.5 mM Met 
treatment for 1 day in NIT-1 cells, respectively. 

2.2. SiRNA transfection silenced METTL14 expression 

Small interfering RNA (siMETTL14) targeting METTL14 and a siRNA negative control (siNC) were synthesized by RiboBio 
(Guangzhou, China). Lipofectamine 3000 (L3000015, Invitrogen, USA) was diluted with Opti-MEM and adjusted to the appropriate 
concentrations. The siRNAs were mixed with the medium to form the transfection complex, followed by incubation at 23 ◦C for 15 min 
as instructed, once the cell fusion reached approximately 30 %–50 %. The cells were then cultured in the transfection complex and 
incubated at 37 ◦C for 36 h to allow for subsequent experiments. The sequences of the siRNAs targeting mouse METTL14 mRNA were 
as follows: S1: 5′-CCGGATGTACAGAGGAAAT-3’; S2: 5′-TTGAAGAATACCCTAAACT-3’; S3: 5′-AGATGAACAGAGGGAGATT-3’. 

2.3. The adenovirus METTL14 infects NIT-1 cells 

The recombinant adenovirus vectors encoding the empty vector (Ad-NC) and METTL14 overexpression construct (Ad-METTL14) 
were synthesized by HanBio (Shanghai, China). NIT-1 cells were transfected with Ad-NC or Ad-METTL14 at a multiplicity of infection 
(MOI) of 100. After incubating in the transfection medium for 6–8 h, the medium was replaced, and subsequent experiments were 
conducted. 

2.4. Cell viability/cytotoxicity testing 

To discriminate between living and dead cells, a combination of Calcein Acetoxymethyl Ester (calcein AM) and propidium iodide 
(PI) staining was used. Briefly, after the initial treatment, the cell culture medium was removed, and NIT-1 cells were rinsed with PBS. 
Subsequently, 0.1 mL of a diluted solution containing calcein AM and PI was added to each well. The plate was then incubated in 
darkness at 37 ◦C for 30 min. Calcein AM stained the living cells, emitting a green fluorescence, while PI stained the dead cells, 
resulting in a red fluorescence. 

2.5. Flow cytometry analysis 

To assess apoptosis of NIT-1 cells using flow cytometry, the cells were cultured and treated in 6-well plates. Subsequently, they 
were dissociated using 0.25 % Trypsin Solution without EDTA (C0205, Beyotime, Shanghai, China) at 37 ◦C for 3–5 min. The cells were 
then stained with serial additions of Annexin V-FITC/PI at 4 ◦C for 15 min, following the protocol provided by the Apoptosis Testing Kit 
(BestBio, Shanghai, China). During the detection process, flow cytometry analysis was performed within 1 h on the CytoFLEX in-
strument (Beckman Coulter, USA). Viability was determined based on the rate of double-negative staining cells, while apoptotic cells 
were identified as Annexin V-positive cells. 

S.-m. Zhou et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e24432

3

2.6. m6A RNA methylation quantification 

Total RNA was extracted using TRIzol Reagent (DP424, TIANGEN, Beijing, China), and the concentration of RNA was determined 
using a Nanodrop 2000 spectrophotometer (Abcam, Cambridge, UK). Subsequently, 200 ng of total RNA from each group was used per 
well for replicates. The quantification of m6A methylation was analyzed utilizing the m6A RNA Methylation Detection Kit (Abcam, 
Cambridge, UK), following previously described methods [28]. 

2.7. qRT-PCR detection 

Reverse transcription of RNA into cDNA according to the instructions of the kit (KR123, TIANGEN, Beijing, China). qRT-PCR testing 
was conducted based on the SYBR Premix ExTaq kit (208,054, QIAGEN, Hilden, Germany). GAPDH primers were used to normalize the 
relative expression of aim genes, which were determined according to 2− ΔΔCt method. Primer pair sequence: Mouse METTL3: Forward 
primer 5′-CATCCGTCTTGCCATCTCTACGC-3′, Reverse primer 5′-GCAGACAGCTTGGAGTGGTCAG-3’; Mouse METTL14: Forward 
primer 5′-TCGACCGAAGTCACCTCCTC-3′, Reverse primer 5′-AGGAGTAAAGCCGCCTCTGT-3’; Mouse FTO: Forward primer 5′- 
GACACTTGGCTTCCTTACCTGACC-3′, Reverse primer 5′-ACCTCCTTATGCAGCTCCTCTGG-3’; Mouse ALKBH5: Forward primer 5′- 
GCAAGGTGAAGAGCGGCATCC-3′, Reverse primer 5′-GTCCACCGTGTGCTCGTTGTAC-3’; Mouse GAPDH: Forward primer 5′- 
GGTTGTCTCCTGCGACTTCA-3′, Reverse primer 5′-TGGTCCAGGGTTTCTTACTCC-3’. 

Fig. 1. Met improved H2O2-induced apoptosis of NIT-1 cells. (A) Calcein AM/PI staining result of NIT-1 cells. Green fluorescence corresponding to 
living cells; red fluorescence is marked by a yellow arrow due. Scale bar = 50 μm. (B) Representative images of apoptotic NIT-1 cells based on 
annexin V/PI staining. The histogram refers to the apoptotic NIT-1 cells rate (n = 3). (C) The panel and histogram correspond to the relative levels of 
apoptosis-associated proteins, the internal control was β-actin (n = 3). bP < 0.05, eP < 0.05, compare to the control and H2O2 group, respectively. 
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2.8. Western blot analysis 

NIT-1 cells were lysed in 100 μL of modified RIPA protein lysis buffer supplemented with 1 × PMSF (Abcam, Cambridge, UK) in 
each well of the 6-well plates. The proteins were then separated by SDS-PAGE (Abcam, Cambridge, UK) and transferred onto nitro-
cellulose membranes (CST, Beverly, USA) without delay. Subsequently, the membranes were incubated with primary antibodies at 
4 ◦C for 12 h, followed by appropriate secondary antibodies at room temperature for 2 h. Blots were visualized using a Tanon 5200 
visualizer (Tanon, Shanghai, China). The antibodies employed in this experiment included mouse anti-METTL14 (ab220030, 1:1000, 
Abcam, Cambridge, UK), rabbit anti-Bcl-xL (2764, 1:1000, CST, Beverly, MA, USA), rabbit anti-Bim (2933, 1:1000, CST, Beverly, MA, 
USA), rabbit anti-cleaved caspase 3 (9664, 1:1000, CST, Beverly, MA, USA), with β-actin (T0022, 1:3000, Affinity, Cincinnati, OH, 
USA) serving as a reference for total protein levels. Data analysis was performed using ImageJ software. 

2.9. Statistical analyses 

The data were presented as mean ± SD. For comparisons between different groups, the t-test was utilized. To assess differences 
among multiple groups, ANOVA followed by the N–K test was applied. Statistical significance was determined by a P-value of less than 
0.05. 

Fig. 2. Effect of Met on m6A content and expression of m6A methylated enzyme in NIT-1 cells incubated with H2O2. (A) m6A methylation level in 
total RNA was detected by ELISA (n = 3). (B) mRNA expression of m6A methyltransferase METTL3 and METTL14 and demethylase FTO and were 
detected by qRT-PCR (n = 3). (C) METTL14 level was detected by WB method (n = 3). The mean of bP < 0.05, eP < 0.05 are the same to above. 
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3. Results 

3.1. Met protects against H2O2-Induced NIT-1 cells death 

To investigate the potential role of Met in H2O2-induced injury to pancreatic β-cells, we assessed the viability of NIT-1 cells treated 
with Met. As depicted in Fig. 1A, H2O2 markedly increased the death rate of NIT-1 cells compared to the control group. However, co- 
treatment with Met significantly ameliorated cell death, as evidenced by calcein AM/PI staining. Moreover, annexin V/PI staining 
revealed that Met effectively suppressed the apoptosis level of NIT-1 cells induced by H2O2 (Fig. 1B). In NIT-1 cells exposed to H2O2, 
Met treatment prominently elevated the expression of Bcl-xL protein, while exerting an opposite effect on the protein expression levels 
of Bim and cleaved caspase 3 (Fig. 1C). 

3.2. Met reverses H2O2-Induced m6A RNA modification and METTL14 level reduction in NIT-1 cells 

To investigate the potential role of Met in m6A modification in NIT-1 cells, we quantified the m6A content in these cells. As shown 
in Fig. 2A, H2O2 treatment led to a significant reduction in m6A methylation levels compared to metformin-treated cells. Additionally, 
mRNA expressions of the m6A methyltransferases METTL3 and METTL14 were decreased in NIT-1 cells treated with H2O2 (P < 0.05), 

Fig. 3. Apoptosis of NIT-1 cells induced by METTL14 silencing. (A–B) The silencing efficiency of si-METTL14-1, 2 and 3 was tested based on qRT- 
PCR and WB method (n = 3). (C) Calcein AM/PI staining result of the relevant silenced NIT-1 cells, Scale bar = 50 μm. (D) Representative images of 
apoptotic staining NIT-1 cells, the histogram corresponds to apoptotic NIT-1 cells (n = 3). (E) The panel and histogram refer to relative levels of 
apoptosis-related proteins (n = 3). bP < 0.05, compared to siNC group; eP < 0.05, to si-METTL14-1 group. 
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while there were no noticeable changes in the mRNA levels of the m6A demethylases FTO and ALKBH5. Interestingly, treatment with 
Met increased the degree of m6A methylation in the H2O2-treated group and partially restored the mRNA expression of METTL14, but 
did not significantly impact the mRNA levels of METTL3 or FTO (Fig. 2B). Furthermore, Western blot analysis demonstrated that Met 
treatment enhanced the protein level of METTL14 (Fig. 2C). 

3.3. Effects of METTL14 knockdown in NIT-1 cells 

METTL14, a key component of the methyltransferase complex, plays a crucial role in the growth and development of β-cells. 
Building upon previous studies [29], we sought to further investigate the involvement of METTL14 in the apoptosis of NIT-1 cells. In 
our experimental procedure, we validated the knockdown efficiency of siMETTL14-1, − 2, and − 3, ultimately selecting siMETTL14-1 
for subsequent experiments (Fig. 2A and B). Notably, as illustrated in Fig. 3C, NIT-1 cells in the siMETTL14 group exhibited signifi-
cantly higher mortality compared to the siNC group, as determined by calcein-AM/PI staining (P < 0.05). Furthermore, quantitative 
analysis using flow cytometry demonstrated a significant increase in apoptotic NIT-1 cells in the siMETTL14 group compared to the 

Fig. 4. Effect of METTL14 overexpression on H2O2-induced apoptosis of NIT-1 cells. (A) WB testing result of Ad-METTL14 overexpression in NIT-1 
cells (n = 3). (B) m6A methylation level in total RNA was detected by ELISA (n = 3). (C) Calcein AM/PI staining result of the NIT-1 cells. (D) 
Representative images of apoptotic staining NIT-1 cells, the histogram refers to the apoptotic NIT-1 cells rate (n = 3). (E) The histogram represents 
the relative expression levels of apoptosis-related proteins (n = 3). bP < 0.05, eP < 0.05, compare to the control and H2O2 group, respectively. 
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siNC group (Fig. 3D, P < 0.05). Moreover, the levels of the anti-apoptotic protein Bcl-xL were decreased in NIT-1 cells, while the levels 
of the pro-apoptotic proteins Bim and cleaved caspase 3 were notably enhanced (Fig. 3E, P < 0.05). 

3.4. Overexpression of METTL14 inhibited H2O2-Induced apoptosis 

The efficiency of Ad-METTL14 overexpression was assessed using western blotting, and the optimal viral infection concentration 
was determined (Fig. 4A). In comparison to the Ad-NC group, METTL14 overexpression in NIT-1 cells significantly elevated the m6A 
methylation level induced by H2O2 (Fig. 4B, P < 0.05), while simultaneously reducing cell mortality and apoptosis (Fig. 4C and D, P <
0.05). Moreover, Ad-METTL14 infection effectively inhibited the H2O2-induced increase in pro-apoptotic protein levels of Bim in NIT- 
1 cells, and restored the level of Bcl-xL (Fig. 4E, P < 0.05). 

Fig. 5. Influence of METTL14 overexpression on H2O2-induced apoptosis of NIT-1 cells. (A) Calcein AM/PI staining result of the NIT-1 cells. (B) 
Representative images of apoptotic staining NIT-1 cells, the histogram refers to the apoptotic NIT-1 cells rate (n = 3). (C) The histogram corresponds 
to the relative expression levels of apoptosis-related proteins (n = 3). bP < 0.05, compared with H2O2 + Met + siNC group. 
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3.5. Influence of METTL14 silencing on the improvement of H2O2-Induced apoptosis by metformin 

To elucidate the role of METTL14 in mediating the anti-apoptotic effects of Met, siRNA transfection was employed to inhibit the 
expression of METTL14 in NIT-1 cells prior to Met treatment. As depicted in Fig. 5A and B, silencing of METTL14 significantly reversed 
the protective effect of Met against cell death and apoptosis in NIT-1 cells exposed to H2O2 (P < 0.05). Furthermore, upon siMETTL14 
transfection, the regulatory impact of Met on the expression of Bcl-xL and Bim was attenuated (Fig. 5C, P < 0.05). These findings 
suggest that Met enhances H2O2-induced β-cell apoptosis by upregulating METTL14 expression. 

4. Discussion 

Diabetes mellitus (DM), a severe and complex chronic condition, afflicts over 536 million individuals globally [30]. The destruction 
of β-cells and subsequent impairment of insulin secretion play a significant role in the progression of this disease [31,32]. β-cell injury 
is a crucial factor contributing to the development of type 2 diabetes mellitus (T2DM) due to β-cell dysfunction, encompassing a 
multifactorial process. D’Addio et al. have shed light on the cyclic regulation of the IGFBP3/TMEM219 axis in β-cell expansion and 
function, uncovering the intricate and variable nature of T2DM occurrence and progression [7]. Mounting evidence suggests a close 
association between oxidative stress-induced dysfunction of pancreatic β-cells and the pathogenesis of DM [33]. Hydrogen peroxide 
(H2O2) has been employed as a prototype for studying oxidative damage [34]. Various cell types, particularly β-cells with limited 
antioxidant capacity, are susceptible to oxidative damage induced by H2O2 [8,35]. Previous investigations have demonstrated that 
higher doses of H2O2 expedite the loss of beta cell viability within 24 h [8]. Given the complexity of the signaling pathways and 
biochemical processes involved, we intend to delve into the underlying molecular mechanisms. 

Metformin (Met) is a frontline hypoglycemic agent employed in clinical practice, renowned for its ability to confer protection upon 
pancreatic β-cells both in vivo and in vitro. It effectively mitigates β-cell apoptosis and attenuates the decline in insulin secretion 
induced by lipid toxicity and oxidative stress [36]. Our findings align with earlier studies [37], demonstrating that Met treatment 
enhances Bcl-xL expression, suppresses Bim protein levels, and ameliorates H2O2-induced apoptosis in NIT-1 cells. Elucidating the 
precise mechanisms underlying the cellular protective effects of Met is an intriguing avenue that warrants further exploration. 

M6A modification is a prevalent form of mRNA methylation that is regulated by methyltransferase complexes and demethylases 
[38]. Remarkably, T2DM patients exhibit significantly reduced levels of m6A methylation in their islets and plasma, although the 
underlying mechanism remains unclear due to the influence of various factors [39]. The alterations in m6A methylation levels are 
primarily associated with decreased expression of METTL3 and METTL14 [17,18], as well as increased expression of FTO [25,26]. 
Furthermore, there is limited research on the role of ALKBH5 in T2DM, even though it appears to play a crucial role in anti-oxidative 
stress in gastric cancer cells and myocardial cell lines [40,41]. Notably, the expression of ALKBH5 in blood samples from both T2DM 
patients and rats does not appear to differ significantly from that of normal groups [42]. Our study indicates that ALKBH5 may have 
minimal impact on oxidative stress in islet β-cells. We found that the m6A methylation level of total RNA was significantly reduced in 
H2O2-treated NIT-1 cells, suggesting that increased oxidative stress might contribute to the decrease in m6A methylation levels in 
diabetic β-cells. However, further analysis revealed that the precise mechanism underlying this phenomenon remains unclear, 
demanding extensive experimental investigation. In order to assess whether the effect of Met on H2O2-induced apoptosis is related to 
m6A modification, we examined the m6A methylation content and mRNA levels of METTL3, METTL14, FTO, and ALKBH5 in this 
study. Interestingly, Met treatment partially restored m6A methylation levels in H2O2-exposed NIT-1 cells, potentially attributed to 
Met-mediated upregulation of the m6A methyltransferase METTL14 expression. 

METTL14 forms a stable heterodimer with METTL3 and serves as a crucial substrate for the methyltransferase complex [43]. Liu 

Fig. 6. An overview of how Met decreases H2O2-induced oxidative stress apoptosis in vivo.  
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et al. demonstrated that pancreatic β-cell-specific knockout of METTL14 in mice leads to increased islet apoptosis. Inhibition of 
METTL14 expression in the mouse pancreatic β-cell line MIN6 decreased Bcl-xL expression while exerting the opposite effect on Bim, 
ultimately resulting in enhanced apoptosis of MIN6 cells [29]. Consistent findings were observed in this study when METTL14 was 
silenced in NIT-1 cells, indicating that inhibition of METTL14 levels can induce β-cell apoptosis under normal culture conditions. 
Additionally, overexpression of METTL14 significantly reduced H2O2-induced apoptosis in NIT-1 cells and elevated m6A levels. These 
results strongly suggest that METTL14 indeed regulates the level of apoptosis in β-cells. Furthermore, based on our experimental 
findings, it can be inferred that inhibition of METTL14 expression in NIT-1 cells led to decreased expression of cleaved caspase 3 and 
Bim, while increasing Bcl-xL expression mediated by Met. Consequently, this weakened the anti-apoptotic effect of Met against 
H2O2-induced apoptosis. Overall, our experiments demonstrate that Met, a widely-used antidiabetic drug, safeguards NIT-1 cells from 
cellular damage and apoptosis via the regulation of m6A methylation, with METTL14 playing a pivotal role in this methylation 
regulation mechanism. 

5. Conclusions 

In conclusion, the results lend support to the hypothesis that m6A methylation alterations, regulated by METTL14, mediate H2O2- 
induced apoptosis in pancreatic β-cells. Moreover, we have demonstrated that Met enhances METTL14 expression and promotes m6A 
methylation, thereby attenuating H2O2-induced apoptosis in NIT-1 cells. These findings provide novel insights into the protective 
mechanisms of Met on pancreatic β-cells (Fig. 6). Consequently, our study delineates a potential avenue for investigating the un-
derlying mechanisms of Met in the management of diabetes mellitus. 
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