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INTRODUCTION 
 

Post-transcriptional modifications are closely associated 

with the development of multiple diseases and cell 

functions [1–3]. Currently, more than 100 types of RNA 

modifications have been identified [4]. Among them, 

N6-methyladenosine (m6A) was the most common RNA 

modifications [5], which participated in the pathogenesis 

of type 2 diabetes mellitus (T2DM) [6] and its 

complications [7], such as diabetic retinopathy (DR) [7]. 

Methyltransferase-like 3 (METTL3) served as a m6A 

modification “writer”, which was critical for regulating 

m6A modifications [8]. Recent study validated that  

 

glucose regulated METTL3 mediated m6A modifications 

in T2DM [6] and diabetic cataract [9]. However, the role 

of METTL3 in the regulation of diabetes associated 

diseases is controversial [6, 9], and the association 

between METTL3 and DR pathogenesis is still largely 

unknown. In addition, retinal pigment epithelium (RPE) 

cells were the main cells of the retina and widely used as 

an in vitro cellular model for DR research [10], hence, 

the RPE cell line ARPE-19 was selected in this study 

according to the previous publication [11]. 

 

Aside from messenger RNA (mRNA) [12], ribosomal 

RNA (rRNA) [13] and transfer RNA (tRNA) [14], 
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ABSTRACT 
 

Methyltransferase-like protein 3 (METTL3) regulates multiple cell functions and diseases by modulating N6-
methyladenosine (m6A) modifications. However, it is still unclear whether METTL3 involves in the pathogenesis 
of diabetic retinopathy (DR). In the present study, we found that high-glucose inhibited RPE cell proliferation, 
promoted cell apoptosis and pyroptosis in a time-dependent manner. In addition, both METTL3 mRNA and miR-
25-3p were low-expressed in the peripheral venous blood samples of diabetes mellitus (DM) patients compared 
to normal volunteers, and high-glucose inhibited METTL3 and miR-25-3p expressions in RPE cells. As expected, 
upregulation of METTL3 and miR-25-3p alleviated the cytotoxic effects of high-glucose on RPE cells, and knock-
down of METTL3 and miR-25-3p had opposite effects. Additionally, METTL3 overexpression increased miR-25-3p 
levels in RPE cells in a microprocessor protein DGCR8-dependent manner, and miR-25-3p ablation abrogated the 
effects of overexpressed METTL3 on cell functions in high-glucose treated RPE cells. Furthermore, PTEN could be 
negatively regulated by miR-25-3p, and overexpression of METTL3 increased phosphorylated Akt (p-Akt) levels 
by targeting miR-25-3p/PTEN axis. Consistently, upregulation of PTEN abrogated the protective effects of 
METTL3 overexpression on RPE cells treated with high-glucose. Collectively, METTL3 rescued cell viability in high-
glucose treated RPE cells by targeting miR-25-3p/PTEN/Akt signaling cascade. 
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METTL3 mediated m6A modifications regulated the 

expression levels of non-coding RNA, such as Long 

non-coding RNAs (LncRNAs) [15], circular RNAs 

(CircRNAs) [16] and microRNAs (miRNAs) [17]. 

Specifically, recent data indicated that METTL3 

promoted the maturation of multiple miRNAs, including 

let-7e, miR-221/222, miR-4485, miR-25-3p, miR-93, 

miR-126 and miR-335, in a m6A dependent manner [4, 

18]. Interestingly, our preliminary experiments screened 

out that miR-25-3p, instead of other miRNAs, was 

significantly downregulated in high-glucose treated RPE 

cells compared to the control group. MiR-25-3p was 

reported to regulate cell proliferation [19, 20] and death 

[20]. Mechanistically, miR-25-3p promoted glioma cell 

proliferation by targeting FBXW7 as well as DKK3 

[19], and inhibited breast cancer cell apoptosis by 

targeting BTG2 [20]. Notably, miR-25-3p modulated 

retinal degeneration [21] and attenuated high-glucose 

induced cell apoptosis [21]. 

 

Phosphatase and tensin homolog (PTEN) was identified 

as a tumor suppressor and inhibited the development of 

multiple cancers [22–24]. Aside from cancers, recent 

studies also validated that PTEN was closely related 

with diabetes mellitus [25, 26] and DR progression [27]. 

For example, high-glucose induced human umbilical 

vein endothelial cells (HUVECs) death by upregulating 

PTEN [28]. In addition, high-glucose promoted 

epithelial-mesenchymal transition (EMT) in human 

mesothelial peritoneal cells by modulating PTEN [29], 

and upregulation of PTEN inhibited retinal vascular 

endothelial cell growth by inactivating PI3K/Akt signal 

pathway [27]. Notably, PTEN/Akt axis was the 

downstream target of miR-25-3p [30] and overexpressed 

miR-25-3p alleviated high-glucose induced renal tubular 

epithelial cell death by inactivating PTEN/Akt signal 

pathway [31]. 

 

Collectively, this study aimed to investigate the 

involvement of METTL3 mediated m6A modifications 

in the regulation of DR pathogenesis, and uncover the 

underlying mechanisms. This study will shed light on 

the discovery of potential therapeutic agents for DR 

treatment in clinic. 

 

RESULTS 
 

The expression levels of METTL3 and miR-25-3p in 

clinical samples and RPE cells 
 

The patients (N=30) diagnosed with type II diabetes 

mellitus (T2DM) and healthy volunteers (N=30) were 

recruited, and their peripheral venous blood samples 

were collected as the experimental group (DM groups) 

and control group, respectively. The results showed that 

METTL3 mRNA was low-expressed in T2DM groups 

comparing to the control group (Figure 1A). In addition, 

the RPE cells were treated with high-glucose (50 mM) 

for 0h, 12h, 24h and 36h according to our previous 

study [32]. The results showed that high-glucose 

decreased the expression levels of METTL3 in a time-

dependent manner (Figure 1B–1D). METTL3 

potentially regulated multiple miRNAs (let-7e, miR-

221, miR-222, miR-4485, miR-25-3p, miR-93, miR-126 

and miR-335) [4, 18], and we identified that high-

glucose specifically inhibited the levels of miR-25-3p, 

instead of other miRNAs, in RPE cells (Figure 1E). 

Similarly, the levels of miR-25-3p were lower the 

peripheral venous blood samples collected from T2DM 

patients compared to the normal volunteers (Figure 1F). 

In parallel, the levels of METTL3 mRNA and miR-25-

3p positively correlated in T2DM patients clinical 

samples (Figure 1G). Further results showed that 

overexpressed METTL3 increased miR-25-3p levels in 

RPE cells, which were abrogated by knocking down 

DGCR8 (Figure 1H), indicating that METTL3 

promoted miR-25-3p expressions in a DGCR8-

dependent manner [18]. Furthermore, the inhibiting 

effects of high-glucose on miR-25-3p levels were 

abrogated by overexpressing METTL3 (Figure 1I), but 

miR-25-3p overexpression had little effects on 

METTL3 in RPE cells (Figure 1J, 1K). 

 

The effects of METTL3 on cell proliferation, apoptosis 

and pyroptosis in high-glucose treated RPE cells 
 

Further experiments were conducted to explore the 

effects of METTL3 on RPE cell functions, such as cell 

proliferation, apoptosis and pyroptosis. The cell counting 

assay results showed that high-glucose inhibited RPE 

cell division, which were aggravated by knocking down 

METTL3 and reversed by overexpressing METTL3 

(Figure 2A). Similarly, the CCK-8 assay results 

evidenced that the inhibiting effects of high-glucose on 

RPE cell proliferation were enhanced by downregulating 

METTL3 and restored by upregulating METTL3  

(Figure 2B). In parallel, the FCM results showed that 

overexpression of METTL3 alleviated, while knock-

down of METTL3 enhanced high-glucose induced RPE 

cell apoptosis (Figure 2C, 2D). Of note, METTL3 

involved in the regulation of high-glucose induced RPE 

cell pyroptosis. Mechanistically, the ELISA results 

showed that high-glucose increased the expression levels 

of IL-1β and IL-18 in the supernatants of RPE cells, 

which were decreased by overexpressing METTL3 and 

increased by knocking down METTL3 (Figure 2E). 

Consistently, the Western Blot results showed that high-

glucose induced upregulation of pyroptosis associated 

proteins (Caspase-1, Gasdermin D, NLRP3, IL-1β and 

IL-18) were alleviated by overexpressing METTL3 and 

aggravated by knocking down METTL3 in RPE cells 

(Figure 2F, 2G). 
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Figure 1. The expression status of METTL3 and miR-25-3p in T2DM clinical samples and RPE cells. Real-Time qPCR was employed 
to determine the levels of METTL3 mRNA in (A) clinical serum samples and (B) RPE cells treated with high-glucose for 0 h, 12 h, 24 h and 36 h, 
respectively. (C, D) Western Blot was conducted to determine the expression levels of METTL3 in RPE cells treated with high-glucose for 0 h, 
24 h and 36 h respectively. (E) RPE cells were treated with high-glucose for 0 h, 24 h and 36 h, respectively, the levels of let-7e, miR-221, miR-
222, miR-4485, miR-25-3p, miR-93, miR-126 and miR-335 were screened by Real-Time qPCR. (F) The levels of miR-25-3p were measured by 
Real-Time qPCR in clinical samples. (G) The correlations of miR-25-3p and METTL3 mRNA in the clinical specimens collected from T2DM 
patients were determined by using the Pearson Correlation Analysis. (H, I) The levels of miR-25-3p were determined by Real-Time qPCR. (J, K) 
Western Blot was performed to detect the expression status of METTL3 in RPE cells. Each experiment had at least 3 repetitions, the data 
were collected and represented as Mean ± SD. “*” means p < 0.05 and “**” means p < 0.01. 
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Figure 2. METTL3 affected high-glucose regulated RPE cell proliferation, apoptosis and pyroptosis. (A) Cell counting assay was 
employed to measure RPE cell division abilities. (B) CCK-8 assay was conducted to determine RPE cell proliferation abilities. (C, D) FCM was 
performed to detect RPE cell apoptosis ratio. (E) ELISA was performed to measure the expression levels of IL-1β and IL-18 in the supernatants 
of RPE cells. (F, G) Western Blot was used to determine the expression status of pyroptosis associated proteins (Caspase-1, Gasdermin D, 
NLRP3, IL-1β and IL-18) in RPE cells. (“Hg” means “High-glucose”, “OE-M” means “Overexpressed METTL3” and “KD-M” means “Knock-down 
of METTL3”). Each experiment had at least 3 repetitions, the data were collected and represented as Mean ± SD. “*” means p < 0.05 and “**” 
means p < 0.01. 
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The effects of miR-25-3p on the cell functions in 

RPE cells treated with high-glucose 

 

We next investigated the role of miR-25-3p in  

the regulation of high-glucose induced RPE cell 

proliferation, apoptosis and pyroptosis. To achieve this, 

the proliferation associated proteins (Cyclin D1, 

CDK2 and Cyclin E2), apoptosis associated proteins 

(Bax, cleaved Caspase-3 and Bcl-2) and pyroptosis 

associated proteins (Caspase-1, Gasdermin D, NLRP3, 

IL-1β and IL-18) were determined by Western Blot. 

The results showed that high-glucose significantly 

decreased the expression levels of Cyclin D1, CDK2 

and Cyclin E2, promoted p27 expressions in RPE cells 

(Figure 3A, 3B). The effects of high-glucose on the 

above proliferation associated proteins were reversed 

by overexpressing miR-25-3p and aggravated by 

knocking down miR-25-3p (Figure 3A, 3B). Besides, 

high-glucose induced upregulation of Bax as well as 

cleaved Caspase-3, and downregulation of Bcl-2, 

which were also abrogated by transfecting cells with 

miR-25-3p mimic and aggravated by miR-25-3p 

inhibitor (Figure 3C, 3D). Furthermore, high-glucose 

induced upregulation of caspase-1, Gasdermin D, 

NLRP3, IL-1β and IL-18 in RPE cells, which were 

decreased by overexpressing miR-25-3p and increased 

by downregulating miR-25-3p (Figure 3E, 3F). 

 

Overexpressed METTL3 alleviated the cytotoxic 

effects of high-glucose on RPE cells by targeting 

miR-25-3p 

 

Based on the above findings, it was reasonable to 

speculate that METTL3 might participate in the 

regulation of high-glucose modulated cell proliferation, 

apoptosis and pyroptosis by targeting miR-25-3p. The 

colony formation assay results showed that over-

expressed METTL3 alleviated the inhibiting effects of 

high-glucose treatment on RPE cell proliferation, 

which were abrogated by knocking down miR-25-3p 

(Figure 4A, 4B). Besides, we determined the 

expression status of cleaved Caspase-3 in RPE cells to 

evaluate cell apoptosis. The results showed that 

overexpression of METTL3 decreased the expression 

levels of cleaved Caspase-3 in high-glucose treated 

RPE cells, which were also reversed by transfecting 

cells with miR-25-3p inhibitor (Figure 4C, 4D). 

Furthermore, upregulation of METTL3 decreased the 

expression levels of pyroptosis associated proteins 

(Caspase-1, Gasdermin D, NLRP3, IL-1β and IL-18) in 

high-glucose treated RPE cells, which were also 

reversed by downregulating miR-25-3p (Figure 4E, 

4F). The above results suggested that high-glucose 

inhibited RPE cell proliferation, promoted cell apop-

tosis and pyroptosis by regulating METTL3/miR-25-

3p axis. 

METTL3 regulated PTEN/Akt signal pathway by 

upregulating miR-25-3p 

 

The PTEN/Akt axis has been reported to be closely 

related with the development of diabetes mellitus [25, 

26] and was the downstream target of miR-25-3p in 

high-glucose treated renal tubular epithelial cells [31], 

which enlightened us that high-glucose might regulate 

PTEN/Akt axis through METTL3 and miR-25-3p in 

RPE cells. As expected, the results showed that over-

expressed METTL3 significantly decreased the 

expression levels of PTEN and increased phosphorylated 

Akt levels in RPE cells, which were abrogated by 

knocking down miR-25-3p (Figure 5A, 5B). Besides, the 

online starBase software predicted the targeting sites of 

miR-25-3p and 3’ UTR regions of PTEN mRNA (Figure 

5C). The dual-luciferase reporter gene system results 

validated that miR-25-3p mimic decreased the luciferase 

activity in 293T cells (Figure 5D). Consistently, the 

luciferase activity was increased by transfecting cells 

with miR-25-3p inhibitor (Figure 5E), indicating that 

miR-25-3p inhibited the expression levels of PTEN by 

binding to its 3’ UTR regions and in accordance with the 

previous study [31]. Further results also validated that 

overexpression of miR-25-3p decreased the expression 

levels of PTEN and increased phosphorylated Akt in 

RPE cells, and downregulation of miR-25-3p had 

opposite effects on the above proteins (Figure 5F, 5G). 

Notably, we found that high-glucose increased the 

expression levels of PTEN and decreased phospho-

rylated Akt levels in RPE cells, which were all reversed 

by both upregulating METTL3 and miR-25-3p (Figure 

5H, 5I). The above results indicated that high-glucose 

regulated PTEN/Akt axis by downregulating METTL3 

and miR-25-3p in RPE cells. 

 

Upregulation of PTEN abrogated the protective 

effects of overexpressed METTL3 on high-glucose 

treated RPE cells 
 

The experiments were next conducted to investigate 

whether high-glucose regulated cell proliferation, apop-

tosis and pyroptosis in RPE cells by regulating 

METTL3/miR-25-3p/PTEN/Akt signal pathway. To 

achieve this, the overexpressed vectors for METTL3 and 

PTEN were transfected into RPE cells, respectively. The 

colony formation assay results showed that upregulation 

of METTL3 alleviated the inhibiting effects of high-

glucose on RPE cell proliferation, which were abrogated 

by overexpressing PTEN (Figure 6A, 6B). Similarly, the 

FCM results showed that high-glucose significantly 

increased the apoptosis ratio of RPE cells, which were 

reversed by overexpressing METTL3. The effects of 

overexpressed METTL3 on high-glucose induced RPE 

cell apoptosis were abrogated by upregulating PTEN 

(Figure 6C, 6D). Furthermore, high-glucose promoted 
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Figure 3. High-glucose regulated RPE cell functions by downregulating miR-25-3p. Western Blot was conducted to determine the 
expressions of (A, B) proliferation associated proteins (Cyclin D1, CDK2 and Cyclin E2), (C, D) apoptosis associated proteins (Bax, cleaved 
caspase-3 and Bcl-2) and (E, F) pyroptosis associated proteins (Caspase-1, Gasdermin D, NLRP3, IL-1β and IL-18) in RPE cells. (“Con” means 
“Control”, “Hg” means “High-glucose”, “Mic” means “miR-25-3p mimic” and “Inhi” means “miR-25-3p inhibitor”). Each experiment had at 
least 3 repetitions, the data were collected and represented as Mean ± SD. “*” means p < 0.05 and “**” means p < 0.01. 
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expressions of pyroptosis associated proteins (Caspase-

1, Gasdermin D, NLRP3, IL-1β and IL-18) in RPE cells, 

which were reversed by overexpressing METTL3 

(Figure 6E, 6F). Of note, the alleviating effects of 

overexpressed METTL3 on high-glucose induced RPE 

cell pyroptosis were also abrogated by upregulating 

PTEN (Figure 6E, 6F). 

DISCUSSION 
 

Diabetic retinopathy (DR) is a common microvascular 

complication of diabetes [33], considered as the main 

cause of diabetes related blindness worldwide, and 

seriously endangering to human health [34]. However, 

due to its complicated pathogenesis and unknown 

 

 
 

Figure 4. High-glucose inhibited RPE cell viability by regulating METTL3/miR-25-3p signaling cascade. (A, B) The colony 
formation assay was performed to measure RPE cell proliferation. Western Blot was used to determine the expression levels of (C, D) cleaved 
Caspase-3 and (E, F) pyroptosis associated proteins (Caspase-1, Gasdermin D, NLRP3, IL-1β and IL-18) in RPE cells. (“Con” means “Control”, 
“Hg” means “High-glucose”, “OE-M” means “Overexpressed METTL3” and “Inhi” means “miR-25-3p inhibitor”). Each experiment had at least 
3 repetitions, the data were collected and represented as Mean ± SD. “*” means p < 0.05 and “**” means p < 0.01. 
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mechanisms, there are still no effective therapies for DR 

treatment in clinic [35]. Recent studies found that 

methyltransferase-like 3 (METTL3) mediated m6A 

modifications were closely related with the development 

of type 2 diabetes mellitus (T2DM) [6], but it was still 

unclear whether METTL3 regulated DR progression. 

The high-glucose treated retinal pigment epithelium 

(RPE) cells were used in this study as the in vitro models 

for DR research according to the previous studies [36–

38]. The results showed that METTL3 was low 

expressed in the peripheral venous blood samples 

collected from T2DM patients compared to the normal 

volunteers. In addition, high-glucose inhibited METTL3 

expressions in RPE cells, indicating that METTL3  

might participate in the regulation of DR progression. 

Further results validated that the promoting effects of 

 

 
 

Figure 5. High-glucose regulated PTEN/Akt signal pathway in RPE cells by downregulating METTL3 and miR-25-3p. (A, B) 
Western Blot was used to determine the expressions of METTL3, PTEN, p-Akt and Akt in RPE cells. (C) The targeting sites of miR-25-3p and 
3’UTR regions of PTEN mRNA were predicted by using the online starBase software. (D, E) Dual-luciferase reporter gene system was 
employed to validate the binding sites of miR-25-3p and 3’UTR regions of PTEN mRNA. (F–I) Western Blot was conducted to determine the 
expression status of PTEN, p-Akt and Akt in RPE cells. (“Con” means “Control”, “Hg” means “High-glucose”, “OE-M” means “Overexpressed 
METTL3” and “Mic” means “miR-25-3p mimic”). Each experiment had at least 3 repetitions, the data were collected and represented as 
Mean ± SD. “*” means p < 0.05 and “**” means p < 0.01. 
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Figure 6. High-glucose inhibited RPE cell viability by regulating PTEN/Akt signal pathway. (A, B) Colony formation assay was 
performed to detect RPE cell proliferation. (C, D) FCM was used to determine RPE cell apoptosis ratio. (E, F) Western Blot was performed to 
determine the expression levels of pyroptosis associated proteins (Caspase-1, Gasdermin D, NLRP3, IL-1β and IL-18) in RPE cells. (“Hg” means 
“High-glucose”, “OE-M” means “overexpressed METTL3” and “OE-P” means “Overexpressed PTEN”). Each experiment had at least 3 
repetitions, the data were collected and represented as Mean ± SD. “*” means p < 0.05 and “**” means p < 0.01. 
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high-glucose on RPE cell apoptosis and pyroptosis were 

reversed by overexpressing METTL3 and aggravated by 

knocking down METTL3. The above results suggested 

that high-glucose inhibited RPE cell viability by 

downregulating METTL3. 

 

MicroRNAs (miRNAs) involved in the regulation of 

DR progression and RPE cell functions [39, 40], and 

miRNAs could be regulated by METTL3 in a m6A 

modifications dependent manner [17]. By screening the 

potential downstream miRNAs (let-7e, miR-221/222, 

miR-4485, miR-25-3p, miR-93, miR-126 and miR-335) 

of METTL3 [4, 18], we found that high-glucose 

specifically decreased the levels of miR-25-3p, instead 

of other miRNAs, in RPE cells. Further experiments 

verified that METTL3 overexpression increased miR-

25-3p levels in RPE cells, which were abrogated by 

knocking down the microprocessor protein DGCR8 and 

indicated that METTL3 regulated miR-25-3p in RPE 

cells through DGCR8. Besides, miR-25-3p was low-

expressed in the clinical samples of T2DM patients 

compared to their normal counterparts. In addition, 

previous publication reported that overexpression of 

miR-25-3p inhibited high-glucose induced apoptosis in 

renal tubular epithelial cells [31], which were also 

validated in RPE cells in this study. Specifically, the 

effects of high-glucose on RPE cell proliferation, 

apoptosis and pyroptosis were reversed by over-

expressing miR-25-3p and enhanced by knocking down 

miR-25-3p. The above results indicated that high-

glucose inhibited RPE cell viability by downregulating 

miR-25-3p and in line with the previous study [31]. 

Interestingly, this study found that the protective effects 

of METTL3 overexpression on high-glucose induced 

RPE cell death were abrogated by knocking down miR-

25-3p, implying that high-glucose inhibited RPE cell 

viability by regulating METTL3/miR-25-3p signaling 

cascade. 

 

Previous studies reported that PTEN/Akt signal pathway 

participated in the regulation of diabetes mellitus  

[25, 26] and DR progression [27], and overexpressed 

miR-25-3p alleviated high-glucose induced renal 

tubular epithelial cell death by regulating PTEN/Akt 

signal pathway [31], which were also verified in this 

study in RPE cells. Mechanistically, high-glucose 

promoted PTEN, while inhibited phosphorylated Akt 

expressions in RPE cells, which were all reversed  

by overexpressing miR-25-3p. In addition, we found  

that overexpressed METTL3 decreased the expression 

levels of PTEN, and promoted phosphorylated Akt 

expressions in RPE cells, which were all reversed  

by knocking down miR-25-3p. The above results 

indicated that high-glucose regulated PTEN/Akt signal 

pathway by downregulating METTL3 and miR-25-3p  

in RPE cells. Furthermore, the protective effects of 

overexpressed METTL3 on high-glucose induced RPE 

cell death were abrogated by overexpressing PTEN, 

which indicated that overexpressed METTL3 alleviated 

the cytotoxic effects of high-glucose on RPE cells by 

downregulating PTEN. 

 

Taken together, this study found that overexpression of 

METTL3 alleviated high-glucose induced RPE cell 

apoptosis and pyroptosis, and promoted cell proliferation 

by regulating miR-25-3p/PTEN/Akt signaling cascade in 

a DGCR8-dependent manner. This study uncovered the 

underlying mechanisms of DR pathogenesis, and will 

shed light on the discovery of potential therapeutic 

agents for DR treatment in clinic. 

 

MATERIALS AND METHODS 
 

Clinical specimens 
 

The patients (N=30) diagnosed with type II diabetes 

mellitus (T2DM) and healthy volunteers (N=30) were 

recruited in the 2nd Affiliated Hospital of Kunming 

Medical University from 2014 to 2016. The peripheral 

venous blood samples were collected from the above 

participants and immediately frozen in the refrigerator 

with 4 °C for further experiments. The T2DM patients 

were chosen in this study according to the criteria of the 

American Diabetes Association [41]. All the participants 

had signed the informed consent form. Besides, all the 

clinical experiments in this study were conducted in 

accordance with the Declaration of Helsinki, and 

approved by the Ethics Committee of 2nd Affiliated 

Hospital of Kunming Medical University. 
 

Cell culture and vectors transfection 
 

The human retinal pigment epithelium (RPE) cell line 

ARPE-19 was obtained from the American Type 

Culture Collection (ATCC, USA). The ARPE-19 cells 

were cultured in the Dulbecco’s modified Eagle’s 

medium (DMEM, Gibico, USA) containing 10% fetal 

bovine serum. The cells were then put into the incubator 

with humidified atmosphere containing 5% CO2 at 

37°C. The miR-25-3p mimic and inhibitor were 

designed and synthesized by Sangon Biotech (Shanghai, 

China). The small interfering RNA for METTL3 was 

obtained from RiboBio (Guangzhou, China). The cDNA 

fragments for METTL3 and PTEN were amplified and 

cloned into pcDNA3.1 vectors to obtain overexpressed 

vectors for METTL3 (OE-METTL3) and PTEN  

(OE-PTEN), respectively, which were constructed by 

Sangon Biotech (Shanghai, China). Finally, the 

Lipofectamine 2000 transfection kit (Invitrogen,  

USA) was employed to deliver all the above vectors 

into ARPE-19 cells according to the manufacturer’s 

instruction. 
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Real-Time qPCR 
 

The TRIzol kit (Invitrogen, USA) was employed to 

extract the total RNA from ARPE-19 cells according 

to its protocol. Besides, the total RNA from the 

clinical samples were prepared according to the 

previous study [39]. The iScript cDNA Synthesis  

Kit (Bio-rad, USA) was used to reversely transcribed 

the RNA into cDNA, and HiScript II Q Select  

RT SuperMix (Vazyme, China) was employed  

to quantify the expression status of the target genes. 

The primer sequences for Real-Time qPCR were listed 

in Table 1. 

 

Western blot 

 

The RIPA lysis buffer (Beyotime, China) was used to 

extract the total proteins from the ARPE-19 cells 

according to the manufacturer’s protocol. The protein 

concentrations were determined by using the BCA 

protein assay kit (Beyotime, China). After that, the 

proteins were separated by 10% SDS-PAGE and 

transferred onto PVDF membranes (Millipore, USA). 

The PVDF membranes were then blocked by 5% skim 

milk for 60 min at room temperature and probed with 

the primary antibodies against β-actin (Abcam, UK), 

METTL3 (Abcam, UK), Caspase-1 (Abcam, UK), 

Gasdermin D (Abcam, UK), NLRP3 (Abcam, UK), IL-

1β(Abcam, UK), IL-18 (Abcam, UK), Cyclin D1 

(Abcam, UK), CDK2 (Abcam, UK), Cyclin E2 (Abcam, 

UK), p27 (Abcam, UK), Bax (Abcam, UK), cleaved 

Caspase-3 (Abcam, UK), Bcl-2 (Abcam, UK), PTEN 

(Abcam, UK), p-Akt (Abcam, UK) and Akt (Abcam, 

UK) overnight at 4°C. The secondary antibody (Abcam, 

UK) was then incubated with the membranes for 2h at 

room temperature. Finally, the protein bands were 

visualized by ECL Western Blot detection kit (GE 

Healthcare Bio-science, USA) and quantified by Image 

J software. 

 

Cell counting kit-8 (CCK-8) assay 

 

The ARPE-19 cells were harvested and seeded into  

the 96-well plates at the density of 2 × 103 per well. 

The high-glucose (50mM) were then incubated with 

the cells for 0h, 12h, 24h and 36h, respectively. The 

commercial CCK-8 kit (AbMole, USA) was employed 

to measure cell proliferation according to the 

manufacturer’s protocol. Briefly, 10 μl of CCK-8 

solution was added into each well for 4 h. After  

that, the plates were gently mixed and the Gemini  

EM microplate reader (Molecular Devices, USA)  

was used to measure the optical density (OD) values  

at the absorbance of 450 nm. The OD values were  

used to reflect the proliferation abilities of ARPE-19 

cells. 

Enzyme-linked immunosorbent assay (ELISA) 
 

The supernatants for ARPE-19 cells were collected and 

the commercial ELISA kit (Peprotech, USA) was used 

to measure the expression levels of IL-1β and IL-18 

according to the manufacturer’s instruction. The HRP-

labeled goat anti-rabbit IgG antibodies were used as 

secondary antibodies in this study. The microplate 

reader (Molecular Devices, USA) was used to detect the 

absorbance values at the wavelength of 450 nm. 

 

Flow cytometry (FCM) 

 

The ARPE-19 cells were transfected with the above 

vectors and treated with high-glucose (50 mM) for 36h, 

the cell apoptosis ratio was determined by using the 

Annexin V-FITC/Propidium Iodide (PI) Apoptosis 

Detection Kit (BD Biosciences, USA) according to the 

manufacturer’s instruction. In brief, the staining 

solutions for Annexin V and PI were incubated with the 

cells for 30 min at darkness. The Flow cytometry 

(FCM) produced by ThermoFisher Scientific (USA) 

was used to measure cell apoptosis ratio. 

 

Colony formation assay 
 

The ARPE-19 cells were transfected with the above 

vectors and treated with high-glucose (50mM) for 36 h. 

The colony formation assay was conducted to evaluate 

cell proliferation ability. The ARPE-19 cells were 

harvested and cultured in the 6-well plates at the density 

of 500 cells per well for 14 days and stained with 

crystal violet (Beyotime, China). The cell colonies 

containing at least 10 cells were counted by using an 

inverted microscope (ThermoFisher Scientific, USA). 
 

Dual-luciferase reporter gene system 
 

The wild-type (Wt) and mutant-type (Mut) 3’ UTR 

regions of PTEN mRNA were cloned into the luciferase 

expressing pMIR-REPORT vector (ThermoFisher). The 

above vectors were co-transfected with mimic and 

inhibitor for miR-25-3p, and miR-NC into HEK-293T 

cells by using the Lipofectamine 2000 transfection kit 

(Invitrogen, USA). The commercial dual-luciferase 

reporter assay kit (Promega, USA) was employed to 

measure the relative luciferase activity, which were 

quantified by the luminescence plate reader (Molecular 

Devices Inc., USA). 
 

Statistical analysis 
 

All the data in our study were collected and represented 

as Means ± Standard Deviation (SD). The SPSS 13.0 

software was used to analyze the data. The comparisons 

between two groups were conducted by using the 
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Table 1. The primer sequences for Real-Time qPCR. 

Gene Primer sequences (strand) 

β-actin Forward: 5’-CTCCATCCTGGCCTCGCTGT-3’ 

Reverse: 5’-GCTGCTACCTTCACCGTTCC-3’ 

U6 Forward: 5’-GACTATCATATGCTTACCGT-3’ 

Reverse: 5’-GGGCAGGAAGAGGGCCTAT-3’ 

miR-25-3p Forward: 5’-CTCCCTCACAGGACAGCTGAACAC-3’ 

Reverse: 5’-CTGCCCCCCCACATCTGCAGT-3’ 

METTL3 Forward: 5’-TTGTCTCCAACCTTCCGTAGT-3’ 

Reverse: 5’-CCAGATCAGAGAGGTGGTGTAG-3’ 

 

Student’s t-test. The comparisons among multiple groups 

were conducted by using the one-way analysis of 

variance (ANOVA). The correlation between miR-25-3p 

and METTL3 mRNA in clinical serum samples were 

analyzed by employing the Pearson Correlation Analysis. 

All the experiments in this study were repeated at least 3 

times. “p < 0.05” means statistical significance. 

 

CONFLICTS OF INTEREST 
 

All the authors in this paper declared that we have no 

conflicts of interest to this work. 

 

FUNDING 
 

This work was supported by National Natural Science 

Foundation of China (No. 81560015) and Scientific 

Research Foundation of education department of Yunnan 

Province, People’s Republic of China (No. 2018JS217). 

 

REFERENCES 
 

1. Nachtergaele S, He C. The emerging biology of RNA 
post-transcriptional modifications. RNA Biol. 2017; 
14:156–63. 

 https://doi.org/10.1080/15476286.2016.1267096 
 PMID:27937535 

2. Frye M, Blanco S. Post-transcriptional modifications in 
development and stem cells. Development. 2016; 
143:3871–81. 

 https://doi.org/10.1242/dev.136556 PMID:27803056 

3. Zhao BS, Roundtree IA, He C. Post-transcriptional gene 
regulation by mRNA modifications. Nat Rev Mol Cell 
Biol. 2017; 18:31–42. 

 https://doi.org/10.1038/nrm.2016.132 
 PMID:27808276 

4. Han J, Wang JZ, Yang X, Yu H, Zhou R, Lu HC, Yuan WB, 
Lu JC, Zhou ZJ, Lu Q, Wei JF, Yang H. METTL3 promote 
tumor proliferation of bladder cancer by accelerating 
pri-miR221/222 maturation in m6A-dependent 
manner. Mol Cancer. 2019; 18:110. 

 https://doi.org/10.1186/s12943-019-1036-9 
 PMID:31228940 

5. Maity A, Das B. N6-methyladenosine modification in 
mRNA: machinery, function and implications for health 
and diseases. FEBS J. 2016; 283:1607–30. 

 https://doi.org/10.1111/febs.13614 
 PMID:26645578 

6. Yang Y, Shen F, Huang W, Qin S, Huang JT, Sergi C, 
Yuan BF, Liu SM. Glucose Is Involved in the Dynamic 
Regulation of m6A in Patients With Type 2 Diabetes. J 
Clin Endocrinol Metab. 2019; 104:665–73. 

 https://doi.org/10.1210/jc.2018-00619 
 PMID:30137347 

7. Shen F, Huang W, Huang JT, Xiong J, Yang Y, Wu K, Jia 
GF, Chen J, Feng YQ, Yuan BF, Liu SM. Decreased N(6)-
methyladenosine in peripheral blood RNA from 
diabetic patients is associated with FTO expression 
rather than ALKBH5. J Clin Endocrinol Metab. 2015; 
100:E148–54. 

 https://doi.org/10.1210/jc.2014-1893 
 PMID:25303482 

8. Yu J, Shen L, Liu Y, Ming H, Zhu X, Chu M, Lin J. The 
m6A methyltransferase METTL3 cooperates with 
demethylase ALKBH5 to regulate osteogenic 
differentiation through NF-κB signaling. Mol Cell 
Biochem. 2020; 463:203–210. 

 https://doi.org/10.1007/s11010-019-03641-5 
 PMID:31643040 

9. Yang J, Liu J, Zhao S, Tian F. N6-Methyladenosine 
METTL3 Modulates the Proliferation and Apoptosis of 
Lens Epithelial Cells in Diabetic Cataract. Mol Ther 
Nucleic Acids. 2020; 20:111–16. 

 https://doi.org/10.1016/j.omtn.2020.02.002 
 PMID:32163892 

10. Dunn KC, Aotaki-Keen AE, Putkey FR, Hjelmeland LM. 
ARPE-19, a human retinal pigment epithelial cell line 
with differentiated properties. Exp Eye Res. 1996; 
62:155–69. 

 https://doi.org/10.1006/exer.1996.0020 
 PMID:8698076 

https://doi.org/10.1080/15476286.2016.1267096
https://www.ncbi.nlm.nih.gov/pubmed/27937535
https://doi.org/10.1242/dev.136556
https://www.ncbi.nlm.nih.gov/pubmed/27803056
https://doi.org/10.1038/nrm.2016.132
https://www.ncbi.nlm.nih.gov/pubmed/27808276
https://doi.org/10.1186/s12943-019-1036-9
https://www.ncbi.nlm.nih.gov/pubmed/31228940
https://doi.org/10.1111/febs.13614
https://www.ncbi.nlm.nih.gov/pubmed/26645578
https://doi.org/10.1210/jc.2018-00619
https://www.ncbi.nlm.nih.gov/pubmed/30137347
https://doi.org/10.1210/jc.2014-1893
https://www.ncbi.nlm.nih.gov/pubmed/25303482
https://doi.org/10.1007/s11010-019-03641-5
https://www.ncbi.nlm.nih.gov/pubmed/31643040
https://doi.org/10.1016/j.omtn.2020.02.002
https://www.ncbi.nlm.nih.gov/pubmed/32163892
https://doi.org/10.1006/exer.1996.0020
https://www.ncbi.nlm.nih.gov/pubmed/8698076


 

www.aging-us.com 8149 AGING 

11. Xiao Q, Zhao Y, Xu J, Li WJ, Chen Y, Sun HJ. NFE2/miR-
423-5p/TFF1 axis regulates high glucose-induced 
apoptosis in retinal pigment epithelial cells. BMC Mol 
Cell Biol. 2019; 20:39. 

 https://doi.org/10.1186/s12860-019-0223-2 
 PMID:31455213 

12. Baumgarten S, Bryant JM, Sinha A, Reyser T, Preiser PR, 
Dedon PC, Scherf A. Transcriptome-wide dynamics of 
extensive m6A mRNA methylation during Plasmodium 
falciparum blood-stage development. Nat Microbiol. 
2019; 4:2246–59. 

 https://doi.org/10.1038/s41564-019-0521-7 
 PMID:31384004 

13. van Tran N, Ernst FG, Hawley BR, Zorbas C, Ulryck N, 
Hackert P, Bohnsack KE, Bohnsack MT, Jaffrey SR, 
Graille M, Lafontaine DL. The human 18S rRNA m6A 
methyltransferase METTL5 is stabilized by TRMT112. 
Nucleic Acids Res. 2019; 47:7719–33. 

 https://doi.org/10.1093/nar/gkz619 PMID:31328227 

14. Wei J, Liu F, Lu Z, Fei Q, Ai Y, He PC, Shi H, Cui X, Su R, 
Klungland A, Jia G, Chen J, He C. Differential m6A, 
m6Am, and m1A Demethylation Mediated by FTO in the 
Cell Nucleus and Cytoplasm. Mol Cell. 2018; 71:973–
985.e5. 

 https://doi.org/10.1016/j.molcel.2018.08.011 
 PMID:30197295 

15. Wu Y, Yang X, Chen Z, Tian L, Jiang G, Chen F, Li J, An P, 
Lu L, Luo N, Du J, Shan H, Liu H, Wang H. m6A-induced 
lncRNA RP11 triggers the dissemination of colorectal 
cancer cells via upregulation of Zeb1. Mol Cancer. 
2019; 18:87. 

 https://doi.org/10.1186/s12943-019-1014-2 
 PMID:30979372 

16. Meng S, Zhou H, Feng Z, Xu Z, Tang Y, Wu M. 
Epigenetics in Neurodevelopment: Emerging Role of 
Circular RNA. Front Cell Neurosci. 2019; 13:327. 

 https://doi.org/10.3389/fncel.2019.00327 
 PMID:31379511 

17. Erson-Bensan AE, Begik O. m6A Modification and 
Implications for microRNAs. MicroRNA. 2017; 6:97–101. 

 https://doi.org/10.2174/2211536606666170511102219 
 PMID:28494721 

18. Alarcón CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF. 
N6-methyladenosine marks primary microRNAs for 
processing. Nature. 2015; 519:482–85. 

 https://doi.org/10.1038/nature14281 
 PMID:25799998 

19. Peng G, Yang C, Liu Y, Shen C. miR-25-3p promotes 
glioma cell proliferation and migration by targeting 
FBXW7 and DKK3. Exp Ther Med. 2019; 18:769–78. 

 https://doi.org/10.3892/etm.2019.7583 
 PMID:31258712 

20. Chen H, Pan H, Qian Y, Zhou W, Liu X. MiR-25-3p 
promotes the proliferation of triple negative breast 
cancer by targeting BTG2. Mol Cancer. 2018; 17:4. 

 https://doi.org/10.1186/s12943-017-0754-0 
 PMID:29310680 

21. Zhang J, Wang J, Zheng L, Wang M, Lu Y, Li Z, Lian C, 
Mao S, Hou X, Li S, Xu J, Tian H, Jin C, et al. miR-25 
Mediates Retinal Degeneration Via Inhibiting ITGAV 
and PEDF in Rat. Curr Mol Med. 2017; 17:359–74. 

 https://doi.org/10.2174/1566524018666171205122540 
 PMID:29210651 

22. Kappelmann-Fenzl M, Gebhard C, Matthies AO, Kuphal 
S, Rehli M, Bosserhoff AK. C-Jun drives melanoma 
progression in PTEN wild type melanoma cells. Cell 
Death Dis. 2019; 10:584. 

 https://doi.org/10.1038/s41419-019-1821-9 
 PMID:31378787 

23. Luongo F, Colonna F, Calapà F, Vitale S, Fiori ME, De 
Maria R. PTEN Tumor-Suppressor: The Dam of 
Stemness in Cancer. Cancers (Basel). 2019; 11:E1076. 

 https://doi.org/10.3390/cancers11081076 
 PMID:31366089 

24. Song Z, Yang H, Wu X, Kong C, Xu C. microRNA-564 
inhibits the aggressive phenotypes of papillary thyroid 
cancer by directly targeting astrocyte-elevated gene-1. 
Oncotargets Ther. 2019; 12:4869–81. 

 https://doi.org/10.2147/OTT.S201282 
 PMID:31388302 

25. Yin L, Cai WJ, Chang XY, Li J, Zhu LY, Su XH, Yu XF, Sun 
K. Analysis of PTEN expression and promoter 
methylation in Uyghur patients with mild type 2 
diabetes mellitus. Medicine (Baltimore). 2018; 
97:e13513. 

 https://doi.org/10.1097/MD.0000000000013513 
 PMID:30544451 

26. Zhu L, Zhao S, Liu S, Liu Q, Li F, Hao J. PTEN Regulates 
Renal Extracellular Matrix Deposit via Increased CTGF in 
Diabetes Mellitus. J Cell Biochem. 2016; 117:1187–98. 

 https://doi.org/10.1002/jcb.25402 
 PMID:26447680 

27. Lu JM, Zhang ZZ, Ma X, Fang SF, Qin XH. Repression of 
microRNA-21 inhibits retinal vascular endothelial cell 
growth and angiogenesis via PTEN dependent-
PI3K/Akt/VEGF signaling pathway in diabetic 
retinopathy. Exp Eye Res. 2020; 190:107886. 

 https://doi.org/10.1016/j.exer.2019.107886 
 PMID:31759996 

28. Zhang JY, Ma J, Yu P, Tang GJ, Li CJ, Yu DM, Zhang QM. 
Reduced beta 2 glycoprotein I prevents high glucose-
induced cell death in HUVECs through miR-21/PTEN. 
Am J Transl Res. 2017; 9:3935–49. 

 PMID:28979671 

https://doi.org/10.1186/s12860-019-0223-2
https://www.ncbi.nlm.nih.gov/pubmed/31455213
https://doi.org/10.1038/s41564-019-0521-7
https://www.ncbi.nlm.nih.gov/pubmed/31384004
https://doi.org/10.1093/nar/gkz619
https://www.ncbi.nlm.nih.gov/pubmed/31328227
https://doi.org/10.1016/j.molcel.2018.08.011
https://www.ncbi.nlm.nih.gov/pubmed/30197295
https://doi.org/10.1186/s12943-019-1014-2
https://www.ncbi.nlm.nih.gov/pubmed/30979372
https://doi.org/10.3389/fncel.2019.00327
https://www.ncbi.nlm.nih.gov/pubmed/31379511
https://doi.org/10.2174/2211536606666170511102219
https://www.ncbi.nlm.nih.gov/pubmed/28494721
https://doi.org/10.1038/nature14281
https://www.ncbi.nlm.nih.gov/pubmed/25799998
https://doi.org/10.3892/etm.2019.7583
https://www.ncbi.nlm.nih.gov/pubmed/31258712
https://doi.org/10.1186/s12943-017-0754-0
https://www.ncbi.nlm.nih.gov/pubmed/29310680
https://doi.org/10.2174/1566524018666171205122540
https://www.ncbi.nlm.nih.gov/pubmed/29210651
https://doi.org/10.1038/s41419-019-1821-9
https://www.ncbi.nlm.nih.gov/pubmed/31378787
https://doi.org/10.3390/cancers11081076
https://www.ncbi.nlm.nih.gov/pubmed/31366089
https://doi.org/10.2147/OTT.S201282
https://www.ncbi.nlm.nih.gov/pubmed/31388302
https://doi.org/10.1097/MD.0000000000013513
https://www.ncbi.nlm.nih.gov/pubmed/30544451
https://doi.org/10.1002/jcb.25402
https://www.ncbi.nlm.nih.gov/pubmed/26447680
https://doi.org/10.1016/j.exer.2019.107886
https://www.ncbi.nlm.nih.gov/pubmed/31759996
https://www.ncbi.nlm.nih.gov/pubmed/28979671


 

www.aging-us.com 8150 AGING 

29. Yang L, Fan Y, Zhang X, Gao L, Ma J. Role of miRNA-
21/PTEN on the high glucose-induced EMT in human 
mesothelial peritoneal cells. Am J Transl Res. 2018; 
10:2590–99. 

 PMID:30210695 

30. Wan W, Wan W, Long Y, Li Q, Jin X, Wan G, Zhang F, Lv 
Y, Zheng G, Li Z, Zhu Y. MiR-25-3p promotes malignant 
phenotypes of retinoblastoma by regulating PTEN/Akt 
pathway. Biomed Pharmacother. 2019; 118:109111. 

 https://doi.org/10.1016/j.biopha.2019.109111 
 PMID:31336343 

31. Li H, Zhu X, Zhang J, Shi J. MicroRNA-25 inhibits high 
glucose-induced apoptosis in renal tubular epithelial 
cells via PTEN/AKT pathway. Biomed Pharmacother. 
2017; 96:471–79. 

 https://doi.org/10.1016/j.biopha.2017.10.019 
 PMID:29031207 

32. Zhang Y, Xi X, Mei Y, Zhao X, Zhou L, Ma M, Liu S, Zha X, 
Yang Y. High-glucose induces retinal pigment 
epithelium mitochondrial pathways of apoptosis and 
inhibits mitophagy by regulating ROS/PINK1/Parkin 
signal pathway. Biomed Pharmacother. 2019; 
111:1315–25. 

 https://doi.org/10.1016/j.biopha.2019.01.034 
 PMID:30841445 

33. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. 
Lancet. 2010; 376:124–36. 

 https://doi.org/10.1016/S0140-6736(09)62124-3 
 PMID:20580421 

34. Olivares AM, Althoff K, Chen GF, Wu S, Morrisson MA, 
DeAngelis MM, Haider N. Animal Models of Diabetic 
Retinopathy. Curr Diab Rep. 2017; 17:93. 

 https://doi.org/10.1007/s11892-017-0913-0 
 PMID:28836097 

35. Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, 
Jenkins A, Gardiner TA, Lyons TJ, Hammes HP, Simó R, 
Lois N. The progress in understanding and treatment of 
diabetic retinopathy. Prog Retin Eye Res. 2016; 
51:156–86. 

 https://doi.org/10.1016/j.preteyeres.2015.08.001 
 PMID:26297071 

36. Bahrami B, Shen W, Zhu L, Zhang T, Chang A, Gillies 
MC. Effects of VEGF inhibitors on human retinal 
pigment epithelium under high glucose and hypoxia. 
Clin Exp Ophthalmol. 2019; 47:1074–81. 

 https://doi.org/10.1111/ceo.13579 
 PMID:31265210 

37. Gong Q, Xie J, Li Y, Liu Y, Su G. Enhanced ROBO4 is 
mediated by up-regulation of HIF-1α/SP1 or reduction 
in miR-125b-5p/miR-146a-5p in diabetic retinopathy. J 
Cell Mol Med. 2019; 23:4723–37. 

 https://doi.org/10.1111/jcmm.14369 
 PMID:31094072 

38. Tenconi PE, Bermúdez V, Oresti GM, Giusto NM, 
Salvador GA, Mateos MV. High glucose-induced 
phospholipase D activity in retinal pigment epithelium 
cells: new insights into the molecular mechanisms of 
diabetic retinopathy. Exp Eye Res. 2019; 184:243–57. 

 https://doi.org/10.1016/j.exer.2019.04.028 
 PMID:31059692 

39. Ji H, Yi Q, Chen L, Wong L, Liu Y, Xu G, Zhao J, Huang T, 
Li B, Yang Y, Li W, Han L, Duan S. Circulating miR-3197 
and miR-2116-5p as novel biomarkers for diabetic 
retinopathy. Clin Chim Acta. 2020; 501:147–53. 

 https://doi.org/10.1016/j.cca.2019.10.036 
 PMID:31678272 

40. Shao J, Fan G, Yin X, Gu Y, Wang X, Xin Y, Yao Y. A novel 
transthyretin/STAT4/miR-223-3p/FBXW7 signaling 
pathway affects neovascularization in diabetic 
retinopathy. Mol Cell Endocrinol. 2019; 498:110541. 

 https://doi.org/10.1016/j.mce.2019.110541 
 PMID:31415795 

41. American Diabetes Association. Diagnosis and 
classification of diabetes mellitus. Diabetes Care. 2012 
(Suppl 1); 35:S64–71. 

 https://doi.org/10.2337/dc12-s064  
PMID:22187472 

https://www.ncbi.nlm.nih.gov/pubmed/30210695
https://doi.org/10.1016/j.biopha.2019.109111
https://www.ncbi.nlm.nih.gov/pubmed/31336343
https://doi.org/10.1016/j.biopha.2017.10.019
https://www.ncbi.nlm.nih.gov/pubmed/29031207
https://doi.org/10.1016/j.biopha.2019.01.034
https://www.ncbi.nlm.nih.gov/pubmed/30841445
https://doi.org/10.1016/S0140-6736(09)62124-3
https://www.ncbi.nlm.nih.gov/pubmed/20580421
https://doi.org/10.1007/s11892-017-0913-0
https://www.ncbi.nlm.nih.gov/pubmed/28836097
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://www.ncbi.nlm.nih.gov/pubmed/26297071
https://doi.org/10.1111/ceo.13579
https://www.ncbi.nlm.nih.gov/pubmed/31265210
https://doi.org/10.1111/jcmm.14369
https://www.ncbi.nlm.nih.gov/pubmed/31094072
https://doi.org/10.1016/j.exer.2019.04.028
https://www.ncbi.nlm.nih.gov/pubmed/31059692
https://doi.org/10.1016/j.cca.2019.10.036
https://www.ncbi.nlm.nih.gov/pubmed/31678272
https://doi.org/10.1016/j.mce.2019.110541
https://www.ncbi.nlm.nih.gov/pubmed/31415795
https://doi.org/10.2337/dc12-s064
https://www.ncbi.nlm.nih.gov/pubmed/22187472

