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Abstract: Many microRNAs (miRNAs) have been identified as being involved in diabetes; however,
the question of which ones may be the most promising therapeutical targets still needs more investiga-
tion. This study aims to understand the overall development tendency and identify a specific miRNA
molecule to attenuate diabetes. We developed a combined analysis method based on bibliometrics
and bioinformatics to visualize research institutions, authors, cited references, and keywords to
identify a promising target for diabetes. Our data showed that diabetes-related miRNA is receiving
continuously increasing attention, with a large number of publications, indicating that this is still
a hot topic in diabetes research. Scientists from different institutions are collaborating closely in
this field. miR-21, miR-146a, miR-155, and miR-34a are frequently mentioned as high-frequency
keywords in the related references. Moreover, among all the above miRNAs, bioinformatics analysis
further strengthens the argument that miR-21 is the top significantly upregulated molecule in diabetes
patients and plays an important role in the pathogenesis of diabetes. Our study may provide a way
to identify targets and promote the clinical translation of miRNA-related therapeutical strategies for
diabetes, which could also indicate present and future directions for research in this area.

Keywords: diabetes; bibliometrics and bioinformatics analysis; miR-21; extracellular vesicles

1. Introduction

Diabetes mellitus is a major contributor to global mortality and has become a challeng-
ing public health issue [1]. According to a recent study published in the Lancet, the global
number of diabetes cases reached around 529 million in 2021, affecting approximately 6.1%
of the world’s population. This prevalence is expected to increase to 1.31 billion people by
2050 due to changes in lifestyle and an aging population, placing a significant burden on
healthcare systems worldwide [2,3]. Most patients with diabetes have poor blood glucose
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control, often complicated by diabetic retinopathy, diabetic nephropathy, cardiovascular
disease, etc. [4–6].

In recent years, research in the field of diabetes and its complications has received
extensive attention; however, the pathological mechanism of diabetes is complex and
there are numerous related references. It is necessary to periodically evaluate the research
progress and trends in this field to provide references for early prevention and intervention
strategies for diabetes and its complications.

MicroRNAs (miRNAs) are a type of small non-coding RNA of 20–24 nucleotides
in length. They regulate gene expression by degrading or inhibiting the translation of
target genes and participate in several biological processes, such as cell proliferation,
apoptosis, and differentiation [7–9]. In addition to animals, miRNAs have also been found
to play a distinct role in plant development, participating in almost all the developmental
processes of plants, from larvae to adults [10–12]. Growing evidence indicates that miRNAs
have a crucial role in diabetes and its complications [13–15]. Anna Zampetak’s team
found that miR-20b, miR-21, and miR-24 in the peripheral blood of diabetic patients
were significantly downregulated [16]. Yuan Xiong et al. reported that miR-20b-5p was
significantly increased in circulating extracellular vehicles (EVs) in diabetic patients and
inhibited wound healing and angiogenesis by regulating Wnt9b/β-catenin signaling [17,18].
The widespread presence of miRNAs in tissues and circulation (encapsulated in EVs) makes
them promising new diagnostic markers and therapeutic targets for diabetes mellitus.

Bibliometrics is a multidisciplinary field that involves the quantitative analysis of
all knowledge carriers using mathematical and statistical methods [19]. In recent years,
diabetes research has become a major focal point. However, there is a lack of specialized
bibliometric tools for the systematic analysis of the current state and trends of miRNAs
related to diabetes [20].

We constructed a visualization map using CiteSpace 6.2.R4 and VOSviewer 1.6.18
software based on a bibliometric analysis of the literature. The map displays yearly
publication volumes, author affiliations, research institutions, and keywords to demon-
strate the current state, growth patterns, and research hotspots of miRNAs in diabetes.
In addition, we analyzed publicly available sequencing data from the GEO database
to uncover significant differences in miRNA expression between diabetic patients and
those with complications. These findings provide valuable insights for future research
in this area.

2. Materials and Methods
2.1. Literature Collection and Analysis

Considering the timeliness of the literature, we extracted the literature published
between 31st August, 2013 and 31st August, 2023 from the Science Citation Index Ex-
panded of the Web of Science Core Collection on a 10-year cycle. The search terms were
TS = (“diabetes” or “diabetic”) AND TS = (“microRNA” or “miRNA”). A total of 4414 records
were retrieved. According to the exclusion criteria for published bibliometric articles [21,22],
we excluded 324 articles, including conference abstracts, book chapters, editorials, and other
document types, and a total of 4088 articles and reviews were finally included.

CiteSpace 6.2.R4 and VOSviewer 1.6.18 [23,24] were used to comb and visualize the
data of the included 4088 valid citations in our prior study [25]. The relevant parameters
were set as follows. The schedule slices were selected as 1 year per slice, and the time series
was set from 2013 to 2023. By selecting institutions, authors, and keywords, the visualization
analysis included timeline graphs of annual publication volume, a collaboration network
of research institutions or authors, and high-frequency keyword clustering. Finally, we
drew the PRISMA chart based on a template [26] to depict the literature selection process
(Figure 1).
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Figure 1. Flowchart of the literature selection. All data were collected from Web of Science Core
Collection and underwent analysis with bibliometrics software CiteSpace 6.2.R4 and VOSviewer
1.6.18.

2.2. Microarray Data Collection and Analysis

Publicly available sequencing data for myocardial tissue samples (GSE44179) from
diabetic cardiomyopathy rats and kidney tissue samples (GSE51674) [27] and skin trauma
tissue samples (GSE188783) from diabetic patients and healthy individuals were collected
from the GEO database on the NCBI platform. The online tool GEO2R (http://www.ncbi.
nlm.nih.gov/geo/geo2r, accessed on 1 September 2023) was used to analyze the data and
identify differential miRNAs, and ultimately draw the volcano plot graph with adjusted
p-value < 0.05 and logFC ≤ −1 or logFC ≥ 1 [28].

2.3. Animals and Treatments

Adult male 6-week-old C57BL/6J mice were obtained from Charles River Laboratories
(Shanghai, China). The mice were housed in a controlled environment at a temperature of
22 ◦C and with a 12/12-h light/dark cycle. To induce diabetic cardiomyopathy (DCM), the
mice were fed a high-fat chow diet (Research diet, D12492) continuously. After 6 weeks, the
mice received an intraperitoneal injection of streptozotocin (Sigma, Baltimore, MD, USA,
#S0130, 20 mg/kg in 0.1 mmol/L sodium citrate buffer, pH 4.5) for 5 consecutive days.
Control mice were injected with the same volume of sodium citrate buffer. Subsequently,
the mice continued to be fed the high-fat diet for 12 weeks.

2.4. RNA Isolation and Relative Quantitative Real-Time PCR (Q-PCR)

Total RNA was isolated using the Trizol RNA extraction kit (TAKARA, Tyoko, tyo,
Japan, 9109). Reverse transcription of 400 ng RNA was performed using iScript reverse
transcription supermix (Bio-Rad, Hercules, CA, USA, 1708840) following the manufac-
turer’s instructions. Q-PCR analysis was conducted using SYBR Green (Bio-Rad, 1708880)
on a LightCycler 480 Real-Time PCR System (Roche, Basel, Switzerland, 900067) with 5 s
as control. miR-21 and 5 s primers were purchased from RiboBio Co., Ltd. (Guangzhou,
China). The relative expression level was calculated using the 2−∆∆CT method.

2.5. Statistical Analysis

All data were expressed as mean ± SD. Significant differences between the two groups
were calculated by independent-sample t-test. A p-value less than 0.05 was statistically
different. The data were analyzed and graphed by using GraphPad Prism 8.0.

http://www.ncbi.nlm.nih.gov/geo/geo2r
http://www.ncbi.nlm.nih.gov/geo/geo2r
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3. Results
3.1. Annual Trend of Publications in the Diabetes-Associated miRNA Field

To explore the research progress, trends, and frontiers of miRNAs in the field of
diabetes mellitus, we used the bibliometric software CiteSpace and VOSviewer to visualize
and analyze the annual publication volume of the relevant literature published in the past
decade. As shown in Figure 2, there were only 65 related publications in 2013, followed by
a sharp increase in the number of related publications from 2013 to 2021, which peaked in
2021 and then slightly declined in 2022. An annual average of 375.5 publications from 2013
to 2022 indicated that miRNA research was in a state of sustained development, which is
still a hot direction in the field of diabetes research at present.
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3.2. Distribution of Institutions in the Diabetes-Associated miRNA Field

A total of 3793 institutions published literature related to “miRNA and diabetes”, and
we visualized the top 122 institutions in terms of the number of publications (Figure 3).
Specifically, the top 12 institutions with their number of published studies are shown
in Table 1. Nanjing Medical University (105 articles), Shanghai Jiao Tong University
(83 articles), and Huazhong University of Science and Technology (77 articles) are the
top three institutions in terms of publication number, accounting for 2.6%, 2.0%, and
1.9% of the total number of articles, respectively. In addition, we can see an extensive
collaboration between institutions based on the institutional relationship network diagram,
and particularly strong collaborations between Nanjing Medical University and Nanjing
University, Shanghai Jiao Tong University, and Harvard Medical School. The research
system of these universities is relatively mature, and is closely related to the incidence
of diabetes, the rate of patient visits, and the level of scientific research in the region.
Establishing cooperative relationships and exchanges with them is conducive to removing
academic barriers and further developing research related to diabetes and miRNAs.

Table 1. Distribution of publications from institutions about miRNA in the field of diabetes.

No. Institution Documents Citations Average Citation

1 Nanjing Medical University 105 3746 35.68
2 Shanghai Jiao Tong University 83 2130 25.66
3 Huazhong Univ Sci and Technol 77 1485 19.29
4 Harbin Medical University 64 1533 23.95
5 Fudan University 61 2369 38.84
6 Sun Yat-Sen University 58 1609 27.74
7 Southern med University 55 1510 27.45
8 China Medical University 53 1030 19.43
9 Capital Medical University 51 1099 21.55
10 Cent South University 50 828 16.56
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3.3. Authors and Co-Cited Authors in the Diabetes-Associated miRNA Field

In the field of miRNAs and diabetes, a total of 20,846 authors have published related
literature. We created a visualization network with the top 104 authors based on the
number of publications (Figure 4a). The authors with the highest number of publications
are Regazzi Romano from Lausanne University (21 publications), Wang Wei from Sun Yat-
Sen University (21 publications), and Eliasson Lena from Lund University (19 publications).
It is worth noting that Regazzi Romano has closely collaborated with Dotta Francesco.
Furthermore, after analyzing the citation rankings and communication networks of co-cited
authors (those cited at the same time by two or more authors), we found that there are
90,174 co-cited authors. Among them, three authors have been cited more than 500 times:
Bartel David P, Kato Mitsuo, and Zhang Y (Figure 4b and Table 2).

Table 2. Top 12 authors and co-cited authors related to miRNA in the field of diabetes.

No. Author Documents Citations Total Link
Strength No. Co-Cited Author Citations Total Link

Strength

1 Regazzi, Romano 21 1222 18,409 1 Bartel, David P 921 7549
2 Wang, Wei 21 578 4122 2 Kato, Mitsuo 644 7005
3 Eliasson, Lena 19 708 15,544 3 Zhang, Y 535 4242

4 Ghafouri-fard,
Soudeh 19 131 4844 4 Zampetaki, Anna 490 5580

5 Dotta, Francesco 18 725 13,981 5 Poy, Matthew N 486 5614
6 Li, Yang 18 442 2219 6 Guay, Claudiane 458 5073
7 Wang, Lei 18 548 5069 7 Wang, Y 427 3417

8 Taheri,
Mohammad 17 116 4730 8 Wang, J 345 3119

9 Chopp, Michael 16 634 5005 9 Wang, B 343 4036
10 Li, Jing 16 447 4658 10 Livak, Kenneth J 336 1421
11 Natarajan, Rama 16 1224 9285 11 Li, Y 319 2250
12 Sebastiani, Guido 16 684 11,995 12 Wang, L 290 2515
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3.4. Keywords in the Diabetes-Associated miRNA Field

To further explore the current research status in the field of miRNA and diabetes,
we applied VOSviewer software to analyze the keyword co-occurrence in the relevant
literature. As shown in Figure 5a, a total of 11,885 keywords were involved. Notably, the
keywords “miRNA and diabetes” were strongly linked to insulin resistance, oxidative
stress, biomarkers, inflammation, and apoptosis, suggesting that miRNAs may mainly
mediate the development of diabetes through oxidative stress, inflammation, apoptosis,
and other related mechanisms. In addition, miRNAs may serve as biomarkers for diabetes.
Moreover, from the analysis of these keywords, the mechanism, diagnosis, and treatment
of diabetes are the current research hotspots. miRNAs and their downstream targets have
also become the focus of research as a treatment for diabetes.

To clarify the most popular miRNA family members in the field of diabetes, we
selected keywords related to type 2 diabetes mellitus/diabetes/diabetic complications,
as well as miRNA family members, to draw keyword co-occurrence maps. Our results
showed that the top ten high-frequency terms were miR-21, miR-126, miR-375, miR-146a,
miR-155, miR-34a, miR-122, miR-223, miR-145, and miR-221, indicating that these miRNAs
play a key role in the pathogenesis of diabetes and its complications (Figure 5b).
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Figure 5. Visualization map of keyword clustering analysis on miRNA in diabetes. (a) A total
of 11,885 keywords were included in the literature related to the miRNA and diabetes field. The
visualization map of keyword co-occurrence was drawn with the top 90 keywords with the highest
frequency. Four colors represented four different clusters. (b) The visualization map of keyword
co-occurrence was drawn with keywords related to diabetes and miRNA family members. The size
of the nodes in the map is directly related to the number of published authors and co-cited authors.
The thickness of the lines is directly related to the strength of cooperation between authors and
co-cited authors.

3.5. miR-21 Is a Potential Therapeutical Target for Diabetes

To further reveal the potential miRNA biomarkers and targets of diabetes and its
complications, we obtained sequencing datasets of diabetes (GSE51674, GSE188783, and
GSE44179) from the GEO database and applied the GEO2R online analysis tool to analyze
and draw the volcano maps. Analysis of the kidney tissue sequencing dataset for diabetic
nephropathy patients (GSE51674) and skin wound tissue sequencing dataset for diabetes
mellitus patients (GSE188783) revealed 762 and 7 differentially expressed miRNAs, respec-
tively. Among these, miR-146b-5p, miR-150, miR-146a, miR-21, etc., were significantly
upregulated in kidney tissue, while miR-1237, miR-933, and others were downregulated
(Figure 6a,b). In addition, 21 differentially expressed miRNAs were obtained by analyzing
serum tissue microarray data from the myocardial tissue of diabetic cardiomyopathy rats
(GSE44179), including 19 upregulated and 2 downregulated miRNAs (Figure 6c). Through
a combination of bibliometrics and bioinformatics analysis, we found that miR-21 was
the most significantly upregulated miRNA and had the highest frequency in the keyword
analysis. These findings suggest that miR-21 may be a potential target for the treatment of
diabetes and diabetic complications.
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Figure 6. Identification of DEGs in the diabetes GEO dataset. (a) The volcanic map of differentially
expressed miRNAs in kidney tissue samples from healthy controls and diabetic nephropathy patients;
(b) the volcanic map of differentially expressed miRNAs in skin wound samples from healthy controls
and diabetic patients; (c) the volcanic map of differentially expressed miRNAs in myocardial tissue
samples from healthy controls and diabetic cardiomyopathy rats, with blue indicating downregulated
miRNAs, red indicating upregulated miRNAs, and black indicating no statistical difference. Adjusted
p-value < 0.05, logFC ≤ −1 or logFC ≥ 1 was considered as a different expression.

3.6. Hot Topics and Possible Directions in the Field of miRNAs and Diabetes

To better understand the research trends in the field of miRNAs and diabetes, we
analyzed emerging keywords and identified the top keywords with the strongest citation
bursts. Our findings revealed the top 25 emerging keywords, with “non-coding RNA,
mesenchymal transition, extracellular vesicles, inhibition, and heart failure” showing
significant increases in citations between 2021 and 2023. This suggests that mesenchymal
transition and extracellular vesicles may be prominent areas of research in the field of
miRNAs and diabetes in recent years (Figure 7).
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We then performed a timeline graph clustering analysis of keywords in the field
of miRNAs and diabetes using the Citespace 6.2.R4 software to explore the period and
research process of the 12 keyword clusters (Figure 8). Our findings revealed that the
keyword clusters focused on various diabetic comorbidities, such as diabetic retinopathy,
gestational diabetes, diabetic nephropathy, and cardiovascular disease. The related studies
in clusters 0 (foot ulcer), 1 (insulin secretion), and 2 (diabetic retinopathy) spanned from
2013 to 2023 and focused on keywords such as pathogenesis, type 2 diabetes, injury, cancer,
angiogenesis, and activation. The related studies in clusters 10 (cardiovascular disease)
and 11 (growth factor beta) appeared most recently, with the keywords mainly including
microRNA signature and small RNA. The keyword clustering timeline graph indicated
that miRNA research in the field of diabetes is relatively mature; however, the interest and
attention from scientific researchers and medical professionals remain constant.
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3.7. Small Molecules with Inhibitory Effects on miR-21

Through combined bibliometric and bioinformatics analysis, we deduced that miR-21
may be a key factor involved in the pathogenesis of diabetes and its complications. To
further validate our conclusion, we used Q-PCR to detect the expression level of miR-21
in the cardiac tissues of DCM mice. Consistent with previous predictions, miR-21 was
significantly upregulated in the hearts of mice with DCM (Figure 9).
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It has been shown in numerous studies that bioactive small molecules, or drugs,
can control the expression of miRNAs. This suggests that targeting miRNAs with small
molecules could be a promising approach for treating human diseases. Since miR-21
is thought to be a key potential target for diabetes and its complications, we used the
SM2miR database (http://www.jianglab.cn/SM2miR/, accessed on 1 September 2023) [29],
a database that records small molecules and miRNAs, and detailed information about
them, to search for possible small-molecule drugs for diabetes. We found multiple small
molecules that have inhibitory effects on miR-21, including Hydroxychloroquine, Pred-
nisone, Trypaflavine, 5-fluorouracil, etc. (Table 3). These small molecules may become
effective therapeutic drugs for diabetes and its complications. However, further experi-
ments are necessary to validate these findings.

Table 3. List of small molecules that have inhibitory effects on miR-21.

No. Small Molecule DrugbankID CID

1 Hydroxychloroquine DB01611 3652
2 Prednisone DB00635 5865
3 Trypaflavine DB03843 712
4 5-fluorouracil DB00544 3385
5 Gemcitabine DB00441 60750
6 5-aza-2′-deoxycytidine (5-Aza-CdR) DB01262 451668
7 Sulindac sulfide DB00605 5352624
8 17beta-estradiol (E2) DB00783 5757
9 Sevoflurane DB01236 5206

10 Nicotine DB00184 89594
11 Morphine DB00295 5288826

4. Discussion

In recent years, numerous studies have suggested that miRNAs play a role in various
cell biological processes, affecting the progression of diabetes, and have been identified
as potential biomarkers and targets for the clinical diagnosis and treatment of diabetes
mellitus [30–32]. Despite the extensive literature in this field, there is a lack of systematic
and comprehensive analysis. Therefore, we built a combination strategy based on biblio-
metrics and bioinformatics analysis and identified miR-21 as a possible therapeutical target
for diabetes treatment. In addition, we found that EV-enclosed miRNAs may represent
a promising direction for future diabetic studies. Our findings offer a novel strategy for
identifying treatment targets and research directions for human diseases.

During the past decade, there has been a steady increase in miRNA-related research
on diabetes and its complications. The total of 4088 relevant publications indicated a
growing interest in this field, making it a current research focus. The source institutions
of this literature are numerous and exist in close cooperation, among which Nanjing
Medical University has published the most literature in this field. Furthermore, a total of
20,846 authors have published relevant literature in this field, among which the Regazzi
Romano team has the most research results, with a total of 1222 citations. These data
indicated that close cooperation and communication among authors, research teams, and
institutions could promote the high-quality production of scientific studies.

To further identify potential targets for diabetes treatment, we built a combination
strategy based on bibliometrics and bioinformatics analysis. We screened and analyzed the
literature and drew a citation keyword burst map, which indicated that miR-21 appeared
as the most high-frequency keyword in the field of miRNAs and diabetes. Moreover, we
conducted bioinformatics analysis on publicly available sequencing data and found that
miR-21 was the most upregulated molecule in diabetic patients. miR-21 may be a promising
biomarker and a therapeutical target for diabetes [33,34].

In particular, the analysis of keyword citation bursts reveals a significant increase in
the number of citations related to miRNA-carrying extracellular vesicles in recent years [35].

http://www.jianglab.cn/SM2miR/
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As an important mediator of intercellular communication, EVs can carry and deliver miR-
NAs and other important signaling molecules to distal cells and organs, ultimately leading
to the development of physical or pathological processes [35–37]. At present, a variety of
studies have identified EV-enclosed miRNAs involved in regulating the development of
diabetes [38,39]. For example, Wei Ying et al. found that miR-690 is highly expressed in
M2-polarized bone marrow-derived macrophage exosomes and is involved in the regula-
tion of insulin signal transduction [40]. Yi-Chun Tsai’s team found that a hyperglycemic
environment stimulated renal proximal tubule secretion of EVs carrying miR-92a-5p, lead-
ing to glomerular plasma cell injury [41]. These findings demonstrate that EVs currently
represent a hotspot and a new direction for miRNA research in the field of diabetes.

This study has some limitations that need further investigation. We only analyzed the
literature included in the Web of Science Core Collection and excluded books, conference
papers, etc., which could have led to possible one-sidedness in the analysis results. Mean-
while, the bibliometrics-analyzing software may have some inaccurate identification of
some keywords. Specifically, bibliometrics is a method of quantitatively analyzing a large
amount of the literature through statistical, mathematical, and computer science methods,
and the quantitative indicators of this method focus on superficial indicators such as cita-
tion counts and impact factors, which, when combined with bioinformatics, may result in
the neglect of some important but less cited findings. In addition, the rapid development
of bioinformatics and the continuous innovation in various sequencing technologies, given
that bibliometric analyses have poor timeliness and the results are mostly based on the
validation of research reports, may result in the lack of timely feedback.

In summary, the limitations of combining bibliometrics and bioinformatics are mainly
reflected in the defects of bibliometric methods and the challenges brought by the rapid de-
velopment of bioinformatics. In the future, with the continuous progress of technology, the
combination of these two research methods needs to be constantly innovatively developed
and improved to better serve academic research and development.

5. Conclusions

In summary, we built a strategy based on a combination of bibliometrics and bioin-
formatics analysis and identified that miR-21 could be a promising target for diabetes
treatment, which may promote the development of molecular drugs. In addition, we
systematically sorted out the research lineage of diabetes-related miRNAs and visualized
the annual trends in research, the distribution of institutions and authors, and the research
hotspots and hot topics in the field of miRNAs and diabetes. EV-enclosed miRNAs may
represent a promising research approach in treating diabetes and its complications.

Author Contributions: Writing—original draft preparation and investigation, Y.C., X.Y. and X.Z.;
writing—review and editing, W.C. and B.L.; validation, Z.G., Z.P. and Z.Z.; funding acquisition,
supervision, project administration, and writing—review and editing, H.W. and J.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number:
82370277 (H.W.); Science and Technology Commission of Shanghai, grant numbers: 21ZR1458100
(W.C.), 20YF1414000 (H.W.), 23ZR1422900 (H.W.), 19ZR1450500 (B.L.), and 20ZR144330 (J.Y.); and the
Natural Science Foundation of Tibet Autonomous Region, grant numbers: XZ2020ZR-ZY35(Z) (J.Y.)
and XZ202101ZR0003G (J.Y.).

Institutional Review Board Statement: All institutional and national guidelines for the care and
use of laboratory animals were followed and approved by the Committee on the Ethics of Animal
Experiments of Shanghai University.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Conflicts of Interest: The authors declare no conflicts of interest.



Metabolites 2024, 14, 403 12 of 13

References
1. Zhao, S.; Zhu, Y.; Schultz, R.D.; Li, N.; He, Z.; Zhang, Z.; Caron, A.; Zhu, Q.; Sun, K.; Xiong, W.; et al. Partial Leptin Reduction as

an Insulin Sensitization and Weight Loss Strategy. Cell Metab. 2019, 30, 706–719.e706. [CrossRef] [PubMed]
2. Global, regional, and national burden of diabetes from 1990 to 2021, with projections of prevalence to 2050: A systematic analysis

for the Global Burden of Disease Study 2021. Lancet 2023, 402, 203–234. [CrossRef]
3. Zhang, Y.; Pan, X.F.; Chen, J.; Xia, L.; Cao, A.; Zhang, Y.; Wang, J.; Li, H.; Yang, K.; Guo, K.; et al. Combined lifestyle factors and

risk of incident type 2 diabetes and prognosis among individuals with type 2 diabetes: A systematic review and meta-analysis of
prospective cohort studies. Diabetologia 2020, 63, 21–33. [CrossRef]

4. Tarp, J.; Luo, M.; Sanchez-Lastra, M.A.; Dalene, K.E.; Cruz, B.D.P.; Ried-Larsen, M.; Thomsen, R.W.; Ekelund, U.; Ding, D.
Leisure-time physical activity and all-cause mortality and cardiovascular disease in adults with type 2 diabetes: Cross-country
comparison of cohort studies. J. Sport Health Sci. 2023, 13, 212–221. [CrossRef] [PubMed]

5. Tinajero, M.G.; Malik, V.S. An Update on the Epidemiology of Type 2 Diabetes: A Global Perspective. Endocrinol. Metab. Clin. N.
Am. 2021, 50, 337–355. [CrossRef] [PubMed]

6. Yun, J.S.; Ko, S.H. Current trends in epidemiology of cardiovascular disease and cardiovascular risk management in type 2
diabetes. Metab. Clin. Exp. 2021, 123, 154838. [CrossRef] [PubMed]

7. Diener, C.; Keller, A.; Meese, E. Emerging concepts of miRNA therapeutics: From cells to clinic. Trends Genet. 2022, 38, 613–626.
[CrossRef]

8. Kotewitsch, M.; Heimer, M.; Schmitz, B.; Mooren, F.C. Non-coding RNAs in exercise immunology: A systematic review. J. Sport
Health Sci. 2023, 13, 311–338. [CrossRef] [PubMed]

9. Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs: Biology, functions,
therapeutics, and analysis methods. J. Cell. Physiol. 2019, 234, 5451–5465. [CrossRef]

10. Miskiewicz, J.; Tomczyk, K.; Mickiewicz, A.; Sarzynska, J.; Szachniuk, M. Bioinformatics Study of Structural Patterns in Plant
MicroRNA Precursors. BioMed Res. Int. 2017, 2017, 6783010. [CrossRef]

11. Wang, J.; Mei, J.; Ren, G. Plant microRNAs: Biogenesis, Homeostasis, and Degradation. Front. Plant Sci. 2019, 10, 360. [CrossRef]
[PubMed]

12. Dong, Q.; Hu, B.; Zhang, C. microRNAs and Their Roles in Plant Development. Front. Plant Sci. 2022, 13, 824240. [CrossRef]
[PubMed]

13. Hill, M.; Tran, N. miRNA:miRNA Interactions: A Novel Mode of miRNA Regulation and Its Effect on Disease. Adv. Exp. Med.
Biol. 2022, 1385, 241–257. [CrossRef]

14. Torma, F.; Gombos, Z.; Jokai, M.; Berkes, I.; Takeda, M.; Mimura, T.; Radak, Z.; Gyori, F. The roles of microRNA in redox
metabolism and exercise-mediated adaptation. J. Sport Health Sci. 2020, 9, 405–414. [CrossRef] [PubMed]

15. Vasu, S.; Kumano, K.; Darden, C.M.; Rahman, I.; Lawrence, M.C.; Naziruddin, B. MicroRNA Signatures as Future Biomarkers for
Diagnosis of Diabetes States. Cells 2019, 8, 1533. [CrossRef] [PubMed]

16. Zampetaki, A.; Kiechl, S.; Drozdov, I.; Willeit, P.; Mayr, U.; Prokopi, M.; Mayr, A.; Weger, S.; Oberhollenzer, F.; Bonora, E.; et al.
Plasma microRNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2 diabetes. Circ. Res. 2010, 107,
810–817. [CrossRef] [PubMed]

17. Katayama, M.; Wiklander, O.P.B.; Fritz, T.; Caidahl, K.; El-Andaloussi, S.; Zierath, J.R.; Krook, A. Circulating Exosomal miR-20b-5p
Is Elevated in Type 2 Diabetes and Could Impair Insulin Action in Human Skeletal Muscle. Diabetes 2019, 68, 515–526. [CrossRef]

18. Xiong, Y.; Chen, L.; Yan, C.; Zhou, W.; Endo, Y.; Liu, J.; Hu, L.; Hu, Y.; Mi, B.; Liu, G. Circulating Exosomal miR-20b-5p Inhibition
Restores Wnt9b Signaling and Reverses Diabetes-Associated Impaired Wound Healing. Small 2020, 16, e1904044. [CrossRef]
[PubMed]

19. Zhang, Z.; Zhu, Y.; Wang, Q.; Chang, T.; Liu, C.; Zhu, Y.; Wang, X.; Cao, X. Global Trends and Research Hotspots of Exercise for
Intervening Diabetes: A Bibliometric Analysis. Front. Public Health 2022, 10, 902825. [CrossRef]

20. Chen, L.; Heikkinen, L.; Wang, C.; Yang, Y.; Sun, H.; Wong, G. Trends in the development of miRNA bioinformatics tools. Brief.
Bioinform. 2019, 20, 1836–1852. [CrossRef]

21. Wei, N.; Xu, Y.; Li, Y.; Shi, J.; Zhang, X.; You, Y.; Sun, Q.; Zhai, H.; Hu, Y. A bibliometric analysis of T cell and atherosclerosis.
Front. Immunol. 2022, 13, 948314. [CrossRef]

22. Wu, F.; Gao, J.; Kang, J.; Wang, X.; Niu, Q.; Liu, J.; Zhang, L. Knowledge Mapping of Exosomes in Autoimmune Diseases: A
Bibliometric Analysis (2002–2021). Front. Immunol. 2022, 13, 939433. [CrossRef] [PubMed]

23. Synnestvedt, M.B.; Chen, C.; Holmes, J.H. CiteSpace II: Visualization and knowledge discovery in bibliographic databases. In
AMIA Annual Symposium Proceedings; American Medical Informatics Association: Washington, DC, USA, 2005; Volume 2005,
pp. 724–728.

24. van Eck, N.J.; Waltman, L. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 2010, 84,
523–538. [CrossRef]

25. Zhang, X.; Yang, Z.; Jiang, J.; Tang, M.; Guan, L.; Lee, H.; Wang, H.; Xu, J. Engineering exosomes and their application in
cardiovascular field: Bibliometric analysis from 2002 to 2022. Heliyon 2023, 9, e18809. [CrossRef] [PubMed]

26. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

https://doi.org/10.1016/j.cmet.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31495688
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1007/s00125-019-04985-9
https://doi.org/10.1016/j.jshs.2023.10.004
https://www.ncbi.nlm.nih.gov/pubmed/37839525
https://doi.org/10.1016/j.ecl.2021.05.013
https://www.ncbi.nlm.nih.gov/pubmed/34399949
https://doi.org/10.1016/j.metabol.2021.154838
https://www.ncbi.nlm.nih.gov/pubmed/34333002
https://doi.org/10.1016/j.tig.2022.02.006
https://doi.org/10.1016/j.jshs.2023.11.001
https://www.ncbi.nlm.nih.gov/pubmed/37925072
https://doi.org/10.1002/jcp.27486
https://doi.org/10.1155/2017/6783010
https://doi.org/10.3389/fpls.2019.00360
https://www.ncbi.nlm.nih.gov/pubmed/30972093
https://doi.org/10.3389/fpls.2022.824240
https://www.ncbi.nlm.nih.gov/pubmed/35251094
https://doi.org/10.1007/978-3-031-08356-3_9
https://doi.org/10.1016/j.jshs.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32780693
https://doi.org/10.3390/cells8121533
https://www.ncbi.nlm.nih.gov/pubmed/31795194
https://doi.org/10.1161/CIRCRESAHA.110.226357
https://www.ncbi.nlm.nih.gov/pubmed/20651284
https://doi.org/10.2337/db18-0470
https://doi.org/10.1002/smll.201904044
https://www.ncbi.nlm.nih.gov/pubmed/31867895
https://doi.org/10.3389/fpubh.2022.902825
https://doi.org/10.1093/bib/bby054
https://doi.org/10.3389/fimmu.2022.948314
https://doi.org/10.3389/fimmu.2022.939433
https://www.ncbi.nlm.nih.gov/pubmed/35935932
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1016/j.heliyon.2023.e18809
https://www.ncbi.nlm.nih.gov/pubmed/37576273
https://doi.org/10.1136/bmj.n71


Metabolites 2024, 14, 403 13 of 13

27. Conserva, F.; Barozzino, M.; Pesce, F.; Divella, C.; Oranger, A.; Papale, M.; Sallustio, F.; Simone, S.; Laviola, L.; Giorgino, F.; et al.
Urinary miRNA-27b-3p and miRNA-1228-3p correlate with the progression of Kidney Fibrosis in Diabetic Nephropathy. Sci. Rep.
2019, 9, 11357. [CrossRef]

28. Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman,
P.M.; Holko, M.; et al. NCBI GEO: Archive for functional genomics data sets–Update. Nucleic Acids Res. 2013, 41, D991–D995.
[CrossRef]

29. Liu, X.; Wang, S.; Meng, F.; Wang, J.; Zhang, Y.; Dai, E.; Yu, X.; Li, X.; Jiang, W. SM2miR: A database of the experimentally
validated small molecules’ effects on microRNA expression. Bioinformatics 2013, 29, 409–411. [CrossRef]

30. Lew, J.K.; Pearson, J.T.; Saw, E.; Tsuchimochi, H.; Wei, M.; Ghosh, N.; Du, C.K.; Zhan, D.Y.; Jin, M.; Umetani, K.; et al. Exercise
Regulates microRNAs to Preserve Coronary and Cardiac Function in the Diabetic Heart. Circ. Res. 2020, 127, 1384–1400.
[CrossRef] [PubMed]

31. Xu, H.; Du, X.; Xu, J.; Zhang, Y.; Tian, Y.; Liu, G.; Wang, X.; Ma, M.; Du, W.; Liu, Y.; et al. Pancreatic β cell microRNA-26a
alleviates type 2 diabetes by improving peripheral insulin sensitivity and preserving β cell function. PLoS Biol. 2020, 18, e3000603.
[CrossRef]

32. Xu, L.; Li, Y.; Yin, L.; Qi, Y.; Sun, H.; Sun, P.; Xu, M.; Tang, Z.; Peng, J. miR-125a-5p ameliorates hepatic glycolipid metabolism
disorder in type 2 diabetes mellitus through targeting of STAT3. Theranostics 2018, 8, 5593–5609. [CrossRef] [PubMed]

33. Sekar, D.; Venugopal, B.; Sekar, P.; Ramalingam, K. Role of microRNA 21 in diabetes and associated/related diseases. Gene 2016,
582, 14–18. [CrossRef] [PubMed]

34. Wang, L.; Chopp, M.; Szalad, A.; Lu, X.; Zhang, Y.; Wang, X.; Cepparulo, P.; Lu, M.; Li, C.; Zhang, Z.G. Exosomes Derived from
Schwann Cells Ameliorate Peripheral Neuropathy in Type 2 Diabetic Mice. Diabetes 2020, 69, 749–759. [CrossRef] [PubMed]

35. Xu, Y.X.; Pu, S.D.; Li, X.; Yu, Z.W.; Zhang, Y.T.; Tong, X.W.; Shan, Y.Y.; Gao, X.Y. Exosomal ncRNAs: Novel therapeutic target and
biomarker for diabetic complications. Pharmacol. Res. 2022, 178, 106135. [CrossRef] [PubMed]

36. He, X.; Kuang, G.; Wu, Y.; Ou, C. Emerging roles of exosomal miRNAs in diabetes mellitus. Clin. Transl. Med. 2021, 11, e468.
[CrossRef] [PubMed]

37. Wang, J.; Li, L.; Zhang, Z.; Zhang, X.; Zhu, Y.; Zhang, C.; Bi, Y. Extracellular vesicles mediate the communication of adipose
tissue with brain and promote cognitive impairment associated with insulin resistance. Cell Metab. 2022, 34, 1264–1279.e1268.
[CrossRef] [PubMed]

38. Pardo, F.; Villalobos-Labra, R.; Sobrevia, B.; Toledo, F.; Sobrevia, L. Extracellular vesicles in obesity and diabetes mellitus. Mol.
Asp. Med. 2018, 60, 81–91. [CrossRef] [PubMed]

39. Xiao, Y.; Zheng, L.; Zou, X.; Wang, J.; Zhong, J.; Zhong, T. Extracellular vesicles in type 2 diabetes mellitus: Key roles in
pathogenesis, complications, and therapy. J. Extracell. Vesicles 2019, 8, 1625677. [CrossRef]

40. Ying, W.; Gao, H.; Dos Reis, F.C.G.; Bandyopadhyay, G.; Ofrecio, J.M.; Luo, Z.; Ji, Y.; Jin, Z.; Ly, C.; Olefsky, J.M. miR-690, an
exosomal-derived miRNA from M2-polarized macrophages, improves insulin sensitivity in obese mice. Cell Metab. 2021, 33,
781–790.e785. [CrossRef]

41. Tsai, Y.C.; Kuo, M.C.; Hung, W.W.; Wu, P.H.; Chang, W.A.; Wu, L.Y.; Lee, S.C.; Hsu, Y.L. Proximal tubule-derived exosomes
contribute to mesangial cell injury in diabetic nephropathy via miR-92a-1-5p transfer. Cell Commun. Signal. 2023, 21, 10. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-019-47778-1
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1093/bioinformatics/bts698
https://doi.org/10.1161/CIRCRESAHA.120.317604
https://www.ncbi.nlm.nih.gov/pubmed/32907486
https://doi.org/10.1371/journal.pbio.3000603
https://doi.org/10.7150/thno.27425
https://www.ncbi.nlm.nih.gov/pubmed/30555566
https://doi.org/10.1016/j.gene.2016.01.039
https://www.ncbi.nlm.nih.gov/pubmed/26826461
https://doi.org/10.2337/db19-0432
https://www.ncbi.nlm.nih.gov/pubmed/31915154
https://doi.org/10.1016/j.phrs.2022.106135
https://www.ncbi.nlm.nih.gov/pubmed/35192956
https://doi.org/10.1002/ctm2.468
https://www.ncbi.nlm.nih.gov/pubmed/34185424
https://doi.org/10.1016/j.cmet.2022.08.004
https://www.ncbi.nlm.nih.gov/pubmed/36070680
https://doi.org/10.1016/j.mam.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29175307
https://doi.org/10.1080/20013078.2019.1625677
https://doi.org/10.1016/j.cmet.2020.12.019
https://doi.org/10.1186/s12964-022-00997-y

	Introduction 
	Materials and Methods 
	Literature Collection and Analysis 
	Microarray Data Collection and Analysis 
	Animals and Treatments 
	RNA Isolation and Relative Quantitative Real-Time PCR (Q-PCR) 
	Statistical Analysis 

	Results 
	Annual Trend of Publications in the Diabetes-Associated miRNA Field 
	Distribution of Institutions in the Diabetes-Associated miRNA Field 
	Authors and Co-Cited Authors in the Diabetes-Associated miRNA Field 
	Keywords in the Diabetes-Associated miRNA Field 
	miR-21 Is a Potential Therapeutical Target for Diabetes 
	Hot Topics and Possible Directions in the Field of miRNAs and Diabetes 
	Small Molecules with Inhibitory Effects on miR-21 

	Discussion 
	Conclusions 
	References

