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A B S T R A C T

The condition in which the insulin secretory ability of pancreatic β-cells decreases in diabetes is extremely 
important, but there are currently no biomarkers that reflect pancreatic β-cell failure. Therefore, we conducted a 
search for biomarkers, using pancreatic β-cell-specific 3-Phosphoinositide-dependent protein kinase 1 (PDK1) 
knockout mice, which develop severe hyperglycemia due to a decrease in pancreatic β-cell mass without insulin 
resistance. The analysis was performed in young mice when metabolic abnormalities were not yet apparent. 
Comprehensive analysis of microRNAs contained in extracellular vesicles in the blood of these mice revealed that 
miR378a-3p levels were significantly lower in PDK1 knockout mice than in control mice. Furthermore, in other 
mouse models of diabetes, namely, db/db mice and streptozotocin-induced diabetic mice, there was an increase 
and decrease in miR378a-3p expression, respectively, in line with the number of β-cells. These results suggest 
that miR378a-3p contained in serum extracellular vesicles is a biomarker that reflects pancreatic β-cell mass 
before the onset of diabetes. It is hoped that miR378a-3p can be utilized to realize earlier diagnosis and treatment 
of diabetes.

1. Introduction

Diabetes is one of the leading causes of death and disability world
wide, affecting people of all ages, both sexes, and all countries. It is 
estimated that more than 500 million people worldwide had diabetes, 
with a global age-standardized total prevalence of diabetes of 6.1 % 
(5.8%–6.5 %) in 2021. The majority of cases are diagnosed as type 2 
diabetes, accounting for 96.0 % (95.1%–96.8 %) of all cases in 2021 [1].

The pathogenesis of type 2 diabetes comprises two factors: insulin 
resistance, which reduces the efficacy of insulin, and a decrease in in
sulin secretion from pancreatic β-cells [2]. Insulin resistance refers to a 

condition in which insulin does not function normally in target organs 
such as the liver, skeletal muscle, central nervous system, and adipose 
tissue, even though the concentration of insulin is increased in the blood. 
Meanwhile, a decrease in insulin secretion is caused by a reduction in 
the number of pancreatic β-cells, which are the only cells that secrete 
insulin, or by abnormalities in the insulin secretion mechanism [3]. It 
has been reported for some time that a decrease in the number of 
pancreatic β-cells begins well before the onset of diabetes, and that 
hyperglycemia becomes apparent when β-cell mass has decreased by 
approximately 80 % [4]. In Asian populations in particular, a compen
satory increase in pancreatic β-cell volume is also unlikely to occur, 
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which is considered a major pathogenic mechanism of type 2 diabetes 
[5]. Although there is a strong correlation between the onset of diabetes 
and pancreatic β-cells, there are presently no biomarkers that reflect 
pancreatic β-cell failure. Because β-cell failure is recognized even before 
blood glucose levels rise and diabetes is diagnosed, there is a strong 
desire to establish biomarkers that can specifically evaluate β-cell failure 
in order to diagnose diabetes at an earlier stage.

Extracellular vesicles (EVs) are small particles with a lipid bilayer 
and a diameter of 30–150 nm that are secreted by most cells in the body 
[6]. EVs are present in various body fluids and carry lipids, proteins, 
DNA, microRNAs (miRNAs), messenger RNAs (mRNAs), long 
non-coding RNAs, and other molecules that may be protected from 
degradation by nucleases that are widely present in serum [7]. The 
miRNAs carried by EVs (EV-miRNAs) are stable in the blood and can be 
reliably detected even at low concentrations [8]. Therefore, the detec
tion of specific EV-miRNAs in the blood has the potential to provide an 
early diagnosis [9].

We decided to identify a new biomarker for pancreatic β-cell failure, 
using EVs isolated from a mouse model of pancreatic β-cell failure. To 
perform comprehensive analysis of EV-miRNAs, we need a model mouse 
that stably exhibits the pathology of pancreatic β-cell failure. The 
commonly used streptozotocin (STZ)-induced diabetic mouse model of 
pancreatic β-cell failure has a very high degree of individual variation, 
and leptin receptor-deficient db/db mice may be affected by other fac
tors such as hyperlipidemia and insulin resistance. Therefore, we 
decided to use pancreatic β-cell-specific 3-Phosphoinositide-dependent 
protein kinase 1 (PDK1) knockout (βPDK1KO) mice for our analysis. 
We previously created and analyzed βPDK1KO mice, and reported that 
they exhibit a marked decrease in pancreatic β-cell mass and severe 
hyperglycemia [10]. βPDK1KO mice do not develop insulin resistance or 
dyslipidemia, and they exhibit a very uniform phenotype, so we 
considered that they would be a useful model for searching for bio
markers of pancreatic β-cell failure.

In this study, we used this mouse model to analyze EV-miRNAs in the 
blood and attempted to identify miRNAs that could be used as bio
markers to reflect the burden on pancreatic β-cells before the onset of 
diabetes.

2. Materials and methods

2.1. Animals

We used βPDK1KO, db/db, and STZ-induced mice as diabetic model 
mice. βPDK1KO mice have been described previously [10]. PDK1 
flox/flox mice were used as controls. Male db/db mice on a C57BL/KsJ 
background (CLEA Japan, Inc., Tokyo, Japan) and STZ-induced mice 
were fed normal chow and maintained on a 12-h light/dark cycle. STZ 
(350 mg/kg; Wako, Tokyo, Japan) was reconstituted in saline and 
administered by a single intraperitoneal injection. Control mice were 
injected with saline. The study protocol, which conformed to the Na
tional Institutes of Health Guide for the Care and Use of Laboratory 
Animals and the ARRIVE guidelines, was approved by the Animal Ethics 
Committee of Kobe University Graduate School of Medicine (approval 
no. P201103).

2.2. RNA-seq analysis

RNA isolated from each sample was used to construct sequencing 
libraries with a SMARTer smRNA-Seq Kit for Illumina (TaKaRa Bio, Inc., 
Shiga, Japan). Briefly, input RNA was polyadenylated to provide a 
priming sequence for an oligo-(dT) primer. cDNA synthesis was primed 
by the 3′ smRNA dT primer, which incorporates an adapter sequence at 
the 5′-end of each RNA template, and it adds non-templated nucleotides 
that are bound by the SMART smRNA oligo-enhanced with locked 
nucleic acid technology for greater sensitivity. In the template-switching 
step, PrimeScript RT uses the SMART smRNA oligo as a template for the 

addition of a second adapter sequence to the 3′-end of each first-strand 
cDNA molecule. In the next step, full-length Illumina adapters 
(including index sequences for sample multiplexing) were added during 
PCR amplification. The forward PCR primer binds to the sequence added 
by the SMART smRNA oligo, while the reverse PCR primer binds to the 
sequence added by the 3′ smRNA dT primer. The resulting library cDNA 
molecules include sequences required for clustering on an Illumina flow 
cell.

The libraries were validated by checking their size, purity, and 
concentration on an Agilent Bioanalyzer (Agilent, Santa Clara, CA). The 
libraries were pooled in equimolar amounts, and sequenced on a HiSeq 
2500 System (Illumina, San Diego, CA) to generate 51-bp reads. Image 
decomposition and quality value calculation were performed using the 
modules of the Illumina pipeline.

2.3. RNA extraction and miRNA expression profiling

RNA was extracted from mouse EVs using a 3D-Gene RNA Extraction 
Reagent from Liquid Sample Kit (Toray Industries, Kamakura, Japan). 
Extracted total RNA was checked using a Bioanalyzer (Agilent) and 
labeled with a 3D-Gene miRNA Labeling Kit (Toray Industries). Half 
volumes of labeled RNAs were hybridized onto a 3D-Gene (Mouse) 
miRNA Oligo Chip (Toray Industries). The annotation and oligonucle
otide sequences of the probes conformed to the miRBase miRNA data
base (http://microrna.sanger.ac.uk/sequences/). After stringent 
washes, fluorescent signals were scanned with a 3D-Gene Scanner 
(Toray Industries) and analyzed using 3D-Gene Extraction software 
(Toray Industries).

The raw data of each spot were normalized by substitution with the 
mean intensity of the background signal determined by all blank spots’ 
signal intensities with 95 % confidence intervals. Measurements of spots 
with signal intensities greater than 2 standard deviations of the back
ground signal intensity were considered to be valid. A relative expres
sion level of a given miRNA was calculated by comparing the signal 
intensities of the valid spots throughout the microarray experiments. 
The normalized data were globally normalized per array, such that the 
median signal intensity was adjusted to 25.

2.4. EV isolation

EVs were isolated using EVSecond L70 (GL Sciences, Tokyo, Japan). 
EVSecond L70 was centrifuged at 12,000×g, 4 ◦C, for 15 min with 500 
μL serum, and the maximum amount of sample (100–400 μL) was 
collected from the middle layer. The column was inverted and mixed to 
ensure that the internal packing material was completely homogenized, 
and then placed on a fraction rack. After removing the top and bottom 
caps of the column and draining the storage solution, 700 μL fetal bovine 
serum filtered through a 0.22-μm syringe filter was added to the column 
for blocking. Next, 1.5 mL phosphate-buffered saline (PBS) was added 
three times to equilibrate the column. The sample was added dropwise, 
and PBS was added so that the total volume with the serum sample was 
1500 μL. All effluent was discarded and a collection tube was set up to 
collect 12 fractions of 100 μL PBS each. All manipulations were per
formed at room temperature and spontaneous titration.

2.5. Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as described previously [11]. The solid-phase 
antibody was a purified anti-mouse CD9 antibody (125 ng/well; Bio
Legend, San Diego, CA), detection antibody was a biotin-conjugated 
anti-mouse CD9 antibody (250 ng/mL; BioLegend), 
streptavidin-horseradish peroxidase × 1/2000 (B-1215; Vector Labora
tories, Burlingame, CA), and the substrate was 1-Step Ultra TMB-ELISA 
Substrate Solution (34028; Thermo Fisher Scientific, Waltham, MA). 
The optical density ratio of the serum samples and standard control 
samples was then calculated to quantify serum CD9-positive EVs.
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2.6. Analysis of metabolic parameters

Whole blood samples collected from the tail of mice or serum sam
ples obtained by centrifugation of whole blood samples twice at 15,000 
rpm, 4 ◦C, for 15 min were used to analyze serum insulin levels with an 
ELISA kit (Shibayagi Co., Ltd., Gunma, Japan).

2.7. miRNA extraction and quantitative real-time PCR

Serum EV-miRNAs were extracted from the EV-containing fractions, 
which were confirmed by western blotting, using an miRNeasy Mini Kit 
(Qiagen, Hilden, Germany). A TaqMan™ MicroRNA Assay and 7500 
Real-Time PCR System were used to perform quantitative real-time PCR 
analysis. As an invariant control, the abundance of the target miRNAs 
was normalized to that of let-7c-5p miRNA.

2.8. Immunoblot analysis

The extracted EV solution was dissolved in 5 × sample buffer for 
each fraction and subjected to 15 % polyacrylamide gel electrophoresis. 
The fractionated proteins were transferred to a PVDF membrane for 90 
min, and the PVDF membrane was then blocked with 3 % bovine serum 

albumin. The membrane was incubated overnight at 4 ◦C with anti-CD9 
(System Biosciences, Palo Alto, CA) and anti-CD81 (Santa Cruz 
Biotechnology, Dallas, TX) primary antibodies. The membrane was then 
probed with horseradish peroxidase-conjugated anti-rabbit (Promega, 
Madison, WI) and anti-mouse (Bio-Rad Laboratories, Hercules, CA) 
secondary antibodies.

2.9. Statistical analysis

Quantitative data are presented as the mean ± standard error of the 
mean (SEM), and differences between means were assessed with Stu
dent’s t-test (two-tailed). A P-value <0.05 was considered statistically 
significant.

3. Results

3.1. βPDK1KO mice exhibit pancreatic β-cell failure without metabolic 
abnormalities at 7 weeks of age

First, we measured the metabolic data of βPDK1KO mice, and found 
that there was no significant difference in body weight between 
βPDK1KO and control mice throughout the entire course of the 

Fig. 1. Isolation of EVs from a mouse model of pancreatic β-cell failure without metabolic abnormalities. (A) Blood glucose levels in the fed state (left) and body 
weight (right) for βPDK1KO and control mice (PDK1 flox/flox) at various ages. (B) Serum insulin levels for 7- (left) and 12-week-old (right) βPDK1KO and control 
mice. (C) Immunostaining of insulin (red) and glucagon (green) in pancreatic sections from 7- and 12-week-old mice. (D) Quantification of pancreatic β-cell area in 7- 
(left) and 12-week-old (right) mice. (E) Immunostaining for PDX1 (red) in pancreatic islets from 7- and 12-week-old mice. (F) NanoSight analysis of averaged (left) 
and each (right) EV diameter and concentration isolated from βPDK1KO mice. (G) Serum EV-containing fractions were determined by EV sandwich ELISA detecting 
CD9-positive EVs and protein concentration by micro-BCA protein assay. (H) Immunoblot analysis of CD9 and CD81 using fractions containing serum EVs. All 
quantitative data are means ± SEM for (A) 10–14, (B) 16–19, or (D) 4–6 mice in each group. *P < 0.05; **P < 0.01. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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experiment. However, significant hyperglycemia was observed in 
βPDK1KO mice from 8 weeks of age (Fig. 1A). At 7 weeks of age, there 
was no difference between βPDK1KO and control mice in terms of serum 
insulin levels, but at 12 weeks of age, a significant decrease in insulin 
levels was observed in βPDK1KO mice (Fig. 1B). When the number of 
β-cells was compared, a significant decrease was observed in βPDK1KO 
mice from 7 weeks of age (Fig. 1C and D). When we checked pancreatic 
and duodenal homeobox 1 (PDX1), a typical β-cell marker, by immu
nostaining, we found that PDX1 expression was reduced in the islets of 
βPDK1KO mice from 7 weeks of age (Fig. 1E). From the above results, it 
was thought that pancreatic β-cell dysfunction had already occurred in 
βPDK1KO mice at 7 weeks of age, but there was no effect on metabolic 
data such as blood glucose and serum insulin levels. Therefore, to 
establish a biomarker for pancreatic β-cell dysfunction that excludes the 
effects of changes in metabolic data, we isolated serum EVs from 7- 
week-old mice.

When we measured serum EVs using NanoSight, which can evaluate 
the characteristics of nanoparticles, EVs isolated from the serum of 
βPDK1KO mice were 167 ± 2.5 nm in size, with 8.84 × 1010 particles/ 
mL, which were not significantly different from the size and concen
tration of normal EVs (Fig. 1F). In addition, we confirmed the detection 
of EVs positive for CD9, which is a surface marker of EVs, using ELISA 
(Fig. 1G), and immunoblot analysis also confirmed the expression of 
CD9 and CD81, which is also a surface marker of EVs (Fig. 1H).

3.2. Integrated RNA-seq and microarray analyses of serum EVs from 
βPDK1KO mice reveals significantly decreased miR378a-3p expression

We extracted EV-miRNAs in the state of pancreatic β-cell failure and 
performed comprehensive analysis. First, we performed RNA-seq anal
ysis using EV-miRNAs isolated from the serum of βPDK1KO mice. The 
miRNAs that showed significant expression changes compared to EV- 
miRNAs from control mice are shown in Table 1. To extract candi
dates from these molecules, we conducted analysis that integrated the 
results of RNA-seq with those of two microarray analyses. As a result of 
these three exhaustive analyses, we identified one EV-miRNA that was 
upregulated and three that were downregulated in βPDK1KO mice 
compared with control mice. These four miRNAs were reproducibly 
altered in 7-week-old βPDK1KO mice (Fig. 2A).

To compare the expression levels of these four EV-miRNAs further, 
we quantified their expression in serum EVs by real-time PCR. 
Compared with the control group, there was no difference in the 
expression levels of miR126a-5p, miR29b-3p, and miR122–5p in the 
serum EVs of βPDK1KO mice, but miR378a-3p expression was signifi
cantly decreased (Fig. 2B–E).

3.3. miR378a-3p expression in serum EVs correlates with the number of 
pancreatic β-cells in diabetic model mice

Previous reports have shown that pancreatic β-cell mass changes 
significantly in diabetic conditions [12]. Therefore, we analyzed 
miR378a-3p expression in serum EVs from diabetic model mice using 
quantitative real-time PCR. First, we analyzed miR378a-3p expression in 
serum EVs from db/db mice, a typical type 2 diabetic mouse model. It 
has been reported that the Pancreatic β-cell mass increases in db/db 
mice at 7 weeks of age as a compensatory response to insulin resistance 
[13,14], and we confirmed that the number of pancreatic β-cells in 
db/db mice tended to increase compared with db/m mice, as previously 
reported (Fig. 3A). At this point, miR378a-3p expression was signifi
cantly increased in db/db mice (Fig. 3B). In addition, STZ-induced mice, 
which is a model of diabetes in which hyperglycemia is induced by the 
specific destruction of pancreatic β-cells, there was no significant change 
in miR378a-3p expression at 1 day after STZ administration (Fig. 3C), 
but its expression was significantly decreased at 1 week after adminis
tration (Fig. 3D). These results indicate that miR378a-3p levels in serum 
EVs may reflect the number of pancreatic β-cells.

Table 1 
RNA-seq analysis of miRNAs with increased (left) and decreased (right) 
expression in serum EVs of βPDK1KO mice.

miRNA Expression levels Ratio(KO/C)

Control βPDK1KO

mmu-miR-486a-3p 300.3003 4523.181304 15.0622
mmu-miR-486b-3p 300.3003 4523.181304 15.0622
mmu-miR-221–3p 300.3003 3015.454203 10.0415
mmu-miR-455–3p 300.3003 3015.454203 10.0415
mmu-miR-423–3p 300.3003 2638.522427 8.78628
mmu-miR-744–5p 300.3003 1507.727101 5.02073
mmu-miR-328–3p 5105.105105 19977.38409 3.91322
mmu-miR-1895 300.3003 1130.795326 3.76555
mmu-miR-320–3p 300.3003 1130.795326 3.76555
mmu-miR-378a-5p 1201.201201 4146.249529 3.45175
mmu-miR-187–3p 300.3003 753.863551 2.51037
mmu-miR-28a-5p 300.3003 753.863551 2.51037
mmu-miR-28c 300.3003 753.863551 2.51037
mmu-miR-337–5p 300.3003 753.863551 2.51037
mmu-miR-466i-5p 300.3003 753.863551 2.51037
mmu-miR-5113 300.3003 753.863551 2.51037
mmu-miR-532–3p 300.3003 753.863551 2.51037
mmu-miR-6236 300.3003 753.863551 2.51037
mmu-miR-673–5p 300.3003 753.863551 2.51037
mmu-miR-99b-3p 300.3003 753.863551 2.51037
mmu-miR-532–5p 600.600601 1507.727101 2.51037
mmu-miR-486a-5p 34534.53454 74255.55974 2.15018
mmu-miR-486b-5p 34534.53454 74255.55974 2.15018
mmu-miR-106b-3p 2402.402402 4900.11308 2.03967
mmu-miR-125a-5p 15015.01502 27892.95138 1.85767
mmu-miR-99b-5p 1801.801802 3015.454203 1.67358
mmu-miR-133a-3p 3303.303303 5277.044855 1.59751
mmu-lct-7d-3p 9909.90991 15831.13457 1.59751
mmu-miR-2137 7807.807808 12438.74859 1.59751
mmu-miR-21a-5p 1201.201201 1884.658877 1.56898
mmu-miR-484 1201.201201 1884.658877 1.56898
mmu-miR-92a-3p 9909.90991 15454.20279 1.55947
mmu-miR-151–3p 3003.003003 4523.181304 1.50622
mmu-miR-126a-5p 6906.906907 9800.226159 1.4189
mmu-miR-150–5p 14114.11411 19977.38409 1.41524
mmu-miR-322–5p 3003.003003 376.931775 0.12552
mmu-miR-130b-3p 2102.102102 376.931775 0.17931
mmu-miR-22–3p 1801.801802 376.931775 0.2092
mmu-miR-29b-3p 1501.501502 376.931775 0.25104
mmu-miR-676–3p 1501.501502 376.931775 0.25104
mmu-miR-16–5p 3003.003003 753.863551 0.25104
mmu-miR-143–3p 2702.702703 753.863551 0.27893
mmu-miR-5128 3903.903904 1130.795326 0.28966
mmu-miR-130a-3p 14114.11411 4146.249529 0.29377
mmnu-miR-122–5p 8708.708709 2638.522427 0.30298
mmu-miR-133b-3p 1201.201201 3769.31775 0.3138
mmu-miR-27a-3p 1201.201201 3769.31775 0.3138
mmu-miR-99a-5p 1201.201201 3769.31775 0.3138
mmu-miR-674–5p 3603.603604 1130.795326 0.3138
mmu-miR-199a-3p 2402.402402 753.863551 0.3138
mmu-miR-199b-3p 2402.402402 753.863551 0.3138
mmu-miR-192–5p 3303.303303 1130.795326 0.34232
mmu- miR-19b-3p 3003.003003 1130.795326 0.37655
mmu-miR-146b-5p 900.900901 376.931775 0.41839
mmu-miR-181c-5p 900.900901 376.931775 0.41839
mmu-miR-185–5p 900.900901 376.931775 0.41839
mmu-miR-27b-3p 900.900901 376.931775 0.41839
mmu-miR-425–5p 900.900901 376.931775 0.41839
mmu-miR-223–3p 2702.702703 1130.795326 0.41839
mmu-miR-30a-3p 1801.801802 753.863551 0.41839
mmu-let-7g-5p 11411.41141 4900.11308 0.4294
mmu-miR-378a-3p 13213.21321 6784.771956 0.51348
mmu-miR-142a-5p 7207.207207 4146.249529 0.57529
mmu-miR126a-3p 11711.71171 7161.703732 0.6115
mmu-miR-24–3p 48948.94895 30154.54203 0.61604
mmu-miR-128–3p 6006.00601 3769.31775 06.2759
nunu-miR-139–5p 6006.00601 3769.31775 06.2759
mmu-miR-144–5p 6006.00601 3769.31775 06.2759
mmu-miR-1843b-3p 6006.00601 3769.31775 06.2759
mmu-miR-184–3p 6006.00601 3769.31775 06.2759
mmu-miR-206–3p 6006.00601 3769.31775 06.2759
mmu-miR-222–3p 600.600601 376.931775 0.62759

(continued on next page)
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4. Discussion

For many years, hemoglobin A1c and blood glucose levels have been 
used as diagnostic markers for diabetes. In addition, the condition and 
stage of the disease in daily clinical practice are evaluated by measuring 
and assessing blood insulin and C-peptide levels. However, these 
markers all indicate that metabolic abnormalities have already 
occurred, and it is thought that pancreatic β-cell failure has progressed. 
At present, there is no established marker for evaluating the decrease in 
pancreatic β-cell mass that occurs in the early stages of type 2 diabetes.

In this study, we used pancreatic β-cell-specific PDK1KO mice as a 
model of pancreatic β-cell failure. We thought that by isolating serum 
EVs from these mice at 7 weeks of age, we could search for biomarkers 
that would not affect metabolic data such as blood glucose and serum 
insulin levels. After extracting miRNAs contained in serum EVs, we 
conducted three comprehensive analyses using RNA-seq and micro
arrays. Through these integrated analyses, we identified four molecules 
with high reproducibility in terms of changes in their expression levels. 
Furthermore, when we conducted quantitative real-time PCR, miR378a- 
3p was significantly downregulated in serum EVs from βPDK1KO mice, 
as observed in the comprehensive analyses. To confirm that miR378a-3p 
could be used to evaluate pancreatic β-cell dysfunction in other mouse 
models of diabetes, we also analyzed db/db mice and STZ-induced 

diabetic mice. Pancreatic β-cell mass increases markedly in young db/ 
db mice due to compensatory mechanisms against insulin resistance 
[13]. In fact, in 7-week-old db/db mice, when pancreatic β-cell mass had 
increased, there was a significant increase in miR378a-3p levels in 
serum EVs. In contrast, in STZ-induced diabetic mice, in which 
pancreatic β-cell mass decreases, there was no significant difference at 1 
day after STZ administration, but a significant decrease in miR378a-3p 
expression was confirmed at 1 week after administration. These results 
show that there is a relationship between miR378a-3p levels and 
pancreatic β-cell mass.

There are reports that miR378a-3p expression is elevated in obese 
women who have undergone gastric bypass surgery [15], and that it is 
predominantly elevated in circulating miRNAs in pediatric obesity [16], 
so it is known that its expression is elevated in the blood of obese people. 
Because the number of β-cells increases in obese individuals [17], there 
may also be a correlation between miR378a-3p expression and pancre
atic β-cell mass in humans.

In this study, we did not clarify the tissue origin of miR378a-3p, but 
previous reports have shown that its expression is upregulated in adi
pose tissue of high-fat diet-induced obese mice and 3T3-L1 pre
adipocytes [18], suggesting that it is secreted in large quantities from 
adipose tissue. In addition, there are reports that miR378a-3p is 
involved in insulin resistance and the homeostasis of oxidative meta
bolism in the liver [19], and there are many studies showing that 
miR378a-3p is an important regulator of energy and glucose homeo
stasis in skeletal muscle [20,21]. However, the relationship between 
miR378a-3p and pancreatic β-cells has not been examined, and the 
significance of miR378a-3p in relation to pancreatic β-cell mass and its 
mechanism of action are not clear, so further investigation is needed.

In recent years, there have been reports of protein disulfide isom
erase as a new biomarker for diabetes, with one report suggesting that it 
is a biomarker for β-cell stress in type 1 diabetes [22], another report 
indicating that circulating glucokinase could be a biomarker for type 1 
diabetes [23], and another study reporting that serotonin could be 
applied to the early diagnosis of diabetes [24]. However, none of these 
potential biomarkers have yet reached the stage of clinical application. 
By combining the newly identified miR378a-3p in blood EVs with these 
biomarkers, it is hoped that a new diagnostic method with higher 

Table 1 (continued )

miRNA Expression levels Ratio(KO/C)

Control βPDK1KO

mmu-miR-28a-3p 600.600601 376.931775 0.62759
mmu-miR-30d-5p 600.600601 376.931775 06.2759
mmu-miR-324–3p 600.600601 376.931775 0.62759
mmu-miR-331–3p 600.600601 376.931775 0.62759
mmu-miR-485–3p 600.600601 376.931775 0.62759
mmu-miR-181a-5p 1201.201201 753.863551 0.62759
mmu-miR-451a 15915.91592 10177.15793 0.63943
mmu-let-7i-5p 7507.507508 4900.11308 0.6527
mmu-miR-29a-3p 14714.71472 9800.226159 0.66602

Red indicates miRNAs extracted by integrated RNA-seq and microarray 
analyses.

Fig. 2. Comprehensive analysis and quantitative real-time PCR shows increased miR378a-3p expression within EVs of βPDK1KO mice. (A) Diagram of integrated 
RNA-seq and microarray analyses for miRNA expression in serum EVs of βPDK1KO mice. (B–E) Confirmation of the expression of miR29b-3p (B), miR122–5p (C), 
miR126a-5p (D), and miR378a-3p (E) by quantitative real-time PCR in serum EVs of βPDK1KO mice. All quantitative data are means ± SEM for (B) 3–4, (C) 3, (D) 4, 
or (E) 5 mice in each group. *P < 0.05; **P < 0.01.
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sensitivity and specificity can be established.
The results of this study show that miR378a-3p could be used as a 

biomarker that reflects pancreatic β-cell mass before the onset of dia
betes, and that it may be possible to predict the onset of diabetes from an 
early stage and intervene, and it is hoped that this will contribute to the 
prevention of the onset of diabetes and an improved prognosis.
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