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ABSTRACT

Background: The study explored postprandial exercise’s impact on exosomal miRNAs and novel 
protective biomarkers in men with Type 2 diabetes (T2D).

Methods: A total of 24 male participants, including 13 patients and 11 healthy individuals, were recruited. 
T2D patients underwent a randomized three-period crossover 1-hour postprandial intervention: high-
intensity interval exercise (T2D-HIIE), moderate-intensity continuous exercise (T2D-MICE) with cycling 
and sedentary control (T2D-CON) for 30 min, while healthy participants served as controls (HP-CON) 
without exercise intervention. Plasma glucose and insulin levels were measured at pre-exercise and 
immediately post-exercise. Exosomes were extracted from plasma using differential ultra-centrifugation 
at 1.5 hours postprandial, which equates to immediately post-exercise for T2D patients. Four miRNAs 
(miR-142-3p, miR-144-3p, miR-126-3p, and miR-30d-5p) were tested to identify the differentially 
expressed miRNAs. The relationship between exosomal miRNAs and glucose and insulin levels was 
achieved by Pearson correlations. 

Results: Both postprandial exercise interventions (HIIE and MICE) led to immediate reductions in 
glucose and insulin levels (P < 0.05), with HIIE showing a more pronounced decrease in glucose level 
compared to MICE (P = 0.04). Both HIIE and MICE induced a decrease in exosomal miR-142-3p (p = 0.010 
and p = 0.020, respectively), and circulating miR-144-3p (p = 0.040 and p = 0.033, respectively), with 
no significant differences between HIIE and MICE. Additionally, only exosomal miR-142-3p expression 
positively related with glucose levels (r = 0.624, p = 0.01). 

Conclusions: Exosomal miR-142-3p is reduced by postprandial exercise and positively associated with 
glucose regulation. We propose that exosomal miR-142-3p may serve as a potential contributor for 
exercise-induced benefits in middle-aged men with T2D.
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Introduction
Type 2 diabetes (T2D), characterized by hyperglycemia, is a 

prevalent metabalic disorder that poses a significant threat to hu-
man health worldwide. Exercise has long been recognized as an es-
sential component in the management of T2D. Although individuals 
with T2D experience impaired insulin sensitivity, exercise-induced 
muscular contraction can facilitate glucose uptake independently 
of insulin [1]. In particular, postprandial exercise has been found to 
stimulate glucose uptake [2]. Among the different exercise recom-
mendations for individuals with T2D, moderate intensity continuous 
exercise (MICE) is the most widely recommended. However, recent 
studies have shown that high intensity interval exercise (HIIE), which 
differs from MICE in terms of intensity and exercise pattern, is equal-
ly effective or even superior in terms of glycemic control [3-5]. This 
suggests that HIIE could hold potential as a promising intervention 
approach for individuals with T2D [6]. In the search for improved or 
even novel interventional strategies, researchers need to revert back 
to clarify the molecular mechanisms underlying T2D. While altered 
miRNAs have been documented to contribute to the positive effects of 
physical exercise [7,8], the involvement of exosomes, the regulation of 
exosomal miRNAs, and the function of miRNAs’ corresponding target 
genes in T2D patients remain to be elucidated. Exosomes, with diam-
eters ranging from 40 nm to 120 nm, are a type of extracellular ves-
icle (EVs) originating from various cells and can be detected in most 
biofluids [9,10].

They modulate cell functions by transporting proteins, lipids, and 
nucleic acids [11]. Emerging evidence has suggested that exosomes 
play a role in a variety of pathological processes such as chronic in-
flammation, endocrine disorders and insulin resistance and regulate 
multiple biochemical signaling through specific transfer of various 
molecules including miRNAs [12]. Exosomal miRNAs can be shield-
ed from degradation by enzymes while in circulation, thanks to exo-
some-mediated protection. Subsequently, they are delivered to target 
cells, where they modulate the expression of specific genes, serving 
as regulators of intercellular communication [13] to affect insulin se-
cretion, adipose tissue metabolism, and the development of diabetes 
[14,15]. Indeed, the role of biomarkers of miRNAs carried by exo-
somes in the body fluids for diabetes and its related complications has 
been previously described [16-19], while the effects of exercise are 
yet to be fully clarified. It’s worth noting that exercise acts as a stimu-
lus, inducing cellular responses such as gene expression and exosome 
release [20-22]. Exosomes from diverse sources can mediate a num-
ber of favorable effects induced by exercise on important metabolic 
tissues through their carried cargoes. Some pioneering work [23,24] 
highlighted the distinctiveness of exosomal miRNA patterns, portray-
ing them as a distinct factor capable of facilitating inter-tissue com-
munication throughout the body in response to a single exercise bout.

Furthermore, recent reviews have offered an important insight 
into the changes of exosomal miRNAs, which are molecules of grow-

ing importance in exercise physiology and probably being involved in 
the innovative mechanisms behind the positive effects of exercise for 
patients with T2D [18,25]. Given that the vital role of comprehensive 
mechanistic insights in T2D prevention and treatment, the explora-
tion of novel perspective players contributing to the positive impacts 
of exercise on T2D holds promise and urgency. Thus far however, the 
role of exosomal miRNAs induced by acute postprandial exercise in 
T2D and their impact on glucose regulation, as well as the underly-
ing signal pathways, remain largely unclear. By means of intervention 
of HIIE and MICE in middle-aged men with T2D, this study aimed to 
identify the differentially expressed exosomal miRNA associated with 
T2D and their response to exercise stimulus. This research aims to ex-
plore the exosomal miRNA-related mechanisms underlying the bene-
ficial impacts of postprandial exercise on T2D.

Methods
Study Design and Ethical Approval 

This study was a randomized three-period crossover interven-
tion conducted solely for T2D patients in the laboratory of China In-
stitute of Sport Science (CISS). The sample size was determined us-
ing G*Power Version 3.1.9.7 (Franz Faul, University of Kiel, Germany, 
2020) based on a calculated mean between-group difference of 2.5 ± 
2.82 mmol/L in postprandial blood glucose, with a two-tailed effect 
size of 0.5, a significant level α of 0.05, and a power of 0.8. The re-
quired sample size was 12. Ethical approval was obtained from the 
CISS Ethics Board in accordance with the principles of the Declaration 
of Helsinki. All participants provided written consent prior to partic-
ipation.

Participants

Recruitment took place from October 10, 2021, to October 30, 
2021. We enrolled 24 male participants aged between 30 and 60 
through advertisements and social networks. Out of these, 13 partic-
ipants had T2D, while 11 were healthy volunteers, matched for age 
and BMI. T2D patients were eligible if they had been diagnosed for 
at least 6 months and had not engaged in structured physical activ-
ity for the past 6 months (less than 150 minutes per week). Exclu-
sion criteria for T2D patients included T2D-related complications 
and contraindications to exercise. Healthy participants had to meet 
specific criteria, including fasting blood glucose (FBG) < 6.1 mmol/L, 
oral glucose tolerance test within two hours with blood glucose < 7.8 
mmol/L, freedom from chronic diseases and injuries, and no family 
history of diabetes.

Procedures

Procedures of T2D were described in our previous study [4]. For 
the first visit, participants fasted for 12 hours and arrived at the CISS 
laboratory at 8 a.m. for fasting blood sampling, resting blood pressure 
measurement, and anthropometric assessment. They also completed 
a basic information questionnaire, the international physical activity 
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questionnaire (IPAQ) [26], the physical activity readiness question-
naire (PAR-Q) [27], and a list of contraindications for graded exercise 
test [27]. Healthy individuals had a second visit on a different day to 
conduct blood sampling 1.5 hours after breakfast. For T2D patients, 
a randomized crossover trial consisted of three experimental days: a 
control day (CON) without exercise, and two exercise days—HIIE and 
MICE, was conducted. The interventions were performed 1 hour after 
breakfast, including: (1) HIIE (7 × 1 min, 90% VO2max + 2 min, 30% 

VO2max) with cycling; (2) MICE (30 min, 50% VO2max) with cycling; 
or (3) a sedentary control (CON) for 30 min. A 10-day washout peri-
od separated each intervention. The energy expended in MICE and 
HIIE protocols was approximately equivalent. Random allocation was 
accomplished through sealed envelopes, each specifying an interven-
tion type. The assessors, investigators, statistician and T2D patients 
were blinded to the grouping. However, exercise intervention imple-
menter was not blinded. The study flow is shown in (Figure 1). 

Figure 1: Study flow chart.

Throughout the study, participants were advised to maintain their 
regular daily routines, including diet, exercise, and medication. They 
consumed consistent standard meals (breakfast) and water intake on 
each intervention day, along with the same dinner before interven-
tions. Alcohol, caffeine, and physical activity were avoided 48 hours 
prior to each intervention. We randomly selected 6 out of 13 diabetes 
patients and 6 out of 11 healthy individuals for exosome extraction. 
All the randomization were conducted via opaque, sealed envelopes.

Venous Blood Sampling and Biochemical Analyses

A trained professional collected blood samples from the antecubi-
tal vein. During the initial visit, following a 12-hour fast, we measured 
various biochemical markers. Throughout the three interventions for 
T2D patients, we assessed plasma glucose and insulin levels before 
and immediately after exercise. Exosomes were extracted from a ran-
domly selected subset of 6 out of 13 T2D patients immediately after 
exercise. During the second visit of healthy individuals, we measured 

plasma glucose and insulin levels from 11 healthy individuals and ex-
tracted exosomes from a randomly selected subgroup of 6 individu-
als, also at1.5 hours after breakfast (immediately after exercise). All 
samples for biochemical analyses were duplicated, and the experi-
menters conducting the analyses were kept ‘blinded’ to the interven-
tional conditions.

Graded Exercise Test

Graded exercise test was conducted using a stationary cycle er-
gometer (Ergoselect 100, Ergoline, Bitz, Germany) to measure the 
peak heart rate (HRpeak) and peak oxygen uptake (V̇O2peak), as de-
tailed in our previous study [4]. 

Exosome Isolation from Plasma

Blood samples were initially centrifuged at 1900g for 10 min-
utes at 4°C, and the resulting supernatant was further centrifuged at 
3000g for 15 minutes at the same temperature. The obtained plasma 
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was promptly frozen at -80°C. Exosome isolation involved a multi-
step process of ultracentrifugation using a Beckman Optima L-100XP 
centrifuge. This process included initial centrifugation of the plasma 
at 2000 x g at 4°C for 30 minutes, followed by a subsequent centrifu-
gation at 12000 x g at 4°C for 45 minutes. The supernatant was then 
passed through 0.45 µm disposable filter units and centrifuged at 
110000 x g at 4°C for 70 minutes. Following resuspension in 10 ml of 
nuclease-free water, the exosomes underwent an additional centrifu-
gation step at 110000 x g at 4°C for 70 minutes. Finally, the exosomes 
were suspended in 0.1 ml of nuclease-free water and stored at -80°C.

Characterization of Isolated Exosomes

To assess exosome purity, we employed transmission electron 
microscopy (TEM), nanoparticle tracking analysis (NTA), and West-
ern blotting. For TEM, exosomes were fixed, stained, and visualized 
with an HT-7800 TEM (Hitachi, Tokyo, Japan) at 80 kV. NTA measured 
particle size and concentration using a Flow NanoAnalyzer (N30E, 
China). Western blotting targeted exosomal proteins (CD63, CD81, 
TSG101, Calnexin) with specific primary antibodies and secondary 
antibodies for detection.

Isolation of RNA from Exosomes

Exosomal RNA was Isolated using the miRNeasy Serum/Plasma 
Advanced Kit (217204, TIANGEN, Germany) following the instruc-
tions. RNA quality and quantity were assessed using NanoDrop 
(Thermo Fisher Scientific, USA) and Agilent 2100 bioanalyzer (Ther-
mo Fisher Scientific, MA, USA), respectively.

Quantitative Real-Time PCR

RNA was converted into cDNA through reverse transcription us-
ing the miRCURY LNA RT Kit (339340, TIANGEN, Germany). Real-time 
PCR for miR-142-3p, miR-144-3p, miR-126-3p and miR-30d-5p (miR-
CURY LNA miRNA Probe Assay, 339350, TIANGEN, Germany) was car-
ried out using the miRCURY LNA Probe PCR Kit (339371, TIANGEN, 
Germany) on the CFX96 Real-Time PCR Detection System (Bio-Rad, 
Hercules, CA, USA), with miR-26a used to normalize the qPCR data. 
PCR reaction began with an initial denaturation at 95°C for 2 min, 
then 40 cycles of 95°C for 5 s, 56°C for 30 s. Relative fold-changes 
were calculated as using the 2-ΔΔCq method [28]. Samples exhibiting 
a qRT-PCR result of Ct < 40 were deemed positive [29].

Statistical Analysis

Statistical analysis was performed with SPSS 19.0 (IBM Corp., 
Armonk, NY, USA). Data normality was assessed using the Kolmog-
orov-Smirnov and Shapiro-Wilk tests. Non-normally distributed data 
were transformed using logarithm or square root methods. Glucose 
and insulin values among the three interventions were compared 
using repeated measures two-way ANOVA for intervention and time 
interaction. Differentially expressed miRNAs were analyzed using 
one-way ANOVA. Statistical significance was set at P < 0.05. The re-
lationship between exosomal miRNAs and glucose and insulin levels 
was achieved by Pearson correlations. Data are expressed as means 
and 95%CI. 

Results
Participant’ characteristics are showed in (Table 1). All partici-

pants were male. Blood samples from 11 healthy individuals and 13 
patients with T2D were obtained. 

Table 1: Participants’ characteristics and pharmacological regimen (n =24). Mean with 95%CI.
Characteristics Healthy Individuals (n = 11) Type 2 Diabetes (n = 13) P-Value

Age (years) 43.7 (39, 56) 47.0 (34, 57) P = 0.233#

Diabetes duration (years) 3.7 (2, 6)

Body mass (kg) 69.3 (62.5, 83.8) 70.8 (58.5, 84.3) P = 0.660&

BMI (kg/m2) 25.6 (22.2, 27.7) 26.0 (22.3, 28.0) P = 0.581&

Glycemic control

Fasting glucose (mmol/L) 4.2 (3.1, 4.8) 6.7 (3.3, 11.0) P < 0.001#

HbA1c (%) 5.2 (4.5, 5.4) 7.1 (5.5, 9.9) P < 0.001&

FFA (mmol/L) 0.5 (0.3, 0.8) 0.6 (0.2, 1.4) P = 0.828&

Total cholesterol (mmol/L) 4.7 (4.0, 5.1) 5.3 (3.5, 7.7) P = 0.306&

Triglycerides (mmol/L) 1.5 (1.0, 2.1) 2.0 (0.8, 4.5) P = 0.998&

HDL-cholesterol (mmol/L)* 1.3 (1.0, 2.0) 1.2 (0.7, 1.5) P = 0.445#

LDL-cholesterol (mmol/L)* 2.8 (2.2, 3.5) 3.0 (1.5, 5.0) P = 0.467#

Fitness variables

Maximal oxygen consumption (VO2max) (ml/min/kg) 30.0 (17.9, 40.1) 25.0 (14.1, 34.9) P = 0.060#

Maximal heart rate (HRmax)(bpm) 177.6 (152.5, 202.9) 152 (104.5, 171.0) P = 0.004#

Oral hypoglycemic agents n = 10 (76.9%)

Metformin only n = 7 (53.8%)
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Metformin + acarbose n =1 (7.7%)

Metformin + repaglinide n =1 (7.7%)

Metformin + gliptin n =1 (7.7%)

No medication used n =3 (23.1%)

Note: *HDL-cholesterol, high-density lipoprotein cholesterol; LDL-cholesterol, low-density lipoprotein cholesterol; 
&Comparison by Mann-Whitney U test. 

#Comparison by Independent 2-sample t test.

Glucose and Insulin Responses

T2D patients exhibited good tolerance to both HIIE and MICE in-
terventions. The responses of glucose and insulin following HIIE and 

MICE are presented in (Table 2). Both interventions led to immediate 
reductions in glucose and insulin levels (P < 0.05), with HIIE showing 
a more pronounced decrease in glucose level compared to MICE (P = 
0.04).

Table 2: Plasma glucose (mmol/L) and insulin (μU/mL) values in T2D men. Mean with 95%CI.
Time Group Plasma glucose (mmol/L) Plasma insulin(μU/mL)

Pre-exercise

CON 9.79 (4.3, 23.65) 35.40 (15.6, 95.6)

HIIE 9.91 (5.8, 20.0) 36.07 (14.2, 89.7)

MICE 9.55 (5.2, 18.0) 35.91 (16.1, 102.6)

Post-exercise

CON 9.26 (3.8, 23.1) 35.34 (14.9, 107.9)

HIIE 6.60 (3.3, 15.5)**@## 14.37 (5.3, 20.2)*##

MICE 7.55 (3.9, 20.0)**## 17.40 (4.4, 27.3)*##

Note: *P <0.05; **P<0.01; compared to CON; @compared to MICE post-exercise. #compared to pre-exercise

Isolation and Characterization of EVs

The identification of plasma exosomes was illustrated in (Figure 
2). 

Validation of miRNAs by qRT-PCR 

Four significantly differentially expressed miRNAs (miR-142-3p, 
miR-144-3p, miR-126-3p, and miR-30d-5p), identified through se-
quencing (data not disclosed), were found to be upregulated in T2D 
patients compared to normal participants. However, these miRNAs 
were downregulated in T2D patients after the CON phase compared 
to immediately post-HIIE or post-MICE phases. These miRNAs are 
potentially associated with energy metabolism and are commonly 
expressed in T2D patients. To validate these findings, qRT-PCR was 
conducted in a sample of 6 T2D patients and 6 healthy participants. 
Additionally, the plasma levels of these four miRNAs were also ana-

lyzed. We found that exosomal miR-142-3p showed remarkably high-
er expression in T2D patients in comparison to healthy participants 
(p = 0.021) and decreased following HIIE and MICE (p = 0.010 and 
p = 0.020, respectively; (Figure 3A)), suggesting its potential role in 
exercise-induced changes. However, miR-144-3p and miR-126-3p did 
not show significant alterations in expression levels (p > 0.05) after 
exercise. Furthermore, miR-30d-5p was not detected in any exoso-
mal group, indicating its absence or low expression in the collected 
samples. Regarding the expression of these 4 miRNAs in plasma, miR-
144-3p was significantly higher in T2D patients compared to healthy 
controls (p = 0.047) and decreased following both HIIE and MICE (p = 
0.040, p = 0.033, respectively; (Figure 3B)). Correlation analysis with 
glucose and insulin concentrations showed that only miR-142-3p ex-
hibited a positive correlation with glucose concentrations (r = 0.635, 
p = 0.008).
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Figure 2: Identification of plasma exosomes.
A.	 Transmission electron microscopy (scale bar 100 nm). 
B.	 Analysis of exosomes isolated from plasma by Nanoparticle Tracking Analysis (size range: 50 nm to 150 nm; concentration: 1.0 E+8 ~ 1.0 
E+10 particles/mL). 
C.	 Confirmation of the exosomes markers with Western blotting indicated the presence of CD63, CD81 and TSG101, but the absence of calnexin 
in exosomes. 17M-21M: 4 T2D patients following MICE; 17H-21H: 4 T2D patients following HIIE; Numbers 17 to 21 are the identification numbers 
for each patient.
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Figure 3: Validation of 4 selected miRNAs in another cohort. Expression levels of 4 miRNAs (miR-142-3p, miR-144-3p, miR-126-3p and miR-30d-
5p) in the plasma exosomes 
A.	 And plasma 
B.	 Were determined by qRT-PCR. The relative gene expression of the target miRNAs was normalized to miR-26a.The data of miR-142-3p, miR-
144-3p, miR-126-3p were log-transformed, miR-30d-5p was square root-transformed.  *P < 0.05, **P < 0.01.

Discussion
We found that miR-142-3p was significantly upregulated in T2D 

patients but downregulated after one bout of HIIE/MICE, which cor-
related with the positive glucose response to exercises. While a larger 
sample size would strengthen our findings, this report suggests that 
exosomal miR-142-3p could contribute to the positive impacts of 
postprandial exercise on T2D. Exercise is considered a significant in-
tervention for enhancing postprandial glucose levels. A single bout of 
moderate or high-intensity interval exercise following breakfast has 
the potential to mitigate postprandial hyperglycemia, aligning with 

our findings. However, the exact cellular and molecular mechanisms 
behind this exercise-induced improvement require further investiga-
tion. Studies report that acute exercise may result in the release of 
exosomes or small extracellular vesicles and the changes of various 
miRNA profiles inside the exosomes [20,21,23,30,31]. Exercise, acting 
as a stressor, triggers molecular responses such as gene expression 
and exosome release in various cell types. MiRNAs transported by 
exosomes are subject to modification, uncovering biological mech-
anisms behind exercise effects. However, the intricate regulation of 
exosomal miRNAs post-exercise in T2D remains incompletely eluci-
dated. In our study, we selected four differentially expressed miRNAs 
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(miR-142-3p, miR-144-3p, miR-126-3p, and miR-30d-5p) based on 
sequencing conducted in our previous study (data not disclosed) and 
tested them using qRT-PCR. 

MiR-142-3p and miR-144-3p showed elevated levels in T2D pa-
tients but returned to normal expression after postprandial exercise, 
with exosomal miR-142-3p exhibiting a positive correlation with 
plasma glucose levels. Previous studies have also reported increased 
plasma levels of miR-142-3p and miR-144-3p in T2DM patients, sug-
gesting their potential as biomarkers for T2D [32-36]. Guay, et al [37] 
found that T lymphocyte-specific exosomal miR-142-3p/-5p could 
induce chemokine expression and apoptosis in pancreatic β cells in 
type 1 diabetes (T1D), and inhibiting miR-142-3p/-5p in β cells led 
to improved insulin levels, reduced inflammation, and prevented 
T1D development. Additionally, miRNA-144-3p may regulate glucose 
metabolism and energy homeostasis by directly targeting insulin re-
ceptor substrate 1, an important component of the insulin signaling 
pathway, and glucose transporter 1 [38]. Physical exercise, however, 
can influence the miRNA levels in T2DM patients by inducing a rap-
id change of the release of exosomes and alterations in circulating 
miRNA levels and exosomal miRNA levels [8,23,39]. In our study, 
exosomal miRNA-142-3p showed a decrease in response to exercise, 
indicating postprandial exercise-induced changes in specific miR-
NA-enriched exosomes. This unique exosomal miRNA response may 
contribute to the improvements in insulin sensitivity and glycemic 
control observed after postprandial exercise [39]. 

Interestingly, the greater reduction immediately after HIIE during 
the postprandial period was not consistently reflected in the change 
of exosomal miRNA-142-3p levels, as no significant distinction was 
observed between HIIE and MICE at the immediate postprandial time 
point. A larger sample size is needed to confirm this finding. MiR-126 
is mainly expressed in endothelial cells and regulates endothelial 
cell function, angiogenesis, and vascular integrity [40,41]. Previous 
studies have suggested that plasma miR-126 hold promise as an early 
predictive biomarker for T2D in susceptible individuals [29]. In our 
study, however, no difference was found between T2D and healthy 
but sedentary individuals, which is consistent with previous findings 
[42]. We also failed to observe any difference in miR-126-3p levels be-
tween pre-exercise and post-exercise in T2D patients. Previous study 
suggested that 126-3p could be elevated after a 4-week regimen high 
intensity interval training (HIIT) intervention [43]. In more depth, 
studies contrasting acute and long-term HIIT failed to reveal imme-
diate impacts on miR-126 levels, while an elevation in resting miR-
126 levels was observed after regular HIIT, indicating an adaptation 
to regular physical activity [44]. Of note, circulating miR-126 levels 
seem to be readily elevated in trained elite athletes [45]. Therefore, 
future studies should investigate the effects of regular exercise on the 
exosomal miRNA profile in T2D to gain further insight into the under-
lying mechanisms of physical adaptation.

Regarding miR30d-5p, it may be involved in glucose metabolism, 
insulin signaling, blood coagulation, platelet activation, and inflam-

mation. Dysregulation of miR-30d has been shown in circulating 
blood and urinary exosomes [46,47]. However, the present study 
failed to detect the expression of miR-30d-5p in circulating plasma 
exosomes. This discrepancy may be influenced by factors such as the 
duration of the disease, the presence of diabetic complications, or 
the age of the participants, and requires further investigation. Tak-
en together, two of the four measured miRNAs exhibited alterations 
in plasma and exosome-enriched plasma following HIIE or MICE in 
T2D patients. This highlights the potential impact of exercise-induced 
mechanisms on miRNAs. However, further research is required to 
comprehensively elucidate their roles. Meanwhile, several limitations 
should be acknowledged. Firstly, it was an exploratory study with a 
relatively small cohort of T2D patients and healthy participants. How-
ever, these preliminary insights into the exercise-induced effects of 
exosomal miRNAs in T2D patients can guide the sample size calcu-
lation for future large-scale studies. Secondly, medication discontin-
uation or consistency in diabetic patients was not controlled in this 
study. Nevertheless, the absence of notable disparities in pre-exercise 
(1 hour postprandial) glucose and insulin values among exercise in-
terventions implies the viability of comparing post-exercise blood 
glucose and insulin levels. 

Future research will aim to control patients’ medication status to 
minimize the potential impact of medications on exosomes. Addition-
ally, there are some questions yet to be explored, such as, where are 
these exosomal miRNAs released? Are they skeletal muscle-derived, 
adipose tissue‐derived or stem cells‐derived? It is likely that the exo-
somes released by distinct cells may possess varying miRNA profiles. 
Further experimental investigations are needed to clarify the origin 
of these miRNAs. Furthermore, the short laboratory duration of this 
study limited the observations to the immediate post-exercise period. 
Monitoring exosomal miRNA kinetics throughout the day could result 
in more informative results and will be considered in our future stud-
ies. Finally, due to the scarcity of exosome samples, we were unable 
to compare the exosomal miRNA expression at the pre-exercise state. 
Further studies will investigate the therapeutic function of miR142-
3p and other miRNAs to understand the physiological mechanisms 
underlying exercise’s beneficial effects on T2D outcomes. Despite its 
limitations, our results reinforce the role of postprandial exercise in-
duced exosomal miRNA in the regulation of glucose, as well as possi-
bly provide new target for the intervention of T2D.

Conclusion
Exosomal miR-142-3p is reduced by postprandial exercises and 

positively associated with glucose regulation. We propose that exoso-
mal miR-142-3p may serve as a potential contributor for exercise-in-
duced benefits in middle-aged men with T2D.

Conflicts of Interest
The authors confirm no financial conflicts of interest related to 

the manuscript’s content.

http://dx.doi.org/10.26717/BJSTR.2023.52.008329


Copyright@ : Xinwen Cui | Biomed J Sci & Tech Res | BJSTR.MS.ID.008329.

Volume 52- Issue 5 DOI: 10.26717/BJSTR.2023.52.008329

44215

Funding
This study was funded by the Fundamental Research Funds for 

the China Institute of Sport Science (2021-28).

Author’s Contributions
Xinwen Cui and Peng Zhao significantly contributed to the study 

design. Xinwen Cui, Rongxin Zhu, Xingya Yang, and Yirui Wang were 
involved in conducting the experiments. Peng Zhao conducted data 
analysis and interpretation. Xinwen Cui drafted the manuscript. All 
authors, including Rongxin Zhu, Xingya Yang, Yirui Wang, and Yimin 
Zhang, critically reviewed and revised the manuscript. The final ver-
sion was approved by all authors.

Acknowledgement
The authors wish to thank Tao Yuan from Peking Union Medical 

College Hospital for her theoretical and technical assistance and the 
volunteers who took part in the study.

Ethical Approval and Consent to Participate
This study was approved by the Ethics Committee of the China In-

stitute of Sport Science (CISSLA-20210909). All participants provided 
written informed consent prior to the enrollment.

Consent for Publication
Not applicable.

References
1.	 Huang S, Michael P Czech (2007) Czech MP: The GLUT4 glucose transport-

er. Cell Metab 5(4): 237-252.

2.	 Borror A, Zieff G, Battaglini C, Stoner L (2018) The Effects of Postprandial 
Exercise on Glucose Control in Individuals with Type 2 Diabetes: A Sys-
tematic Review. Sports Med 48(6): 1479-1491.

3.	 Winding KM, Munch GW, Iepsen UW, Van Hall G, Pedersen BK, et al. (2018) 
The effect on glycaemic control of low-volume high-intensity interval 
training versus endurance training in individuals with type 2 diabetes. Di-
abetes Obes Metab 20(5): 1131-1139.

4.	 Cui X, Xu J, Yang X, Li L, Jia X, et al. (2022) Acute high intensity interval 
exercise is similarly effective as moderate intensity continuous exercise 
on plasma glucose control in type 2 diabetic men aged 30 to 50 years: A 
randomized controlled trial. J Sports Med Phys Fitness 62(9): 1246-1254.

5.	 Mendes R, Sousa N, Themudo Barata JL, Reis VM (2019) High-Intensity 
Interval Training Versus Moderate-Intensity Continuous Training in Mid-
dle-Aged and Older Patients with Type 2 Diabetes: A Randomized Con-
trolled Crossover Trial of the Acute Effects of Treadmill Walking on Glyce-
mic Control. Int J Environ Res Public Health 16(21): 4163.

6.	 Martland R, Mondelli V, Gaughran F, Stubbs B (2020) Can high-intensity 
interval training improve physical and mental health outcomes? A me-
ta-review of 33 systematic reviews across the lifespan. J Sports Sci 38(4): 
430-469.

7.	 Saini VM, Liu KR, Surve AS, Gupta S, Gupta A (2022) MicroRNAs as bio-
markers for monitoring cardiovascular changes in Type II Diabetes Melli-
tus (T2DM) and exercise. J Diabetes Metab Disord 21(2): 1819-1832.

8.	 Silva FCD, Iop RDR, Andrade A, Costa VP, Gutierres Filho PJB, et al. (2020) 
Effects of Physical Exercise on the Expression of MicroRNAs: A Systematic 
Review. J Strength Cond Res 34(1): 270-280.

9.	 French KC, Antonyak MA, Cerione RA (2017) Extracellular vesicle docking 
at the cellular port: Extracellular vesicle binding and uptake. Semin Cell 
Dev Biol 67: 48-55.

10.	 Van Niel G, D’Angelo G, Raposo G (2018) Shedding light on the cell biology 
of extracellular vesicles. Nat Rev Mol Cell Biol 19(4): 213-228.

11.	 Mori MA, Ludwig RG, Garcia Martin R, Brandão BB, Kahn CR (2019) Ex-
tracellular miRNAs: From Biomarkers to Mediators of Physiology and Dis-
ease. Cell Metab 30(4): 656-673.

12.	 Guay C, Regazzi R (2017) Exosomes as new players in metabolic organ 
crosstalk. Diabetes Obes Metab 19 (Suppl 1): 137-146.

13.	 Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, et al. (2007) Exo-
some-mediated transfer of mRNAs and microRNAs is a novel mechanism 
of genetic exchange between cells. Nat Cell Biol 9(6): 654-659.

14.	 Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, et al (2004) A pancreat-
ic islet-specific microRNA regulates insulin secretion. Nature 432(7014): 
226-230.

15.	 Tsukita S, Yamada T, Takahashi K, Munakata Y, Hosaka S, et al (2017) Mi-
croRNAs 106b and 222 Improve Hyperglycemia in a Mouse Model of In-
sulin-Deficient Diabetes via Pancreatic β-Cell Proliferation. EBioMedicine 
15: 163-172.

16.	 Katayama M, Wiklander OPB, Fritz T, Caidahl K, El Andaloussi S, et al. 
(2019) Circulating Exosomal miR-20b-5p Is Elevated in Type 2 Diabe-
tes and Could Impair Insulin Action in Human Skeletal Muscle. Diabetes 
68(3): 515-526.

17.	 Kim H, Bae YU, Lee H, Kim H, Jeon JS, et al (2020) Effect of diabetes on 
exosomal miRNA profile in patients with obesity. BMJ Open Diabetes Res 
Care 8(1).

18.	 Prattichizzo F, Matacchione G, Giuliani A, Sabbatinelli J, Olivieri F, et al. 
(2021) Extracellular vesicle-shuttled miRNAs: A critical appraisal of their 
potential as nano-diagnostics and nano-therapeutics in type 2 diabetes 
mellitus and its cardiovascular complications. Theranostics 11(3): 1031-
1045.

19.	 Zhao S, Wang H, Xu H, Tan Y, Zhang C, et al. (2021) Targeting the microR-
NAs in exosome: A potential therapeutic strategy for alleviation of diabe-
tes-related cardiovascular complication. Pharmacol Res 173: 105868.

20.	 Frühbeis C, Helmig S, Tug S, Simon P, Krämer Albers EM (2015) Physical 
exercise induces rapid release of small extracellular vesicles into the cir-
culation. J Extracell Vesicles 4: 28239.

21.	 Whitham M, Parker BL, Friedrichsen M, Hingst JR, Hjorth M, et al. (2018) 
Extracellular Vesicles Provide a Means for Tissue Crosstalk during Exer-
cise. Cell Metab 27(1): 237-251.e234.

22.	 Safdar A, Saleem A, Tarnopolsky MA (2016) The potential of endurance 
exercise-derived exosomes to treat metabolic diseases. Nat Rev Endocri-
nol 12(9): 504-517.

23.	 D’Souza RF, Woodhead JST, Zeng N, Blenkiron C, Merry TL, et al. (2018) 
Circulatory exosomal miRNA following intense exercise is unrelated to 
muscle and plasma miRNA abundances. Am J Physiol Endocrinol Metab 
315(4): E723-e733.

24.	 Garner RT, Weiss JA, Nie Y, Sullivan BP, Kargl CK, et al. (2022) Effects of 
obesity and acute resistance exercise on skeletal muscle angiogenic com-
munication pathways. Exp Physiol 107(8): 906-918.

http://dx.doi.org/10.26717/BJSTR.2023.52.008329
https://pubmed.ncbi.nlm.nih.gov/17403369/
https://pubmed.ncbi.nlm.nih.gov/17403369/
https://pubmed.ncbi.nlm.nih.gov/29396781/
https://pubmed.ncbi.nlm.nih.gov/29396781/
https://pubmed.ncbi.nlm.nih.gov/29396781/
https://pubmed.ncbi.nlm.nih.gov/29272072/
https://pubmed.ncbi.nlm.nih.gov/29272072/
https://pubmed.ncbi.nlm.nih.gov/29272072/
https://pubmed.ncbi.nlm.nih.gov/29272072/
https://pubmed.ncbi.nlm.nih.gov/34931782/
https://pubmed.ncbi.nlm.nih.gov/34931782/
https://pubmed.ncbi.nlm.nih.gov/34931782/
https://pubmed.ncbi.nlm.nih.gov/34931782/
https://pubmed.ncbi.nlm.nih.gov/31661946/
https://pubmed.ncbi.nlm.nih.gov/31661946/
https://pubmed.ncbi.nlm.nih.gov/31661946/
https://pubmed.ncbi.nlm.nih.gov/31661946/
https://pubmed.ncbi.nlm.nih.gov/31661946/
https://pubmed.ncbi.nlm.nih.gov/31889469/
https://pubmed.ncbi.nlm.nih.gov/31889469/
https://pubmed.ncbi.nlm.nih.gov/31889469/
https://pubmed.ncbi.nlm.nih.gov/31889469/
https://pubmed.ncbi.nlm.nih.gov/35818628/
https://pubmed.ncbi.nlm.nih.gov/35818628/
https://pubmed.ncbi.nlm.nih.gov/35818628/
https://pubmed.ncbi.nlm.nih.gov/31877120/
https://pubmed.ncbi.nlm.nih.gov/31877120/
https://pubmed.ncbi.nlm.nih.gov/31877120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5484727/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5484727/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5484727/
https://pubmed.ncbi.nlm.nih.gov/29339798/
https://pubmed.ncbi.nlm.nih.gov/29339798/
https://pubmed.ncbi.nlm.nih.gov/31447320/
https://pubmed.ncbi.nlm.nih.gov/31447320/
https://pubmed.ncbi.nlm.nih.gov/31447320/
https://pubmed.ncbi.nlm.nih.gov/28880477/
https://pubmed.ncbi.nlm.nih.gov/28880477/
https://pubmed.ncbi.nlm.nih.gov/17486113/
https://pubmed.ncbi.nlm.nih.gov/17486113/
https://pubmed.ncbi.nlm.nih.gov/17486113/
https://pubmed.ncbi.nlm.nih.gov/15538371/
https://pubmed.ncbi.nlm.nih.gov/15538371/
https://pubmed.ncbi.nlm.nih.gov/15538371/
https://pubmed.ncbi.nlm.nih.gov/27974246/
https://pubmed.ncbi.nlm.nih.gov/27974246/
https://pubmed.ncbi.nlm.nih.gov/27974246/
https://pubmed.ncbi.nlm.nih.gov/27974246/
https://pubmed.ncbi.nlm.nih.gov/30552111/
https://pubmed.ncbi.nlm.nih.gov/30552111/
https://pubmed.ncbi.nlm.nih.gov/30552111/
https://pubmed.ncbi.nlm.nih.gov/30552111/
https://drc.bmj.com/content/8/1/e001403
https://drc.bmj.com/content/8/1/e001403
https://drc.bmj.com/content/8/1/e001403
https://pubmed.ncbi.nlm.nih.gov/33391519/
https://pubmed.ncbi.nlm.nih.gov/33391519/
https://pubmed.ncbi.nlm.nih.gov/33391519/
https://pubmed.ncbi.nlm.nih.gov/33391519/
https://pubmed.ncbi.nlm.nih.gov/33391519/
https://pubmed.ncbi.nlm.nih.gov/34481974/
https://pubmed.ncbi.nlm.nih.gov/34481974/
https://pubmed.ncbi.nlm.nih.gov/34481974/
https://pubmed.ncbi.nlm.nih.gov/26142461/
https://pubmed.ncbi.nlm.nih.gov/26142461/
https://pubmed.ncbi.nlm.nih.gov/26142461/
https://pubmed.ncbi.nlm.nih.gov/29320704/
https://pubmed.ncbi.nlm.nih.gov/29320704/
https://pubmed.ncbi.nlm.nih.gov/29320704/
https://pubmed.ncbi.nlm.nih.gov/27230949/
https://pubmed.ncbi.nlm.nih.gov/27230949/
https://pubmed.ncbi.nlm.nih.gov/27230949/
https://pubmed.ncbi.nlm.nih.gov/29969318/
https://pubmed.ncbi.nlm.nih.gov/29969318/
https://pubmed.ncbi.nlm.nih.gov/29969318/
https://pubmed.ncbi.nlm.nih.gov/29969318/
https://pubmed.ncbi.nlm.nih.gov/35561231/
https://pubmed.ncbi.nlm.nih.gov/35561231/
https://pubmed.ncbi.nlm.nih.gov/35561231/


Copyright@ :  Xinwen Cui | Biomed J Sci & Tech Res | BJSTR.MS.ID.008329. 44216

Volume 52- Issue 5 DOI: 10.26717/BJSTR.2023.52.008329

Submission Link: https://biomedres.us/submit-manuscript.php

Assets of Publishing with us

•	 Global archiving of articles

•	 Immediate, unrestricted online access

•	 Rigorous Peer Review Process

•	 Authors Retain Copyrights

•	 Unique DOI for all articles

https://biomedres.us/

This work is licensed under Creative
Commons Attribution 4.0 License

ISSN: 2574-1241
DOI: 10.26717/BJSTR.2023.52.008329

Xinwen Cui. Biomed J Sci & Tech Res 

25.	 Imura T (2023) Exploratory integrated analysis of circulating exosomal 
miRNA and tissue mRNA related to long-term physical activity for more 
than 25 years: A bioinformatics study. Eur J Appl Physiol 123(7): 1447-
1454.

26.	 (2005) Committee IR: Guidelines for Data Processing and Analysis of the 
International Physical Activity Questionnaire. IPAQ In. Edited by Question-
naire TIPA.

27.	 (2019) Medicine ASoS: ACSM Exercise Testing and Exercise Prescription 
Guidelines In: (10th Edn.)., Beijing Sport University Press, China.

28.	 Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. 
Methods 25(4): 402-408.

29.	 Zhang T, Lv C, Li L, Chen S, Liu S, et al. (2013) Plasma miR-126 is a potential 
biomarker for early prediction of type 2 diabetes mellitus in susceptible 
individuals. Biomed Res Int 2013 2013: 761617.

30.	 Yin X, Zhao Y, Zheng YL, Wang JZ, Li W, et al. (2019) Time-Course Respons-
es of Muscle-Specific MicroRNAs Following Acute Uphill or Downhill Exer-
cise in Sprague-Dawley Rats. Front Physiol 10: 1275.

31.	 Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, et al. (2018) Min-
imal information for studies of extracellular vesicles 2018 (MISEV2018): 
A position statement of the International Society for Extracellular Vesi-
cles and update of the MISEV2014 guidelines. J Extracell Vesicles 7(1): 
1535750.

32.	 Ortega FJ, Mercader JM, Moreno-Navarrete JM, Rovira O, Guerra E, et al. 
(2014) Profiling of circulating microRNAs reveals common microRNAs 
linked to type 2 diabetes that change with insulin sensitization. Diabetes 
Care 37(5): 1375-1383.

33.	 Liang YZ, Li JJ, Xiao HB, He Y, Zhang L, et al. (2020) Identification of 
stress-related microRNA biomarkers in type 2 diabetes mellitus: A sys-
tematic review and meta-analysis. J Diabetes 12(9): 633-644.

34.	 Zhu H, Leung SW (2015) Identification of microRNA biomarkers in type 
2 diabetes: A meta-analysis of controlled profiling studies. Diabetologia 
58(5): 900-911.

35.	 Hu F, Liu L, Liu Z, Cao M, Li G, et al. (2023) Meta-analysis of the character-
istic expression of circulating microRNA in type 2 diabetes mellitus with 
acute ischemic cerebrovascular disease. Front Endocrinol (Lausanne) 14: 
1129860.

36.	 Liang YZ, Dong J, Zhang J, Wang S, He Y, et al. (2018) Identification of Neu-
roendocrine Stress Response-Related Circulating MicroRNAs as Biomark-

ers for Type 2 Diabetes Mellitus and Insulin Resistance. Front Endocrinol 
(Lausanne) 9: 132.

37.	 Guay C, Kruit JK, Rome S, Menoud V, Mulder NL, et al. (2019) Lympho-
cyte-Derived Exosomal MicroRNAs Promote Pancreatic β Cell Death and 
May Contribute to Type 1 Diabetes Development. Cell Metab 29(2): 348-
361.e346.

38.	 Karolina DS, Armugam A, Tavintharan S, Wong MT, Lim SC, et al. (2011) 
MicroRNA 144 impairs insulin signaling by inhibiting the expression of 
insulin receptor substrate 1 in type 2 diabetes mellitus. PLoS One 6(8): 
e22839.

39.	 Simaitis S, Schulte-Körne B, Schiffer T, Bloch W, Predel HG, et al. (2020) Ev-
idence for Training-Induced Changes in miRNA Levels in the Skeletal Mus-
cle of Patients With Type 2 Diabetes Mellitus. Front Physiol 11: 599651.

40.	 Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, et al. (2008) The endo-
thelial-specific microRNA miR-126 governs vascular integrity and angio-
genesis. Dev Cell 15(2): 261-271.

41.	 Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, et al. (2008) The endo-
thelial-specific microRNA miR-126 governs vascular integrity and angio-
genesis. Dev Cell 15(2): 261-271.

42.	 Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, et al. (2008) miR-126 regu-
lates angiogenic signaling and vascular integrity. Dev Cell 15(2): 272-284.

43.	 Giannella A, Radu CM, Franco L, Campello E, Simioni P, et al. (2017) Circu-
lating levels and characterization of microparticles in patients with differ-
ent degrees of glucose tolerance. Cardiovasc Diabetol 16(1): 118.

44.	 Schmitz B, Schelleckes K, Nedele J, Thorwesten L, Klose A, et al. (2017) 
Dose-Response of High-Intensity Training (HIT) on Atheroprotective miR-
NA-126 Levels. Front Physiol 8: 349.

45.	 Schmitz B, Niehues H, Lenders M, Thorwesten L, Klose A, et al. (2019) 
Effects of high-intensity interval training on microvascular glycoca-
lyx and associated microRNAs. Am J Physiol Heart Circ Physiol 316(6): 
H1538-H1551.

46.	 Mahjoob G, Ahmadi Y, Fatima Rajani H, Khanbabaei N, Abolhasani S, et al. 
(2022) Circulating microRNAs as predictive biomarkers of coronary ar-
tery diseases in type 2 diabetes patients. J Clin Lab Anal 36(5): e24380.

47.	 Pordzik J, Jakubik D, Jarosz-Popek J, Wicik Z, Eyileten C, et al. (2019) Sig-
nificance of circulating microRNAs in diabetes mellitus type 2 and platelet 
reactivity: bioinformatic analysis and review. Cardiovasc Diabetol 18(1): 
113.

http://dx.doi.org/10.26717/BJSTR.2023.52.008329
http://dx.doi.org/10.26717/BJSTR.2023.52.008329
https://pubmed.ncbi.nlm.nih.gov/36867245/
https://pubmed.ncbi.nlm.nih.gov/36867245/
https://pubmed.ncbi.nlm.nih.gov/36867245/
https://pubmed.ncbi.nlm.nih.gov/36867245/
https://www.scienceopen.com/document?vid=b223350f-d159-4043-9b48-e2031f210a3c
https://www.scienceopen.com/document?vid=b223350f-d159-4043-9b48-e2031f210a3c
https://www.scienceopen.com/document?vid=b223350f-d159-4043-9b48-e2031f210a3c
https://pubmed.ncbi.nlm.nih.gov/11846609/
https://pubmed.ncbi.nlm.nih.gov/11846609/
https://pubmed.ncbi.nlm.nih.gov/11846609/
https://pubmed.ncbi.nlm.nih.gov/24455723/
https://pubmed.ncbi.nlm.nih.gov/24455723/
https://pubmed.ncbi.nlm.nih.gov/24455723/
https://pubmed.ncbi.nlm.nih.gov/30637094/
https://pubmed.ncbi.nlm.nih.gov/30637094/
https://pubmed.ncbi.nlm.nih.gov/30637094/
https://pubmed.ncbi.nlm.nih.gov/30637094/
https://pubmed.ncbi.nlm.nih.gov/30637094/
https://pubmed.ncbi.nlm.nih.gov/24478399/
https://pubmed.ncbi.nlm.nih.gov/24478399/
https://pubmed.ncbi.nlm.nih.gov/24478399/
https://pubmed.ncbi.nlm.nih.gov/24478399/
https://pubmed.ncbi.nlm.nih.gov/29341487/
https://pubmed.ncbi.nlm.nih.gov/29341487/
https://pubmed.ncbi.nlm.nih.gov/29341487/
https://pubmed.ncbi.nlm.nih.gov/25677225/
https://pubmed.ncbi.nlm.nih.gov/25677225/
https://pubmed.ncbi.nlm.nih.gov/25677225/
https://pubmed.ncbi.nlm.nih.gov/36864836/
https://pubmed.ncbi.nlm.nih.gov/36864836/
https://pubmed.ncbi.nlm.nih.gov/36864836/
https://pubmed.ncbi.nlm.nih.gov/36864836/
https://pubmed.ncbi.nlm.nih.gov/29643835/
https://pubmed.ncbi.nlm.nih.gov/29643835/
https://pubmed.ncbi.nlm.nih.gov/29643835/
https://pubmed.ncbi.nlm.nih.gov/29643835/
https://pubmed.ncbi.nlm.nih.gov/30318337/
https://pubmed.ncbi.nlm.nih.gov/30318337/
https://pubmed.ncbi.nlm.nih.gov/30318337/
https://pubmed.ncbi.nlm.nih.gov/30318337/
https://pubmed.ncbi.nlm.nih.gov/21829658/
https://pubmed.ncbi.nlm.nih.gov/21829658/
https://pubmed.ncbi.nlm.nih.gov/21829658/
https://pubmed.ncbi.nlm.nih.gov/21829658/
https://pubmed.ncbi.nlm.nih.gov/18694565/
https://pubmed.ncbi.nlm.nih.gov/18694565/
https://pubmed.ncbi.nlm.nih.gov/18694565/
https://pubmed.ncbi.nlm.nih.gov/18694565/
https://pubmed.ncbi.nlm.nih.gov/18694565/
https://pubmed.ncbi.nlm.nih.gov/18694565/
https://pubmed.ncbi.nlm.nih.gov/18694566/
https://pubmed.ncbi.nlm.nih.gov/18694566/
https://pubmed.ncbi.nlm.nih.gov/28927403/
https://pubmed.ncbi.nlm.nih.gov/28927403/
https://pubmed.ncbi.nlm.nih.gov/28927403/
https://pubmed.ncbi.nlm.nih.gov/28611681/
https://pubmed.ncbi.nlm.nih.gov/28611681/
https://pubmed.ncbi.nlm.nih.gov/28611681/
https://pubmed.ncbi.nlm.nih.gov/30978133/
https://pubmed.ncbi.nlm.nih.gov/30978133/
https://pubmed.ncbi.nlm.nih.gov/30978133/
https://pubmed.ncbi.nlm.nih.gov/30978133/
https://cardiab.biomedcentral.com/articles/10.1186/s12933-019-0918-x
https://cardiab.biomedcentral.com/articles/10.1186/s12933-019-0918-x
https://cardiab.biomedcentral.com/articles/10.1186/s12933-019-0918-x
https://cardiab.biomedcentral.com/articles/10.1186/s12933-019-0918-x

