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Abstract: Objectives: Patients with type 2 diabetes mellitus (T2DM) exhibit accelerated atherosclerosis progression 
and an increased risk of cardiovascular disease (CVD). Early CVD diagnosis and timely intervention are critical to 
mitigate complications and mortality in this population. Methods: Serum exosomes were isolated from 12 T2DM 
patients with or without carotid atherosclerosis (CAS). miRNA profiling was performed using microarray analysis. 
A total of 187 T2DM patients were divided into the test and validation cohorts. Plasma-derived exosomal miRNAs 
were quantified using quantitative PCR (qPCR), and their diagnostic potential was assessed using receiver operat-
ing characteristic curve analysis and area under the curve (AUC) calculations. Results: Microarray analysis identi-
fied 23 differentially expressed miRNAs (DEMIs), including 19 upregulated and 4 downregulated miRNAs. Four of 
these (hsa-miR-433-3p, hsa-let-7b, hsa-miR-30-5p, and hsa-miR-122-5p) were significantly elevated in patients 
with CAS and showed positive correlation with carotid intima-media thickness. The results also showed that these 
miRNAs demonstrated diagnostic efficacy for CAS detection in patients with T2DM, and were stratified by disease 
severity. Conclusions: The identified miRNA panel represents a promising diagnostic biomarker for CAS in patients 
with T2DM, providing a foundation for the development of targeted therapies to address diabetic cardiovascular 
complications.
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Introduction

Diabetes mellitus (DM) is a complex, multifac-
torial metabolic disorder characterized by per-
sistent hyperglycemia. The confluence of popu-
lation aging and accelerated urbanization has 
precipitated a global surge in the prevalence of 
DM, particularly in developing nations [1]. Type 
2 diabetes mellitus (T2DM), which constitutes 
over 90% of diabetes cases, predisposes pa- 
tients to cardiovascular disease (CVD), a clus-
ter of vascular pathologies that has emerged 
as the predominant complication in this popu-
lation [2-4]. Mechanistically, T2DM accelerates 
atherogenesis and promotes premature CVD 
development [5]. Epidemiologic data reveal a 
2-4-fold higher CVD incidence in patients with 
T2DM than in their non-diabetic counterparts 
[6]. Therefore, early diagnosis and prompt inter-

vention for CVD in T2DM patients are essential 
to mitigate complications, improve prognosis, 
and alleviate healthcare burdens. The identifi-
cation of new predictive biomarkers for CVD in 
T2DM patients remains imperative.

Exosomes, with a diameter of 40-160 nm, are 
secreted by virtually all types of human cells 
[7-9] and are widely present in various body flu-
ids [10, 11], including saliva, breast milk, cere-
brospinal fluid, urine, and blood [12]. These 
vesicles transport diverse biomolecules, includ-
ing DNAs, RNAs, proteins, lipids, and other me- 
tabolites [13]. These encapsulated biomole-
cules reflect cellular origins and mediate inter-
cellular signaling [14, 15]. The inherent stability 
and pathophysiological relevance have posi-
tioned exosomes as frontier targets for diag-
nostic applications [16, 17].
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MicroRNAs (miRNAs) are a class of short single-
stranded non-coding RNAs of 21-25 nucleo-
tides that modulate various biological process-
es, including autophagy, proliferation, metabo- 
lism, and differentiation [18]. Substantial evi-
dence implicates miRNA dysregulation in ath-
erosclerotic pathogenesis [19]. miRNAs circu-
lating in the serum or plasma can be used as 
promising non-invasive biomarkers for early 
detection and monitoring of the progression of 
asymptomatic atherosclerotic disease [20]. In 
animals, miRNAs are packaged into exosomes 
and account for a majority of exosomal RNA. 
Exosomal miRNAs have received increasing 
attention because of their noninvasiveness, 
accessibility, and stability [21, 22]. Although 
exosomal miRNA signatures have diagnostic 
potential in the cardiovascular and diabetic 
contexts [23-25], their utility in diabetic vascu-
lar complications remains underexplored.

In the context of primary prevention, increased 
carotid intima-media thickness (CIMT) mea-
sured using ultrasonography is considered a 
subclinical marker of atherosclerosis and an 
important predictor of cardiovascular events 
[26]. However, conventional methods have limi-

underwent comprehensive miRNA microarray 
profiling. Subsequently, 58 T2DM patients and 
129 with T2DM + CAS were enrolled (June 
2022-June 2024) for further validation of the 
miRNA microarray results. The study design is 
illustrated in Figure 1. CAS was defined as a 
CIMT value of > 0.9 mm. Patients with con-
firmed T2DM (as per the ADA criteria) aged 
18-80 years were enrolled in the study. The 
exclusion criteria were as follows: (1) neuropsy-
chiatric disorders impairing protocol compli-
ance and (2) incomplete clinical records. This 
study was approved by the First Affiliated 
Hospital of Soochow University (approval no. 
2015124) and strictly complied with the De- 
claration of Helsinki (2008). Written informed 
consent was obtained from all the participants 
before sample collection.

Clinical data collection

Demographic parameters (age, sex, and body 
mass index (BMI), lifestyle factors (smoking 
and alcohol use), and comorbidities (hyperten-
sion duration) were systematically recorded. 
Fasting blood glucose (FBG), serum creatinine 
(SCr), total cholesterol (TC), triglyceride (TG), 

Figure 1. A flow chart of the inclusion process for patients with T2DM. A to-
tal of 187 patients meeting the inclusion criteria were enrolled in the study. 
In the discovery cohort, 12 T2DM patients (6 with CAS and 6 without CAS) 
underwent comprehensive miRNA microarray profiling. Subsequently, 58 
T2DM patients and 129 T2DM + CAS patients were divided into test and 
validation cohorts for further validation of the miRNA microarray results. 
CAS: carotid atherosclerosis; T2DM: type 2 diabetes mellitus.

tations in terms of the preci-
sion and profundity of scan-
ning [27]. More practical appro- 
aches are required to identify 
individuals with carotid athero-
sclerosis (CAS), especially at 
the subclinical stage. In the 
present study, we explored the 
diagnostic accuracy and role of 
circulating exosomal miRNAs 
as emerging biomarkers of sub- 
clinical CAS. We hypothesized 
that serum-derived exosomal 
miRNAs can be used to detect 
subclinical CAS.

Materials and methods

Study population

In this two-phase investigation, 
we adopted a discovery-valida-
tion design and the experi-
ments were conducted at the 
First Affiliated Hospital of Soo- 
chow University. In the discov-
ery cohort, 12 T2DM patients 
(6 with CAS and 6 without CAS) 
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low-density lipoprotein cholesterol (LDL-C), and 
high-density lipoprotein cholesterol (HDL-C) lev-
els were routinely tested using an automatic 
biochemical analyzer (7600, HITACHI Company, 
Japan). Glycosylated hemoglobin A1C (HbA1c) 
levels were assessed by high-performance liq-
uid chromatography (HLC-723G8, TOSOH Com- 
pany, Japan).

Ultrasound evaluation of CIMT

The CIMT of the bilateral common carotid arter-
ies (CCA) was measured. It was performed 
using a standardized protocol with a Philips 
iE33 ultrasound system (San Jose, CA, USA) 
equipped with a 12 L-RS linear transducer 
(6-13 MHz). Imaging was performed at 10-MHz 
frequency, capturing 1 cm arterial segments 
extending ≥ 0.5 cm proximal to the carotid 
bifurcation. The mean value of triplicate mea-
surements from both CCAs was calculated, 
with CIMT > 0.9 mm indicating pathological 
thickening. Focal lesions exceeding 1.5 mm 
were classified as atherosclerotic plaques per 
established criteria [28, 29]. All scans were 
performed in duplicate by certified sonogra-
phers who were blinded to the participants’ 
clinical data.

Isolation and identification of exosomes

Fasting venous blood (12-hour fast) was col-
lected from the participants and processed 
through gradient centrifugation (2,000 ×g, 20 
min, 4°C) to obtain cell-free serum. Exosomes 
were isolated using an isolation kit (EZBiosci- 
ence) with protocol optimization. Briefly, serum 
(1 mL) was mixed with 30% volume of the pre-
cipitation reagent and incubated at 4°C for 12 
h. After centrifuging the mixture at 15,000 ×g 
for 30 minutes at 4°C, the supernatants were 
aspirated out. Next, 100 μL of phosphate-buff-
ered saline (PBS) was used to resuspend the 
pellet that contained the exosomes at the 
tube’s bottom.

A multistep procedure was used to confirm  
the presence of the serum-isolated exosomes. 
Transmission electron microscopy (TEM; H- 
7650; Hitachi, Ltd., Tokyo, Japan) was used to 
examine the morphology. The diameter and 
quantity of the vesicles were determined using 
ZetaView PMX 110 (Particle Metrix, Meerbusch) 
and analyzed using nanoparticle tracking anal-

ysis (NTA) software (ZetaView 8.02.28). Finally, 
specific exosomal markers (CD9, CD63, and 
TSG101) and the negative marker, calnexin, 
were determined by western blotting.

Quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR)

Total RNA was extracted from exosomes using 
TRIzol Reagent (Invitrogen). cDNA was synthe-
sized according to the manufacturer’s protocol 
using a Bulge-Loop miRNA qRT-PCR Starter Kit 
(Sangon Biotech). Subsequent qRT-PCR amplifi-
cation utilized the SYBR Green One™ miRNA 
qPCR Detection Kit (BioTeke) on an ABI 7500 
system with SYBR Green Mastermix (Toyobo). 
U6 served as an endogenous reference. miRNA 
expression levels were normalized to U6 using 
the 2‑ΔΔCq method [30].

Western blotting

Following a previously established methodolo-
gy [9], total protein was extracted from the exo-
somal isolates using an EZBioscience extrac-
tion kit. Protein samples (15 μg per lane) were 
loaded and separated on 10% SDS-PAGE gels 
(FD341-100, Fudebio), transferred to polyvinyli-
dene difluoride membranes (Millipore Sigma), 
and blocked with 5% non-fat milk for 2 h at 
room temperature. Membranes were incubated 
overnight at 4°C with primary antibodies: anti-
CD9 and CD63 (1:1000, Santa Cruz Biotech- 
nology); anti-TSG101 and Calnexin (1:1500, 
Proteintech). After incubation with secondary 
antibodies (1:2500, Sangon) for 1.5 h, protein 
bands were visualized using the Zen-Bio ECL 
reagent (Chengdu, China).

Statistical analysis

Statistical analyses were performed using 
SPSS 23.0 and GraphPad Prism 8.0. Normally 
distributed data are presented as mean ± SD 
and analyzed by two-tailed unpaired t-test, whi- 
le non-normally distributed data are expressed 
as median (interquartile range) with the Mann-
Whitney U test. Categorical variables were des- 
cribed as frequencies (%) and compared using 
χ2 test or Fisher’s exact test. Spearman’s cor-
relation coefficient (r) was calculated to evalu-
ate the association between differentially ex- 
pressed miRNAs (DEMIs) and clinical charac-
teristics. The diagnostic performance of indi-
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vidual miRNAs and their combinations was as- 
sessed using receiver operating characteristic 
(ROC) curve analysis and area under the cur- 
ve (AUC) quantification. Statistical significance 
was defined as P < 0.05.

Results

Clinical characteristics of patients

A total of 187 participants were enrolled in our 
study, comprising 58 T2DM patients (T2DM 
group) and 129 patients with T2DM and CAS 
(CAS group) (Table S1). The T2DM group had a 
median age of 44 years (interquartile range: 
37-53.5 years), whereas the CAS group had a 
significantly older median age of 55 years 
(interquartile range: 50-61 years). The male: 
female ratios were 40:18 in the T2DM group 
and 88:41 in the CAS group, respectively.

Isolation and identification of exosomes

Serum exosomes were successfully isolated 
from T2DM patients with and without CAS 
(Figure 2A). Comprehensive characterization 

< 0.05. Nineteen miRNAs were upregulated 
and four were downregulated in the CAS group 
(Figure 3A). This revealed distinct exosomal 
miRNA profiles in T2DM patients with and with-
out CAS.

Validation of exosomal miRNA profile identified 
by microarray

Ten miRNAs with the highest statistical signi- 
ficance (hsa-miR-433-3p, hsa-let-7b, hsa-miR-
30-5p, hsa-miR-122-5p, hsa-miR-27a, hsa-miR- 
375, hsa-miR-942-5p, hsa-miR-548d-3p, hsa-
miR-371b-5p, and hsa-miR-101) were selected 
for further analysis. To further confirm these 10 
potential biomarkers, we purified serum exo-
somes and extracted miRNAs from T2DM pa- 
tients with (58 patients) and those without CAS 
(129 patients). To increase the reliability of the 
results, samples were divided into training and 
validation sets. In the training cohort (24 T2DM 
vs. 53 T2DM with CAS), five miRNAs were sig-
nificantly upregulated, and has-miR-27a was 
downregulated in the CAS group (Figure 3B). 
Correlation analysis with CIMT stratification re- 
vealed that four miRNAs (hsa-miR-433-3p, hsa-
let-7b, hsa-miR-30-5p, and hsa-miR-122-5p) 

Figure 2. Isolation and identification of exosomes. A. Serum exosomes were 
successfully isolated from T2DM patients with and without CAS. B. TEM 
revealed characteristic cup-shaped vesicles with diameters approximat-
ing 100 nm. C. NTA demonstrated a size distribution between 40-200 nm, 
aligning with established exosomal size parameters. D. Western blotting 
analysis confirmed positive expression of exosomal markers (CD9, TSG101, 
CD63) and absence of the negative marker calnexin. NTA: nanoparticle 
tracking analysis; T2DM: type 2 diabetes mellitus; TEM: transmission elec-
tron microscopy.

using TEM, NTA, and western 
blotting confirmed the isolation 
of exosomes. TEM revealed 
characteristic cup-shaped ves-
icles with diameters of approxi-
mately 100 nm (Figure 2B). 
NTA demonstrated a size distri-
bution between 40-200 nm, 
which aligned with established 
exosomal size parameters [24] 
(Figure 2C). Western blot anal-
ysis confirmed the positive 
expression of exosomal mark-
ers (CD9, TSG101, and CD63) 
and the absence of the nega-
tive marker calnexin (Figure 
2D).

Profile of exosomal miRNA 
expression in the serum of 
patients with T2DM and CAS

Microarray analysis of 12 se- 
rum exosome samples (six 
T2DM vs. six T2DM with CAS) 
identified 24 DEMIs using 
thresholds of |fold change| > 
2 and an FDR-adjusted p-value 
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positively correlated with CIMT severity (Figure 
3C).

Four serum-exosome-derived miRNAs acted as 
biomarkers for the diagnosis of CAS

The ROC curve analysis demonstrated the diag-
nostic potential of four miRNAs: hsa-miR-433-
3p (AUC=0.756), hsa-let-7b (AUC=0.684), hsa-

miR-30-5p (AUC=0.721), and hsa-miR-122-5p 
(AUC=0.699) (Figure 4A). The combined model 
achieved a superior diagnostic performance 
(AUC=0.833) (Figure 4B and 4C). Validation in 
an independent cohort (34 T2DM vs. 76 T2DM 
with CAS) confirmed the elevated expression of 
these miRNAs in patients with CAS (Figure 5A), 
with maintained diagnostic accuracy (com-
bined AUC=0.816) (Figure 5B and 5C).

Figure 3. Validation of exosomal miRNA profile identified by microarray. A. The heat map showed that microarray 
analysis of 12 serum exosome samples (6 T2DM vs 6 T2DM with CAS) identified 23 DEMIs. B. Ten miRNAs with high-
est statistical significance were selected for validation in the training set. C. Correlation analysis between expression 
of miRNAs with CIMT severity was performed. CAS: carotid atherosclerosis; CIMT: carotid intima-media thickness; 
DEMIs: differentially expressed miRNAs; T2DM: type 2 diabetes mellitus.
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Diagnostic potential of the 4 DEMIs for the 
severity of CAS

We also investigated the application of these 
four serum exosome-derived miRNAs in the 
early diagnosis of CAS. Patients with CAS were 
divided into two groups: CIMT between 1 and 

1.5, and CIMT > 1.5. ROC curve analysis show- 
ed that all four serum exosome-derived miR-
NAs could be used to diagnose CAS at an early 
stage (CIMT between 1 and 1.5), and the com-
bined miRNA panel could effectively detect 
early stage CAS (CIMT 1-1.5 mm, AUC=0.79) 
(Figure 6A). Interestingly, it showed enhanced 

Figure 4. Diagnostic potential of the four selected miRNAs was detected in the training set. A. ROC analysis demon-
strated diagnostic potential for the four miRNAs (hsa-miR-433-3p, hsa-let-7b, hsa-miR-30-5p, and hsa-miR-122-5p). 
B. Diagnostic performance of the combined model was detected. C. The detailed diagnostic performance was listed. 
ROC: receiver operating characteristic.

Figure 5. Diagnostic potential of the four selected miRNAs was detected in the validation set. A. Expression of the 
four miRNAs was confirmed in the validation set. B. ROC analysis demonstrated diagnostic potential for the four 
miRNAs. C. The detailed diagnostic performance was listed. ROC: receiver operating characteristic.
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diagnostic capacity for advanced lesions (CIMT 
> 1.5 mm). The AUC of the combined model 
was 0.952 (Figure 6B).

Correlations between expression levels of 
the 4 DEMIs and biochemical parameters in 
patients with T2DM and CAS

Correlations between the expression levels of 
the four DEMIs and biochemical parameters 

are shown in Table S2. The results indicated 
that the expression levels of hsa-miR-433-3p, 
hsa-let-7b, and hsa-miR-30-5p positively corre-
lated with HbA1c levels. Hsa-miR-122-5p was 
positively correlated with LDL-C levels and neg-
atively correlated with HDL-C levels. No signifi-
cant associations were found between FBG, 
SCr, TC, and TG levels, suggesting that these 
exosomal miRNAs have specific clinical rele-
vance beyond CAS diagnosis.

Figure 6. Diagnostic potential of the 4 DEMIs for the severity of CAS. Patients with CAS were divided into two groups: 
CIMT between 1 and 1.5, and CIMT > 1.5. A. ROC mode showed that all four serum-exosome-derived miRNAs could 
diagnose CAS at its early stage (CIMT between 1 and 1.5). B. ROC mode showed that all four serum-exosome-
derived miRNAs exhibited enhanced diagnostic capacity for advanced lesions (CIMT > 1.5 mm). CAS: carotid ath-
erosclerosis; CIMT: carotid intima-media thickness; DEMIs: differentially expressed miRNAs; ROC: receiver operating 
characteristic; T2DM: type 2 diabetes mellitus.
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Discussion

In the present study, serum exosomes from 12 
patients with T2DM, with or without CAS, were 
analyzed using a human miRNA microarray. A 
total of 23 DEMIs were identified, and 10 miR-
NAs were selected for further investigation. We 
observed elevated circulating levels of five miR-
NAs (hsa-miR-433-3p, hsa-let-7b, hsa-miR-30-
5p, hsa-miR-375, and hsa-miR-122-5p) in the 
CAS group; however, only hsa-miR-27a was 
downregulated. Four DEMIs (hsa-miR-433-3p, 
hsa-let-7b, hsa-miR-30-5p, and hsa-miR-122-
5p) were significantly correlated with CIMT and 
exhibited diagnostic potential for CAS. Our find-
ings also suggest that the above 4 DEMIs have 
diagnostic potential for determining the severi-
ty of CAS.

Atherosclerosis, the pathological foundation of 
cardiovascular and cerebrovascular diseases, 
has shown an increasing prevalence in recent 
decades [31]. Its association with cardiovascu-
lar events has attracted substantial scientific 
interest [32, 33], emphasizing the critical need 
for early detection and intervention. Increasing 
evidence supports the diagnostic value of cir-
culating miRNAs in various diseases [34-36]. 
Among these, miRNAs in cytoplasmic exo-
somes have attracted our attention. In this con-
text, serum from 12 T2DM patients with or 
without CAS were collected and exosomes were 
isolated. DEMIs were screened using a miRNA 
microarray, and their expression levels were 
validated across the training and validation 
cohorts. 

Emerging studies have highlighted specific miR-
NAs involved in AS pathogenesis and diagnosis 
[37-39]. For instance, circulating miR-18a-5p 
shows elevated expression in patients with AS, 
regardless of the medication status, correlating 
positively with CIMT values [40]. Another study 
proposed a 10-miRNA panel for CVD risk 
assessment in patients [41]. SHUFANG et al. 
focused on patients with coronary heart dis-
ease (CHD) and hyperglycemia [24]. They iden-
tified serum exosomal hsa-let-7b-5p as a bio-
marker of coronary stenosis severity in patients 
with diabetic CHD. Consistent with these find-
ings, our study detected 23 DEMIs in T2DM 
patients, of which 4 DEMIs (hsa-miR-433-3p, 
hsa-let-7b, hsa-miR-30-5p, and hsa-miR-122-
5p) demonstrated significant associations with 
CIMT progression and CAS diagnosis.

Among the four miRNAs associated with CIMT, 
miR-122-5p has been extensively linked to car-
diovascular pathology. Previous studies have 
reported its correlation with cardiac troponin 
levels in athletes [42], association with second-
ary cardiovascular events [43-46], and its role 
in plaque instability [47] and myocardial infarc-
tion [48]. Notably, miR-122-5p inhibition atten-
uates LPS-induced myocardial injury [49]. Our 
findings align with these reports, showing a sig-
nificant upregulation of miR-122-5p in the CAS 
group and its diagnostic value. Similarly, exo-
somal let-7b-5p, previously implicated in the 
severity of coronary stenosis [24], and miR-
433-3p, which is associated with vascular cal-
cification [50-52], reinforce their clinical rele-
vance. However, the role of miR-30-5p in the 
cardiovascular context remains poorly under- 
stood.

Beyond the clinical predictive value elucidated 
in this study, miRNAs are well-established as 
versatile regulators involved in a myriad of 
physiological and pathological processes, in- 
cluding tumor progression, inflammatory res- 
ponses, and the development of atherosclero-
sis [38, 53]. The canonical mechanism of ac- 
tion of miRNAs involves binding to the 3’-un- 
translated region (3’-UTR) of target messenger 
RNAs (mRNAs), leading to post-transcriptional 
repression via mRNA degradation or transla-
tional inhibition. Furthermore, miRNAs can par-
ticipate in complex regulatory networks, such 
as competing endogenous RNA (ceRNA) cross-
talk, to fine-tune gene expression. In the con-
text of cardiovascular diseases, numerous miR-
NAs have been implicated in the modulation of 
key atherosclerotic pathways such as those 
governing vascular inflammation, endothelial 
dysfunction, lipid metabolism, and smooth mu- 
scle cell proliferation [54].

However, among the four-miRNA panel (hsa-
miR-433-3p, hsa-let-7b, hsa-miR-30-5p, and 
hsa-miR-122-5p) identified in our study, the 
direct mechanistic roles and specific target 
genes within the pathophysiology of carotid 
atherosclerosis in T2DM remain largely unex-
plored. Although some members, such as miR-
122-5p and let-7b [24, 43], have been associ-
ated with general cardiovascular events or 
coronary stenosis, their precise functions in the 
diabetic vasculature are not fully defined. The 
lack of extensive prior mechanistic data for this 
specific panel underscores the novelty of our 
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clinical findings and highlights a significant 
knowledge gap that warrants further inves- 
tigation.

This study had several limitations. The cross-
sectional design precludes causal inference 
and requires validation in prospective longitudi-
nal cohorts. The single-center design and lack 
of healthy controls limit the generalizability and 
ability to distinguish between diabetes-and ath-
erosclerosis-specific effects, necessitating ex- 
ternal validation in diverse populations. Fur- 
thermore, the underlying mechanistic pathways 
of the identified miRNAs remain unexplored, 
and our study did not include qualitative plaque 
characterization. Finally, clinical translation is 
currently constrained by reliance on qPCR-
based methodology, highlighting the need for 
standardized point-of-care testing platforms. 
Future research should focus on translating 
this miRNA panel into integrated, rapid point-of-
care testing platforms and leveraging emerging 
microfluidic and biosensing technologies to 
facilitate its clinical utility in risk stratification. 
Despite these limitations, our findings provide 
a foundation for future studies.

Conclusions

In conclusion, four serum exosomal miRNAs 
(hsa-miR-433-3p, hsa-let-7b, hsa-miR-30-5p, 
and hsa-miR-122-5p) were significantly associ-
ated with the incidence and severity of CAS in 
T2DM patients, demonstrating their diagnostic 
potential. Future studies should elucidate the 
pathophysiological mechanisms of atheroscle-
rosis to identify novel therapeutic targets for 
managing diabetic cardiovascular complica- 
tions.

Acknowledgements

This work was supported by Suzhou Science 
and Technology Program (SLJ2022010), 2024 
China Endocrinology and Metabolism Young 
Scientific Talent Research Project (2024-N-05-
15), and the Boxi Youth Natural Science 
Foundation of the First Affiliated Hospital of 
Soochow University (BXQN-2023036). Figure 
2A was modified from Servier Medical Art 
(http://smart.servier.com/), licensed under a 
Creative Common Attribution 3.0 Generic Li- 
cense (https://creativecommons.org/licenses/
by/3.0/).

Disclosure of conflict of interest

None.

Abbreviations

AUC, area under the curve; BMI, body mass 
index; CAS, carotid atherosclerosis; CCA, com-
mon carotid artery; CHD, coronary heart dis-
ease; CIMT, carotid intima-media thickness; 
CVD, cardiovascular disease; DEMIs, differen-
tially expressed miRNAs; DM, diabetes melli-
tus; FBG, fasting blood glucose; HbA1c, hemo-
globin A1c; HDL‑C, high‑density lipoprotein cho- 
lesterol; LDL‑C, low-density lipoprotein choles-
terol; miRNA, microRNA; NTA, nanoparticle tra- 
cking analysis; PBS, phosphate buffered saline; 
qPCR, quantitative PCR; qRT-PCR, quantitative 
reverse transcription-polymerase chain reac-
tion; ROC, receiver operating characteristic; 
SCr, serum creatinine; T2DM, type 2 diabetes 
mellitus; TC, total cholesterol; TEM, transmis-
sion electron microscopy; TG, triglyceride; WB, 
western blotting.

Address correspondence to: Drs. Xuan Du, Hui- 
juan Li and Bimin Shi, Department of Endocrinology 
and Metabolism, The First Affiliated Hospital of 
Soochow University, No. 188 Shizi Street, Suzhou 
215006, Jiangsu, China. E-mail: cathy-dx0630@163.
com (XD); huijuanli1979@163.com (HJL); shibimin@
suda.edu.cn (BMS)

References

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

[2]	 Gregg EW, Sattar N and Ali MK. The changing 
face of diabetes complications. Lancet Diabe-
tes Endocrinol 2016; 4: 537-547.

[3]	 Carracher AM, Marathe PH and Close KL. Inter-
national diabetes federation 2017. J Diabetes 
2018; 10: 353-356.

[4]	 Dal Canto E, Ceriello A, Rydén L, Ferrini M, 
Hansen TB, Schnell O, Standl E and Beulens 
JW. Diabetes as a cardiovascular risk factor: an 
overview of global trends of macro and micro 
vascular complications. Eur J Prev Cardiol 
2019; 26: 25-32.

[5]	 Wong ND and Sattar N. Cardiovascular risk in 
diabetes mellitus: epidemiology, assessment 
and prevention. Nat Rev Cardiol 2023; 20: 
685-695.

[6]	 Laakso M and Kuusisto J. Insulin resistance 
and hyperglycaemia in cardiovascular disease 

mailto:cathy-dx0630@163.com
mailto:cathy-dx0630@163.com
mailto:huijuanli1979@163.com
mailto:shibimin@suda.edu.cn
mailto:shibimin@suda.edu.cn


Exosomal miRNAs exert diagnostic potential for CAS

245	 Am J Transl Res 2026;18(1):236-247

development. Nat Rev Endocrinol 2014; 10: 
293-302.

[7]	 Kowal J, Tkach M and Théry C. Biogenesis  
and secretion of exosomes. Curr Opin Cell Biol 
2014; 29: 116-125.

[8]	 Kalluri R and LeBleu VS. The biology, function, 
and biomedical applications of exosomes. Sci-
ence 2020; 367: eaau6977.

[9]	 Qian W, Wu E, Chen H, Yao J, Wang J, Zhou Y, 
Bai Y, Wang S, Shen C, Li Y and Zhang Y. MSCs-
exosomes can promote macrophage M2 polar-
ization via exosomal miR-21-5p through Mes-
enteric injection: a promising way to attenuate 
murine colitis. J Crohns Colitis 2024; jjae110.

[10]	 Zhong D, Wang Z, Ye Z, Wang Y and Cai X. Can-
cer-derived exosomes as novel biomarkers in 
metastatic gastrointestinal cancer. Mol Cancer 
2024; 23: 67.

[11]	 Cunha E Rocha K, Ying W and Olefsky JM. Exo-
some-mediated impact on systemic metabo-
lism. Annu Rev Physiol 2024; 86: 225-253.

[12]	 Zheng Y, Hasan A, Nejadi Babadaei MM, Be-
hzadi E, Nouri M, Sharifi M and Falahati M. 
Exosomes: multiple-targeted multifunctional 
biological nanoparticles in the diagnosis, drug 
delivery, and imaging of cancer cells. Biomed 
Pharmacother 2020; 129: 110442.

[13]	 Shao H, Im H, Castro CM, Breakefield X, 
Weissleder R and Lee H. New technologies for 
analysis of extracellular vesicles. Chem Rev 
2018; 118: 1917-1950.

[14]	 Jadli AS, Ballasy N, Edalat P and Patel VB. 
Inside(sight) of tiny communicator: exosome 
biogenesis, secretion, and uptake. Mol Cell 
Biochem 2020; 467: 77-94.

[15]	 Huo L, Du X, Li X, Liu S and Xu Y. The emerging 
role of neural cell-derived exosomes in inter-
cellular communication in health and neurode-
generative diseases. Front Neurosci 2021; 15: 
738442.

[16]	 Carrasco-Ramiro F, Peiró-Pastor R and Aguado 
B. Human genomics projects and precision 
medicine. Gene Ther 2017; 24: 551-561.

[17]	 Wang Y, Nie H, He X, Liao Z, Zhou Y, Zhou J and 
Ou C. The emerging role of super enhancer-
derived noncoding RNAs in human cancer. 
Theranostics 2020; 10: 11049-11062.

[18]	 Saliminejad K, Khorram Khorshid HR, Soley-
mani Fard S and Ghaffari SH. An overview of 
microRNAs: biology, functions, therapeutics, 
and analysis methods. J Cell Physiol 2019; 
234: 5451-5465.

[19]	 Kwekkeboom RF, Lei Z, Doevendans PA, Mus-
ters RJ and Sluijter JP. Targeted delivery of 
miRNA therapeutics for cardiovascular diseas-
es: opportunities and challenges. Clin Sci 
(Lond) 2014; 127: 351-365.

[20]	 Kalayinia S, Arjmand F, Maleki M, Malakootian 
M and Singh CP. MicroRNAs: roles in cardiovas-

cular development and disease. Cardiovasc 
Pathol 2021; 50: 107296.

[21]	 Ho PTB, Clark IM and Le LTT. Microrna-based 
diagnosis and therapy. Int J Mol Sci 2022; 23: 
7167.

[22]	 Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, 
Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W, 
Zhang Y, Wang J, Jiang X, Xiang Y, Xu C, Zheng 
P, Zhang J, Li R, Zhang H, Shang X, Gong T, 
Ning G, Wang J, Zen K, Zhang J and Zhang CY. 
Characterization of microRNAs in serum: a 
novel class of biomarkers for diagnosis of can-
cer and other diseases. Cell Res 2008; 18: 
997-1006.

[23]	 Mao J, Zhou Y, Lu L, Zhang P, Ren R, Wang Y 
and Wang J. Identifying a serum exosomal-as-
sociated lncRNA/circRNA-miRNA-mRNA net-
work in coronary heart disease. Cardiol Res 
Pract 2021; 2021: 6682183.

[24]	 Han S, Fang J, Yu L, Li B, Hu Y, Chen R, Li C, 
Zhao C, Li J, Wang Y, Gao Y, Tan H and Jin Q. 
Serum‑derived exosomal hsa‑let‑7b‑5p as a 
biomarker for predicting the severity of coro-
nary stenosis in patients with coronary heart 
disease and hyperglycemia. Mol Med Rep 
2023; 28: 203.

[25]	 Ren L, Liu W, Chen S and Zeng H. Serum exo-
somal microRNA-186-5p positively correlates 
with lipid indexes, coronary stenosis degree, 
and major adverse cardiovascular events in 
coronary heart disease. Tohoku J Exp Med 
2024; 262: 97-103.

[26]	 van den Oord SC, Sijbrands EJ, ten Kate GL, 
van Klaveren D, van Domburg RT, van der 
Steen AF and Schinkel AF. Carotid intima-me-
dia thickness for cardiovascular risk assess-
ment: systematic review and meta-analysis. 
Atherosclerosis 2013; 228: 1-11.

[27]	 Cismaru G, Serban T and Tirpe A. Ultrasound 
methods in the evaluation of atherosclerosis: 
from pathophysiology to clinic. Biomedicines 
2021; 9: 418.

[28]	 Minin EOZ, Paim LR, Lopes ECP, Bueno LCM, 
Carvalho-Romano LFRS, Marques ER, Vegian 
CFL, Pio-Magalhães JA, Coelho-Filho OR, 
Sposito AC, Matos-Souza JR, Nadruz W and 
Schreiber R. Association of circulating miR-
145-5p and miR-let7c and atherosclerotic 
plaques in hypertensive patients. Biomole-
cules 2021; 11: 1840.

[29]	 Kim N, Hwang HJ and Yang IH. Assessing car-
diovascular risk with coronary artery calcium 
and carotid intima-media thickness in patients 
with negative stress echocardiography. Bio-
medicines 2024; 12: 2151.

[30]	 Livak KJ and Schmittgen TD. Analysis of rela-
tive gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T) 
method. Methods 2001; 25: 402-408.



Exosomal miRNAs exert diagnostic potential for CAS

246	 Am J Transl Res 2026;18(1):236-247

[31]	 Dalen JE, Alpert JS, Goldberg RJ and Weinstein 
RS. The epidemic of the 20(th) century: coro-
nary heart disease. Am J Med 2014; 127: 807-
812.

[32]	 Di Gregoli K, Mohamad Anuar NN, Bianco R, 
White SJ, Newby AC, George SJ and Johnson 
JL. MicroRNA-181b controls atherosclerosis 
and aneurysms through regulation of TIMP-3 
and elastin. Circ Res 2017; 120: 49-65.

[33]	 Hajibabaie F, Kouhpayeh S, Mirian M, Rahim-
manesh I, Boshtam M, Sadeghian L, Gheibi A, 
Khanahmad H and Shariati L. MicroRNAs as 
the actors in the atherosclerosis scenario. J 
Physiol Biochem 2020; 76: 1-12.

[34]	 Li X, Teng C, Ma J, Fu N, Wang L, Wen J and 
Wang TY. miR-19 family: a promising biomark-
er and therapeutic target in heart, vessels and 
neurons. Life Sci 2019; 232: 116651.

[35]	 Gryshkova V, Fleming A, McGhan P, De Ron P, 
Fleurance R, Valentin JP and Nogueira da Cos-
ta A. miR-21-5p as a potential biomarker of in-
flammatory infiltration in the heart upon acute 
drug-induced cardiac injury in rats. Toxicol Lett 
2018; 286: 31-38.

[36]	 Quan X, Ji Y, Zhang C, Guo X, Zhang Y, Jia S, Ma 
W, Fan Y and Wang C. Circulating miR-146a 
may be a potential biomarker of coronary heart 
disease in patients with subclinical hypothy-
roidism. Cell Physiol Biochem 2018; 45: 226-
236.

[37]	 Loggini A, Hornik J and Hornik A. The role of 
microRNAs as super-early biomarkers in acute 
ischemic stroke: a systematic review. Clin Neu-
rol Neurosurg 2024; 244: 108416.

[38]	 Abulsoud AI, Elshaer SS, Rizk NI, Khaled R, Ab-
delfatah AM, Aboelyazed AM, Waseem AM, 
Bashier D, Mohammed OA, Elballal MS, Ma-
geed SSA, Elrebehy MA, Zaki MB, Elesawy AE, 
El-Dakroury WA, Abdel-Reheim MA, Saber S 
and Doghish AS. Unraveling the miRNA puzzle 
in atherosclerosis: revolutionizing diagnosis, 
prognosis, and therapeutic approaches. Curr 
Atheroscler Rep 2024; 26: 395-410.

[39]	 Gareev I, Beylerli O and Zhao B. MiRNAs as po-
tential therapeutic targets and biomarkers for 
non-traumatic intracerebral hemorrhage. Bio-
mark Res 2024; 12: 17.

[40]	 Teng P, Liu Y, Zhang M and Ji W. Diag- 
nostic and prognostic significance of serum 
miR-18a-5p in patients with atherosclero- 
sis. Clin Appl Thromb Hemost 2021; 27: 
10760296211050642.

[41]	 Llop D, Ibarretxe D, Plana N, Rosales R, Tav-
erner D, Masana L, Vallvé JC and Paredes S. A 
panel of plasma microRNAs improves the as-
sessment of surrogate markers of cardiovas-
cular disease in rheumatoid arthritis patients. 
Rheumatology (Oxford) 2023; 62: 1677-1686.

[42]	 Shirvani Samani O, Scherr J, Kayvanpour E, 
Haas J, Lehmann DH, Gi WT, Frese KS, Nietsch 
R, Fehlmann T, Sandke S, Weis T, Keller A, Ka-
tus HA, Halle M, Frey N, Meder B and Sed-
aghat-Hamedani F. Marathon-induced cardiac 
strain as model for the evaluation of diagnostic 
micrornas for acute myocardial infarction. J 
Clin Med 2021; 11: 5.

[43]	 Badacz R, Kleczyński P, Legutko J, Żmudka K, 
Gacoń J, Przewłocki T and Kabłak-Ziembicka A. 
Expression of miR-1-3p, miR-16-5p and miR-
122-5p as possible risk factors of secondary 
cardiovascular events. Biomedicines 2021; 9: 
1055.

[44]	 Hänninen M, Jäntti T, Tolppanen H, Segersvärd 
H, Tarvasmäki T, Lassus J, Vausort M, Devaux 
Y, Sionis A, Tikkanen I, Harjola VP and Lakkisto 
P; For The CardShock Study Group. Association 
of miR-21-5p, miR-122-5p, and miR-320a-3p 
with 90-day mortality in cardiogenic shock. Int 
J Mol Sci 2020; 21: 7925.

[45]	 Gilje P, Frydland M, Bro-Jeppesen J, Dankie-
wicz J, Friberg H, Rundgren M, Devaux Y, Stam-
met P, Al-Mashat M, Jögi J, Kjaergaard J, Has-
sager C and Erlinge D. The association between 
plasma miR-122-5p release pattern at admis-
sion and all-cause mortality or shock after out-
of-hospital cardiac arrest. Biomarkers 2019; 
24: 29-35.

[46]	 Devaux Y, Salgado-Somoza A, Dankiewicz J, 
Boileau A, Stammet P, Schritz A, Zhang L, Vau-
sort M, Gilje P, Erlinge D, Hassager C, Wise MP, 
Kuiper M, Friberg H and Nielsen N; TTM-trial 
investigators. Incremental value of circulating 
MiR-122-5p to predict outcome after out of 
hospital cardiac arrest. Theranostics 2017; 7: 
2555-2564.

[47]	 Singh S, de Ronde MWJ, Kok MGM, Beijk MA, 
De Winter RJ, van der Wal AC, Sondermeijer 
BM, Meijers JCM, Creemers EE and Pinto-Si-
etsma SJ. MiR-223-3p and miR-122-5p as cir-
culating biomarkers for plaque instability. 
Open Heart 2020; 7: e001223.

[48]	 Wang Y, Chang W, Zhang Y, Zhang L, Ding H, Qi 
H, Xue S, Yu H, Hu L, Liu D, Zhu W, Wang Y and 
Li P. Circulating miR-22-5p and miR-122-5p 
are promising novel biomarkers for diagnosis 
of acute myocardial infarction. J Cell Physiol 
2019; 234: 4778-4786.

[49]	 Song W, Zhang T, Yang N, Zhang T, Wen R and 
Liu C. Inhibition of micro RNA miR-122-5p pre-
vents lipopolysaccharide-induced myocardial 
injury by inhibiting oxidative stress, inflamma-
tion and apoptosis via targeting GIT1. Bioengi-
neered 2021; 12: 1902-1915.

[50]	 Elshamy AM, Hafez YM, Safa MAE, Ibrahim HA, 
Khalfallah M, Rizk FH, Eltabaa EF, Ghafar MTA 
and Atef MM. The role of miR-433-3p in vascu-
lar calcification in type 2 diabetic patients: tar-



Exosomal miRNAs exert diagnostic potential for CAS

247	 Am J Transl Res 2026;18(1):236-247

geting WNT/β-Catenin and RANKL/RANK/OPG 
signaling pathways. Mol Biol Rep 2023; 50: 
9073-9083.

[51]	 Li Q, Zhang C, Shi J, Yang Y, Xing X, Wang Y, 
Zhan X, Wang L, Xu G and He F. High-phos-
phate-stimulated macrophage-derived exoso- 
mes promote vascular calcification via let-7b-
5p/TGFBR1 axis in chronic kidney disease. 
Cells 2022; 12: 161.

[52]	 Yang N, Song Y, Dong B, Yang J, Li Y, Qin Q and 
Guo Z. Analysis of miRNA associated with coro-
nary artery calcification. Comput Math Meth-
ods Med 2022; 2022: 3708547.

[53]	 Zaidi SA, Fan Z, Chauhdari T and Ding Y. Mi-
croRNA regulatory dynamic, emerging diagnos-
tic and therapeutic frontier in atherosclerosis. 
Microvasc Res 2025; 160: 104818.

[54]	 Silva VR, Azar A, Goncalves ER, Nascimento 
TCM, Buchaim RL, Buchaim DV, de Oliveira 
FAA, Nassar CC, de Camargo TM, Caboclo RF 
and da Cunha MR. MicroRNA-mediated regula-
tion of vascular endothelium: from pro-inflam-
mation to atherosclerosis. Int J Mol Sci 2025; 
26: 5919.



Exosomal miRNAs exert diagnostic potential for CAS

1	

Table S1. Clinical characteristics of individuals in test cohort, validation cohort, and total participants

Characteristic
Test cohort (n=77) Validation cohort (n=110) Total participants (n=187)

T2DM (n=24) T2DM with  
CAS (n=53) T2DM (n=34) T2DM with  

CAS (n=76) T2DM (n=58) T2DM with  
CAS (n=129)

Gender, Female, n (%) 7 (29.2) 17 (32.1) 11 (32.4) 24 (31.6) 18 (31.0) 41 (31.8)

Age, years 45 (37.0-55.0) 54 (48-59.0) 43 (38.75-52.75) 55 (50-62.75) 44 (37-53.5) 55 (50-61)

BMI, Kg/m2 24.70±0.47 24.79±0.34 24.43±0.44 23.69±0.32 24.56±0.32 24.15±0.24

Smoking, n (%) 5 (20.8) 14 (26.4) 7 (20.6) 18 (23.7) 12 (20.7) 32 (24.8)

Drinking, n (%) 3 (12.5) 9 (16.9) 4 (11.8) 12 (15.8) 7 (12.1) 21 (16.3)

Hypertension, n (%) 4 (16.7) 23 (43.4) 5 (14.7) 34 (44.7) 9 (15.5) 57 (44.2)

SBP, mmHg 124 (117-131) 124 (119.5-128) 121.5 (116-131.25) 120.5 (117-133.5) 122 (116-131) 122 (118-130)

DBP, mmHg 77 (72-91) 75 (69.5-79) 75.5 (69-85) 78 (71-85.75) 76 (70-87.5) 75 (71-84)

FBG, mM 7.9 (6.7-8.6) 8.93 (7.23-10.28) 7.9 (7.28-9.3) 9.2 (7.63-10.1) 7.9 (7.15-9.05) 9.13 (7.57-10.17)

HbA1C (%) 9.0 (8.6-10.4) 9.5 (8.55-10.3) 9.1 (8.5-10.03) 9.5 (8.8-10.4) 9.1 (8.5-10.05) 9.5 (8.7-10.4)

SCr, mg/dL 56.8 (54.5-63.6) 58 (53.55-62.3) 57.05 (46.15-61.35) 59.8 (54.0-63.25) 56.8 (47.6-61.4) 59.3 (53.7-62.75)

TC, mM 4.68 (4.12-5.84) 4.75 (4.22-5.23) 5.02 (4.32-5.25) 5 (4.70-5.35) 4.93 (4.2-5.26) 4.95 (4.54-5.33)

TG, mM 1.48 (1.10-2.30) 1.80 (1.47-2.27) 1.59 (1.35-2.12) 1.53 (1.37-1.90) 1.54 (1.24-2.14) 1.63 (1.40-2.01)

LDL-C, mM 2.99 (2.31-3.26) 3.38 (3.02-4.07) 3.10 (2.76-3.58) 3.33 (2.88-3.61) 3.06 (2.58-3.27) 3.35 (2.92-3.69)

HDL-C, mM 0.98 (0.81-1.11) 1.05 (0.84-1.20) 1.01 (0.84-1.17) 1.04 (0.78-1.18) 1.00 (0.82-1.13) 1.05 (0.82-1.19)
BMI: body mass index; CAS: carotid atherosclerosis; DBP: diastolic blood pressure; FBG: fasting blood glucose; HbA1c: hemoglobin A1c; HDL‑C: high‑density lipoprotein 
cholesterol; LDL‑C: low-density lipoprotein cholesterol; SBP: systolic blood pressure; SCr: serum creatinine; T2DM: type 2 diabetes mellitus; TC: total cholesterol; TG: 
triglyceride.

Table S2. Pearson correlation analysis of the correlations between expression levels of the selected 4 
miRNAs and biochemical parameters in total participants

miRNA
Correlation coefficient, rho-values

FBG HbA1C SCr TC TG LDL-C HDL-C
hsa-miR-433-3p 0.067 0.504c -0.178 -0.083 -0.009 -0.082 -0.146
hsa-let-7b 0.014 0.297b -0.099 -0.205 0.023 0.131 0.142
hsa-miR-30-5p -0.008 0.284a -0.05 0.074 -0.085 0.063 -0.044
hsa-miR-122-5p 0.126 0.007 -0.159 0.095 0.126 0.251a -0.264a

FBG: fasting blood glucose; HbA1c: hemoglobin A1c; HDL‑C: high‑density lipoprotein cholesterol; LDL‑C: low-density lipoprotein 
cholesterol; SCr: serum creatinine; TC: total cholesterol; TG: triglyceride. aP < 0.05, bP < 0.01, cP < 0.001.


