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Annemarie Wentzel , Colleen Hadigan , Ahmed M. Gharib, Stephanie T. Chung

BACKGROUND: Youth-onset type 2 diabetes (Y-T2D) is associated with increased risk for coronary atherosclerotic disease, 
but the timing of the earliest pathological features and evidence of cardiac endothelial dysfunction have not been evaluated 
in this population. Endothelial function magnetic resonance imaging may detect early and direct endothelial dysfunction in 
the absence of classical risk factors (severe hyperglycemia, hypertension, and hyperlipidemia). Using endothelial function 
magnetic resonance imaging, we evaluated peripheral and coronary artery structure and endothelial function in young adults 
with Y-T2D diagnosed ≤5 years compared with age-matched healthy peers. We isolated and characterized plasma-derived 
small extracellular vesicles and evaluated their effects on inflammatory and signaling biomarkers in healthy human coronary 
artery endothelial cells to validate the imaging findings.

METHODS: Right coronary wall thickness, coronary artery flow–mediated dilation, and brachial artery flow–mediated dilation 
were measured at baseline and during isometric handgrip exercise using a 3.0T magnetic resonance imaging. Human 
coronary artery endothelial cells were treated with Y-T2D plasma–derived small extracellular vesicles. Protein expression 
was measured by Western blot analysis, oxidative stress was measured using the redox-sensitive probe dihydroethidium, and 
nitric oxide levels were measured by 4-amino-5-methylamino-2’,7’-difluororescein diacetate.

RESULTS: Y-T2D (n=20) had higher hemoglobin A1c and high-sensitivity C-reactive protein, but similar total and LDL (low-
density lipoprotein)-cholesterol compared with healthy peers (n=16). Y-T2D had greater coronary wall thickness (1.33±0.13 
versus 1.22±0.13 mm; P=0.04) and impaired endothelial function: lower coronary artery flow–mediated dilation (−3.1±15.5 
versus 15.9±17.3%; P<0.01) and brachial artery flow–mediated dilation (6.7±14.7 versus 26.4±15.2%; P=0.001). Y-T2D 
plasma–derived small extracellular vesicles reduced phosphorylated endothelial nitric oxide synthase expression and nitric 
oxide levels, increased reactive oxygen species production, and elevated ICAM (intercellular adhesion molecule)–mediated 
inflammatory pathways in human coronary artery endothelial cells.

CONCLUSIONS: Coronary and brachial endothelial dysfunction was evident in Y-T2D who were within 5 years of diagnosis 
and did not have severe hyperglycemia or dyslipidemia. Plasma-derived small extracellular vesicles induced markers of 
endothelial dysfunction, which corroborated accelerated subclinical coronary atherosclerosis as an early feature in Y-T2D.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT02830308 and NCT01399385.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Youth-onset type 2 diabetes (Y-T2D) is a rapidly 
progressive disease associated with severe insulin 
resistance and β-cell dysfunction, which distinctly 

differs from adult-onset type 2 diabetes (A-T2D) and 
is associated with the early development of cardiomet-
abolic complications.1–3 Globally, the rising prevalence 
rates of Y-T2D parallel the pediatric obesity epidemic, 
placing an undue burden on underserved and minori-
tized racial and ethnic groups.4–7 Early epidemiological 
reports indicate that coronary atherosclerotic dis-
ease (CAD)—the leading cause of death in A-T2D—
may afflict young adults with Y-T2D during their peak 
productivity years, despite a short disease duration. 
However, the tempo of CAD and coronary endothe-
lial dysfunction—recognized as the initial stage in CAD 
development—in Y-T2D is unknown. Identifying these 
early features of CAD and coronary endothelial dys-
function directly and noninvasively in Y-T2D is critical 
and timely because it could serve as a practical early 
indicator of CAD to support early screening and CAD 
prevention programs.

Nonstandard Abbreviations and Acronyms

A-T2D	 adult-onset type 2 diabetes
BMI	 body mass index
BraFMD	 brachial artery flow–mediated dilation
CAD	 coronary atherosclerotic disease
CWT	 coronary wall thickness
ECV	 extracellular vesicle
eNOS	 endothelial nitric oxide synthase
HbA1c	 hemoglobin A1c
HCAEC	 human coronary artery endothelial cell
hs-CRP	 high-sensitivity C-reactive protein
ICAM	 intercellular adhesion molecule
LDL	 low-density lipoprotein
MRI	 magnetic resonance imaging
ROS	 reactive oxygen species
NO	 nitric oxide
Y-T2D	 youth-onset type 2 diabetes

Novelty and Significance

What Is Known?
•	 Youth-onset type 2 diabetes is an aggressive chronic 

condition that is rapidly increasing worldwide. Within 2 
years, more than 1 in 2 youths with type 2 diabetes 
require intensive glucose-lowering therapy and have 
a high risk for early development of diabetes-related 
complications.

•	 The timing and early features of coronary heart disease 
development are not yet known. To help prevent heart 
disease in youth with type 2 diabetes, more information 
is needed on when and how heart disease develops so 
that targeted prevention strategies can be developed 
to mitigate the high risk.

What New Information Does This Article 
Contribute?
•	 Young adults with youth-onset type 2 diabetes had early 

signs of coronary heart disease and vasoconstriction to 
handgrip exercise. These findings were confirmed by 
laboratory experiments using blood samples containing 
small extracellular vesicles that increased the markers 
of endothelial dysfunction in normal human coronary 
endothelial cells.

•	 These findings of impaired endothelial function are 
important because they occurred in adequately treated 
young adults with type 2 diabetes for 5 years.

•	 This was the first study to show impairment in the struc-
ture and function of heart and arm vessels using both 
magnetic resonance imaging and blood tests of small 
extracellular vesicles in youth-onset type 2 diabetes.

•	 This type of bench-to-bedside research, using noninva-
sive magnetic resonance imaging and ex vivo transla-
tional analyses, is ideal for identifying the early features 
of heart disease in young people without using cardiac 
catheterization.

The number of youth with obesity and type 2 diabetes 
is rapidly increasing worldwide, and these youths have 
a greater chance of developing diabetes-related prob-
lems. Young adults with type 2 diabetes may develop 
early heart disease, but there is insufficient data on 
when or how heart disease develops in at-risk youth. 
In this study, magnetic resonance imaging was used 
to examine the size and function of 2 major blood ves-
sels: the right coronary artery and the right brachial 
artery. We found that young adults with type 2 dia-
betes had thicker right coronary arteries and abnor-
mally restricted blood flow in the heart and arm during 
a simple exercise test. In laboratory experiments, we 
confirmed our findings by showing that blood samples 
from young adults with diabetes contained small extra-
cellular vesicles that could impair vessel function. This 
study is important because early signs of heart disease 
were observed in young adults who were on treatment 
and had diabetes for ≤5 years. This bench-to-bedside 
study helps to confirm early features of heart disease 
in youth-onset type 2 diabetes and supports future 
studies to prevent the progression of heart disease in 
at-risk youth.
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Endothelial function may be measured in the periph-
eral or central vasculature. Peripheral endothelial func-
tion can be assessed noninvasively via a vasodilatory 
response to external noxious stimuli in the brachial artery 
or finger capillaries. Centrally, endothelial function is 
assessed using invasive coronary artery catheterization 
or noninvasively with cardiac magnetic resonance spec-
troscopy.8 In A-T2D, central vascular measurement of 
coronary endothelial dysfunction is an established car-
diac risk marker; early CAD has been characterized by 
both impaired coronary vasodilation in response to nitric 
oxide (NO) stimuli and increased coronary wall thick-
ness (CWT) in A-T2D.9 In youth-onset type 1 diabetes, 
endothelial dysfunction occurred after multiple years of 
hyperglycemia and advanced disease.10,11 In contrast to 
type 1 diabetes, up to 25% of Y-T2D have traditional car-
diovascular risk factors at diagnosis, and severe insulin 
resistance could be associated with endothelial dysfunc-
tion at an early disease stage. However, coronary artery 
data are limited in Y-T2D because coronary catheteriza-
tion is invasive and not justifiable in this young population 
without end-stage coronary artery disease. The few stud-
ies assessing endothelial function in Y-T2D were limited 
to evaluating peripheral vasculature only, and none have 
directly interrogated the coronary arteries in this popula-
tion. Some, but not all studies,12 showed that compared 
with age-matched and body mass index (BMI)–matched 
peers, Y-T2D had modestly impaired peripheral endothe-
lial function that progressively worsened with time.13,14 
However, the interrelation between peripheral assess-
ments of endothelial function and the early atheroscle-
rotic shift in smaller coronary arteries remains unclear.15,16

Therefore, this study adopted a noninvasive, yet pow-
erful, approach to directly visualize coronary structure and 
endothelial function while validating the cardiac magnetic 
resonance imaging (MRI) findings with biological experi-
ments to investigate the natural history of CAD in Y-T2D. 
Ex vivo analysis of small extracellular vesicle (ECV) cargo 
derived from Y-T2D was utilized to identify molecular 
changes in cultured human coronary artery endothelial 
cells (HCAECs). Small ECV–mediated mechanisms of 
endothelial dysfunction have been demonstrated in pre-
vious research in adults; however, no data are available 
in youth. Small ECVs containing diacyl-glycerol directly 
suppressed eNOS (endothelial NO synthase) activity, 
inducing an inflammatory cascade through intercellular 
crosstalk.17,18 In A-T2D, small ECVs were implicated in 
mediating endothelial function via proinflammatory cyto-
kine production and oxidative stress.19,20

This translational pilot study was designed to identify, 
quantify, and evaluate CAD and endothelial function in 
Y-T2D using clinical noninvasive MRI examination of cor-
onary and peripheral vessels, coupled with ex vivo vali-
dation analysis of the effect of Y-T2D plasma–derived 
small ECVs on coronary endothelial cells. We hypothe-
sized that young adults with Y-T2D, compared with lean 

healthy age-matched peers, would exhibit greater CWT 
and impaired peripheral and coronary arterial endothe-
lial function identified by noninvasive MRI conducted at 
rest and after isometric handgrip exercise. To validate 
the imaging findings, we isolated Y-T2D plasma–derived 
small ECVs from patients with Y-T2D to assess their 
potential to induce endothelial dysfunction in HCAECs 
from healthy young adult donors. We further hypoth-
esized that these Y-T2D plasma–derived small ECVs 
would alter cellular function by reducing eNOS signaling, 
impairing NO production, and promoting the expression 
of inflammatory cytokines.

METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Participants and Cardiac MRI Study
Young adults with Y-T2D and lean healthy young adult volun-
teers were prospectively recruited for cross-sectional cardiovas-
cular imaging and assessment of CAD at the National Institutes 
of Health Clinical Center (https://www.clinicaltrials.gov; unique 
identifiers: NCT02830308 and NCT01399385). Y-T2D was 
≥18 years of age with a ≤5-year diagnosis of Y-T2D or pre-
diabetes defined by the American Diabetes Association crite-
ria.21 Participants were excluded if they had known congenital 
or acquired heart disease, positive autoantibodies to glutamic 
acid decarboxylase-65 or insulinoma-associated protein-2, or a 
contraindication to MRI. There were no restrictions on medica-
tion use or the presence of diabetes-related comorbidities for 
Y-T2D. Lean young adults were age-matched (±3 years) and 
self-identified as healthy without chronic diseases or medica-
tion use. Written informed consent was obtained before partici-
pation, the protocols were approved by the Institutional Review 
Board of the National Institute of Diabetes and Digestive and 
Kidney Diseases, and the study was conducted in compliance 
with the Declaration of Helsinki.

Participants were evaluated after a 10- to 12-hour over-
night fast, complete history and physical examinations, anthro-
pometrics, blood pressure measurements, and fasting blood 
sample collection for glucose, insulin, lipid panel, hs-CRP (high-
sensitivity C-reactive protein), and small ECV analysis. Fasting 
glucose, lipid panel, and insulin concentrations were mea-
sured in serum using the Roche Cobas 6000 analyzer (Roche 
Diagnostics, Indianapolis, IN). Hemoglobin A1c (HbA1c) was 
measured using the HPLC D10 instrument (Bio-Rad) and 
hs-CRP by immunoturbidometric method assayed (Abbott 
Architect).

Early CAD was assessed by CWT obtained from MRI of 
the proximal right coronary artery during diastole as previously 
described.22 In summary, exams were performed using a com-
mercial 3.0T whole-body MR scanner (Ingenia Elition, Philips, 
Best, the Netherlands) with a 32-element surface coil for sig-
nal reception. Double-oblique scout scanning was performed 
to identify relevant portions of the native coronary artery and to 
ensure that slice orientation was perpendicular to the coronary 
vessel.
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Endothelial function was assessed by MRI; brachial artery 
flow–mediated dilation (BraFMD), and coronary artery flow–
mediated dilation were measured in response to an NO-mediated 
exercise utilizing an isometric hand grip exercise while in the MR 
scanner.23,24 Anatomic cross-sectional bright blood images of 
these vessels were obtained at baseline and during 5 minutes 
of continuous isometric handgrip exercise at a constant 30% of 
each subject’s maximum grip strength. An MRI-compatible in-
house developed handgrip system based on BIOPAC MP150 
hardware, and acknowledged data acquisition software (Goleta, 
CA) was used. The system has an audiovisual continuous moni-
toring feedback mechanism to inform the participant and the MRI 
operator during the 5-minute workout exercise about the partici-
pant’s adherence to gripping instructions and enforcement of the 
required gripping strength.24 This method has previously dem-
onstrated an intraobserver, interobserver, and interexamination 
agreement for coronary vessel wall thickness measurements of 
0.98, 0.97, and 0.92, respectively. Observers were blinded to the 
participant’s status at the time of MRI image analysis. Baseline 
and postisometric hand grip exercise images of coronary cross-
sectional area were calculated using region-growing and full-
width at half-maximum criterion and a semiautomated in-house 
custom-built software tool developed using MATLAB, version 10 
(Mathworks, Natick, MA) with similar functionalities to previously 
published tools.25 Segments with poor image quality (blurring due 
to artifact/subject motion) on either the baseline or postisometric 
hand grip exercise exams were excluded from the analysis.

Blood Collection, Plasma, and Small ECV Isolation
To characterize and validate the presence of isolated ECVs, 
we followed the guidelines of the International Society for 
Extracellular Vesicles.26 Blood from 10 consecutive patients 
with Y-T2D and 1 patient with A-T2D was collected using a 
syringe containing 50 µL of 0.5-M EDTA (ethylenediamine-
tetraacetic acid) into BD Vacutainer Venous Blood Collection 
Tubes (cat. No. 367525, BD, Franklin Lakes, NJ), which also 
contained EDTA. For plasma separation, the blood was main-
tained at room temperature (25 °C) for 15 minutes and then 
centrifuged at 1000g at 20 °C for 10 minutes. The supernatant 
comprising the upper plasma phase was carefully transferred 
to a new tube. This supernatant was recentrifuged at 3000g 
at 20 °C for 15 minutes and filtered through a 0.45-µm filter. 
Small ECVs were isolated from the filtrate using a total small 
ECV isolation kit (Invitrogen from plasma) according to the 
manufacturer’s instructions. The kit was used in conjunction 
with proteinase K treatment to selectively degrade potential 
contaminating particles and proteins.

For comparison, we isolated small ECVs from plasma 
obtained from 3 healthy young adult donors from Lonza 
(Frederick, MD) to serve as negative controls, and these sam-
ples were used separately, not pooled, when treating HCAEs. 
Plasma-derived small ECV processing was identical for all sam-
ples and completed by a blinded investigator (J.E.).

The presence of small ECVs was confirmed based on their 
morphology and size using transmission electron microscopy 
(JEM 1200EX [JEOL]). Small ECV identification was confirmed 
using antibodies specific to common protein markers (CD9 and 
CD63) found on exosomal surface membranes (a subtype of 
small ECVs). A nonspecific IgG isotype antibody was used as a 
negative control. All EM images were analyzed on ImageJ, ver-
sion 1.49 (National Institutes of Health, Bethesda, MD).

Western Immunoblotting Analysis of Small ECV–Specific 
Markers
To further verify the purity of small ECV isolation, immunoblot-
ting analysis was performed on small ECVs from healthy donors, 
and Y-T2D cell lysate from HCAEC was used as a negative con-
trol for purity analysis. The antibodies used for immunoblotting 
included small ECV–specific anti-TSG101 (tumor susceptibil-
ity 101), anti-CD9, anti-CD63, anti-CD81, and Alix (ALG-2-
interacting protein X). Additionally, anti-ApoE (apolipoprotein 
E) was used to confirm the absence of lipoproteins that might 
have been included in the extraction process, and anti-calnexin, 
a nonsmall ECV endoplasmic reticulum–related antibody, was 
used according to guidelines.26 This combination of techniques 
ensures the specificity and purity of the isolated small ECVs.

Tracing Small ECVs Uptake by HCAECs
We utilized a visualization technique using SYTO RNASelect cell 
stain to label small ECVs containing RNA, tracking their uptake 
by HCAECs after 48 hours of incubation.26 This stain, which 
emits green fluorescence, selectively binds to RNA within small 
ECVs, enabling the examination of their colocalization within 
the HCAECs. Two control groups were used in this experi-
ment: (1) HCAECs without small ECVs or dye and (2) cells 
treated with dye only. Additionally, the HCAECs were stained 
with Phalloidin (Thermo Fisher Scientific), which emits red 
fluorescence to highlight cell structure, and 4ʹ,6-diamidino-2-
phenylindole, which emits blue fluorescence to mark cell nuclei, 
facilitating their visualization under fluorescent microscopy.

Effects of Isolated Small ECVs on HCAEC
To investigate the effects of isolated small ECVs on endothelial 
function, we quantified the protein expression of eNOS, a key 
enzyme regulating NO production in endothelial cells, and ICAM-1 
(intercellular adhesion molecule-1), an immunoglobin critical for 
leukocyte adhesion and migration. HCAECs were treated with 
equal concentrations of small ECVs derived from both healthy 
donors and individuals with Y-T2D. As controls, we used a small 
ECV-depleted fraction (the supernatant remaining after small ECV 
isolation from Y-T2D plasma) and HCAECs without any small ECV 
treatment. In a subsequent experiment, HCAECs treated with 
Y-T2D-derived small ECVs and those without small ECV treat-
ment (as control) were analyzed to measure total NO and reactive 
oxygen species (ROS) levels using flow cytometry. An imbalance 
between NO and ROS is a recognized indicator of endothelial 
dysfunction. The interaction between ROS and NO, where ROS 
can quench and inactivate NO, highlights the complex relationship 
between vascular oxidative stress, endothelial dysfunction, and the 
increased risk of cardiovascular pathologies.27

Statistical Analysis
The clinical study was designed to evaluate CWT in Y-T2D com-
pared with lean peers. Sample size estimates (n=14 per group) 
were based on estimates from our prior publication28 and were 
designed to detect CAD as a mean CWT difference of 0.31 
mm and SD of difference of 0.2 mm (mean±SD) with between-
group differences, β≥0.9 and α=0.05. Data are presented as 
mean±SD, except where otherwise indicated. Continuous 
variables were compared using the Student t test or rank-sum 
analysis and categorical variables using the Fischer exact tests. 
Normality was determined by visual inspection of histograms. 
Triglyceride, insulin, and C-reactive protein concentrations were 
natural logarithmically transformed before analysis. Spearman 
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correlations (r) were used to determine the associations 
between cardiometabolic variables and markers of endothelial 
function. For each experimental condition, images were cho-
sen based on their ability to represent typical results observed 
across multiple independent experiments. No statistical correc-
tions for multiple analyses were performed because this was 
an exploratory analysis. Western blots were quantified using the 
ImageJ program. Statistical significance of individual plasma–
derived small ECVs was compared with controls (HCAECs 
without small ECV treatment) using the Mann Whitney U tests. 
Statistical analyses for clinical variables were performed using 
STATA (version 16.1; Stata Corp, College Station, TX), while 
analyses related to small ECVs data were conducted using 
GraphPad, Prism V9.0 (GraphPad Software, San Diego, CA). 
Statistical significance was established at P<0.05.

RESULTS
Twenty-one Y-T2Ds were screened, 20 enrolled, and 
15 completed the cardiac MRI. Five Y-T2Ds attempted 
the cardiac MRI but were unable to complete testing 
because of discomfort during the scan. Sixteen healthy 
lean young adults with cardiac MRI data were age-
matched (±3 years) to the 15 Y-T2D. Figure S1 illus-
trates the participant flow diagram.

Participant Characteristics
The participant demographic and cardiometabolic 
characteristics are presented in the Table. Y-T2D had 
higher HbA1c, BMI, triglyceride concentrations, blood 
pressure, heart rate, and hs-CRP compared with lean 
age-matched healthy young adults. LDL (low-density 
lipoprotein) cholesterol concentrations were comparable 
between groups. All Y-T2Ds were prescribed at least 
1 glucose-lowering medication, 20% were prescribed 
antihypertensive therapy, and no participants were tak-
ing cholesterol-lowering medications. Demographic and 
metabolic characteristics of participants who completed 
MRI (Table S1) and small ECV analysis (n=10; Table S2) 
were similar to the entire Y-T2D group.

Impaired Coronary and Peripheral Arterial 
Endothelial Function in Y-T2D
The Y-T2D had 10% greater right CWT compared with 
lean healthy controls (Figure 1A). Additionally, there 
was an impairment of arterial endothelial vasodilation 
in response to isometric handgrip exercise. BraFMD 
showed an 80% reduction, and the coronary artery 
flow–mediated dilation demonstrated vasoconstric-
tion (Figure 1B) in Y-T2D compared with healthy con-
trols. Coronary artery flow–mediated dilation correlated 
with BrFMD (r=0.5; P=0.005). Table S3 shows CWT 
and endothelial function associations with cardiometa-
bolic markers. HbA1c was associated with greater 
CWT (r=0.4; P=0.04) and arterial endothelial dysfunc-
tion (lower coronary artery flow–mediated dilation and 

BraFMD; both r=−0.5; P<0.01). Brachial artery vasodila-
tion was also associated with BMI (r=0.4; P=0.04) and 
tended to associate with blood pressure (r=0.4; P=0.07).

Y-T2D Small ECVs Induced Markers of Endothelial 
Dysfunction in HCAECs
Plasma-derived small ECVs from both patients with 
Y-T2D and healthy donor controls were successfully 
isolated, exhibiting round, cup-shaped, or saucer-like 
structures (Figure 2A and 2B). Immunogold staining 
confirmed the presence of small ECV–specific markers, 
CD9 and CD63, thus verifying the identity of these par-
ticles as small ECVs in samples from both groups (Fig-
ure 2D through 2I). Nonspecific IgG antibodies showed 

Table.  Demographic and Cardiometabolic Characteristics in 
Y-T2D and Healthy Lean Young Adults

Controls 
(n=16)

Type 2 DM 
(n=20) P value

Age, y 22.8±2.6 19.4±1.3 1.0×10−5

Female 8 (50) 10 (50) 0.937

BMI, kg/m2 23.4±3.4 37.8±8.4 2.8×10−7

African American  race 10 (63) 16 (72) 0.011

Prediabetes diagnosis 0 (0) 2 (20) 1.0×10−4

Duration of diabetes, y … 2.7±2.0 …

History of smoking 2 (15) 0 (0) 0.107

Systolic blood pressure, 
mm Hg

114±11 128±14 0.003

Diastolic blood pressure, 
mm Hg

65±8 72±10 0.066

Heart rate, beats/min* 73±9 82±14 0.05

Metabolic characteristics

 � Hemoglobin A1c, % 5.0±0.5 6.4±1.1 3×10−5

 � Hemoglobin A1c,  
mmol/mol

31±5.5 46±12 3×10−5

 � Fasting glucose, mg/dL 89±9 122±44 0.006

 � Fasting insulin, mcU/mL* 9 (7.1–11.2) 33.9 (13.1–71) 6.6×10−4

 � hs-CRP, mg/L 0.5 (0.2–1.8) 2.7 (1.4–9) 1.6×10−4

 � Total cholesterol, mg/dL 162±25 151±25 0.173

 � LDL cholesterol, mg/dL 82±21 88±19 0.445

 � HDL cholesterol, mg/dl 66±14 43±11 1.5×10−6

 � Triglyceride, mg/dL 61 (51–70) 72 (62–96) 0.036

 � High LDL ≥130 mg/dL 0(0) 1 (6) 0.339

Medication use

 � Antihypertensive agents 0(0) 5 (20) 0.022

 � Metformin 0 (0) 11 (55) 0.001

 � GLP-1 agonist 0 (0) 12 (60) 1.0×10−4

 � Insulin 0(0) 5 (25) 0.031

Data are mean±SD, median (25th–95th percentiles), or n (%). Groups were 
compared by the Student t test. Triglyceride, insulin, and CRP concentrations 
were natural logarithmically transformed before analysis. BMI indicates body 
mass index; GLP-1, glucagon-like peptide-1; HDL, high-density lipoprotein; hs-
CRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; and Y-T2D, 
youth-onset type 2 diabetes.
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no binding to the small ECVs, indicating that the speci-
ficity of the CD9 and CD63 antibodies was unique to 
small ECV identification. Western blot analysis further 
validated the presence of TSG101, CD9, CD63, CD81, 
and Alix markers in both healthy donor volunteers and 
Y-T2D small ECVs (Figure 2J; Figure S2). Notably, cal-
nexin was absent, confirming the exclusion of endo-
plasmic reticulum components. However, despite our 
efforts to minimize contamination, traces of ApoE were 
still detectable in our assays (Figure 2J). This observa-
tion suggests that while our small ECV isolation method 
significantly reduced the presence of major lipoproteins, 
it did not eliminate them, underscoring the need for cau-
tious interpretation of the purity assessments. Nanopar-
ticle tracking analysis revealed a size range of 50 to 
180 nm for the small ECVs, consistent with guidelines 

(Figure 2K and 2L). Further analysis demonstrated the 
uptake of labeled small ECVs by HCAECs after 48 hours 
of incubation (Figure 3A and 3D). This uptake was visu-
alized using RNASytoSelect dye and PKH26 lipid dye 
fluorescent imaging, showing that HCAECs incorporated 
green fluorescent labeled small ECVs (Figure 3D), but no 
green fluorescence was detected in cells without small 
ECV treatment (Figure 3C). Additionally, the interaction 
of Y-T2D-derived small ECVs with target HCAECs was 
quantified using the PKH26 lipid probe, a fluorescent 
lipid marker commonly used in flow cytometry to track 
small ECV uptake.29 Approximately 86% of HCAECs dis-
played uptake of fluorescent small ECVs within 24 hours 
(Figure 3E), indicating efficient cell membrane crossing 
into HCAEC and specific labeling by the small ECVs.

Protein expression analysis in HCAECs after small 
ECV treatment from healthy donor volunteers and 
Y-T2D is shown in Figure 4. There were no statistically 
significant differences observed in eNOS phosphoryla-
tion (Figure 4A), a marker of endothelial dysfunction, 
between HCAECs treated with plasma-derived small 
ECVs from healthy volunteers and untreated HCAECs. 
HCAECs incubated with small ECVs from 10 patients 
with Y-T2D and 1 patient with A-T2D (serving as a posi-
tive control) showed reduced levels of eNOS protein 
expression compared with untreated HCAECs (Fig-
ure 4B). No statistically significant differences were 
observed in healthy (Figure 4C), but HCAECs treated 
with Y-T2D small ECVs demonstrated increased protein 
expression of ICAM, an endothelial membrane–associ-
ated inflammatory biomarker (Figure 4D). Flow cytom-
etry analysis further validated the presence of elevated 
biomarkers of endothelial dysfunction, with decreased 
NO levels (Figure 5A and 5B) and increased ROS (Fig-
ure 5C and 5D) in HCAEC exposed to Y-T2D–derived 
small ECVs. These results suggest that Y-T2D plasma–
derived small ECVs may specifically inhibit eNOS activity, 
thereby blocking NO generation in HCAECs. Given that 
the reduced NO bioactivity is a hallmark of endothelial 
dysfunction, our findings indicate that Y-T2D plasma–
derived small ECVs contribute to endothelial dysfunction 
by inhibiting eNOS activity and reducing NO levels in 
Y-T2D.

DISCUSSION
Young adults with type 2 diabetes who were within 5 
years of diagnosis exhibited MRI evidence of early CAD 
in the absence of traditional CAD risk factors such as 
severe hyperglycemia, marked hypertension, or hyper-
lipidemia. This evidence was further supported by ex 
vivo signs of endothelial dysfunction in HCAECs. This 
clinical translational pilot study provides novel insights 
into coronary arterial endothelial dysfunction in Y-T2D. 
Notably, compared with age-matched peers, individuals 
with Y-T2D experienced vasoconstriction of the right 

Figure 1. Coronary arterial wall structure and function in 
youth-onset type 2 diabetes (Y-T2D) and lean healthy age-
matched peers (control).
Right coronary wall thickness (A) and lumen FMD percent change 
(B) from baseline in the right coronary and brachial arteries during the 
isometric handgrip exercise in control (green) compared with Y-T2D 
(blue). Data are presented as violin plots (A) and bar graphs mean 
(B) with individual data points (black circles). Groups were compared 
with the Student t test. P<0.05 was considered significant and shown 
inline.
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coronary artery and impaired vasodilation of the right 
brachial artery in response to an isometric handgrip exer-
cise, a reaction typically mediated by NO. Such paradoxi-
cal coronary artery vasoconstriction has been observed 
in adults with established coronary artery disease23 but 
is now described here in youths who were early in their 
disease course and who did not have marked hypergly-
cemia or frank elevations in cholesterol concentrations. 
This clinical response serves as a direct in situ marker of 
both peripheral and coronary endothelial health in young 
adults with Y-T2D. Furthermore, we corroborated these 
imaging findings with functional studies using coronary 
endothelial cell culture models, marking the first such 
demonstration in youth. These studies showed induced 
signaling markers of endothelial dysfunction following 
incubation with plasma-derived small ECVs from people 
with Y-T2D.

This study sheds new light on understanding the natu-
ral history of Y-T2D and elucidates the earliest patho-
logical features of CAD in a well-characterized cohort of 

young adults with early metabolic disease. These early 
coronary proatherogenic changes were detectable and 
measurable by coronary MRI in this young population. 
For comparison, CAD in adults with longstanding diabe-
tes had increased CWT on MRI of ≥2.5 mm, and the evi-
dence of coronary endothelial dysfunction required direct 
invasive coronary catheterization.9,30,31 In Y-T2D, 2 studies 
have shown increased cardiovascular mortality beginning 
>15 years after diabetes onset.2,32 However, few studies 
have characterized the early stages of CAD, and none 
have directly examined coronary endothelial function. To 
date, evidence of impaired vascular aging in Y-T2D has 
been derived from analysis of large peripheral arteries; 
Y-T2D has modest increases in aortic arterial stiffness 
and reduced peripheral endothelial function (BraFMD) 
compared with age- and BMI-matched peers.12,13,33–35 
This study extends on and corroborates existing litera-
ture by simultaneously evaluating both peripheral and 
coronary endothelial functions using noninvasive imag-
ing technology in Y-T2D. Our findings reveal dynamic 

Figure 2. Characterization of plasma-derived small extracellular vesicles.
Plasma-derived small extracellular vesicles (small ECVs) were isolated from healthy donor volunteers (HVs; n=1) and youth-onset type 2 diabetes 
(Y-T2D; n=2), then stained with uranyl acetate (A and B), labeled with IgG control, illustrating the baseline distribution of particles without 
specific targeting (C), or 10-nm immunogold particles using antibodies against the exosomal membrane markers, CD9 (D–F) and CD63 (G–I), 
and stained with uranyl acetate. Small ECVs were imaged by electron microscopy. Scale bar, 100 nm. J, Western blot analysis was conducted 
on lysates sourced from the small ECVs fraction and cell pellet, utilizing antibodies against CD63, TSG101 (tumor susceptibility 101), ApoE 
(apolipoprotein E), CD9, and calnexin. The expressions of TSG101, CD9, and CD63 were predominantly identified in plasma-derived small ECV 
extracts; calnexin was not detected, confirming the exclusion of endoplasmic reticulum components. ApoE and calnexin were primarily observed 
in cell lysates and traces of observed in small ECV extracts. K and L, Nanoparticle tracking analysis quantification of small ECV size. The x axis 
represents the small ECV size in nanometers (nm). The y axis represents the frequency (count) of particles found at each size interval.
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changes in coronary endothelial function, specifically 
coronary vasoconstriction in the presence of reduced 
BraFMD, suggesting an increased susceptibility of the 
coronary endothelium to NO-mediated stimuli.

In our youth cohort, higher HbA1c and BMI were 
associated with reduced coronary and peripheral vaso-
dilatory response, while HbA1c was also related to CWT. 
Hyperglycemia alone could induce oxidative stress and 
contribute to endothelial dysfunction.10,11 However, a 
small pilot study of 7 children with type 1 diabetes dem-
onstrated no significant coronary vasodilation compared 
with age-matched peers.36 In this study, individuals with 
Y-T2D exhibited a more advanced stage of coronary 
endothelial dysfunction, as demonstrated by coronary 
vasoconstriction rather than a mere absence of signifi-
cant dilation. This indicates that hyperglycemia, along 
with other factors, may accelerate the early onset of 
CAD in Y-T2D. These findings underscore the need for 
further research to elucidate the independent contribu-
tions of HbA1c and BMI to endothelial dysfunction in 
patients with Y-T2D.

These imaging findings were corroborated by ex 
vivo models that exhibited a phenotype indicative of 
impaired NO signaling. Our studies demonstrated that 
Y-T2D small ECVs induced markers of oxidative stress, 
elevated the proinflammatory endothelial marker ICAM-
1, and decreased phosphorylated eNOS activity in cul-
tured HCAECs. Notably, phosphorylated eNOS protein 

expression levels were significantly lower in treated 
cells, corresponding to reduced NO production com-
pared with untreated controls. These ex vivo results, 
together with the imaging evidence of endothelial cell 
dysfunction, contribute to the growing body of research 
linking small ECV–mediated ICAM activation to endo-
thelial cell dysfunction and an elevated risk of CAD.37–39 
This study enhances our understanding of the role of 
small ECVs in Y-T2D by providing concrete evidence of 
the functional impact of Y-T2D-derived small ECVs on 
HCAECs.

Limitations
Some limitations of this study are noteworthy. The small 
sample size restricts generalizability; however, this obser-
vational study was adequately powered to detect differ-
ences between lean healthy individuals and those with 
Y-T2D using highly reproducible and precise cardiac 
MRI techniques. Despite the small sample size, these 
deep phenotyping studies are crucial for understanding 
the physiological underpinnings of Y-T2D and provide 
foundational data for designing larger outcome studies 
of CAD in youth. Furthermore, this translational proof-
of-concept study demonstrated the technical feasibility 
of directly quantifying endothelial structure and function 
with clinical MRI coupled with ex vivo validation using 
plasma-derived small ECVs. The small ECV findings 

Figure 3. Visualization of the uptake of small extracellular vesicles by human coronary artery endothelial cells (HCAECs).
A, HCAECs were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI, blue) to visualize nuclei and (B) phallodin (red) for actin filaments. C, HCAECs 
were incubated with RNASelect dye only. D, HCAECs were incubated with SYTO RNASelect dye-labeled small extracellular vesicles (green) and 
imaged at 48 h. Scale bar, 50 µm. E, Flow cytogram showing the shift in fluorescence intensity in HCAECs after incubation with PKH26-labeled 
plasma–derived youth-onset type 2 diabetes (Y-T2D) small extracellular vesicles (red) and control (blue).
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supported the phenotype of endothelial dysfunction 
in Y-T2D although they were limited in scope, as small 
ECVs from age-matched lean and BMI-matched youth 
were not available. Including small ECVs from 1 A-T2D 
served as a positive control for this pilot analysis, but 
more extensive comparisons with BMI-matched A-T2D 
participants are necessary. Specifically, we were unable 
to determine the independent contributions of hyper-
glycemia, insulin resistance, and obesity to endothelial 
dysfunction, and our findings cannot be extrapolated to 

Y-T2D with more severe, longstanding disease. Moreover, 
observed increases in CWT and coronary vasoconstric-
tion cannot be directly linked to future CAD outcomes.

For the translational study, we utilized a commer-
cial kit for small ECV isolation, which may coisolate 
nonexosomal entities such as ribonucleoproteins, 
exomeres, and supermeres. Consequently, the biologi-
cal effects observed could be attributed to a mixture 
of these particles and not solely to small ECVs. This 
highlights the need for cautious interpretation of our 

Figure 4. Protein expression analysis in human coronary artery endothelial cells (HCAECs) after small extracellular vesicles 
(small ECVs) treatment.
Small ECVs were isolated from the plasma of healthy donor volunteers (HVs; n=3), youth-onset type 2 diabetes (Y-T2D; n=10), and adult-onset 
type 2 diabetes (A-T2D; n=1) and subsequently used to treat HCAECs over a period of 48 h. After treatment, the expression of target proteins, 
peNOS (phosphorylated endothelial nitric oxide synthase) and ICAM (intercellular adhesion molecule), was assessed. A and B, Western blot 
analysis showing the fold change in peNOS relative to total eNOS (endothelial nitric oxide synthase) after treatment with plasma-derived small 
ECVs. C and D, Western blot analysis depicting the fold change in ICAM-1 relative to β-actin after small ECV treatment. Individual data (black 
circles) are presented with bar graphs for mean, with 3 replicates for A and C and 4 replicates for B and D. Mann Whitney U tests were used 
to compare vs control (CTR, untreated cells) and supernatant (SN; HCAECs treated with SN-depleted small ECVs). P<0.05 was considered 
significant and shown inline.
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findings and suggests the utility of orthogonal isola-
tion methods, such as size-exclusion chromatography 
or density gradient ultracentrifugation, in future stud-
ies to attribute observed effects more precisely to spe-
cific extracellular vesicle subtypes. However, the study 
findings remain valid as our main aims were to dem-
onstrate, noninvasively, early coronary endothelial dys-
function directly on MRI and corroborate biologically in 
this young population. Further investigations into the 
biological mechanisms mediating the changes in the 
HCAEC cells are crucial but were beyond the scope of 
this analysis. Our study marks an important initial step 
in elucidating the role of small ECVs in Y-T2D by dem-
onstrating their functional impact on HCAECs. Future 
studies should compare the effects of small ECVs from 
Y-T2D and A-T2D to age- and BMI-matched con-
trols exploring potential mediators and mechanisms, 

including assessments of micro-RNA profiling, pro-
teomics, and lipidomics.

CONCLUSIONS
This study identified early subclinical coronary athero-
sclerosis in young adults with Y-T2D, characterized by 
increased CWT and endothelial dysfunction using non-
invasive MRI techniques. Notably, coronary vasoconstric-
tion in the presence of reduced BraFMD suggested an 
increased susceptibility of the coronary endothelium to 
NO-mediated stimuli. Additionally, the observed coro-
nary and peripheral arterial pathology was supported by 
ex vivo experiments with Y-T2D plasma–derived small 
ECVs, which induced markers of endothelial dysfunc-
tion in healthy HCAECs. The integration of MRI assess-
ments of coronary arterial endothelial dysfunction and 

Figure 5. Analysis of reactive oxygen species (ROS) and nitric oxide levels in HCAECs after small extracellular vesicle (small 
ECV) treatment.
Small ECVs were isolated from the plasma of healthy donor volunteers (HVs; n=3), youth-onset type 2 diabetes (Y-T2D; n=10), and adult-onset 
type 2 diabetes (A-T2D; n=1) and subsequently used to treat HCAECs over a period of 48 hours. A and B, After treatment, flow cytometric 
analysis of nitric oxide (NO) levels using DAF-FM (4-Amino-5-Methylamino-2',7'-Difluorofluorescein) techniques after treatment with plasma-
derived small ECVs. C and D, Assessment of ROS production using dihydroethidium (DHE) after small ECV treatment. Individual data (black 
circles) are presented with bar graphs for mean, with 3 replicates for A through D. Mann Whitney U tests were used to compare vs control (CTR, 
untreated cells) and supernatant (SN; HCAECs treated with SN-depleted small ECVs). P<0.05 was considered significant and shown inline.
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confirmation and small ECV analysis confirmed the early 
development of CAD in this young demographic. As the 
fields of cardiac imaging and small ECVs research con-
tinue to advance, a greater emphasis on understanding 
their crucial roles in Y-T2D, early detection of endothelial 
dysfunction, and the development of therapeutic inter-
ventions is essential.
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