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Type 2 diabetes is a chronic age-associated degen-
erative metabolic disease that reflects relative insulin
deficiency and resistance. Extracellular vesicles (EVs)
(exosomes, microvesicles, and apoptotic bodies) are
small (30–400 nm) lipid-bound vesicles capable of shut-
tling functional proteins, nucleic acids, and lipids as
part of intercellular communication systems. Recent
studies in mouse models and in cell culture suggest that
EVs may modulate insulin signaling. Here, we designed
cross-sectional and longitudinal cohorts of euglycemic
participants and participants with prediabetes or diabe-
tes. Individuals with diabetes had significantly higher
levels of EVs in their circulation than euglycemic control
participants. Using a cell-specific EV assay, we iden-
tified that levels of erythrocyte-derived EVs are higher
with diabetes. We found that insulin resistance increases
EV secretion. Furthermore, the levels of insulin signaling
proteins were altered in EVs from individuals with high
levels of insulin resistance and b-cell dysfunction. More-
over, EVs from individuals with diabetes were prefer-
entially internalized by circulating leukocytes. Cytokine
levels in the media and in EVs were higher from mono-
cytes incubated with diabetic EVs. Microarray of these
leukocytes revealed altered gene expression pathways
related to cell survival, oxidative stress, and immune
function. Collectively, these results suggest that insulin
resistance increases the secretion of EVs, which are
preferentially internalized by leukocytes, and alters leu-
kocyte function.

One of the most important medical challenges is the
epidemic of type 2 diabetes. It is estimated that 9.4% of
the U.S. population (;30 million) is affected by this
disease (1), while older individuals and different racial
groups are affected disproportionately. Individuals with
diabetes have an increased risk for age-associated comor-
bidities including hypertension, dementia, renal disease,
and chronic heart disease (2). Therefore, it is important
to understand how diabetes contributes to the develop-
ment and severity of these age-associated diseases. Fur-
thermore, individuals with diabetes have impaired cellular
insulin signaling, and accumulating data suggest that cir-
culating factors may also contribute to the disease.

Recent data indicate that membrane-bound extracellu-
lar vesicles (EVs) (30–400 nm) are important mediators of
intercellular communication among different tissues and
organs. EVs, found in most bodily fluids, contain proteins,
RNA, and lipids and can be characterized into at least one
of three groups. Exosomes are released through the fusion
of multivesicular bodies with the plasma membrane. Micro-
vesicles are released by budding of the plasma membrane,
and apoptotic bodies are shed from dying cells (3). EVs
have a role in physiological and pathological intercellular
signaling and in a wide spectrum of biological functions (3).

While EVs have been studied in the context of many
diseases (4), little is known about EVs in the context of
human diabetes. Studies in the db/db diabetic mouse model
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demonstrated that EVs from adipose tissue activate
macrophages and promote expression of IL-6 and TNF-a
(5), suggesting that EVs from diabetic mice may convey
inflammatory signals. EVs from insulin resistant mice mod-
ulate insulin signaling in skeletal muscle (6) and pancreatic
b-cells (7), further suggesting a role for EVs in insulin sig-
naling in mice. Recent evidence shows that in adipose tissue,
macrophage-derived exosomes may modulate insulin resis-
tance in mice through transfer of specific microRNAs (8).

Studies investigating the interplay between EVs and
diabetes in humans have been predominantly in vitro stud-
ies. EVs derived from adipocyte cell lines or explants ex
vivo were incubated with a hepatocyte and skeletal muscle
cell line. However, the results have not confirmed the ef-
fects on insulin signaling (9). Additionally, EVs from human
adipocyte explants have been shown to modulate the release
of inflammatory cytokines in macrophages (10).

Thus far, human data have primarily investigated the
relationship between larger microparticles isolated at slow
centrifugation speeds or by FACS (11) and type 2 diabetes
(12–14). For example, circulating endothelium-derived
microparticles (15) increase with type 2 diabetes (12–14).
However, EVs in the circulation are derived from many
different cell types and vary extensively in size. Specifically,
EVs encompassing the size range of exosomes, microve-
sicles, and apoptotic bodies have not been investigated
extensively in the context of diabetes in humans.

To investigate whether these previously reported
changes in vitro and in animal models were consistent
with changes in individuals with diabetes, we examined
different EV characteristics in cross-sectional and longi-
tudinal cohorts of both euglycemic individuals and indi-
viduals with diabetes.

RESEARCH DESIGN AND METHODS

Clinical Study Participants
Three subcohorts of euglycemic individuals and individuals
with diabetes were selected from the Healthy Aging in
Neighborhoods of Diversity across the Life Span (HANDLS)

study of the National Institute on Aging (NIA) Intramural
Research Program, National Institutes of Health (NIH).
HANDLS has been approved by the institutional review
board of the National Institute of Environmental Health
Science, NIH. All participants provided written informed
consent. HANDLS is a longitudinal study comprised of
community-dwelling participants investigating the role of
race and socioeconomic status in the development of age-
associated health disparities. Individuals with diabetes met
one of the following three criteria: 1) previous diagnosis by
health care provider, 2) currently taking medication for
diabetes, or 3) fasting serum glucose .125 mg/dL. Plasma
samples were collected after overnight fasting.

Cross-sectional cohort 1 was comprised of 16 euglyce-
mic individuals and 22 individuals with diabetes, and
cross-sectional cohort 2 comprised obesity-matched eugly-
cemic individuals and individuals with diabetes (n =
30/group) (Table 1 and Fig. 1A and B). Individuals were
classified based on BMI as underweight/normal (,25 kg/m2),
overweight (25 to,30 kg/m2), obese class I (30 to,35 kg/m2),
and obese class II/III ($35 kg/m2). Underweight and
normal individuals were grouped together owing to a low
number of underweight participants. We chose 58 obesity-
matched individuals for the longitudinal cohort who had
blood samples two times ;5 years apart (4.956 0.23) and
who were grouped as follows: euglycemia at both times (n =
19), euglycemia at time 1 and diabetes at time 2 (n = 19),
and prediabetes at time 1 and diabetes at time 2 (n = 20)
(Table 2 and Fig. 1C).

HOMA of b-cell function (HOMA-B) and HOMA of
insulin resistance (HOMA-IR) were calculated based on
fasting serum glucose and fasting insulin levels (16) and
were divided into quintiles for our analysis.

ExoQuick EV Isolation
A fasting plasma sample was obtained as previously de-
scribed (17). Plasma EVs were isolated from either 0.5 mL
or 0.25 mL (cross-sectional cohort 2) using ExoQuick
Exosome precipitation solution (System Biosciences) as pre-
viously described (17) and resuspended in either 0.5 mL

Table 1—Clinical characteristics of cross-sectional cohorts

Cross-sectional cohort 1 Cross-sectional cohort 2

Euglycemia Diabetes P Euglycemia Diabetes P

N 16 22 30 30

Age, years 53.79 (10.72) 56.10 (9.86) 0.498 47.81 (11.65) 55.14 (6.99) 0.005

BMI, kg/m2 25.41 (4.19) 39.16 (9.33) ,0.001 35.01 (7.49) 35.45 (6.64) 0.811

Glucose, mg/dL 91.80 (5.25) 161.05 (88.32) 0.005 92.37 (5.65) 165.60 (71.64) ,0.001

LDL, mg/dL 112.33 (37.88) 108.18 (37.72) 0.745 108.77 (40.34) 108.80 (43.21) 0.998

HDL, mg/dL 55.40 (11.34) 45.82 (11.13) 0.015 50.67 (11.46) 44.70 (13.23) 0.067

Nonsmoking, n (%) 12 (75.0) 13 (65.0) 0.777 15 (57.7) 24 (88.9) 0.024

AA race, n (%) 6 (37.5) 10 (45.5) 0.875 20 (66.7) 19 (63.3) 1.000

Women, n (%) 9 (56.2) 14 (63.6) 0.901 20 (66.7) 15 (50.0) 0.295

Mean (SD) is shown for continuous variables and analyzed by one-way ANOVA, unless otherwise indicated. x2 goodness-of-fit test was
used to analyze differences for categorical variables. AA, African American.
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or 0.25 mL, respectively. This isolation method provides
more reproducible results than either differential ultra-
centrifugation or size exclusion columns (17) and also is
more suitable for EV isolation from large human cohorts.

Differential Ultracentrifugation EV Isolation
EVs were isolated from plasma and conditioned media via
differential ultracentrifugation as previously described
(18). Media was centrifuged at 500g for 10 min, at 2,500g
for 10 min, and then at 120,000g for 2 h in a Beckman
ultracentrifugation (SW 32 Ti rotor, K = 204). Resuspended
pellet was transferred to a new tube and centrifuged at
120,000g for 2 h (SW 55 Ti rotor, K = 48). Plasma EVs
were isolated using the same protocol with the following
modification. Following centrifugation at 2,500g, the su-
pernatant was centrifuged at 10,000g for 30 min. The
supernatant was then subjected to two ultracentrifugation
spins at 120,000g as described above. The 10,000g pellet
was resuspended in PBS and centrifuged at 10,000g for
30 min.

Immunoblotting
EV (10 mg) samples lysed in mammalian protein extraction
reagent (M-PER), 3T3-L1 preadipocyte cell line lysate, and

two plasma ExoQuick EV-depleted supernatant samples
were subjected to SDS-PAGE and immunoblotted with
antibodies from Abcam, TSG101 [clone EPR7131(B)],
FLOT1 (clone EPR6041), and Calnexin (ab22595), and
from Santa Cruz Biotechnologies, ALIX (clone C-11). Neu-
ronal cell lysates were immunoblotted with antibodies to
phospho-AKT (Clone D9E, Cell Signaling), AKT (clone
C67E7, Cell Signaling), and actin (ab8226, Abcam).

Electron Microscopy
Electron microscopy was performed by the Johns Hopkins
University Neurology Microscopy Core as described (17).
Grids were viewed on a Libra 120 TEM at 120 Kv (Zeiss).
Images were taken with a Veleta camera (Olympus).

Nanoparticle Tracking Analysis
Isolated EV samples were diluted 1:300 and 1:50 in
0.2 mmol/L filtered PBS for EVs isolated by ExoQuick
and differential ultracentrifugation, respectively. Size dis-
tribution and concentration were analyzed using nano-
particle tracking analysis (NTA) on a NanoSight NS500
(Malvern Instruments). Samples were recorded at camera
level 14, detection level 3, and five videos of 20 s with
a coefficient of variance ,20% were used for analysis. To
ensure measurement accuracy, we ensured that all samples
were analyzed during the same time frame for each cohort/
experiment on a single instrument by the same operator. All
analyses were performed with blinding to disease status.
Total EV concentration from plasma was calculated as
previously described (17).

Cell-Specific EV Assay
Streptavidin-coated black plates (Thermo Fisher) were coated
with biotin-labeled primary antibodies (5 mg/mL) against
CD62p (304914; BioLegend), CD68 (333804; BioLegend),
CD235a (13-9987-82; Thermo Fisher), (ab77928; Abcam),
and IgG1,k Isotype control (400103; BioLegend) in PBS/
0.5% BSA at 4°C overnight. After blocking in PBS/5%
BSA, plates were washed with PBS. Plasma EVs from
cross-sectional cohort 2 were labeled with 0.1 mmol/L (final
concentration) PKH26 (category no. 1077; Sigma-Aldrich)
and excess dye was removed as previously described (17).
The remaining volume (150 mL) was diluted 1:3 in PBS,
and 40 mL was added to each well and incubated for 2 h at
room temperature. After washing three times with PBS,
the PKH26 signal was read by a fluorescent plate reader
(excitation 540 nm and emission 570 nm). Each sample
was performed in duplicate, and the average intensity was
used for analysis.

Primary Neuronal Cell Culture
Cortical neurons were dissected from embryonic Sprague-
Dawley rats (E18) (Animal Protocol no. 263-LNS-2019) as
previously described (19). This research was approved by
the NIA Animal Care and Use Committee and was per-
formed according to guidelines in the NIH Guide for
the Care and Use of Laboratory Animals. Cells were

Figure 1—Cohort design. A and B: Cross-sectional cohorts 1 and
2 of euglycemic individuals and individuals with diabetes. C: Lon-
gitudinal cohort design of euglycemic individuals and individuals
with prediabetes or diabetes.
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maintained in Neuralbasal medium containing 1 mmol/L
d-glucose and B27 without insulin (Thermo Scientific).
On either day in vitro six or seven, cells were treated with
either media containing 200 nmol/L Novolin R100 insulin
or no insulin for 48 or 24 h. Media was collected and fresh
media either containing 200 nmol/L insulin or no insulin
was added for 30 min, after which media was collected.
Wortmannin was added for both the 24 h and 30 min time
points. Cells were washed with PBS, collected, and pelleted
at 500g for 10 min and lysed with M-PER.

ELISAs
Equal volumes of lysed EVs were used for quantitative
protein measurement by the following Meso Scale kits
(Meso Scale Discovery): Insulin Signaling Panel Phospho
Protein (category no. K15151A-1), AKT Signaling Panel
Whole Cell Lysate kit (category no. K15177D-1), and
Phospho-IRS-1 Base kit (category no. 150HLA-1). Leptin
receptor was analyzed by a kit from R&D Systems (cat-
egory no. DY389).

Peripheral Blood Mononuclear Cell Internalization
Assay
Human peripheral blood was collected by the Health Apher-
esis Unit and the Clinical Core Laboratory, the NIA, under
Human Subject and Tissue Procurement protocols. All par-
ticipants provided written consent, and the protocols have
been approved by the institutional review board of the
National Institute of Environmental Health Sciences, NIH.

Peripheral blood mononuclear cells (PBMCs) were in-
cubated with PKH26-labeled plasma EVs for 24 h, and cells
were sorted as previously described (17). For the experi-
ments in Fig. 5 and Supplementary Fig. 3, two PBMC
donors were used, aged 47 and 60, respectively. They were
both female and without allergies, and one was a smoker.

For gene expression changes, PBS or PKH26-labeled
EVs from individuals with diabetes or euglycemic individ-
uals were pooled together and incubated with PBMCs
(female and 38 years old with no allergies) for 24 h. After
the incubation, monocytes were isolated using the Mono-
cyte Isolation Kit II (Miltenyi Biotec). RNA was isolated
with TRIzol Reagent (Thermo Fisher Scientific) including
a DNase treatment.

Microarray and Quantitative RT-PCR
Total RNA quantity and quality were tested using the
Agilent Bioanalyzer RNA 6000 Chip (Agilent, Santa Clara,
CA). Monocyte gene expression was analyzed by micro-
array using Illumina HumanHT-12 v4 (Illumina, San
Diego, CA). Microarray was performed and analyzed as
previously described (20) and is available at Gene Ex-
pression Omnibus accession number: GSE105167.

For real-time quantitative RT-PCR (qRT-PCR) analysis,
two PBMC donors were used aged 38 and 46 years. They
were both female, without allergies, and one was a smoker.
PBMCs were incubated for 6 h with euglycemic or diabetic
EVs pooled from donors from cross-sectional cohort 2.
Monocytes were sorted as described above and then incu-
bated in media containing EV-depleted FBS (17). After 12 h,
media and monocytes were separated by centrifuging at
500g. Monocyte total RNA was isolated and reverse tran-
scribed using random hexamers, and real-time qRT-PCR
was performed using gene-specific primers (Supplementary
Table 1) and SYBR green master mix on a 7900HT Fast Real-
Time PCR System (Applied Biosystems). Gene expression was
normalized to the average of HPRT and UBC.

Media from the processes described above was collected
after the 2,500g centrifugation, and EVs were then isolated
by ultracentrifugation and lysed in M-PER. Cytokines from
EVs and media were measured on a Human Proinflammatory

Table 2—Clinical characteristics of longitudinal cohort

Time NoDx→NoDx NoDx→DM PreDM→DM P

N 19 19 20

Age, years Time 1 42.50 (8.26) 47.84 (8.58) 47.69 (8.68) 0.095
Time 2 47.60 (8.75) 52.76 (8.50) 52.21 (8.84) 0.141

BMI, kg/m2 Time 1 33.10 (5.60) 35.40 (7.66) 35.56 (9.11) 0.540
Time 2 33.92 (5.48) 36.63 (9.41) 35.44 (8.63) 0.585

Glucose, mg/dL Time 1 89.42 (4.14) 93.26 (9.13) 110.55 (6.06) ,0.001
Time 2 89.58 (6.13) 125.53 (40.68) 131.55 (45.81) 0.001

LDL, mg/dL Time 1 132.63 (38.20) 133.05 (31.06) 118.45 (32.13) 0.315
Time 2 123.53 (33.66) 119.42 (37.89) 119.15 (36.06) 0.915

HDL, mg/dL Time 1 50.95 (14.25) 50.05 (11.97) 42.55 (10.21) 0.070
Time 2 55.84 (11.55) 53.47 (15.21) 44.80 (11.01) 0.022

Nonsmoking, n (%) Time 1 5 (50.0) 6 (33.3) 10 (55.6) 0.389
Time 2 5 (35.7) 8 (50.0) 8 (44.4) 0.783

White race, n (%) 7 (36.8) 5 (26.3) 8 (40.0) 0.645

Women, n (%) 14 (73.7) 12 (63.2) 14 (70) 0.776

Mean (SD) is shown for continuous variables and analyzed by one-way ANOVA, unless otherwise indicated. x2 goodness-of-fit test was
used to analyze differences for categorical variables. DM, diabetes; NoDx, euglycemia; PreDM, prediabetes.
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Panel I (K15049D; MesoScale Diagnostics) according to the
manufacturer’s instructions.

Statistics
Statistical analyses were performed using R, version 3.3.2
(21). Concentration values were positively skewed and thus
log (natural logarithm) transformed for testing in linear
models. ANOVAwas used to test the mean log concentration
for the cross-sectional cohort. Linear mixed models, account-
ing for the matching across BMI groups, were used to exam-
ine the longitudinal cohort and included age, sex, and race.

RESULTS

Higher EV Concentration With Type 2 Diabetes
To assess differences in circulating EVs with type 2 diabetes,
we designed cross-sectional and longitudinal cohorts of both
euglycemic individuals and individuals with diabetes (Tables
1 and 2 and Fig. 1). Isolated plasma EVs were validated
according to the International Society of Extracellular
Vesicles guidelines (22). Known EV markers were present in
each of the EV samples and absent in EV-depleted plasma
(Fig. 2A). The electronmicroscopy image shows intact, round
vesicles of;50–200 nm (Fig. 2B). A similar size distribution
was also confirmed by NTA with a peak around 175 nm (Fig.
2B and C). These data confirm the size, morphology, and
protein markers that are characteristic of EVs.

We sought to determine whether there were differences
in plasma EV concentration and size between euglycemic
individuals and individuals with diabetes. An analysis of
a cross-sectional cohort consisting of both groups revealed
a significantly higher EV concentration in individuals with
diabetes compared with euglycemic individuals (P = 0.022
[Fig. 2D]). To further validate these results and to exclude
the possibility that obesity contributes to higher EV
levels in individuals with diabetes, we designed a second
cross-sectional cohort matched on obesity status (Table 1). A
linear mixed model regression analysis of EV concentra-
tion revealed a significant interaction between diabetes
and race, such that individuals with diabetes had signif-
icantly higher levels of circulating EVs than euglycemic
individuals among white participants (Fig. 2E).

Although lipoproteins may coprecipitate with EVs, the
significant relationship of diabetes and race for EV con-
centration was unaffected by LDL or HDL levels in the
model. This suggests that the relationship between di-
abetes and EV concentration is stronger than what could
be explained by differences between lipoprotein levels.
Additionally, neither HDL nor LDL levels were signifi-
cantly greater in individuals with diabetes in any of the
cohorts (Table 2), suggesting that lipoproteins do not
contribute significantly to EV concentration.

To determine whether the onset of diabetes was asso-
ciated with changes in EV concentration, we examined EV
concentration in our longitudinal cohort (Fig. 1C). Partic-
ipants who developed diabetes over the time period had
elevated EV plasma concentration on average compared
with the euglycemic group (Fig. 2F). The group that had

prediabetes and developed diabetes had the highest EV
concentration over time compared with control subjects
(P = 0.01). There were no significant changes in EV size
between individuals with diabetes and euglycemic indi-
viduals.

To further confirm our results obtained using precipita-
tion isolation methods, we used a protocol recently reported
by Kowal et al. (18) to compare EVs recovered from different
steps of the differential ultracentrifugation protocol. Indi-
viduals with diabetes had higher concentration of EVs
isolated at both medium (10,000g) and ultracentrifugation
(120,000g) speeds (Fig. 2G). Thus, diabetes status is asso-
ciated with higher levels of circulating EVs that include both
classically defined exosomes and microvesicles according to
isolation procedure.

Since plasma EVs are a heterogeneous population and
little is known about the cell origin of plasma EVs, we wanted
to determine whether diabetes results in higher levels of EVs
derived from specific cells. To do this, we developed an
antibody-based assay to compare cell-specific marker expres-
sion on the surface of intact EVs. We found that individuals
with diabetes have significantly higher levels of CD235a-
positive (erythrocyte) EVs and a trend toward higher CD68-
positive (leukocytes) and CD62p-positive (platelet/endothe-
lial cells) EVs (Fig. 2H). Levels of CD146-positive EVs
(endothelial cells) were comparable between the two groups.

Diabetes Alters Insulin Signaling Proteins in EVs
We used ELISAs to measure proteins from lysed EVs. We
identified 12 proteins (phospho-p70S6K [Thr389], phospho-
S6RP [Ser240/244], phospho-GSK3b [Ser9], phospho-AKT
[Ser473], phospho–insulin receptor [IR] [Tyr], phospho-
IRS1 [Ser312], tyr-phospho-IRS1, phospho–IGF-1R [Tyr],
leptin receptor, and FGF21) involved in cellular insulin
signaling in EVs. Leptin receptor and phospho-IR levels
were decreased in EVs of individuals with diabetes (Fig. 3A).

Next, we examined the relationship between EV pro-
teins and HOMA in this cohort. HOMA-B and HOMA-IR
quantitatively measure b-cell function and insulin resistance,
respectively. Linear mixed-model regression revealed that
HOMA-B and HOMA-IR were significantly associated with
EV concentration and with various insulin signaling proteins
found in EVs (Fig. 3B). Examination of cross-sectional
changes at time 2 revealed that higher HOMA-B levels
were significantly associated with lower levels of phospho-
S6RP, phospho-GSK3b, and phospho-AKT in EVs. Higher
HOMA-IR was associated with lower phospho-S6RP in
the cross-sectional analysis and higher FGF21 levels in
the longitudinal and cross-sectional analyses (Fig. 3B).
This indicates that EV cargo is affected by the different
components of diabetes and may reflect the nature of
the disease.

Insulin Resistance Increases EV Secretion
Higher levels of circulating EVs in individuals with diabetes
can be a consequence of several pathological causes. We
wanted to test whether insulin resistance was related to

diabetes.diabetesjournals.org Freeman and Associates 2381



this increase in circulating EVs. We chose to use primary
neuronal cells as a model because accumulating evidence
links insulin resistance in the brain to neurodegenerative
disorders including Parkinson and Alzheimer diseases
(23,24). Moreover, little is known about the underlying
factors that contribute to neuronal insulin resistance. AKT
signaling was increased by acute insulin treatment (30 min)

(Fig. 4A). Consistent with insulin resistance, neurons pre-
treated for 48 h with insulin and then treated with an acute
insulin treatment had reduced capability to activate AKT
signaling (Fig. 4A).

To examine the effects of prolonged insulin exposure on
EV secretion from cortical neurons, we collected condi-
tioned media after 30 min from each of the treatment

Figure 2—Higher plasma EV concentration in individuals with diabetes. A: Plasma-derived EVs isolated from six individuals (two from each
longitudinal group), two EV-depleted plasma samples, and cell lysate from 3T3-L1 cells were subjected to SDS-PAGE and probed for
EV-enriched proteins. B: Electronmicroscopy of EVs isolated from plasma exhibit expectedmorphology and size. Scale bar = 500 nm.C and
D: EVs were isolated from the cross-sectional diabetes cohort and concentration and size distribution were analyzed using NTA. Size
distribution was averaged for each group. The area under the curve in C is shown in D. P , 0.022 by linear mixed-model regression. E: EV
concentration for cross-sectional cohort 2. P, 0.016 between white euglycemic individuals (Eu) and individuals with diabetes (DM) by linear
mixed-model regression. AA, African American. F: EV concentration in a longitudinal cohort showed a significant difference between the
euglycemic→euglycemic and prediabetes→diabetes groups (P = 0.01) (DM, individuals with diabetes; PreDM, individuals with prediabetes).
The histogram in D and line in F represent the predicted value from linear mixed-model regression. P value was determined by linear mixed-
model regression on log-transformed values.G: NTA analysis of plasma EVs isolated from euglycemic individuals (n = 6) and individuals with
diabetes (n = 6) from cross-sectional cohort 1 using differential ultracentrifugation. EVs were isolated from both the 10,000g and 120,000g
fractions as indicated (**P , 0.01). H: Antibodies against the cell-specific markers were used to capture intact euglycemic and diabetic (n =
22/group) PKH-labeled EVs from the cross-sectional cohort 2. Fluorescent intensity was measured, and log-transformed values are shown.
Dashed white line indicates average IgG signal (n = 3) for each assay. *P , 0.05 by Student t test.
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groups. EVs were isolated and purity was assessed by
immunoblotting for known EV markers as well as a neg-
ative control, Calnexin (Fig. 4B). NTA of EVs showed a peak
around 140 nm (Fig. 4C). EV concentration was signifi-
cantly higher in the media collected from cells exposed to
insulin for 48 h and then treated with an acute insulin
treatment (Fig. 4D). Insulin treatment for 48 h alone did
not alter EV concentration (Fig. 4D). Insulin signaling
protein levels were not significantly altered in the neuronal
EVs after chronic or acute exposure to insulin (Supple-
mentary Fig. 1). To exclude the effects of apoptotic bodies
in the media, we assessed cell viability under different
treatment conditions and found no significant differences
(Supplementary Fig. 2). Collectively, these data indicate

that hyperinsulinemia induces insulin resistance in cortical
neurons, leading to increased EV secretion.

Given that autophagy may play a role in neuronal
insulin signaling in response to hyperinsulinemia (25), we
treated insulin resistant primary cortical neurons with
wortmannin, as it is a phosphatidylinositol 3-kinase/
AKT class III inhibitor and other autophagy inhibitors
can increase autophagy under nutrient-stressed con-
ditions (26). Cells exposed to hyperinsulinemic conditions
for 24 h showed higher levels of the autophagy marker
LC3 II than untreated cells, and this was attenuated by
treatment with wortmannin (Fig. 4E). Wortmannin signif-
icantly decreased EV secretion in insulin resistant neu-
rons under these conditions (Fig. 4F), suggesting that

Figure 3—Insulin signaling proteins are present in EVs and are affected by diabetes status. A: EV protein levels of the leptin receptor and
phosphorylated (p)IRweremeasured using ELISAs, and the lines represent the predicted values from linearmixed-model regression. P = 0.01
for leptin receptor andP = 0.051 for phospho-IR for euglycemia→euglycemia group (n = 19) comparedwith the euglycemia→diabetes (n = 19)
group (DM, diabetes; Eu, euglycemic; PreDM, prediabetes). B: EV protein levels and concentration were quantified in the longitudinal cohort
at both times (euglycemia→euglycemia, n = 19, and euglycemia→diabetes, n = 19). A cross-sectional analysis was performed using time
2 (euglycemia = 19 and diabetes = 39). The relationship with HOMA-B and HOMA-IR was analyzed using linear mixed-model regression.
Significant changes are indicated, and the direction of change is indicated by the up and down arrows.
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autophagy may be important for the increased neuronal
EV secretion in response to insulin resistance.

EVs From Individuals With Diabetes Are Preferentially
Internalized by Circulating Leukocytes
Diabetes is often associated with a heightened immune
response; thus, wewanted to explore whether EVs contributed
to this pathology. Previously, we developed a FACS-based

method to quantify EV internalization in cells that interact
with circulating EVs: monocytes and B cells (17). Here, we
chose to use this method to identify whether EVs from
euglycemic individuals or individuals with diabetes are
differentially internalized by leukocytes and alter signal-
ing pathways. Monocytes (defined as classical [CD14++

CD162PKH+], nonclassical [CD142CD16+PKH+], and inter-
mediate [CD14++CD16+PKH+]) and B cells (CD19+PKH+)

Figure 4—Prolonged exposure to insulin impairs insulin signaling in primary cortical neurons and increases EV secretion. Neurons were
untreated, pretreatedwith insulin (Ins.) (200 nmol/L) for 48 h, and then either untreated or treated for 30minwith insulin (200 nmol/L) or treated
only for 30 min with insulin as indicated. A: Neurons were lysed and immunoblotted with anti–phosphorylated (p)AKT, total AKT, or actin
antibodies. B: The conditioned media was collected from treated neurons, and the EVs were isolated by differential ultracentrifugation. EVs
were lysed and analyzed by SDS-PAGE along with cell lysate from primary cortical neurons. Samples were probed using antibodies for
positive and negative EVmarkers.C andD: NTAwas used to analyze the size distribution and concentration of EVs isolated from conditioned
media from treated and untreated neurons (n = 4). E: Neurons treated as described above were also incubated with 200 nmol/L wortmannin.
Cell lysates were collected and immunoblotted with an anti-LC3 antibody. Arrow indicates LC3 II, and numbers indicate the ratio of LCII to
LCI. Actin was used as a protein loading control. F: EVswere isolated from the conditionedmedia, and the concentration wasmeasured using
NTA (n = 3). All histograms represent the mean (SEM). **P , 0.01, *P , 0.05 by Student t test.
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internalized EVs from individuals with diabetes more read-
ily than EVs from euglycemic individuals (Fig. 5 and Sup-
plementary Figs. 3–6). EVs from individuals with diabetes
did not significantly alter the surface levels of activation
markers for B cells (CD25, CD80, MHC-II) and monocytes
(MHC-II, CD80) (Supplementary Figs. 4–7).

To test whether other inflammatory signals are altered
by internalization of diabetic EVs, we isolated RNA from
monocytes incubated with EVs from euglycemic individu-
als or individuals with diabetes. Cells not treated with EVs
were also used as an additional control. We performed
a genome-wide microarray to assess gene expression
changes and analyzed biological pathways. All significant
pathways are included in Supplementary Fig. 8, while
we focused primarily on pathways related to cell survival,

oxidative stress, and immune functions, as these occupy
critical niches in type 2 diabetes (Fig. 6A). EVs from par-
ticipants with diabetes increased genes that are related to
immune function and inflammation (Fig. 6A). Apoptosis
(CRADD, DDIT3, BBC3, and DEDD2) and oxidative stress
pathways and genes (GSTP1, SOD2, NCF1, and PARK7)
were downregulated in monocytes exposed to diabetic
EVs (Fig. 6A and B).

To validate these results, we analyzed monocyte expres-
sion of selected genes by RT-qPCR. To confirm changes in
inflammatory pathways, we collected the media and EVs
from monocytes. Incubation of monocytes with EVs from
individuals with diabetes decreased expression of apopto-
sis and oxidative stress–related genes and increased the
levels of several cytokines in the media and in the EVs (Fig.
6C and D). Overall, these data indicate that EVs are
internalized and affect signaling pathways in circulating
leukocytes.

DISCUSSION

Several studies have characterized the role that EVs play in
modulating insulin signaling in mouse models (6,7,27) and
in vitro studies (9,10,28); however, few studies examine
EVs in type 2 diabetes using human cohorts. Here, we
report differences in EV concentration, cargo, and function
in three cohorts of individuals with diabetes and euglycemic
individuals.

In our cross-sectional analyses, we observed higher
levels of plasma EVs from individuals with diabetes com-
pared with euglycemic control subjects. Longitudinally,
individuals who were diagnosed with prediabetes during
visit 1 and developed diabetes by visit 2 had a greater
plasma EV concentration than participants who were
euglycemic at both visits. These data corroborate previ-
ously reported findings that have shown that individuals
with diabetes have higher levels of endothelium-derived
microparticles, a subset of large EVs with endothelium-
specific markers, in the circulation than euglycemic control
subjects (12–14). Importantly, our assay examining cell-
specific markers indicate that individuals with diabetes
have higher levels of circulating CD235a-positive EVs. A
trend toward higher levels of CD68-positive and CD62p-
positive EVs was also observed. These data enhance available
information about the variety of cell types that contribute to
EVs in the circulation and how these EVs change with
diabetes.

In humans, we found that EV concentration was pos-
itively correlated with HOMA-IR, suggesting that insulin
resistance in vivo may contribute to higher EV levels. To
test these findings, we exposed primary neurons to hyper-
insulinemic conditions. In response to prolonged exposure
to insulin, cells developed reduced insulin signaling and
increased EV secretion. These data indicate that insulin
resistance contributes to the higher EV concentration asso-
ciated with diabetes. We also found that autophagy may
play a role in this pathway.

Figure 5—EVs from individuals with diabetes are preferentially in-
ternalized by circulating leukocytes. A: Plasma EVs (6 3 108) from
individuals with diabetes (n = 39) and euglycemic individuals (n = 19)
from the longitudinal cohort at time 2 were incubated with PBMCs
(;200,000 cells/well) for 24 h. Cells positive for EV internaliza-
tion (PKH+) were sorted into B cells (CD19+PKH+). B: Classical
monocytes (CD14++CD162PKH+). C: Nonclassical monocytes
(CD142CD16+PKH+). D: Intermediate monocytes (CD14++CD16+

PKH+). The histograms represent means (SEM). Statistical sig-
nificance was assessed by linear mixed-model regression on the
log-transformed values to account for skewness of the data. DM,
diabetes; Eu, euglycemic. ***P , 0.001.
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EVs are readily internalized by cells (Supplementary Fig.
9) and elicit functional changes in target tissues and
modulate insulin signaling in other tissues (6). Of the
12 insulin signaling proteins that we measured, the levels
of the leptin receptor and phospho-IR were decreased
longitudinally in EVs from participants who progressed
from euglycemic to having diabetes compared with

euglycemic control subjects. It has been previously reported
that diabetes status is positively correlated with levels of
soluble insulin receptor in the blood (29). Although this
may appear contradictory to the data reported here, it is
difficult to know how changes in soluble insulin receptor
relate to the changes in phospho-IR within EVs. Consis-
tent with our data, an inverse correlation between soluble

Figure 6—EVs from individuals with diabetes alter gene expression in monocytes. A: Plasma EVs were pooled (4.5 3 1011) from several
individuals from the longitudinal cohort at time 2 and grouped as either diabetic (DM) (n = 2) or euglycemic (EU) (n = 3). Cells not treated with
EVs were used as another control (UNT). EVs were incubated with PBMCs for 24 h, and monocytes were isolated. Gene expression was
assessed by microarray, and Gene Ontology analysis was performed. Heat map shows significant pathways (P, 0.01) related to apoptosis,
immune response, oxidative stress, and vesicle formation. B: Top 20 significant downregulated and upregulated genes from the pathways in
A are shown. A P value cutoff of ,0.05 was used for significance. Labeling represents control group vs. treatment group. C and D: After
incubation with euglycemic or diabetic EVs from cross-sectional cohort 2 (n = 3/group), total RNA and media were collected from the
monocytes. Gene-specific primers were used for RT-qPCR analysis of genes from the microarray (C ). D: EVs were isolated from the media
using ultracentrifugation, lysed, and run along with EV-depletedmedia on a cytokine panel. Histograms represent themean (SEM). *P# 0.05,
**P , 0.01, ***P , 0.001 by Student t test.
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leptin receptor levels and the risk of developing type 2 di-
abetes has previously been reported (30).

Phospho-AKT and phospho-GSK3b were negatively
associated with HOMA-B, while phospho-S6RP was neg-
atively associated with both HOMA-B and HOMA-IR in
our cross-sectional analysis of time 2 (Fig. 3). Consistent
with our findings in EVs, levels of activated proteins
involved in AKT signaling are decreased in insulin resistant
tissue (31). It is possible that the changes in proteins
shuttled within EVs in the circulation directly reflect
changes in the cells of origin in response to insulin re-
sistance and b-cell function.

EVs from individuals with diabetes were preferentially
internalized by monocytes and B cells compared with
euglycemic individuals. Gene expression analysis showed
that exposure to diabetic EVs resulted in upregulation
of antiapoptotic genes in monocytes. As apoptosis regu-
lation is a major factor in monocyte differentiation to
dendritic cells (32), decreased apoptosis driven by diabetic
EVs may result in increased monocyte differentiation.

Diabetic EVs also appeared to dampen processes related
to oxidative stress response. Our data show a decrease in
biological processes related to the regulation of cell redox
homeostasis, glutathione metabolism, and response to hy-
drogen peroxide. Genes involved in oxidative stress man-
agement were decreased in our analysis. Low levels of the
antioxidant SOD2 in monocytes have previously been shown
in individuals with type 2 diabetes (33). These data sug-
gest that internalization of EVs from individuals with
diabetes inhibits oxidative stress response pathways in
monocytes, which may affect phagocytosis function.

Previous studies have implicated EVs as a possible
mediator of inflammation and immune cross talk in di-
abetic murine models (5) and insulin resistant tissue
(10,28). Specifically, adipose-derived EVs from both mouse
and human explants increased IL-6 production in macro-
phages (5,10). Here, we observed an increase in IL-2, IL-4,
and IL-12p70 in EVs and IL-2 in the media from mono-
cytes treated with EVs from individuals with diabetes.
These data suggest that EVs from individuals with di-
abetes may affect inflammatory pathways.

These results demonstrate that EV concentration is
higher in individuals with diabetes and EVs may be im-
portant signaling mediators in type 2 diabetes. Further
defining the mechanism, we found that insulin resistance
drives EV secretion. We have also shown alterations in the
protein content of EVs that may serve as possible bio-
markers for this chronic disease. EVs from individuals
with diabetes are more readily internalized and affect
monocyte function. Collectively, these data highlight the
importance of EVs as diagnostic tools as well as mediators
of type 2 diabetes.
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