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Background-—Circulating microparticles have emerged as biomarkers and effectors of vascular disease. Elevated rates of
cardiovascular disease are seen in HIV-1–seropositive individuals. The aims of this study were to determine: (1) if circulating
microparticles are elevated in antiretroviral therapy–treated HIV-1–seropositive adults; and (2) the effects of microparticles
isolated from antiretroviral therapy–treated HIV-1–seropositive adults on endothelial cell function, in vitro.

Methods and Results-—Circulating levels of endothelial-, platelet-, monocyte-, and leukocyte-derived microparticles were
determined by flow cytometry in plasma from 15 healthy and 15 antiretroviral therapy–treated, virologically suppressed HIV-1–
seropositive men. Human umbilical vein endothelial cells were treated with microparticles from individual subjects for 24 hours;
thereafter, endothelial cell inflammation, oxidative stress, senescence, and apoptosis were assessed. Circulating concentrations of
endothelial-, platelet-, monocyte-, and leukocyte-derived microparticles were significantly higher (�35%–225%) in the HIV-1–
seropositive compared with healthy men. Microparticles from HIV-1–seropositive men induced significantly greater endothelial cell
release of interleukin-6 and interleukin-8 (�20% and �35%, respectively) and nuclear factor-jB expression while suppressing anti-
inflammatory microRNAs (miR-146a and miR-181b). Intracellular reactive oxygen species production and expression of reactive
oxygen species–related heat shock protein 70 were both higher in cells treated with microparticles from the HIV-1–seropositive
men. In addition, the percentage of senescent cells was significantly higher and sirtuin 1 expression lower in cells treated with HIV-
1–related microparticles. Finally, caspase-3 was significantly elevated by microparticles from HIV-1–seropositive men.

Conclusions-—Circulating concentrations of endothelial-, platelet-, monocyte-, and leukocyte-derived microparticles were higher in
antiretroviral therapy–treated HIV-1–seropositive men and adversely affect endothelial cells promoting cellular inflammation,
oxidative stress, senescence, and apoptosis. Circulating microparticles may contribute to the vascular risk associated with HIV-1
infection. ( J Am Heart Assoc. 2019;8:e011134. DOI: 10.1161/JAHA.118.011134.)
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S ince the introduction of effective antiretroviral therapy
(ART) and consequent improvement in life expectancy,

cardiovascular disease (CVD), in particular atherosclerotic
CVD, has emerged as a major cause of morbidity and
mortality in HIV-1–infected individuals. HIV-1–seropositive

adults have nearly twice the risk for atherosclerosis and
myocardial infarction than uninfected adults,1,2 and the
incidences of coronary heart disease, myocardial infarction,
and stroke are expected to continue to increase with the
aging of this population.3,4 The mechanisms underlying the
increased risk of atherosclerosis in HIV-1–infected individuals
are not completely understood. Traditional risk factors and
exposure to ART do not fully account for the increased
incidence and severity of vascular disease and events
associated with HIV-1.3 For example, autopsy findings from
HIV-1–seropositive children and young adults have reported
clinically relevant atherosclerotic lesions and endovascular
injury in peripheral, coronary, and cerebral arteries, in the
absence of CVD risk factors.4

Endothelial cell dysfunction is a primary initiating event in
the cause of atherosclerosis5 and is ubiquitous with HIV-1
infection.4 Although not a target of the virus, HIV-1 infection
promotes a proatherogenic endothelial phenotype character-
ized by increased cellular inflammation, oxidative stress, and
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apoptosis and diminished NO production.6 However, the
factors underlying endothelial cell dysfunction with HIV-1
infection are not well defined.

The vascular endothelium is significantly influenced by
circulating cell-derived microparticles.7–10 Microparticles are
small (100–1000 nm) membrane vesicles that are released
into the circulation by various cell types (eg, endothelial cells,
platelets, leukocytes, and monocytes) in response to a myriad
of physiologic and pathologic stimuli that induce cell activa-
tion, injury, and apoptosis.7,10,11 The initial notion that
microparticles in the circulation were merely “inert cellular
debris” rapidly changed when it became apparent that
circulating microparticles can trigger a proatherogenic
endothelial cell phenotype by disrupting endothelial NO
production, inducing endothelial inflammation, oxidative stress,
and senescence as well as accelerating apoptosis.12–14 In
addition, microparticles have been shown to contribute to
plaque development, thrombogenicity, and instability.15 More
important, the number, size, composition, and biological effects
of microparticles are largely dictated by the stimulus for
release.10,11 Under healthy conditions, cells constitutively
release microparticles that aid in cell-to-cell communication,

activate repair or defense mechanisms, and/or stimulate
immune responses.11,16 Under pathologic conditions, however,
microparticles are released in greater number and their
functional phenotype is more likely to evoke and perpetuate
pathologic cellular responses.10,17,18 The numerical and func-
tional phenotype of circulating microparticles in HIV-1–
seropositive adults may represent important mediating factors
underlying HIV-1–associated endothelial dysfunction.

Accordingly, the aims of the present study were to
determine: (1) if circulating microparticles are elevated in
ART-treated HIV-1–seropositive adults; and (2) the effects of
microparticles isolated from ART-treated HIV-1–seropositive
adults on endothelial cell function, in vitro. We hypothesized
that circulating levels of endothelial (EMP)–, platelet (PMP)–,
monocyte (MMP)–, and leukocyte (LMP)–derived microparti-
cles are elevated in ART-treated HIV-1–seropositive adults;
and that microparticles from ART-treated HIV-1–seropositive
adults will induce greater endothelial cell activation, inflam-
mation, oxidative stress, senescence, and apoptotic suscep-
tibility than microparticles from healthy adults.

Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure.

Subjects
Thirty sedentary, nonobese young and middle-aged adult men
(age, 24–64 years) were studied: 15 healthy and 15 HIV-1
seropositive. All HIV-1–seropositive men were receiving
antiretroviral regimens in accordancewith contemporaryDepart-
ment of Health and Human Services guidelines, including an
integrase inhibitor (n=9), a nonnucleoside reverse transcriptase
inhibitor (n=5), or a protease inhibitor (n=1) combined with 2
reverse transcriptase inhibitors. In addition, the HIV-1–seropo-
sitive men had documented virologic suppression (<50 copies
HIV-1 RNA/mL) for at least 1 year. All subjects were normoten-
sive and free of overt cardiovascular and metabolic disease
assessed by medical history, resting and exercise ECGs, and
fasting blood chemistry. All subjects were current nonsmokers
and had not smoked for at least 7 years before enrollment in the
study. Before participation in the study, all subjects provided
written informed consent according to the guidelines of the
University of Colorado Boulder. This study was approved by the
University of Colorado Institutional Review Board.

Body Composition and Metabolic Measures
Body mass was measured to the nearest 0.1 kg using a
medical beam balance. Percentage body fat was determined

Clinical Perspective

What Is New?

• Circulating concentrations of endothelial-, platelet-, mono-
cyte-, and leukocyte-derived microparticles are elevated in
antiretroviral therapy–treated HIV-1–seropositive men.

• Microparticles from antiretroviral therapy–treated HIV-1–
seropositive men induce greater endothelial cell activation,
inflammation, oxidative stress, senescence, and apoptotic
susceptibility compared with microparticles from healthy
men.

• Endothelial cell NO synthase activity is also disrupted by
circulating microparticles from antiretroviral therapy–trea-
ted HIV-1–seropositive men.

What Are the Clinical Implications?

• Cardiovascular disease, in particular atherosclerotic vascu-
lar disease, has emerged as a major cause of morbidity and
mortality in HIV-1–infected individuals.

• Elevations in circulating microparticles, particularly endothe-
lial-, platelet-, monocyte-, and leukocyte-derived micropar-
ticles, are associated with increased risk of atherosclerosis
and atherothrombotic events.

• Circulating microparticles may be an important contributor
to the atherogenic vascular phenotype associated with HIV-
1. Microparticle number and phenotype represent potential
novel targets for therapeutic intervention aimed at reducing
cardiovascular risk in antiretroviral therapy–treated HIV-1–
seropositive adults.
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by dual-energy X-ray absorptiometry (Lunar Corp, Madison,
WI). Body mass index was calculated as weight (kg) divided by
height (m) squared. Minimal waist circumference was mea-
sured according to published guidelines.19 Fasting plasma
lipid, lipoprotein, glucose, and insulin concentrations were
determined using standard techniques.

Microparticle Identification and Isolation
Microparticle isolation and identification was performed as
previously described.20 Venous blood from an antecubital vein
was collected into tubes containing sodium citrate and
centrifuged at 1500g for 10 minutes at room temperature.
Plasma was collected and stored at �80°C for batch analysis
and microparticle isolation. For the characterization and
quantification of circulating microparticle subspecies, all
plasma samples were centrifuged at 13 000g for 2 minutes
and 200 lL was transferred to a TruCount tube (BD
Biosciences, Franklin Lakes, NJ). Microparticle subspecies
were determined using markers indicative of endothelial
(EMP: CD62E+), platelet (PMP: CD62P+), monocyte (MMP:
CD14+), and leukocyte (LMP: CD45+) cell lineage. Anti-human
CD62E/allophycocyainin (catalog No. 336012), CD62P/fluo-
rescein isothiocyanate (catalog No. 304903), CD14/APC
(catalog No. 367118), and CD45/fluorescein isothiocyanate
(catalog No. 368508) antibodies were purchased from
Biolegend (San Diego, CA). Samples were incubated with
fluorochrome-labeled antibodies for 20 minutes in the dark at
room temperature. After incubation, samples were fixed with
2% paraformaldehyde (ChemCruz Biochemicals, Santa Cruz,
CA) and diluted with PBS. Thereafter, all samples were
analyzed using an FACSAria I flow cytometer (BD Bio-
sciences). Microparticle size threshold was established using
Megamix-Plus SSC calibrator beads (Biocytex, Marseille,
France), and only events >0.16 and <1 lm were counted.
The concentration of microparticles was determined using the
formula: [(number of events in region containing microparti-
cles/number of events in absolute count bead region)9(total
number of beads per test/total volume of sample)].

To isolate microparticles from each subject sample for use
in cell experiments, 1 to 2 mL plasma from the sodium citrate
tubes was centrifuged at 13 000g for 2 minutes to remove
cellular debris and then recentrifuged at 20 500g for
30 minutes at 4°C to pellet microparticles.21 The pelleted
microparticles were then resuspended in media, and the
concentration of microparticles in the media was determined
by fluorescence-activated cell sorting.

Cell Culture and Microparticle Treatment
Human umbilical vein endothelial cells (HUVECs) (Life Tech-
nologies, ThermoFisher, Waltham, MA) were cultured in

endothelial growth media (EBM-2 BulletKit; Lonza, Basel,
Switzerland) supplemented with 100 U/mL penicillin and
100 lg/mL streptomycin under standard cell culture condi-
tions (37°C and 5% CO2). Growth medium was replaced
24 hours after initial culture and every 2 days thereafter.
Cells were serially passaged after reaching 80% to 90%
confluence, and cells were harvested for experimentation
after reaching �90% confluence on passages 3 to 4. For
experimentation, HUVECs were seeded into 6-well tissue
culture plates with media containing an equal concentration
of microparticles from either an HIV-1–seronegative or an
HIV-1–seropositive adult for 24 hours. Cells were treated with
microparticles on a 2:1 microparticle/cell basis; this is
equivalent to treating each cell with microparticles from 0.4
to 2 nL of plasma. After treatment, cells and media were
harvested for the determination of cellular protein expression,
microRNA (miR) expression, and soluble cytokine release.

Intracellular Protein Expression
Whole cell lysates were obtained from microparticle-treated
HUVECs for the quantification of intracellular proteins.
HUVECs harvested after microparticle treatment were washed
in ice-cold PBS and incubated in ice-cold radioimmunoprecip-
itation assay buffer containing protease and phosphatase
inhibitors (ThermoFisher) for 15 minutes.22 Cell lysates were
sonicated for 20 seconds (four 5-second cycles spaced by
90 seconds between each cycle) and incubated on ice for an
additional 15 minutes.22 Thereafter, cell lysates were cen-
trifuged at 13 000g at 4°C for 7 minutes and the supernatant
was collected. Protein concentration was determined using
the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). Protein
expression was measured by capillary electrophoresis
immunoassay (Wes; ProteinSimple, Santa Clara, CA). Briefly,
2 to 3 ng of cell lysate was combined with a provided sample
master mix (ProteinSimple) consisting of 19 sample buffer,
19 fluorescent molecular weight markers, and 40 mmol/L
dithiothreitol. Samples were vortex mixed and heated at 95°C
for 5 minutes before combining with blocking solution,
primary antibodies, horseradish peroxidase–conjugated sec-
ondary antibody, chemiluminescent substrate, and separation
and stacking matrices for automated electrophoresis (375 V
for 25 minutes) and immunodetection using the Wes system.
Protein expression was quantified as peak area for the protein
of interest normalized to peak area of b-actin in the sample.
Rabbit primary antibodies against nuclear factor-jB (NF-jB)
p65 (D14E12), phosphorylated NF-jB p65 (Ser536) (93H1),
caspase-3 (8G10) and cleaved caspase-3 (Asp175) (5A1E),
heat shock protein 70 (Hsp70), and sirtuin 1 (D1D7) (diluted
1:50, 1:25, 1:25, 1:25, and 1:50, respectively) (Cell Signaling
Technologies, Danvers, MA); endothelial NO synthase (eNOS)
(No. PA1-037), phosphorylated eNOS (Ser1177) (No. PA5-
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35879, 1:25) and b-actin (No. PA1-16889), (diluted 1:25, 1:25
and 1:300, respectively) (ThermoFisher) were used. Initial
titrations were performed to optimize antibody and total
protein concentration for each protein.

Intracellular Oxidative Stress
For the determination of intracellular oxidative stress,
HUVECs were seeded in 96-well tissue culture plates
(Thermo Scientific, Waltham, MA) and allowed to adhere
overnight. Adherent cells were washed and treated with
20,70-dichlorofluorescin diacetate (Abcam, Cambridge, MA)
stain (25 lmol/L) for 45 minutes. After 20,70-dichlorofluor-
escin diacetate treatment, cells were washed twice and
stimulated with media or media containing microparticles for
3 hours. Immediately thereafter, fluorescence was measured
using a GEMINI EM microplate reader (Molecular Devices,
Sunnyvale, CA) and reported as the percentage relative to
control.23

Senescence-Associated b-Galactosidase Assay
Cellular senescence was quantified using cytochemical senes-
cence-associated b-galactosidase staining. After microparticle
treatment, HUVECs were washed twice with PBS and incubated
with 2 mL of fixative (2% formaldehyde and 0.2% glutaralde-
hyde) for 5 minutes. Fixed cells were washed twice with PBS
and then incubated for 14 hours with 2 mL of freshly prepared
staining solution (1 mg/mL 5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside in dimethylformamide, 40 mmol/L citric
acid/sodium phosphate, 5 mmol/L potassium ferrocyanide,
5 mmol/L potassium ferricyanide, 150 mmol/L NaCl, and
2 mmol/L MgCl2) (ThermoFisher). The staining solution was
then removed, and cells were washed twice with PBS and once
with methanol and allowed to air dry. Cells were visualized by
light microscopy (Zeiss, Thornwood, NY) and quantified in 5
random image fields containing aminimumof 100 cells per field
for each condition. All images were quantified by a blinded
investigator (K.A.S). Cells with blue cytoplasmic staining were
identified as senescent-positive cells. Senescent cells (per-
centage) were determined as senescence-associated b-
galactosidase–positive cells/the total number of cells
counted.24

Intracellular miR Expression
Intracellular miR expression for specific miRs associated with
cellular inflammation (miR-126, miR-146a, and miR-181b),
senescence (miR-34a), apoptosis (miR-126 and miR-Let-7a),
and eNOS (miR-21, miR-126, and miR-155) was determined by
reverse transcription–polymerase chain reaction.24 After
microparticle treatment, 1.09105 cells were harvested and

total cellular RNA was isolated using themiRVANA RNA isolation
kit (Exiqon, Vedbake, Denmark). RNA concentration was deter-
mined using a Nanodrop Lite spectrophotometer (Thermo-
Fisher). Thereafter, 150 ngof RNAwas reverse transcribed using
the miScript II Reverse Transcription Kit (Qiagen, Hilden,
Germany).24 Reverse transcription–polymerase chain reaction
was performed using the BioRad CFX96 reverse transcription–
polymerase chain reaction platform with the miScript SYBR
green PCR kit (Qiagen) and specific primers miR-21, miR-34a,
miR-92a, miR-126, miR-146a, miR-155, miR-181b, miR-Let-7a,
and U6 (Qiagen).24 All samples were assayed in duplicate. miR
expressionwas quantified using the comparative cycle threshold
(Ct) method and normalized to U6.24 The relative expression of
each transcript was calculated as the 2�DCt, where 2�(Ct[miR]�Ct

[RNU6]), and presented as arbitrary units (AUs).

Cytokine Release
Concentration of interleukin-6 and interleukin-8 was quanti-
fied in the media from microparticle-treated cells using
chemiluminescent ELISA (R&D Systems, Minneapolis, MN).25

Intra-assay coefficient of variation for the chemiluminescent
ELISAs was <8% for each assay.

Statistical Analysis
The distribution of the data was assessed by the Shapiro-Wilk
test and the homogeneity of variances by the Levene test.
Group differences in subject characteristics, circulating
microparticles concentrations, cellular protein expression,
miR expression, oxidative stress, and senescence were
determined by independent Student t test or Mann-Whitney
U test. Data were presented as mean�SEM for normally
distributed variables and as the median (interquartile range
[IQR]) for nonnormally distributed variables. Pearson correla-
tions were determined between variables of interest. Statis-
tical significance was set a priori at P<0.05.

Results

Subject Characteristics
Selected subject characteristics are presented in the Table.
There were no significant group differences in age, anthropo-
metric variables, or hemodynamic variables. Indeed, body
composition and blood pressure were similar between the
healthy and seropositive men. Although plasma triglyceride
concentrations were slightly, albeit significantly, higher in the
seropositive men, there were no significant group differences
in plasma cholesterol concentrations or glucose and insulin
levels. HIV-1–seropositive individuals had received ART for a
mean of 93.5 months (range, 36–228 months).
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Circulating Microparticles
Circulating levels of EMPs, PMPs, MMPs, and LMPs in the
healthy and HIV-1–seropositive men are shown in Figure 1.
The concentration of each microparticle subspecies was
markedly higher (P<0.05) in the HIV-1–infected men: EMPs
(�35%: median [IQR] 105 [94–140] versus 79 [59–115]
microparticles/lL); PMPs (�225%: median [IQR] 124 [86–
169] versus 38 [30–78] microparticles/lL); MMPs (�70%;
median [IQR] 127 [66–257] versus 75 [46–87] microparti-
cles/lL); and LMPs (�60%; median [IQR] 530 [423–664]
versus 336 [129–462] microparticles/lL). There were no
significant relations between EMP concentrations and number
of months receiving ART or CD4+ cell count.

Endothelial Inflammation
The effect of microparticles on HUVEC cytokine release and
expression of NF-jB p65, phosphorylated NF-jB p65 (Ser536),
and miR-146a is shown in Figure 2. Microparticles from HIV-1–
seropositivemen inducedgreater (P<0.05) releaseof interleukin-6
(mean�SEM, 121.4�6.3 versus 101.9�5.3 pg/mL) and inter-
leukin-8 (mean�SEM, 258.3�14.5 versus 191.4�12.5 pg/mL)
from HUVECs into the media compared with the microparticles
from healthymen. Intracellular expression of total NF-jB p65 was
not significantly different between the cells treatedwithmicropar-
ticles from the HIV-1–seropositive or healthy men (median [IQR]
2.18 [1.79–3.84] versus 3.06 [1.14–3.45] AUs). However, the

level of phosphorylated NF-jB p65 (Ser536) (active NF-jB) was
25% higher (P<0.05) in HUVECs treated with microparticles from
the HIV-1–seropositive (median [IQR] 1.23 [1.07–1.33] AUs)
compared with healthy (median [IQR] 1.03 [0.86–1.14] AUs)
adults. Intracellular expression of miR-146a, and miR involved in
the inhibition of NF-jB activation, was several-fold lower (P<0.05)
in cells treated with microparticles from HIV-1–seropositive men
than those fromhealthy controls (mean�SEM, 2.80�0.41 versus
6.59�0.72 AUs). Expression of miR-181b (mean�SEM,
1.35�0.20 versus 3.18�0.63 AUs) was also lower in the cells
treated with microparticles from the HIV-1–infected men. In the
overall study population, phosphorylated NF-jB p65 (Ser536)
expressionwas positively related to interleukin-6 (r=0.42;P<0.05)
and interleukin-8 (r=0.41; P<0.05) release and inversely related to
miR-146a expression (r=�0.47; P<0.05) (Figure 2). There was no
correlation between interleukin-6 or interleukin-8 concentrations
and miR-181b.

Endothelial Oxidative Stress
Microparticles from HIV-1–seropositive men prompted greater
(�40%; P<0.05) cellular reactive oxygen species (ROS)
production compared with microparticles from healthy men
(mean�SEM, 147�13% versus 107�9% of control) (Fig-
ure 3). Moreover, expression of the ROS-induced chaperone
protein, Hsp70, was also significantly higher in the HUVECs
treated with the microparticles from HIV-1–infected men
(mean�SEM, 2.81�0.57 versus 1.36�0.13 AUs). ROS pro-
duction was positively and significantly correlated with Hsp70
expression (r=0.37).

Endothelial Senescence
Endothelial cell senescence as well as cell expression of sirtuin 1
andmiR-34a are shown in Figure 4. Microparticles from the ART-
treated HIV-1–seropositive adults induced greater endothelial
cell senescence. The percentage of senescence-associated
b-galactosidase staining cells was significantly higher in HUVECs
treated with microparticles from HIV-1–seropositive (mean
�SEM, 36�1%) compared with healthy (mean�SEM, 27�1%)
adults. HUVEC expression of sirtuin 1 was �50% lower
(mean�SEM, 4.17�0.54 versus 6.17�0.71 AUs; P<0.05),
whereas the expression of miR-34a was 190% higher (median
[IQR] 2.80 [2.11–3.61] versus 0.96 [0.87–3.05] AUs) in cells
treated with microparticles from HIV-1–seropositive versus
healthy men. Sirtuin 1 expression was strongly and inversely
correlated (r=�0.75; P<0.05) with miR-34a expression.

Endothelial Apoptosis
Endothelial cell expression levels of caspase-3, active caspase-3,
and miR-Let-7a are shown in Figure 5. Microparticles from HIV-

Table. Selected Subject Characteristics

Characteristics
Healthy Subjects
(n=15)

HIV-1–Seropositive
Subjects (n=15)

Age, y 49�3 46�2

Body mass, kg 78.4�2.4 81.3�2.6

BMI, kg/m2 25.1�0.7 26.3�0.7

Body fat, % 24.0�1.2 26.2�1.7

Systolic blood pressure, mm Hg 118�2 122�3

Diastolic blood pressure, mm Hg 71�3 76�2

Total cholesterol, mg/dL 186.9�7.8 174.0�8.1

LDL-C, mg/dL 121.2�5.5 104.0�8.1

HDL-C, mg/dL 46.3�2.2 43.2�2.7

Triglycerides, mg/dL 87.4�9.5 146.5�14.7*

Glucose, mg/dL 88.4�1.8 89.8�2.4

Insulin, lU/mL 6.9�0.7 6.9�0.8

Average sleep, h/night 7.0�0.2 7.3�0.4

CD4+ cell count, cells/mm3 . . . 615�82

Viral load, copies/mL . . . <50

Values are expressed as mean�SEM. BMI indicates body mass index; HDL-C, high-
density lipoprotein; LDL-C, low-density lipoprotein.
*P<0.05.
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1–seropositive men induced significantly higher (�50%) expres-
sion of total caspase-3 (mean�SEM, 2.50�0.21 versus
1.66�0.13 AUs) and active caspase-3 (mean�SEM,
0.92�0.09 versus 0.64�0.08 AUs) than microparticles from
healthy men. Higher caspase-3 expression was accompanied by
reduced (P<0.05) expression of miR-Let-7a in the HIV-1–
seropositive (mean�SEM, 3.10�0.40 AUs) compared with
healthy (mean�SEM, 7.5�1.1 AUs) microparticle-treated cells.
Total caspase-3 levels were inversely related (r=�0.48; P<0.05)
with miR-Let-7a expression.

eNOS Expression
Cellular expression levels of eNOS, phosphorylated eNOS
(Ser1177), miR-21, miR-126, and miR-155 are shown in
Figure 6. Total eNOS expression was not significantly differ-
ent between cells treated with microparticles from HIV-1–

seropositive (median [IQR] 1.65 [0.99–2.11] AUs) and healthy
(median [IQR] 1.48 [0.46–2.30] AUs) adults; however, phos-
phorylated eNOS (Ser1177) expression was �45% lower
(P<0.05) in the cells treated with microparticles from HIV-1–
infected men (median [IQR] 1.40 [0.76–2.03] versus 2.50
[1.48–2.98] AUs). Along with eNOS activity, cellular expres-
sion of miR-21 (median [IQR] 0.43 [0.26–1.02] versus 1.13
[0.31–1.32] AUs) and miR-126 (median [IQR] 2.53 [0.76–
3.29] versus 3.48 [2.90–4.53] AUs) was lower in cells treated
with microparticles from HIV-1–seropositive compared with
healthy men. There was no difference in the cellular
expression of miR-155 between HIV-1 (median [IQR] 0.30
[0.1–0.72] AUs) and healthy (median [IQR] 0.31 [0.14–0.56]
AUs) microparticle-treated cells. In the overall study popula-
tion, phosphorylated eNOS (Ser1177) was positively associ-
ated with miR-21 (r=0.46; P<0.05) and miR-126 (r=0.40;
P<0.05) expression.

Figure 1. Circulating concentrations of endothelial (EMP)–, platelet (PMP)–, monocyte (MMP)–, and
leukocyte (LMP)–derived microparticles in antiretroviral therapy–treated HIV-1–seropositive men and
healthy men. Values are mean�SEM. *P<0.05.

DOI: 10.1161/JAHA.118.011134 Journal of the American Heart Association 6

Circulating Microparticles and HIV-1 Hijmans et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Discussion

The key findings of the present study are as follows: (1)
circulating concentrations of EMPs, PMPs, MMPs, and LMPs
are markedly higher in ART-treated HIV-1–seropositive men
compared with healthy men; and (2) microparticles isolated

from ART-treated HIV-1–seropositive men induce a proinflam-
matory, pro-oxidative, prosenescent, and proapoptotic
endothelial phenotype. To our knowledge, this is the first
study to determine both the number and functional phenotype
of circulating microparticles in ART-treated HIV-1–infected
adults. Of note, all cells were treated with an equal number of

0

2

4

6

8

10

12

14

m
iR

-1
46

a
(A

U
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

r = -0.47
P<0.05

p-NF-kB (p65)/β-actin
(AU)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

p-
N

F-
kB

(p
65

)/β
-a

ct
in

(A
U

)

40 60 80 100 120 140 160 180

r = 0.42
P<0.05

IL-6
(pg/mL)

0.0

0.5

1.0

1.5

2.0

2.5

3.0
p-

N
F-

kB
(p

65
)/β

-a
ct

in
(A

U
)

60 120 180 240 300 360

r = 0.41
P<0.05

IL-8
(pg/mL)

A B

C D E

HGF

Figure 2. Endothelial cell release of interleukin-6 (A) and interleukin-8 (B) and intracellular expression of phosphorylated nuclear factor (NF)-
jB p65 (Ser536) (C), miR-146a (D), and miR-181b (E) in response to treatment with microparticles from antiretroviral therapy–treated HIV-1–
seropositive men and healthy men. F, Relation between miR-146a and phosphorylated NF-jB p65 in microparticle-treated human umbilical vein
endothelial cells (HUVECs). Relation between phosphorylated NF-jB p65 and interleukin-6 (G) and interleukin-8 (H) concentrations from
microparticle-treated HUVECs. Values are mean�SEM. AU indicates arbitrary unit. *P<0.05.

DOI: 10.1161/JAHA.118.011134 Journal of the American Heart Association 7

Circulating Microparticles and HIV-1 Hijmans et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



microparticles from each subject. Therefore, all observed
microparticle effects are attributable to differences in
microparticle composition and not concentration. Elevations
in circulating microparticles that are capable of causing
deleterious, atherogenic effects on endothelial cell function
represent novel factors that could contribute mechanistically
to the increased risk and incidence of atherosclerotic vascular
disease associated with HIV-1.

Although most eukaryotic cells possess the capacity to
release microparticles, clinical interest in circulating micropar-
ticles has focused primarily on EMPs, PMPs, LMPs, and MMPs
because of their principal involvement in the initiation,
development, and progression of atherosclerotic vascular
disease and its clinical consequences.10,26,27 Elevations in
these microparticles are associated with several cardiovas-
cular pathologic conditions and risk factors, including
atherothrombosis, myocardial infarction, ischemic left ven-
tricular dysfunction, unstable angina, diabetes mellitus,
hypertension, and metabolic syndrome.7,18,27 We demon-
strate that the circulating levels of EMPs, PMPs, LMPs, and
MMPs are significantly higher (35% to 225%) in ART-treated
HIV-1–seropositive adults. Although we are the first to report
elevations in each of these microparticle subtypes, this finding
is not overly surprising considering HIV-1 infection is known
to cause activation of their parent cells, even in virologically
suppressed individuals.28,29 Cell activation is likely the
primary mechanism underlying the elevated circulating con-
centrations of these specific microparticles.9,10 Indeed, a
ubiquitous cellular response to activation is rapid elevation in
p38 activity, resulting in cytoskeletal rearrangement and
membrane vesiculation.10 Regardless of mechanism of
release, the importance of circulating microparticles may
not simply be based on their concentration but, rather, their

potential effects on the vasculature.7,30,31 For example,
microparticles isolated from adults with coronary artery
disease have been shown to suppress NO-mediated endothe-
lium-dependent relaxation in isolated arteries.11 Considering
that HIV-1, regardless of ART and independent of other risk
factors, is associated with vascular dysfunction, characterized
by heightened endothelial inflammation, oxidative stress, and
apoptotic burden, it is possible that circulating microparticles,
both in terms of their elevated number and functional
phenotype, may be a contributing factor.4,6,9

Endothelial cell release of the proinflammatory cytokines
interleukin-6 and interleukin-8 is a precipitating event in
atherogenesis.32 In the present study, microparticles from
ART-treated HIV-1–seropositive adults, despite being similar
in number, induced significantly more endothelial cell release
of interleukin-6 and interleukin-8, in vitro, compared with
microparticles from healthy adults. Cellular NF-jB activation
was markedly higher in cells treated with microparticles from
the HIV-1–infected individuals. NF-jB is the principal tran-
scription factor regulating both interleukin-6 and interleukin-
8 production and release.32 Thus, the increase in endothelial
cell NF-jB activation in response to the HIV-1–related
microparticles is consistent with, and likely underlies, the
enhanced release of interleukin-6 and interleukin-8. More-
over, the changes in NF-jB activity in response to micropar-
ticles from the HIV-1–seropositive men were directionally
aligned with observed changes in cellular expression of miR-
146a and miR-181b, 2 miRs involved in NF-jB regula-
tion.33,34 Both miR-146a and miR-181b were 2-fold lower in
cells treated with microparticles from the ART-treated HIV-1–
seropositive adults. miR-146a quells NF-jB activation by
targeting several upstream activators of NF-jB, such as
interleukin-1 receptor–associated kinase 1 and tumor
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necrosis factor receptor–associated factor 6.33 miR-181b
suppresses NF-jB–mediated gene transcription by inhibiting
importin-ɑ3, a protein involved in nuclear translocation of NF-
jB.33,34 Reduced expression of miR-146a and miR-181b has
been directly linked with increased NF-jB–mediated
endothelial inflammation.33,34 In addition to inflammation,
elevated NF-jB activation has been shown to contribute to
the pathogenesis of atherosclerosis and thrombosis endothe-
lial dysfunction, atherogenesis, and heart failure.35–38 Col-
lectively, these findings demonstrate the profound effects of
circulating microparticles from HIV-1–infected individuals on
endothelial cell inflammatory processes and outline novel
mechanisms for the increase in vascular inflammation
associated with HIV-1.

Oxidative stress often accompanies inflammation and is
central to the development of atherosclerosis.39 Although
ROS production is an unavoidable consequence of cellular
metabolism and is important for cellular signaling, aberrant
ROS production results in DNA and organelle damage as well
as protein dysregulation and dysfunction, rendering the cell
susceptible to disease.39 Herein, we demonstrate that
microparticles from ART-treated HIV-1–seropositive adults
increased endothelial ROS production significantly more
(�40%) than microparticles from healthy controls. Consistent
with greater ROS production, cellular expression of Hsp70
was significantly higher in the cells treated with microparticles
from HIV-1–seropositive adults. Hsp70 is a chaperone protein
that is expressed constitutively at low levels but is promptly
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upregulated in response to ROS-induced cellular stress.40

Hsp70 is a sensitive and specific indicator of cellular oxidative
stress and damage,40 providing additional evidence of
increased endothelial oxidative burden. Intracellular ROS is
known to cause endothelial activation, damage, and dysfunc-
tion, leading to senescence, apoptosis, atherosclerosis, and
major adverse cardiac events.41–43 Thus, circulating micropar-
ticles may play an important role in mediating and promoting
the pro-oxidative endothelial phenotype that is known to
occur with HIV-1 infection.6

Endothelial cell senescence and apoptosis renders the
vasculature highly susceptible to atherosclerosis. Senescent-
prone endothelial cells exhibit diminished regenerative,

angiogenic, and vasomotor function.44 In addition, senescent
endothelial cells develop a proinflammatory senescence-
associated secretory phenotype prone to production and
release of proinflammatory cytokines and signaling molecules,
such as interleukin-6 and interleukin-8.45 In the present study,
microparticles from the HIV-1–infected men induced an
increase in endothelial cell senescence. The percentage of
senescence-associated b-galactosidase–stained cells was
markedly higher in cells exposed to microparticles from the
HIV-1–seropositive men than those from the healthy men. The
mechanisms underlying the prosenescent effects of HIV-1–
related microparticles appear to involve downregulation of key
protein and miR critical to antisenescent cellular signaling.45,46
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Indeed, sirtuin 1 expression, an NAD+-dependent histone
deacetylase that inhibits the activity and expression of proteins
associated with cellular senescence and apoptosis,46,47 was
significantly lower in the cells treated with microparticles from
theHIV-1–seropositivemen comparedwithmicroparticles from
the healthy men. Reduced cellular expression of sirtuin 1 is

recognized as a central, defining feature of a prosenescent
cellular phenotype.47 Furthermore, concordant with sup-
pressed sirtuin 1, miR-34a expression was significantly higher
in the HIV-1 microparticle-treated cells. miR-34a targets the 30

untranslated region of sirtuin 1 mRNA, resulting in translational
repression and lower sirtuin 1 bioavailability.46 In line with this,
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we observed a robust inverse correlation between miR-34a
expression and sirtuin 1 levels (r=�0.75; P<0.05). The accu-
mulation of endothelial senescence has emerged as a key factor
underlying the pathogenesis of vascular aging, atheroma
formation, and atherosclerotic CVD.44,48 Prosenescent
endothelial effects of HIV-1–related circulating microparticles
suggest a novel mechanism contributing to accelerated vascu-
lar disease associated with HIV-1.

With regard to apoptosis, HUVECs treated with micropar-
ticles from the HIV-1–seropositive men exhibited markedly
higher total caspase-3 and active caspse-3 protein expression
than cells treated with microparticles from healthy adults.
Intracellular concentration of caspase-3, particularly the active
form of caspase-3, provides specific biological insight into the
apoptotic tendency of a cell.49 HIV-1 infection is known to
escalate cellular apoptosis through various mechanisms that
ultimately heighten caspase-3 activity.50,51 For example, we
have shown that HIV-1 proteins gp120 and Tat induce a
proapoptotic endothelial phenotype by increasing intracellular
caspase-3 activity.51 Circulating microparticles may represent
another mechanism facilitating the cellular apoptotic effects of
HIV-1 infection. Consistent with this notion is the finding that
the expression of miR-Let-7a was significantly lower in cells
treated with microparticles from the HIV-1–seropositive adults
compared with microparticles from the healthy adults. miR-
Let-7a directly targets caspase-3 mRNA. The 30 untranslated
region of the caspase-3 gene perfectly matches the seed
sequence of miR-Let-7a, triggering mRNA translational repres-
sion and/or degradation.52 In fact, miR-Let-7a has been shown
to suppress drug-induced apoptosis in cells directly via its
effect on caspase-3 expression.52 In the present study, we
observed a significant, inverse relation between cellular
caspase-3 and miR-Let-7a expression, supporting miR-Let-7a
involvement in the HIV-1–related microparticle-induced
increase in cellular caspase-3. Increased active caspase-3
heightens the rate of cellular apoptosis and is associated with
atherosclerosis and thrombosis.53,54 Circulating microparti-
cles may play an important role in HIV-1–related atheroscle-
rosis through a proapoptotic influence.6

Changes in the inflammatory and oxidative state of the cell
can affect caspase-3 activity,39 and it is therefore plausible
that the increase in caspase-3 activity in cells treated with
microparticles from the HIV-1–seropositive men may, at least
in part, be a consequence of increased inflammatory and
oxidative burden. Regardless of the mechanisms involved, the
proapoptotic endothelial effects of HIV-1–related circulating
microparticles provide additional insight about the detrimental
vascular effects associated with HIV-1 infection.

eNOS activity and NO generation are critical to endothelial
cell homeostasis.55–57 Herein, we demonstrate that micropar-
ticles from HIV-1–seropositive adults blunt eNOS activation.
Reduced eNOS activation is, arguably, the most prominent

factor in endothelial dysfunction and, in turn, atherogenesis.58

Given the importance of eNOS activation to endothelial
vasodilator function, it is reasonable to posit that circulating
microparticles contribute to impaired endothelial vasodilation
observed in HIV-1–infected individuals.6 Interestingly, eNOS
activation, and not eNOS protein expression, was affected by
the HIV-1–related microparticles. The cause for the specificity
of the microparticle effect on eNOS is not clear. However, the
observed changes in the cellular expression of miR-21, miR-
126, and miR-155, miRs that directly influence eNOS
expression and activation, provide some insight. In line with
suppressed eNOS activation, expression of miR-21 and miR-
126 was significantly lower in the cells treated with
microparticles from the HIV-1–seropositive men compared
with microparticles from the healthy men. miR-21 suppresses
phosphatase and tensin homolog (PTEN), a negative regulator
of eNOS activation,55 whereas miR-126 protects the activity
of the phosphatidylinositol 3-kinase/protein kinase B/eNOS
signaling pathway and, in turn, eNOS activation.56 Thus, taken
together, reduction in the expression of both miR-21 and miR-
126 affects 2 independent regulatory pathways involved in
eNOS activation; disruption in each pathway likely diminished
the activation potential of the enzyme. Of note, miR-155 was
not altered by the HIV-1–related microparticles. This is
noteworthy because miR-155 directly targets eNOS mRNA,
reducing its expression,59 and no change in miR-155 is fully
concordant with our finding of no reduction in eNOS protein
expression in the cells treated with microparticles from the
HIV-1–infected men.

There are a few experimental considerations about the
present study that deserve mention. First, inherent with all
cross-sectional human studies, we cannot dismiss the pos-
sibility that genetic and/or lifestyle behaviors may have
influenced the results of our group comparisons. However, to
minimize the effects of other lifestyle behaviors, all subjects
were sedentary, nonobese, and nonsmokers. Moreover, all
subjects were carefully screened to eliminate the confounding
effects of clinically overt metabolic disease and/or CVD.
Indeed, smoking, diabetes mellitus, and hypertension have
been shown to have deleterious effects on circulating
microparticles.26,60,61 Now that we have identified significant
differences between our HIV-1-seropositive and seronegative
study populations, the next question to address is whether
these differences are found in more heterogeneous popula-
tions. Second, we did not inhibit or counteract the observed
changes in miR expression within the cells; therefore, we are
unable to precisely discern the exact contribution of each miR
on either its specific cellular target or functional outcome.
Third, the in vitro nature of our study precludes us from
making definitive statements about clinical risk. However, it is
important to emphasize that our rationale for selecting these
endothelial cell makers of function was because of their
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established association and causative link with clinical risk
and adverse cardiovascular outcomes. Fourth, although all of
the HIV-1–seropositive men were on their first ART regimen,
the regimens were not uniform across the subjects. Our
sample size is not sufficient to determine whether differences
exist between ART regimens and microparticle number and
function. Fifth, our study involved only men. We cannot, and
should not, assume similar numerical patterns and/or func-
tional microparticle phenotypes in HIV-1–seropositive women.
Considering that HIV-1–infected women have increased rates
of acute myocardial infarctions and ischemic strokes com-
pared with HIV-1–infected men,62 future studies are essential
to characterize the microparticle phenotype in seropositive
women. Finally, the in vitro results of the present study
involve the use of HUVECs and not an arterial-derived cell line,
raising a potential concern that the expression of proteins and
the function of venous endothelial cells in culture may not be
representative of arterial endothelial cells and, in turn, may
have limited implications for arterial atherosclerotic disease.
However, much has been learned about endothelial cell
function and atherogenesis using cultured HUVECs.63,64

Moreover, it has been demonstrated that the expression of
key proteins involved in the regulation of vascular endothelial
function and disease risk (eg, NF-jB and eNOS) is similar in
endothelial cells acquired from an artery and vein in
humans.65,66 Indeed, venous and arterial cells have been
shown to demonstrate similar, reproducible responses to
various stimuli (physiologic and pathologic) both in vitro and
in vivo.63,67–69 Thus, cultured HUVECs are a reliable and
useful in vitro cell line for studying endothelial cell function
and atherogenic processes.69

In conclusion, the results of this study demonstrate that
circulating concentrations of cell-derived microparticles
(EMPs, PMPs, MMPs, and LMPs) are elevated in ART-treated
HIV-1–seropositive men. In addition, microparticles from ART-
treated HIV-1–seropositive men adversely affect endothelial
cell function, promoting endothelial cell inflammation, oxida-
tive stress, senescence, and apoptosis as well as reducing
eNOS activation. It is well established that these changes in
endothelial cell phenotype are highly proatherogenic and
prothombotic.5,39,44 Circulating microparticles represent
novel mechanistic mediators of the atherogenic vascular
environment associated with HIV-1 infection and viable
targets for therapeutic intervention.
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