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Abstract
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Background: Macrophage cholesterol efflux capacity has been identified as a predictor for cardiovascular disease.
We assessed the relationship between adipocyte-derived extracellular vesicle microRNAs and macrophage choles-

Methods: We assessed an adolescent cohort (n =93, Age, median (IQR) =17 (3) year, Female =71, Male =22)
throughout the BMI continuum (BMI=45.2 (13.2) kg/mz) for: (1) cholesterol efflux capacity and lipoprotein profiles; (2)
adipocyte-derived extracellular vesicle microRNAs in serum; (3) the role of visceral adipose tissue extracellular vesicle
in regulation of cholesterol efflux and cholesterol efflux gene expression in THP-1 macrophages in vitro.

Results: Efflux capacity was significantly associated with HDL (r=0.30, p=0.01) and LDL (r=0.33, p =0.005) particle
size. Multivariate-analysis identified six microRNAs associated (p < 0.05) with cholesterol efflux capacity: miR-3129-5p
(Beta=0.695), miR-20b (0.430), miR9-5p (0.111), miR-320d (— 0.190), miR301a-5p (0.042), miR-155-5p (0.004). In
response to increasing concentrations (1 ug/mL vs. 3 pg/mL) of VAT extracellular vesicle, cholesterol efflux (66% =+ 10%
vs. 49% =+ 2%; p < 0.01) and expression of ABCAT (FC=1.94£0.8vs 0.5+0.2; p<0.001),CD36 (0.7 04 vs. 2.1+0.8,
p=0.02), CYP27A1 (1.4+£04 vs.0940.5; p<0.05), and LXRA (1.8 £ 1.1 vs. 0.5+ 0.2; p <0.05) was altered in THP-1 cells

Conclusion: Adipocyte-derived extracellular vesicle microRNAs may, in part, be involved macrophage cholesterol

Keywords: Extracellular vesicle, microRNAs, Obesity, Cholesterol Efflux

Background

Atherosclerotic cardiovascular disease (ASCVD) remains
the leading cause of morbidity and mortality world-
wide [1]. Although primarily a disease of adults, youth
with obesity show evidence of subclinical ASCVD [1-3]
which places them at increased risk as adults for coro-
nary heart disease [2] and stroke [4]. The mechanisms
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by which obesity confers cardiovascular risk are not fully
understood, but inflammation within visceral adipose tis-
sue (VAT) is thought to be contributory [5, 6]. Further,
the impact of excess adipose tissue on distal sites such as
arterial wall monocytes/macrophages, direct participants
in ASCVD, are also thought to contribute to disease
pathogenesis [7].

Development of ASCVD is characterized by mac-
rophage lipid overload leading to the formation of foam
cells, and factors that accelerate this process are deemed
atherogenic [8]. Macrophage cholesterol homeostasis is
a delicate balance between influx, endogenous synthesis,
esterification and hydrolysis, and efflux [9, 10]. Reduction
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in cholesterol efflux from macrophages is inversely
related to carotid intima-media thickness, elevating
the likelihood of the development of ASCVD [11]. Like
other systemic inflammatory conditions psoriasis [12]
and rheumatoid arthritis [10], obesity is a risk factor for
ASCVD, but the mechanistic link between excess adipos-
ity and ASCVD remains poorly understood [6].

In an effort to determine how adipose tissue affects
distant cells and tissues, we identified adipocyte-derived
exosomes as a potential link between obesity and its
comorbidities [13-15]. Extracellular vesicles (EVs) are
microvesicles that allow intercellular communication,
carrying signaling molecules such as proteins and nucleic
acids, including functional mRNA and microRNA [16].
We previously showed that adipocyte-derived EV micro-
RNA content is pathologically altered by obesity and
reversed by weight-loss surgery [13, 15]. A growing line
of evidence from animal studies show that exosome-like
vesicles released from adipose tissue carry the majority of
circulating microRNAs [17] and are capable of pro-ather-
ogenic effects [18].

Therefore, we sought determine the relationship
between macrophage cholesterol efflux capacity and
circulating adipocyte-derived EV microRNAs. We also
sought to determine if exposure to VAT EVs regulated
macrophage cholesterol efflux and cholesterol efflux
gene expression in vitro. We hypothesized that exoso-
mal microRNAs targeting established cholesterol efflux
genes (ABCA1, ABCG1, LXRA, CPY27A1, and PPARY)
would be associated with cholesterol efflux capacity. Fur-
ther, we hypothesized exposure to VAT EVs from patients
with obesity would reduce macrophage cholesterol efflux
capacity and cholesterol gene expression in vitro.

Methods

Subjects

Adolescent females and males (ages 12—19) with obe-
sity (BMI>25 kg/m?) or determined to be of Lean body
composition (BMI <25) were recruited for this study. All
subjects were enrolled prior to scheduled abdominal sur-
geries. Subjects with obesity completed a protein-spar-
ing modified fast (~1000 kcal/day; 50-60 g protein) for
2 weeks prior to their bariatric surgery date. All Subjects
completed an overnight fast prior to surgery and tissue
collection. Detailed methodology is provided in Addi-
tional file 1: Methods.

Lipoprotein measurement

Lipoprotein particle concentration and diameters
were quantified using the automated NMR approach
[19]. Lipoprotein insulin resistance index (LPIR) was
calculated as described previously [20]. Summary
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anthropometric and lipoprotein particle concentration
and diameters data is listed in Table 1.

Cholesterol efflux capacity using ApoB depleted subject
serum

Subject serum, collected prior to surgical procedures,
was used to quantify cholesterol efflux capacity as pre-
viously described [11, 12, 21-23]. Liquid scintillation
counting was employed to quantify efflux of radioac-
tive a cholesterol from J774 cells. Quantity of radioac-
tive cholesterol incorporated into cellular lipids was
determined by means of isopropanol extraction from
control wells not used in serum experiments. Efflux
was calculated by the following formula: [(microcu-
ries of 3H-cholesterol in mediums containing 2.8%
apolipoprotein  B-depleted serum-microcuries of
3H-cholesterol in serum-free mediums)/microcuries
of 3H-cholesterol in cells extracted before the efflux
step] x 100 [12].

Table 1 Patient clinical characteristics

n Median (IQR) p value*

Anthropometric

Sex (F, M) 93 71,22 -

Age (year) 93 17(3) 0.04

Height (cm) 93 164 (13) 03

Weight (kg) 93 126 (45) 036

BMI (kg/m?) 93  452(13.2) 038
HDL function

Cholesterol efflux capacity 69 0.85(0.17) -
Lipid panel

Total cholesterol 69 127 (34) 0.89

LDL-C, mg/dL 69 77(38) 0.86

HDL-C, mg/dL 69 40(13) 0.11

Triglycerides 69  56(36) 048
NMR spectroscopy

LDL particle concentration, nmol/L 69 933 (453) 0.15

HDL particle concentration, pmol/L 69 256(5.3) 0.46

VLDL particle concentration,nmol/L 69 284 (20.4) 0.09

LDL particle size, nm 69 20.5(9) <0.01

HDL particle size, nm 69 9.2(0.7) 0.01

VLDL particle size, nm 69 484 (8.35) 0.17
Metabolic assessment

Lipoprotein insulin resistance score 69 46 (25) 045
Inflammation assessment

GlycA 69 429 (90) 0.15

Data are presented as Median (IQR). p value for Pearson product moment
correlation coefficient for cholesterol efflux capacity
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Circulating adipocyte-derived EVs microRNA profiles
Isolation of circulating adipocyte-derived EVs and microRNA
profiles

Adipocyte-derived EVs were isolated using the commer-
cially available EoxQuick Precipitation Solution (System
Biosciences, Mountain View, CA) from the serum of an
all-female subset, chosen to be phenotypically repre-
sentative of the larger cohort, as previously described
[15]. Total RNA was extracted from adipocyte-derived
EVs using the commercially available SeraMir Exosome
RNA Amplification Kit (System Biosciences, Mountain
View, CA) according to manufacturer instructions. RNA
was labeled with Affymetrix® FlashTag™ Biotin HSR
RNA Labeling Kit (Affymetrix, Santa Clara, CA) accord-
ing to standard procedures. Labeled RNA was hybrid-
ized to Affymetrix GeneChip microRNA 4.0 arrays and
run using a Fluidics Station 450 Protocol (FS450_002)
(Affymetrix, Santa Clara, CA). MicroRNAs and ProbelDs
used for statistical analysis are provided in Additional
file 2: Table S1 (Accession #: GSE125494).

THP-1 macrophages and adipose-derived EVs incubation
experiments

Extracellular vesicle isolation from visceral adipose tissue
Visceral adipose tissue, collected during abdominal sur-
geries, was promptly cultured using a previously pub-
lished protocol [13, 24]. EV were isolated using the
commercially available ExoQuick-TC Precipitation Solu-
tion. Previous studies by our group has demonstrated
~99% of EV isolated in this preparation are positive for
adipocyte differentiation marker FABP4 [13].

Culturing of THP-1 cells

THP-1 human monocytes (American Type Culture Col-
lection, Rockville, MD) were grown at 37 °C in a 5% CO,
atmosphere in RPMI-1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (FCS), penicil-
lin, and streptomycin. To facilitate differentiation into
macrophages, THP-1 cells were exposed to with 100 nM
Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich,
St. Louis, MO) for 24 h at 37 °C then the PMA-contain-
ing medium was replaced with complete RPMI-1640 sup-
plemented. For EV exposure experiments, THP-1 cells
were exposed to adipocyte-derived exosomes at 1 ug/mlL,
3 pug/mL, or supplemented RPMI 1640 medium alone for
18 hat 37 °C.

THP-1 cholesterol uptake

Adipocyte-derived EVs were fluorescently-labeled with
the Cytoplasmic Membrane Staining Kit (PromoKine,
Heidelberg, Germany) and suspended in exosome-
depleted FCS at a final concentration of 1 pg/mL or
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3 pg/mL. THP-1 macrophages were incubated with
fluorescently-labeled  adipocyte-derived EVs only,
1,1'-dioctadecyl-3,3,3/,3'-tetramethylin ~ docarbocyani-
net (Dil)-oxLDL (Kalen Biomedical, Germantown, MD,
USA) 5 pg/mL only, or both adipocyte-derived EVs and
Dil-oxLDL for 4 h. Slides were fixed using 4% paraform-
aldehyde prepared using Vectashield mounting medium
containing DAPI stain (Vector Laboratories, Inc., Burl-
ingame, CA).

THP-1 cholesterol efflux assay

Cholesterol efflux was analyzed on THP-1 cells plated in
96 well plates at 1 x 10° cells/mL in the presence of adi-
pocyte-derived exosomes at 1 pg/mL, 3 pg/mL, or sup-
plemented RPMI 1640 medium alone using the Amplex
Red Cholesterol Assay kit (Molecular Probes, Eugene,
OR), according to the manufacturer’s protocol.

Extraction of RNA and qRT-PCR

Immediately after the incubation period, total RNA was
isolated with TRIzol (Thermo Fisher Scientific; Waltham,
MA, USA) at 10° cells/mL. 1 pug of total RNA was used
to generate cDNA (murine leukemia virus reverse tran-
scriptase (Applied Biosystems, Foster City, CA, USA).
Equal amounts of cDNA were taken from each RT reac-
tion mixture for PCR amplification using specific prim-
ers for ABCA1, ABCGI1, CYP27A1, PPARy, and LXRa
(Table 2). qRT-PCR analysis was performed using a
SYBR Green Reagent Kit according to the manufactur-
er’s instructions on the Roche Light Cycler 480 (Roche
Applied Science, Penzburg, Germany). The C; value for
each gene was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and the relative
expression level was calculated as the mean value of the
unexposed to THP-1 as 1.

Table 2 RT-PCR primers

GAPDH F 5/-ACCATCATCCCTGCCTCTAC-3/

R 5-CCTGTTGCTGTAGCCAAAT-3/
ABCA1 F 5-GAAGTACATCAGAACATGGGC-3’

R 5'-GATCAAAGCCATGGCTGTAG-3/
ABCG1 F 5-CAGGAAGATTAGACACTGTGG-3'

R 5-GAAAGGGGAATGGAGAGAAG-3/
CYP27A1 F 5-AAGCGATACCTGGATGGTTG-3/

R 5"-TGTTGGATGTCGTGTCCACT-3’
PPARG F 5/-CGACTGGGGATGTCTCATAATGC-3’

R 5'-CAGGGGGGTGATGTGTTTGAA-3’
LXRA F 5-GGGGCCAGCCCCCAAAATGCTG-3!

R 5'-GCATCCGTGGGAACATCAGTCG-3/
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Data analyses

Normality of data was assessed with the Shapiro—
Wilk test and visualization of the distribution. If
data were non-normally distributed, the data were
log,-transformed and reassessed for normality. Rela-
tionship between anthropometric measures, tradi-
tional risk factors and cholesterol efflux were explored
with Spearman’s rank correlation coefficient. To lev-
erage the intersubject variability in cholesterol efflux
capacity, subjects were clustered into groups using
cholesterol efflux capacity via K-means cluster analy-
sis. Multiple models of cluster analysis were ana-
lyzed utilizing cluster groups (k) of two through five.
The goal was to identify the appropriate clustering to
achieve the minimal average cluster center within clus-
ters while maximizing distance between the separate
cluster centers while enhancing statistical power to
detect difference between groups. Our analysis identi-
fied three cluster groups (Additional file 2: Table S2)
were the most appropriate and we have labeled these
cluster groups: HIGH, Moderate (MOD), and LOW
efflux capacity. With this methodology, our analy-
sis has >80% power to detect statistical differences
between groups efflux capacity groups for NMR data.
Statistical analysis was performed on the commercially
available software OriginLab Pro 9.1 (OriginLab Corp.;
Northampton, MA). NMR and anthropometric data
were analyzed by one-way ANOVA with a Tukey’s hon-
est significant difference post hoc test for intergroup
differences in all the variables. Data that could not be
normalized by log,-transformation were analyzed with
a Kruskal-Wallis ANOVA and are denoted as such. For
cell culture experiments, a two-way ANOVA (incu-
bation x group) was used to test differences between
exposure of adipose derived EVs at 1 pg/mL and 3 pg/
mL and between EVs from subjects with obesity and
Lean subjects. Significance was set a priori as p <0.05.
Tukey’s Honest Significant Difference post hoc test
for intergroup differences in all analyses. To test for
significant associations between subject cholesterol
efflux capacity and circulating adipose-derived EVs
microRNAs we utilized forward selection multivari-
ate stepwise regression analysis. Unstandardized beta
coefficients, 95% confidence intervals, and correlation
coefficients are reported herein.
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Results

Subject clinical and anthropometric data

The cohort of adolescent females (n=93) with and
without obesity had BMI ranging from 22 to 70 kg/m?
(Median [IQR]=46.1 [35.0, 57.2]). All subjects identified
as obese (n=78, 47.0 [40.3, 70.5]) by BMI were >99th
percentile for age-adjusted BMI and all subjects identi-
fied as Lean (n=15, 22.0 [19.5, 23.9]) were < 85th percen-
tile. Subject clinical and anthropometric data is presented
in Table 1.

Cholesterol efflux capacity as a function of clinical

and anthropometric variables

Cholesterol efflux capacity (n=69, 0.86 [0.76, 0.94]),
from J774A.1 cells, was measured in subject’s. Increas-
ing age (r=0.24, p=0.04), LDL particle size (r=0.33,
p=0.005), and HDL particle size (r=0.30, p=0.01) were
significantly related to cholesterol efflux capacity in the
overall cohort. Traditional ASCVD risk factors such as
BMI (r=—0.01, p=0.9), HDL (r=0.19, p=0.11), LDL
(r=0.02, p=0.83), total cholesterol (r=0.02, p=0.88),
triglycerides (r=—0.06, p=0.62) did not correlate with
cholesterol efflux capacity (Table 1). Measures of sys-
temic inflammation (GlycA, r=-0.17, p=0.16) and
insulin resistance (LPIR, r=—0.09, p=0.45) were also
not associated.

Subjects were then clustered based on cholesterol
efflux capacity into HIGH (n=13, 1.07 [1.04, 1.09]),
MOD (n=36, 0.87 [0.85, 0.92]), and LOW (n=19,
0.69 [0.57, 0.73]) via K-means cluster analysis (Fig. 1a).
K-Means cluster analysis statistics are available in Addi-
tional file 2: Table S2. Subjects in the HIGH cholesterol
efflux capacity cluster were older (Age=18 [17, 20],
p=0.03) as compared to the MOD (17 [15, 18]) and
LOW (16 [15, 17]) clusters. Post-hoc analyses showed
that the MOD cluster had significantly higher total cho-
lesterol (TC=142 [123, 160], p=0.002, Fig. 1b) and low-
density lipoprotein concentration (LDL=75 [49, 91],
p=0.01, Fig. 2e) compared to both the HIGH (TC=116
[103, 136], LDL=62 [55, 93] and LOW (TC =122 [116,
132], LDL =72 [65, 78]) clusters. The MOD (LDL-p =523
[523, 1042]) cluster had a significantly (p =0.002, Fig. 1g)
higher LDL particle concentration than the HIGH (606
[411, 750]) cluster. Furthermore, the HIGH (LDL-z=20.3
[19.7, 20.9], p=0.007) and MOD (LDL-z=20.1 [19.7,

(See figure on next page.)

Fig. 1 Serum lipoprotein particle profiles of HIGH (n=13), MOD (n=69), and LOW (n = 19) Cholesterol efflux capacity groups. a Cholesterol efflux
capacity groups as determined by k-means cluster analysis; *p <0.001 between groups. b Total cholesterol; *p < 0.05 MOD vs. HIGH and MOD vs.
LOW. c Total Triglycerides. d High density lipoprotein concentration. e Low density lipoprotein concentration; *p <0.05 MOD vs. HIGH and MOD vs.
Low. f High density Lipoprotein particle concentration. g Low density lipoprotein particle concentration; *p < 0.05 MOD vs. HIGH. h Very low density
lipoprotein particle concentration. i Low density lipoprotein particle size; *p < 0.05 HIGH vs. LOW and MOD vs. LOW. j High density lipoprotein

particle size. k Very low-density lipoprotein particle size
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20.7], p=0.003) clusters had larger LDL particle size than
the LOW (19.8 [19.6, 20] cluster (Fig. 1i).

Cholesterol efflux capacity as a function of circulating
adipocyte-derived EV microRNAs

We isolated adipocyte-derived EVs from a sub-
set, selected to be representative of the larger
cohort, of subjects’ serum with (n=8, age=17+3,
BMI=52.84+9.6, cholesterol efflux=0.8940.10) and
without obesity (n=3, age=18+3, BMI=23.1+£1.2,
Cholesterol Efflux=0.99+0.20). These subjects were

representative of our cohort for cholesterol efflux
(p=0.14), BMI (p=0.29), and age (p=0.36). We lim-
ited our analyses to 89 microRNAs, identified from
our filtering protocol described in Additional file 1:
Methods, that had previously established or highly
predicted interaction with well-known cholesterol
transport mRNAs: ABCA1l, ABCG1l, CYP27Al,
PPARy, and LXRa. Multivariate analyses identi-
fied seven (Fig. 2a—-f) microRNAs associated with
cholesterol efflux capacity: (Fig. 2a) miR-3129-5p
(Beta=0.695, 95% CI 0.694 to 0.696), (Fig. 2b) miR-
20b (0.430, 0.429 to 0.431), (Fig. 2c) miR9-5p (0.111,
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0.110 to 0.112), (Fig. 2d) miR-320d (— 0.190, —0.191 to
—0.189), (Fig. 2e) miR301a-5p (0.042, 0.041 to 0.043),
(Fig. 2f) miR-155-5p (0.004, 0.004 to 0.005). Notably, all
significant microRNAs targeted ABCAL.

In vitro macrophage cholesterol efflux

To test if adipocyte-derived EVs from VAT alter mac-
rophage cholesterol efflux we incubated THP-1 mac-
rophages with EVs isolated from surgically acquired
VAT. EVs were isolated from subjects with (n=15,
age=16+2, BMI=44.84+7.2) and without (n=12,
age=15+4, BMI=21.6+3.4) obesity. Subjects were
selected to be representative of our larger cohort and on
the availability of VAT explants for EV isolation.

First, we examined the formation of macrophage-derived
foam cells when exposed to EV from obese and Lean sub-
jects. THP-1 macrophages were incubated with 1 pg/mL
exosomes and Dil-oxLDL. Exposure to EVs from obese
subjects increased THP-1 Dil-oxLDL uptake (Fig. 3a, b)
by 81% (p=0.02) in comparison to exposure to EVs from
Lean subjects. Cholesterol efflux from THP-1 macrophages
(Fig. 3¢c) was significantly (p <0.001) reduced when exposed
to VAT EV at 3 ug/mL (49%=+2%; normalized to no EV
control) as compared to 1 pg/mL (66% =+ 10%). There was
no difference (p=0.44) between incubations with VAT EV
from subjects with and without obesity.

Next, we focused on cholesterol efflux gene expres-
sion (i.e. ABCA1l, ABCG1, CYP27A1, PPARY, and LXRa;
Table 2) in THP-1 cells exposed to the EVs. All experi-
ments were analyzed as a fold-change to untreated con-
trol wells. When exposed to VAT EVs at 3 pg/mL, ABCA1
(FC=0.5+0.2 vs. 1.940.8; p<0.001), CD36 (2.10.8 vs.
0.74+0.4, p=0.02), CYP27A1 (0.940.5 vs. 1.4+ 0.4), and
LXRA (0.5+0.2 vs. 1.8 £ 1.1) were differentially expressed
in comparison to exposure to VAT EVs at 1 pg/mL. No
differences were detected when comparing exposure to
VAT EVs subjects with and without obesity.

Discussion

In this study we show, for the first time, significant
alterations in cholesterol efflux capacity in adolescents
throughout the range of BMI, a relationship between six
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circulating adipocyte-derived EVs microRNAs target-
ing ABCAL1 and cholesterol efflux capacity, and in vitro
alterations of cholesterol efflux in THP-1 macrophages
exposed to VAT adipocyte-derive EVs acquired from
human subjects. These results suggest that adipocyte-
derived EVs, and their microRNA content, may play a
critical role in the early pathological development of
ASCVD.

ASCVD remains the leading cause of morbidity and
mortality worldwide [1]. Although primarily a disease
of adults, youth with obesity show evidence of subclini-
cal ASCVD [2-4], which places them at increased risk as
adults for coronary heart disease [3] and stroke [5]. Pri-
mary prevention of ASCVD would be informed by bet-
ter understanding of the early pathologic events in youth
with obesity. One of the hallmarks of ASCVD is mac-
rophage cholesterol efflux [11, 12, 21-23, 25] impairment
which leads to intracellular accumulation of modified
LDL and subsequent generation of plaque-forming lipid-
rich foam cells [6]. This is the first study demonstrating
a wide range of cholesterol efflux capacity in adolescents
throughout the BMI continuum (BMI range for study:
22-70 kg/m?). By using cluster analysis, we show that dif-
ferences in efflux capacity are not related to differences
in BMI, systemic inflammation (GlycA), or insulin resist-
ance (LPIR). Furthermore, these changes are occurring
before any clinically detectable changes in traditional
lipid parameters would suggest concern. The MOD (sig-
nificant) and Low (non-significant) efflux capacity group
did show higher total cholesterol, LDL, and LDL particle
concentrations as compared to the High efflux capacity
groups which may indicate alterations in efflux capacity
are impacting circulating lipid profiles.

Adipose tissue can be considered a metabolic organ
capable of communicating with cell types relevant to
ASCVD, including macrophages [26]. More recently
adipocyte-derived EVs have become of significant inter-
est as a potential mechanism linking adipose tissue com-
munication with other peripheral tissues. In obese mice,
adipocyte-derived EVs contribute to the development of
insulin resistance via activation of adipose-resident mac-
rophages and secretion of pro-inflammatory cytokines

(See figure on next page.)

for experiments with 3 pg/mL exosomes vs 1 pg/mL EVs

Fig. 3 Effect on THP-1 cells of adipocyte-derived EVs from subjects with Obesity and Lean subjects on cholesterol efflux gene expression and
cholesterol efflux to media. THP-1 cells were incubated with obese and Lean visceral adipocyte-derived EVs for 24 h. a Images of fluorescently
labeled THP-1 (blue) macrophages, fluorescently labeled Dil-oxLDL (red), and exosomes (1 ug/mL; unlabeled) VAT tissue exosomes from subjects
with Obesity and Lean subjects. b Dil-oxLDL uptake by THP-1 cells is significantly increased (81%, p=0.02) when incubated with adipocyte-derived
EVs from obese subjects as compared exosomes from Lean subjects. Data is presented as mean = std of 1 ug/mL experiments with n=5 for each
group at 1 pg/mL of EVs. € Cholesterol concentration was detected by fluorometric assay in both THP-1 cells and the surrounding medium after

24 h exposure to adipocyte-derived EVs from obese subjects and from Lean subjects. *p < 0.05 for experiments with 3 pg/mL exosomes vs 1 pug/mL
exosomes. d ABCAT, ABCG1, CD36, 270H, LXRA, and PPARG, measured in THP-1 cells incubated with adipocyte-derived EVs from obese and Lean
subjects using gRT-PCR. Data is presented at mean = std of fold changes in comparison to THP-1 cells not exposed (Control); **p <0.01 and *p < 0.01
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that can result in insulin resistance [24]. Furthermore,
they have been linked to macrophage polarization, foam
cell formation, and aortic plaque deposits [18]. Thus, the
effect of adipocyte-derived EVs on macrophage foam
cell formation is an emerging area of interest, though the
mechanism through which they cause disturbances is not
well understood.

We focused on adipocyte-derived exosomal micro-
RNAs for multiple reasons: (1) the accumulating evi-
dence for the role of microRNAs in ASCVD [27]; (2) due
to our previous work indicating a high amount of small
non-coding RNAs in adipocyte-derived EVs as com-
pared to other genetic and molecular material [13] and;
(3) that adipose tissue is a significant source of circulat-
ing microRNAs [17]. This led us to hypothesize that
adipocyte-derived EVs microRNAs would target mRNAs
involved in macrophage cholesterol efflux. In our subset
of adolescents with and without obesity we identified
six adipocyte-derived EVs microRNAs (Fig. 2a—f, all tar-
geting ABCAL, to be significantly related to cholesterol
efflux capacity. ABCA1 is a well-studied regulator of
macrophage cholesterol efflux, working to prevent excess
intracellular cholesterol accumulation [28]. Further work
is required to understand the role of these microRNA’s
role, individually and in concert, in regulating ABCA1
expression in macrophages and resultant changes in
macrophage cholesterol efflux.

To extend the work of adipocyte-derived exosomes in
animal and cell models, we sought to establish that vis-
ceral adipocyte-derived EVs, isolated from VAT of our
adolescent cohort, impair macrophage cholesterol efflux
in THP-1 cells. THP-1 human monocytic leukemia cells
were chosen for the study because they share many prop-
erties with normal human monocytes, including expres-
sion of scavenger receptors and cholesterol transport
proteins, and are a well-accepted model for ASCVD
[29]. Our present study is the first study to utilize human
samples and supports a role for adipocyte-derived EV in
cholesterol efflux impairment. Exposure of THP-1 mac-
rophages to exosomes isolated from VAT from obese
subjects significantly increased Dil-oxLDL retention
and resulted in decreased cholesterol efflux in a dose-
dependent manner. Furthermore, we show an EVs dose-
dependent alteration of macrophage cholesterol efflux
genes ABCA1, CD36, CYP27A1, and LXRA. Together
these experiments help extend the animal work [18, 24]
and provide the first evidence that EVs from human
adipose tissue result in the dysregulation of cholesterol
efflux in vitro.

Contrary to our original hypothesis, we do not show
an effect of obesity on THP-1 macrophage cholesterol
efflux. This is a similar finding to that of Xie et al. [18]
who showed similar effects of VAT EVs from wild type
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mice and mice fed a high fat diet. Given our findings of
circulating EV microRNAs targeting ABCA1, we sus-
pect that EVs, in part, exert their pro-atherogenic effect
through transfer of microRNAs. However, our in vitro
experiments cannot rule out other potential exosomal
mechanisms such as macrophage polarization or protein
signaling [18]. More studies testing various conditions
are needed to fully elucidate how adipose-derived EVs
regulate macrophage function or interact with other mol-
ecules, such as ox-LDL, to influence macrophage func-
tion. We also limited our studies to only using THP-1
cells, which is a limitation that future studies should
address by using multiple cell lines, including primary
monocyte derived macrophages. Further studies explor-
ing the role of specific exosomal microRNAs are needed
to help elucidate the connection between circulating EVs
microRNAs, macrophage behavior, and macrophage
cholesterol efflux. More studies using EVs isolated from
human adipose tissue, as well as other significant sources
of EVs such as platelets and skeletal muscle, are needed
as human obesity is a multifactorial and heterogenous
condition not easily captured in animal models.

Obesity, and specifically the accumulation of visceral
adipose tissue, is a significant risk factor in the develop-
ment of chronic cardiometabolic and increased cardio-
vascular risk profiles [3, 4]. However, the molecular link
between visceral adipose tissue and peripheral tissue dys-
function is still poorly understood. More recent think-
ing has moved away from focusing solely on the quantity
of adiposity, but instead understanding the molecular
changes in adipose tissue that may drive these multifac-
torial diseases [6]. Our group has focused on adipocyte-
derived EVs and previously demonstrated obesity-driven
changes in adipocyte-derived EVs microRNAs and
changes following bariatric weight-loss surgery [13, 15].
MicroRNAs, and specifically microRNAs packaged in
EVs, are ideal for tissue crosstalk due to the stable nature
of microRNAs and the cellular access the lipid vesicle
provides [17, 27]. Furthermore, adipocyte-derived EV
microRNAs offer a potential biomarker to determine the
molecular nature of the adiposity and risk for developing
cardiovascular disease and comorbidities. Our data on
the relationship between adipocyte-derived EV microR-
NAs and cholesterol efflux capacity, as well as the in vitro
alterations of macrophage cholesterol efflux, offer poten-
tial starting points for further mechanistic and longitudi-
nal studies.

Conclusion

Our study shows evidence that cholesterol efflux capac-
ity alterations may, in part, be driven by adipocyte-
derived EV microRNAs. Alterations in cholesterol
efflux capacity of adolescents is not related to BMI,
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systemic inflammation, or insulin resistance and occur
before major changes in lipid profiles. We identified six
microRNAs in the circulation, packaged in adipocyte-
derived EVs, that target ABCAL and are significantly
associated with cholesterol efflux capacity in the ado-
lescent with and without obesity. Furthermore, in vitro
exposure of THP-1 macrophages to adipocyte-derived
exosomes from VAT altered cholesterol efflux and cho-
lesterol efflux gene expression. Dil-oxLDL uptake was
the only measure affected by the obesity status of the
EV donor. These findings are the first studies to use
adipocyte-derived EVs from human subjects and add to
the growing evidence that adipocyte-derived EVs are a
significant factor in tissue cross-talk and may, in part,
drive the pathological events leading to cardiometa-
bolic diseases.
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