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Abstract 

Background:  Endothelial and microvascular dysfunction are pivotal causes of major adverse cardiac events pre‑
dicted by coronary flow reserve (CFR). Extracellular Vesicles (EVs) have been studied extensively in the pathophysiol‑
ogy of coronary artery disease. However, little is known on the impact of the non-coding RNA content of EVs with 
respect to CFR.

Methods:  We carried out a study among 120 patients divided by high-CFR and low-CFR to profile the miRNA con‑
tent of circulating EVs.

Results:  A multiplex array profiling on circulating EVs revealed mir-224-5p (p-value ≤ 0.000001) as the most differen‑
tially expressed miRNA in the Low-CFR group and showed a significantly independent relationship to CFR. Literature 
survey indicated the origin of the miR from liver cells and not of platelet, leukocyte, smooth muscle or endothelial 
(EC) origin. A q-PCR panel of the conventional cell type-EVs along with hepatic EVs showed that EVs from liver cells 
showed higher expression of the miR-224-5p. FACS analysis demonstrated the presence of liver-specific (ASGPR-1+/
CD14−) EVs in the plasma of our cohort with the presence of Vanin-1 required to enter the EC barrier. Hepatic EVs 
with and without the miR-224-5p were introduced to ECs in-vitro, but with no difference in effect on ICAM-1 or eNOS 
expression. However, hepatic EVs elevated endothelial ICAM-1 levels per se independent of the miR-224-5p.

Conclusion:  This indicated a role of hepatic EVs identified by the miR-224-5p in endothelial dysfunction in patients 
with Low CFR.

Keywords:  Major adverse cardiac events, Coronary flow reserve, Micro-RNA, Extracellular vesicles, Hepatic, 
Cardiovascular disease
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Background
CAD is often characterized by a multitude of mecha-
nisms including low nitric oxide (NO) bioavailability as 
well as oxidative stress, collectively leading to endothelial 
as well as microvascular dysfunction [1–3]. Various fac-
tors contribute to the development of CAD including 

lifestyle, hypertension, diabetes as well as genomic and 
molecular causes.

Myocardial Infarction (MI) is the eventual result of 
acute CAD, affecting nearly 7 million people every year 
in developed countries and increasingly in develop-
ing countries [4, 5]. Survivors of MI are at high risk of 
developing further cardiac events within a year of the 
first event [6]. Major Adverse Cardiac Events (MACE) is 
used as a composite endpoint to assess the morbidity as 
well as mortality of survivors [7]. Coronary Flow Reserve 
(CFR) is an important prognostic indicator of MACE [8]. 
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It is measured as the ratio of coronary blood flow at its 
maximum during adenosine infusion to when at rest. The 
higher the CFR ratio the lower the risk of MACE.

Extracellular vesicles (EVs) are 10–500  nm mem-
brane bound structures that play a crucial role in cellu-
lar communication especially in association to various 
diseases. These particles carry a content of active mol-
ecules that may reflect the cardiovascular condition [9]. 
EVs of endothelial origin have been studied to predict 
future cardiac events [10]. Similarly, EVs of various ori-
gins have been found to play a crucial role in cardiovas-
cular diseases [11]. Exosomal EVs have also been used 
as biomarkers for ischemic heart disease and studied in 
the context of cardio-repair [12]. Emerging research has 
shown that EVs transport micro-RNAs depending on the 
pathophysiology of the cells affecting multitude of func-
tions in their target cells [13, 14].

Micro-RNAs are short RNA transcripts that demon-
strate specific regulatory capabilities depending on the 
cell’s physiology as well as micro-environment. Research 
have brought to light the role of micro-RNAs in regulat-
ing various molecular pathways including those involv-
ing inflammation, apoptosis, proliferation among others 
by repressing translation mechanisms [15]. Micro-RNAs 
are 18–22 nucleotide non-coding RNAs that can bind to 
the mRNA, mediating translational repression either by 
inhibiting the binding to either 60  s or 40  s ribosomal 
subunits or by activation of the RNA-induced silencing 
complex (RISC complex). Several micro-RNA families 
have been shown to regulate pathogenesis of CAD and 
MI [16, 17].

It has been observed that cardio-specific miRs increase 
in circulation after MI [18]. Decrease in miR-24 has been 
observed in heart tissue after MI while miR-325, miR-21, 
miR-16, miR-375 have shown to increase [19]. Circulat-
ing miR-26a-1, miR-146a and miR-199a-1 have also been 
demonstrated as biomarkers for acute myocardial infarc-
tion [20]. miR-93 and miR-153 have shown to regulate 
homeostasis and an anti-inflammatory role by inhibit-
ing cardiomyocyte apoptosis [21, 22]. EV bound miR-
222 has been studied for its anti-inflammatory effects 
in target cells by reducing endothelial ICAM-1 an effect 
that is reduced under hyperglycemic conditions [23]. EV-
derived miR-146a accelerates the development of athero-
sclerosis [24].

Although MiRs have been investigated in cardiovascu-
lar disease, there has not yet been a study involving the 
relationship of micro-RNA transported in circulating EVs 
in relation to CFR. Therefore, to understand the role of 
EV bound micro-RNAs in our cohort we have prepared 
micro-RNAs from circulating EVs isolated using a novel 
acoustic trapping technique [25] and performed a q-PCR 
based array profile. The study concerns understanding 

the origin of the EVs in the circulating plasma and the 
effect of its cargo specifically micro-RNA, in the patho-
physiology of patients with low CFR.

Methods
Cohort design and sample collection
The PROFLOW cohort comprises of 619 patients with 
prior type-1 MI (> 3  months and < 5  years), all were 
identified in the Swedish Coronary Angiography and 
Angioplasty Registry (SCAAR) by the Department of 
Cardiology at Skåne University Hospital in Lund and 
Sahlgrenska University Hospital in Göteborg, Sweden. 
Coronary Flow Reserve (CFR) was measured as the ratio 
between the hyperemic and baseline flow velocity val-
ues at rest and after induction with adenosine (140ug/
kg/min) in the identified and defined Left Anterior 
Descending artery (LAD) with 3.5‐MHz color Doppler 
in the interventricular sulcus in a modified 2‐chamber 
view [26]. The blood samples were collected from fasting 
patients in EDTA tubes. Plasma was obtained from the 
drawn blood samples by centrifugation within 30 min of 
drawing and stored at −80 °C. Informed written consent 
was undertaken in agreement with the the International 
Conference on Harmonization Good Clinical Practice 
guidelines. The study was reviewed and accepted by the 
institutional ethical committee at Gothenburg University.

For the study of circulating EVs we chose 120 patients 
from Lund, based on CFR; segregated into two groups 
based on a median CFR threshold of 2.9. The patients 
with CFR ≥ 2.9 were assigned to the High CFR group, 
whereas the patients with CFR ≤ 2.9 were assigned to the 
Low CFR group. The High CFR group was considered 
as the control. The handling of patient data and samples 
was conducted in accordance with the Declaration of 
Helsinki.

EV isolation and enrichment
The bio-banked plasma samples (75  μl) were thawed at 
room temperature and diluted 1:5 in DPBS. Acoutrap 
(AcouSort AB, Lund, Sweden) an automated platform 
was used to isolate EVs with standing ultrasound waves; 
a novel method that has been previously described in 
detail and validated by TEM as well as NTA by us [27–
29]. The diluted plasma was aspirated 25  μl/min into a 
capillary with pre-suspended seed particles (12 μm poly-
styrene beads, Sigma-Aldrich). The cloud of EVs is then 
washed and released with 50 μl of DPBS. The process was 
repeated thrice per sample for maximum enrichment 
of EVs making the final volume of collected EVs to be 
150 μl. They were immediately lysed using 600 μl of Lysis 
Buffer (Lysis Buffer A, Human Plasma/Serum RNA puri-
fication kit, Norgen Biotek Corp.) for further processing.
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RNA extraction and assessment
Total RNA was extracted according to manufacturer’s 
instruction (Human Plasma/Serum RNA purification kit, 
Norgen Biotek Corp.) from the trapped samples and was 
stored at -20 °C until required. The quality and quantity 
of RNA was assessed by Eukaryote Total RNA Pico Assay 
on a Aligent 2100 Bioanalyzer system (SCIBLU, Lund, 
Sweden) using 5 μl of the total RNA.

Real‑time PCR based array
The micro-RNA content in the samples was explored 
with a Real-time PCR based array (TaqMan Advanced 
miRNA Human Serum/Plasma Card) in a 384-well 
microfluidic card with 190 unique miRNAs in dupli-
cates. The RNA was amplified by uniform universal 
amplification to make cDNA prior to the qPCR as per 
the manufacturer’s instruction. The card also contained 
an endogenous control (miR-16-5p) as well as two exoge-
nous controls (ath-miR-159a & cel-miR-39-3p). The assay 
was performed on the QuantStudio 12 k flex system. The 
expression of the miRNAs was determined by calculating 
the Relative fold change (2^-ddCT). The data was nor-
malized using global mean in each sample.

Statistical analysis
The relative fold change data of only those samples 
were considered where endogenous control had ampli-
fied while exogenous controls showed no amplification. 
The data was subjected to ROUT outliers test (Q = 1%), 
followed by Multiple t-test (one per row) for unpaired 
samples on the cleaned data, with False Discovery Rate 
approach (FDR, Benjamini, Krieger and Yekutieli). The 
discoveries were also analyzed for correlation with clini-
cal data. We used simple logistic regression for clinical 
data in binary format. The statistical analysis was per-
formed on GraphPad Prism (Version 8.2).

Isolation of EVs from cell culture
Human Coronary Artery Smooth Muscle 
(Gibco),  Human Coronary Artery Endothelial (Cell 
Applications Inc.) and HepG2 cells were cultured in 
M231-SMGS (Gibco), MesoEndo Cell Growth Medium 
with Growth factors (Cell Applications Inc.) and RPMI 
Medium 1640, respectively. Leukocytes were isolated 
according to the manufacturer’s instruction with Ficoll-
Paque Plus (GE Healthcare) whereas platelets were 
isolated and activated according to the protocol by 
Landsberg et.al and optimized in-house for our experi-
ments [30].

The cells were seeded with the required medium 
and incubated overnight. At 60–80% confluency, the 
cells were stimulated with TNF-alpha (10  ng/μl) to 

generate EVs whereas thrombin receptor agonist pep-
tide-6 (TRAP) was used to generate EVs from plate-
let rich plasma (PRP). The supernatant was collected 
after 16–20  h post-stimuli and then centrifuged at 500 
G, followed by 2500G for 10 min each and ultimately at 
10,000G for 1  h 30  min at 4  °C. The vesicle pellet was 
resuspended in 500ul DPBS, followed by RNA extrac-
tion (Human Plasma/Serum RNA purification kit, Nor-
gen Biotek Corp.) according to manufacturer’s protocol. 
Presence of miRNAs in the EVs was analyzed with real-
time PCR (miRCURY LNA miRNA PCR Assay) and 
determined by relative fold change with U6 snRNA (miR-
CURY LNA miRNA PCR Assay) as the reference gene.

Analysis of vesicle origin in plasma
To investigate if liver EVs are present in the circulation, 
selected samples from the ProFlow cohort were ana-
lyzed with flow cytometry (FCM) with an ApoGee A60 
cytometer (Apogee Flow Systems, Hemel Hempstead, 
UK). The calibration of the instrument was performed 
on the basis of the protocol established previously for the 
characterization of acoustically trapped EVs for the same 
cohort [31] with size-calibrated silica beads (Apogee Mix, 
Apogee Flow Systems) and antibody (Ab) isotype con-
trols: Alexa Fluor 488 mouse IgG1κ, PE mouse IgG1κ, 
FITC mouse IgG1κ, as well as Abs in DBPS. To remove 
Ab aggregates, the Abs were high-speed centrifuged at 
20,000×g for 30 min at 4 °C. Patient plasma samples were 
diluted 1:200 with DPBS. 200 μl was further stained with 
2 μl of asialoglycoprotein receptor 1 (ASGPR1) PE (liver 
derived EVs), for 30 min in RT and directly analyzed. To 
exclude monocyte derived EVs from the ASGPR1 + EV 
pool, a co-staining with CD14 FITC Ab was performed. 
To determine if liver EVs co-express vanin-1 (VNN1) on 
the surface, Vanin-1 FITC Ab was used for co-staining. 
Since CD14 was also FITC labelled, we chose to co-
stain for ASGPR1 and Vanin-1 for the determination 
of vanin-1 containing hepatic EVs. Mouse isotype con-
trols, mouse Abs: CD14 clone were purchased from BD 
Biosciences. Mouse Abs: ASGPR1 clone, rabbit isotype 
control FITC and rabbit Ab Vanin-1 clone Abs were pur-
chased from manufacturer. The experiment was repeated 
in order to determine successful reproducibility.

Analysis of ASGPR1 presence on liver cancer cell line 
vesicles
The vesicle pellet was resuspended in 500  μl DPBS. 
200 μl of the suspension was diluted and stained with 2 μl 
ASGPR1 PE Ab for 30 min in RT and analyzed with an 
ApoGee cytometer using previously established EV gate.
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In‑vitro transfer of EVs
HepG2 cells were transfected with mimic (100  nM, 
HMI0403) and inhibitor (50 nM, HSTUD0403) for miR-
224-5p (MISSION® Sigma Aldrich) by nucleofection 
(Amaxa Nucleofector Kit, Lonza Biosciences) according 
to manufacturer’s recommendations. HepG2 cells were 
used as control. Simultaneously endothelial cells (approx-
imately 5000 cells per well) were seeded in a 24-well plate 
and incubated overnight. EVs were generated from the 
HepG2 cells as stated before and added 100 μl per well to 
endothelial cells and incubated overnight at 37 °C in the 
required medium. The cells were harvested the following 
day for real-time validation. The EVs generated were also 
validated for surface markers ASGPR-1 and Vannin-1. 
Endothelial cells with EVs from HepG2 cells were used 
as positive control whereas cells without addition of EVs 
were kept as experimental control.

Analysing the role of hepatic EVs on endothelial cells
HCMVEC cells were subjected to EVs as described above 
and then assayed for proliferation using CCK-8 (Dojindo 
Laboratories) according to the manufacturer’s instruc-
tions. The cell density was determined using crystal-
violet in reference to the assay by Grossi et  al. [32] and 
optimized according to our experimental setup. HCM-
VEC cells were also analyzed for the expression levels 
of surface ICAM-1 after incubation with EVs for 24 h as 
described previous by Bryl-Gorecka et al. [31].

Results
EV micro‑RNA profiling based on CFR
The q-PCR based micro-RNA profiling on EVs iso-
lated from patient plasma samples to identify miRNAs 
contributing to microvascular dysfunction, revealed 
that, out of the 190 unique micro-RNAs in the assay, 
miR-224-5p and miR-222-3p (Fig.  1a) were signifi-
cantly higher expressed in the low CFR group with p 
values of < 0.000001 and 0.000055 respectively. miR-
133b (relative expression = 47.93), miR-31-5p (rela-
tive expression = 45.59), While miR-500a-5p (relative 
expression = 38.12) and miR-204-5p relative expres-
sion = 25.08), were included among the 190 miRNAs we 
assessed (sup.1), that were highly expressed in both the 
high and low CFR group (Fig.  1b, c), miR-224-5p and 
miR-222-3p remained the most statistically differentially 
expressed miRs in the Low CFR group (Fig. 1b). The miR-
224-5p negatively correlated to Coronary Flow Reserve 
and was observed to be significantly present in the Low 
CFR group (Fig. 1d). To better understand this relation-
ship CFR was subjected to a regression model dependent 
on the miR-224-5p. A significant regression equation was 
found (F = (1,68) = 5.820, p < 0.019) with an R2 of 0.079. 
The equation showed that CFR decreased -0.003-fold for 

every unit increase in the miR-224-5p. However, in our 
low CFR group, the median fold change for miR-224-5p 
was 14.83 for the miR. Hence, CFR decreased -0.045-
fold for every relative fold change in the miR-224-5p. The 
independent relationship of the miR to CFR as well as its 
significantly differential expression in the LCFR group 
led us to further investigate the role of miR-224-5p.

Origin of miR‑224‑5p containing EVs
Literature survey indicated the origin of miR-224-5p 
from liver cells and not of platelet, leukocyte, smooth 
muscle or endothelial (EC) origin. The correlation 
between the miR-224-5p and CFR, indicated a possible 
intercellular communication via EVs containing the miR 
and ECs. The miR-224-5p had been previously studied 
in hepatocellular carcinomas and metabolic syndromes 
related to liver cells [33]. We, therefore, wanted to 
explore if the observed EVs were of hepatic or cardiovas-
cular origin. We showed that upon inflammatory stimu-
lus (TNF-alpha 10 ng/µl) HepG2 cells released more EVs 
containing miR-224-5p (Fig. 2), compared to endothelial, 
platelet, leukocyte, and smooth muscle cell types (n = 3).

Liver generated EVs are present in the ProFlow cohort
We further found the presence of liver EVs in plasma 
from the PROFLOW cohort patients to support our in-
vitro findings. Asialoglycoprotein receptor-1 (ASGPR-1) 
is a liver-specific surface marker highly expressed on the 
hepatocellular membrane during inflammation [34]. As 
seen on Fig. 3, liver EVs, based on the ASGPR1 expres-
sion, are present in the circulation of the patients from 
the PROFLOW cohort. As ASGPR1 can also be present 
on monocytic lineage, a co-staining with CD14 mono-
cyte marker was performed [35]. The analysis revealed 
that the majority of ASGPR1 + EVs are CD14- and thus 
derived from the liver. Additional staining confirmed 
that ASGPR1 is substantially expressed on the liver 
cancer cell line HepG2 cells (Fig.  3B). Interestingly, our 
data also revealed that a large proportion of circulat-
ing ASGPR1 + EVs also present vanin-1 on the surface 
(Fig.  3c), an enzyme previously shown essential for the 
uptake of liver EVs by recipient endothelial cells [36].

In‑vitro transfer of EVs carrying miR‑224‑5p
To study if EVs generated from liver cells with miR-
224-5p can be transferred to ECs we transfected HepG2 
cells with the miR-224-5p mimic and the inhibitor for the 
miR as a negative control. EVs were successfully gener-
ated from these cells upon treatment with TNF-alpha 
(10 ng/μl). The qPCR analysis showed a significant over-
expression of miR-224-5p EVs generated from the mimic 
cells (Fig. 4a) compared to control cells.



Page 5 of 10James et al. BMC Cardiovascular Disorders          (2022) 22:321 	

Fig. 1  The EV-profiling led to the discovery of miR-224-5p and 222-3p in the low CFR group. a demonstrates the volcano plot describing the 
relevance of the miRs with respect to p-value and relative fold change. b, c are representative graphs of the most highly expressed miRs in the 
respective groups with miR-224-5p and miR-222-3p highly expressed only in the Low CFR group and not among the highest expressed miRNA in 
the High CFR group. Whereas the d is a comparative graph of the significant increase of the miR-224-5p in the Low CFR group through a Mann–
Whitney plot
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Similarly, after 24 h of incubation with the mimic EVs, 
we observed an over-expression of miR-224-5p in the tar-
get cells i.e., HCMVEC cells. HCMVEC cells incubated 
with EVs from HepG2 cells, that naturally release miR-
224-5p containing EVs, also showed an increase in the 
expression of miR-224-5p compared to the control ECs 
(Fig. 4b).

Role of EVs with miR‑224‑5p in endothelial cells
After confirming that hepatic EVs, identified by the 
presence of miR-224-5p, are taken up by HCMVEC, we 
investigated its effect on viability and cell density. We 
observed that EVs with inhibitor for miR-224-5p resulted 
in significant decrease in metabolic activity and apopto-
sis in endothelial cells. There was no significant change 
in cell density, or metabolic activity, in ECs containing 
mimic and HepG2 EVs (Additional file 1: Fig. S2a, b).

Activation of adhesion molecules by hepatic EVs
The elevated levels of miR-224-5p in our risk-group and 
the previous results suggested that the miR-224-5p prob-
ably functions as a marker for hepatic EVs in the circula-
tion. We, hence, wanted to observe the effects of hepatic 
EVs identified by miR-224-5p on ICAM-1, known to 
mediate inflammatory responses at the endothelial level. 
We saw that the miR-224-5p content of the EVs per se, 
had no effect on endothelial ICAM-1. However, the pres-
ence of HepG2 EVs, alone increased the surface expres-
sion of ICAM-1 significantly by approximately 75% 
(Fig. 5).

Discussion
In an effort to characterize CAD at the molecular level, 
we subjected EVs from a patient cohort, categorized by 
their CFR ratio, to a q-PCR based micro-RNA profiling. 
The patients of the used PROFLOW cohort were differ-
entiated by their CFR ratio which indicates endothelial 
dysfunction and also predicts the development of MACE. 
Impaired cardiovascular function is a result of endothelial 
and microvascular dysfunction including inflammation, 
neovascularization, and fibrosis [37]. While it is known 
that presence of EVs increases with adverse conditions 
including the pathophysiology involved in the devel-
opment of CAD [11] the importance of the EV miRNA 
content in this relationship is not well-characterized. We 
decided to do a micro-RNA profiling of EVs isolated from 
the PROFLOW cohort which resulted in identification of 
miR-224-5p as being inversely related to CFR and thus a 
putative indicator of disease. miR-224-5p has been pri-
marily described as a hepatomiR, and its expression is 
elevated by the NFkB inflammatory pathway activated by 
TNF-alpha in Hepatocellular Carcinoma Cells [33]. The 
most abundant hepatomiR, miR-122-5p, known to play a 
crucial role in the development of atherosclerotic lesions 
[38] and known to be released in EVs [39, 40], was also 
included in the screening panel. There was, however, no 
significant difference in miR-122-5p between the two 
CFR groups. The supposed hepatic origin implored us 
to correlate the miRs to the liver function characteristics 
(ASAT and ALAT) of the cohort. Mir-122-5p showed a 
weak correlation to ALAT (sup.) but no correlation to 
ASAT and CFR. Whereas the miR-224-5p showed an 
independent and significant relationship to CFR. Since 
this study is focused on the development of MACE deter-
mined by CFR, we concentrated on miR-224-5p in the 
rest of this investigation.

We, therefore, focused on validating the origin of miR-
224-5p. We demonstrated that stimulation of hepatic 
HepG2 cells with TNF-alpha led to an increase in a 
release of EVs containing miR-224-5p. The increase was 
higher for the liver derived HepG2 cells than for cells of 
endothelial, platelet, leukocyte, or smooth muscle ances-
try. The origin was further validated in circulating plasma 
of patients by showing the presence of liver-specific 
(ASGPR-1+) EVs.

The next question was if hepatic EVs are able to cross 
the endothelial barrier. Vannin-1 has been reported to be 
required for permeabilization of the endothelial barrier 
during inflammation [36]. A flow cytometric approach, 
confirmed the co-staining of hepatic EVs (ASGPR-1+) 
with Vannin-1, thus showing that hepatic EVs can poten-
tially permeate the endothelial barrier to deliver the 
miR-224-5p.

Fig. 2  The bar graph presents the mean relative fold change of 
miR-224-5p in EVs from endothelial, smooth muscle, leukocytes, 
platelets as well as HepG2 cells compared to the reference gene; with 
HepG2 cell-released EV contain the highest expression of miR-224-5p
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Fig. 3  The FCM plot shows a the presence of Liver specific EVs stained by ASGPR-1 and CD14 surface markers. b Plots the substantial presence of 
Liver-specific EVs from HepG2 cells. c Whereas the last panel depicts the co-staining of Liver EVs with Vanin-1 required to enter the endothelial cell 
barrier
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After demonstrating that EVs indeed can deliver miR-
224-5p into HCMVECs we investigated its effect on 
pathways potentially involved in cardiovascular disease. 
Central to endothelial function/dysfunction are param-
eters reflecting viability and metabolism which is why 
we next investigated the effects of miR-224-5p on crys-
tal violet staining and the CCK assay on HCMVEC. The 
results involving the miR-224-5p mimic and inhibitor 
showed that while there was no significant change in the 
endothelial cells to the presence of the miR, the absence 
of miR-224-5p led to a decrease in metabolic activity 

furthering apoptosis. This indicated that miR-224-5p 
probably is involved in maintaining homeostasis, as 
the lack of the miR-224-5p led to cell death. A possible 
mechanism for this is likely to involve regulation of the 
TGF-beta pathway by modulation of the SMAD unit [41, 
42].

We had previously studied the expression of ICAM-1 
with respect to platelet EVs using the same cohort [31], 
as ICAM-1 has been reported to play a crucial role in 
the pathophysiology of cardiovascular diseases by acti-
vating inflammatory responses at the endothelial level 
[43–45]. Hence, we then decided to study the influence 
of miR-224-5-p on endothelial surface expression of 
ICAM-1.Although we observed no difference between 
cells treated with inhibitor and mimic EVs for miR-224-
5-p, there was, on the other hand, a significant increase 
in ICAM-1 after treating the cells with hepatic EVs 
regardless of whether they contained miR-224-5p or 
not. Thus, indicating that perhaps miR-224-5p should be 
regarded as a CFR dependent marker of a subpopulation 
of hepatic EVs rather than a causative factor of endothe-
lial dysfunction.

Research has shown that liver as an organ plays a cru-
cial role in immunobiology of inflammatory responses 
[46]. It has been shown that non-alcoholic fatty liver 
disease (NFALD) has an independent association with 
CVD [47, 48]. Liver hepatokines have also been studied 
in association with CVD. Their secretion by the liver 
can directly affect parameters affecting cardiovascular 
health such as glucose, lipid metabolism and inflamma-
tion modulation [49]. The elevated proteins we observed 
i.e., ICAM-1 and the enzyme Vannin-1 are known to 
respond to inflammation involving TNF-alpha further-
ing diapedesis or leakiness of the vasculature leading to 
impaired coronary flow [36, 50]. A study has also dem-
onstrated that circulating hepatic EVs alter the serum 
metabolome particularly arginine metabolites that regu-
lates vascular function [51]. It has been reported that 
Arg-1 promotes vascular inflammation and senescence 
resulting in ICAM-1elevation [52–54]. Studies have also 
shown that hepatic EVs deliver Arg-1 to endothelial cells 
and thus enhances endothelial dysfunction [55]. Several, 
other possible pathways exist, that could explain the 
increased expression of ICAM-1, including inflammatory 
response induced by EVs carrying CXCL19, alleviation in 
TLR9 by hepatic EV-bound mitochondrial DNA as well 
as pro-coagulant hepatic EVs leading to systemic inflam-
mation [56–60]. Similar to our finding, a study showed 
subpopulation of EVs triggered by TNF-alpha increased 
the expression of ICAM-1 [61].

Factors such as age, dyslipidemia, smoking as well as 
hypertension have already been shown to impact devel-
opment of MACE in the ProFlow cohort. Platelet EVs 

Fig. 4  The bar graph (a) shows the transfection of the mimic for 
miR-224-5p in HepG2 EVs. Whereas the (b) represents the uptake of 
the EVs from HepG2 cells, Mimic, and Inhibitors for miR-224-5p cells 
by the HMVEC-1 cells with untreated cells as control

Fig. 5  Shows a bar graph with elevated expression of surface ICAM-1 
on HCMVEC cells when incubated with hepatic EVs
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containing proteins such as BAFF have been shown 
in the same cohort to aid endothelial dysfunction in 
patients with Low CFR. We also observed elevated arte-
rial stiffness in the patients with Low CFR in our cohort 
(sup.). We, hence, suggest that an overall inflammatory 
response led to a crosstalk between the liver and the 
cardiovascular system through EVs. The liver releases 
a subpopulation of vesicles identified by miR-224-5p in 
response to inflammation contributing to endothelial 
dysfunction. Other cytokines, proteins and miRs could 
have possible other functions reflecting the biological 
state of our cohort. The finding of miR-224-5p, in cor-
relation to the Low-CFR group, and our investigation 
into its biological function, has led to the miR’s desig-
nation as a marker for a subpopulation of circulating 
hepatic EVs in patients with low CFR. It also demon-
strates the contribution of hepatic EVs in the elevation 
of ICAM-1. Thus, highlighting a crosstalk between the 
liver and the cardiovascular systems contributing to 
endothelial dysfunction through circulating EVs.

Abbreviations
CFR: Coronary flow reserve; EVs: Extracellular vesicles; miRNA: Micro-RNA; 
PROFLOW: Prospective evaluation of coronary flow reserve.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12872-​022-​02756-w.

Additional file 1. Sup.table.1. Median relative fold change of all the 190 
micro-RNAs. Sup.fig.1. Relationship of ALAT to miR-122-5p. Sup.fig.2. Bar 
graphs of the cell viability and cell density assays. Sup.fig.3. Bar graph of 
the Augmentation Index measured between the two CFR groups. Sup.
fig.4, 5 & 6. Reproduced FCM plots for EVs with markers ASGPR-1,CD14 
and Vannin-1. Detail description of antibodies and cell lines.

Acknowledgements
The authors would like to acknowledge the help and support of Siv Svensson 
with media preparation, sample collection and preparation of Platelet-rich 
plasma. We, also extend our gratitude to Mario Grossi, who generously shared 
the protocol as well as his insight for the proliferation and cell-density assays. 
We would also like to thank Rebecca Rylance, for her informative input with 
regards to the statistical analysis performed.

Author contributions
K.J conducted the experiments, analyzed the results, and wrote the manu‑
script except the flow cytometric evaluation which was carried out by P.B-G. 
O.G helped optimized the acoustic trapping and rna isolation protocols. B.O 
and D.E provided their expertise along with planning the project and finalizing 
the manuscript. K.T handled patient samples and plasma isolation. D.E is also 
the principal clinical investigator of the study. All authors reviewed and agreed 
to the manuscript.

Funding
Open access funding provided by Lund University. This project was funded by 
the Swedish Research Council and the Heart Lung Foundation. David Erlinge 
received the institutional grants from AstraZeneca.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its Additional files.

Declarations

Ethics approval and consent to participate
Informed written consent was undertaken in agreement with the the 
International Conference on Harmonization Good Clinical Practice guidelines. 
The study was reviewed and accepted by the institutional ethics committee 
at Gothenburg University. Research involving patient plasma and data was 
undertaken according to the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 March 2022   Accepted: 7 July 2022

References
	1.	 Aschermann M, Sedlácek K, Aschermann O, Linhart A. Molecular genetics 

of myocardial infarction. Vnitr Lek. 2007;53(4):348–53.
	2.	 Liu VWT, Huang PL. Cardiovascular roles of nitric oxide: a review of 

insights from nitric oxide synthase gene disrupted mice†. Cardiovasc Res. 
2008;77(1):19–29.

	3.	 Weber KT. Fibrosis, a common pathway to organ failure: angiotensin II 
and tissue repair. Semin Nephrol. 1997;17(5):467–91.

	4.	 Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, 
et al. Heart disease and stroke statistics–2015 update: a report from the 
American Heart Association. Circulation. 2015;131(4):e29-322.

	5.	 Mendis SP, P.; Norrving, B. Global atlas on cardiovascular disease preven‑
tion and control. (WHO: Geneva, Switzerland, 2011.).

	6.	 Johansson S, Rosengren A, Young K, Jennings E. Mortality and morbidity 
trends after the first year in survivors of acute myocardial infarction: a 
systematic review. BMC Cardiovasc Disord. 2017;17(1):53.

	7.	 Sun Y. Myocardial repair/remodelling following infarction: roles of local 
factors. Cardiovasc Res. 2009;81(3):482–90.

	8.	 Murthy VL, Naya M, Foster CR, Hainer J, Gaber M, Di Carli G, et al. 
Improved cardiac risk assessment with noninvasive measures of coronary 
flow reserve. Circulation. 2011;124(20):2215–24.

	9.	 van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of 
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213–28.

	10.	 Jansen F, Li Q, Pfeifer A, Werner N. Endothelial- and immune cell-derived 
extracellular vesicles in the regulation of cardiovascular health and 
disease. JACC: Basic Transl Sci. 2017;2(6):790–807.

	11.	 Boulanger CM, Loyer X, Rautou P-E, Amabile N. Extracellular vesicles in 
coronary artery disease. Nat Rev Cardiol. 2017;14(5):259–72.

	12.	 Jansen F, Nickenig G, Werner N. Extracellular vesicles in cardiovascular 
disease. Circ Res. 2017;120(10):1649–57.

	13.	 Jansen F, Yang X, Proebsting S, Hoelscher M, Przybilla D, Baumann K, et al. 
MicroRNA expression in circulating microvesicles predicts cardiovascu‑
lar events in patients with coronary artery disease. J Am Heart Assoc. 
2014;3(6):e001249.

	14.	 Gidlöf O, Sathanoori R, Magistri M, Faghihi MA, Wahlestedt C, Olde B, et al. 
Extracellular uridine triphosphate and adenosine triphosphate attenuate 
endothelial inflammation through miR-22-mediated ICAM-1 inhibition. J 
Vasc Res. 2015;52(2):71–80.

	15.	 O’Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA biogenesis, 
mechanisms of actions, and circulation. Front Endocrinol. 2018;9(402).

	16.	 Sun T, Dong YH, Du W, Shi CY, Wang K, Tariq MA, et al. The role of Micro‑
RNAs in myocardial infarction: from molecular mechanism to clinical 
application. Int J Mol Sci. 2017;18(4).

	17.	 Gidlöf O, Smith JG, Miyazu K, Gilje P, Spencer A, Blomquist S, et al. Circulat‑
ing cardio-enriched microRNAs are associated with long-term prognosis 
following myocardial infarction. BMC Cardiovasc Disord. 2013;13:12.

	18.	 Gidlöf O, Andersson P, van der Pals J, Götberg M, Erlinge D. Cardiospecific 
microRNA plasma levels correlate with troponin and cardiac func‑
tion in patients with ST elevation myocardial infarction, are selectively 

https://doi.org/10.1186/s12872-022-02756-w
https://doi.org/10.1186/s12872-022-02756-w


Page 10 of 10James et al. BMC Cardiovascular Disorders          (2022) 22:321 

dependent on renal elimination, and can be detected in urine samples. 
Cardiology. 2011;118(4):217–26.

	19.	 Boon RA, Dimmeler S. MicroRNAs in myocardial infarction. Nat Rev Car‑
diol. 2015;12(3):135–42.

	20.	 Xue S, Zhu W, Liu D, Su Z, Zhang L, Chang Q, et al. Circulating miR-26a-1, 
miR-146a and miR-199a-1 are potential candidate biomarkers for acute 
myocardial infarction. Mol Med. 2019;25(1):18.

	21.	 Ke ZP, Xu P, Shi Y, Gao AM. MicroRNA-93 inhibits ischemia-reperfusion 
induced cardiomyocyte apoptosis by targeting PTEN. Oncotarget. 
2016;7(20):28796–805.

	22.	 Zou Y, Liu W, Zhang J, Xiang D. miR-153 regulates apoptosis and 
autophagy of cardiomyocytes by targeting Mcl-1. Mol Med Rep. 
2016;14(1):1033–9.

	23.	 Jansen F, Yang X, Baumann K, Przybilla D, Schmitz T, Flender A, et al. 
Endothelial microparticles reduce ICAM-1 expression in a microRNA-
222-dependent mechanism. J Cell Mol Med. 2015;19(9):2202–14.

	24.	 Nguyen M-A, Karunakaran D, Geoffrion M, Cheng HS, Tandoc K, Matic 
LP, et al. Extracellular vesicles secreted by atherogenic macrophages 
transfer MicroRNA to inhibit cell migration. Arterioscler Thromb Vasc Biol. 
2018;38(1):49–63.

	25.	 Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito‑
haina R, et al. Minimal information for studies of extracellular vesicles 
2018 (MISEV2018): a position statement of the International Society for 
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell 
Vesicles. 2018;7(1):1535750.

	26.	 Haraldsson IGL, Svedlund S, Torngren K, Westergren HU, Redfors B, 
Lagerström-Fermér M, Angerås O, Råmunddal T, Petursson P, Odenstedt J, 
Albertsson P, Erlinge D, Omerovic E. PROspective evaluation of coronary 
FLOW reserve and molecular biomarkers in patients with established 
coronary artery disease the PROFLOW-trial: cross-sectional evaluation of 
coronary flow reserve. Vasc Health Risk Manag. 2019;15:375–84. https://​
doi.​org/​10.​2147/​VHRM.​S2090​03.

	27.	 Gidlöf O, Evander M, Rezeli M, Marko-Varga G, Laurell T, Erlinge D. 
Proteomic profiling of extracellular vesicles reveals additional diagnostic 
biomarkers for myocardial infarction compared to plasma alone. Sci Rep. 
2019;9(1):8991.

	28.	 Rezeli M, Gidlöf O, Evander M, Bryl-Górecka P, Sathanoori R, Gilje P, 
et al. Comparative proteomic analysis of extracellular vesicles iso‑
lated by acoustic trapping or differential centrifugation. Anal Chem. 
2016;88(17):8577–86.

	29.	 Bryl-Górecka P, Sathanoori R, Al-Mashat M, Olde B, Jögi J, Evander M, et al. 
Effect of exercise on the plasma vesicular proteome: a methodologi‑
cal study comparing acoustic trapping and centrifugation. Lab Chip. 
2018;18(20):3101–11.

	30.	 Landesberg R, Burke A, Pinsky D, Katz R, Vo J, Eisig SB, et al. Activation of 
platelet-rich plasma using thrombin receptor agonist peptide. J Oral Max‑
illofac Surg. 2005;63(4):529–35.

	31.	 Bryl-Górecka P, James K, Torngren K, Haraldsson I, Gan L-M, Sved‑
lund S, et al. Microvesicles in plasma reflect coronary flow reserve in 
patients with cardiovascular disease. Am J Physiol-Heart Circul Physiol. 
2021;320(5):H2147–60.

	32.	 Grossi M, Rippe C, Sathanoori R, Swärd K, Forte A, Erlinge D, et al. Vascular 
smooth muscle cell proliferation depends on caveolin-1-regulated poly‑
amine uptake. Biosci Rep. 2014;34(6):e00153.

	33.	 Ma D, Tao X, Gao F, Fan C, Wu D. miR-224 functions as an onco-miRNA in 
hepatocellular carcinoma cells by activating AKT signaling. Oncol Lett. 
2012;4(3):483–8.

	34.	 Shi B, Abrams M, Sepp-Lorenzino L. Expression of asialoglycoprotein 
receptor 1 in human hepatocellular carcinoma. J Histochem Cytochem. 
2013;61(12):901–9.

	35.	 Harris RL, van den Berg CW, Bowen DJ. ASGR1 and ASGR2, the genes that 
encode the asialoglycoprotein receptor (Ashwell Receptor), are expressed 
in peripheral blood monocytes and show interindividual differences in 
transcript profile. Mol Biol Int. 2012;2012: 283974.

	36.	 Bartucci R, Salvati A, Olinga P, Boersma YL. Vanin 1: its physiological func‑
tion and role in diseases. Int J Mol Sci. 2019;20(16):3891.

	37.	 Bramos D, Ikonomidis I, Tsirikos N, Kottis G, Kostopoulou V, Pamboucas C, 
et al. The association of coronary flow changes and inflammatory indices 
to ischaemia-reperfusion microvascular damage and left ventricular 
remodelling. Basic Res Cardiol. 2008;103(4):345–55.

	38.	 Wang Y-L, Yu W. Association of circulating microRNA-122 with presence 
and severity of atherosclerotic lesions. PeerJ. 2018;6:e5218.

	39.	 Circulating extracellular vesicles contain liver-derived RNA species as 
indicators of severe cholestasis-induced early liver fibrosis in mice. Anti‑
oxidants Redox Signaling.0(ja):null.

	40.	 Teoh NC, Ajamieh H, Wong HJ, Croft K, Mori T, Allison AC, et al. Micropar‑
ticles mediate hepatic ischemia-reperfusion injury and are the targets of 
diannexin (ASP8597). PLoS ONE. 2014;9(9):e104376.

	41.	 Clark DA, Coker R. Transforming growth factor-beta (TGF-beta). Int J 
Biochem Cell Biol. 1998;30(3):293–8.

	42.	 Agrotis A, Saltis J, Dilley R, Bray P, Bobik A. Transforming growth factor-
beta 1 and the development of vascular hypertrophy in hypertension. 
Blood Press Suppl. 1995;2:43–8.

	43.	 Lawson C, Wolf S. ICAM-1 signaling in endothelial cells. Pharmacol Rep. 
2009;61(1):22–32.

	44.	 Lindsberg PJ, Carpe´n O, Paetau A, Karjalainen-Lindsberg M-L, Kaste 
M. Endothelial ICAM-1 expression associated with inflammatory cell 
response in human ischemic stroke. Circulation. 1996;94(5):939–45.

	45.	 Singh M, Thakur M, Mishra M, Yadav M, Vibhuti R, Menon AM, et al. Gene 
regulation of intracellular adhesion molecule-1 (ICAM-1): A molecule 
with multiple functions. Immunol Lett. 2021;240:123–36.

	46.	 Parker GA, Picut CA. Liver immunobiology. Toxicol Pathol. 
2005;33(1):52–62.

	47.	 Lonardo A, Sookoian S, Pirola CJ, Targher G. Non-alcoholic fatty liver dis‑
ease and risk of cardiovascular disease. Metabolism. 2016;65(8):1136–50.

	48.	 Stepanova M, Younossi ZM. Independent association between nonalco‑
holic fatty liver disease and cardiovascular disease in the US population. 
Clin Gastroenterol Hepatol. 2012;10(6):646–50.

	49.	 Huang K, Bai H. Liver hepatokines and peroxisomes as therapeutic targets 
for cardiovascular diseases. Future Cardiol. 0(0):null.

	50.	 Clark PR, Manes TD, Pober JS, Kluger MS. Increased ICAM-1 expression 
causes endothelial cell leakiness, cytoskeletal reorganization and junc‑
tional alterations. J Investig Dermatol. 2007;127(4):762–74.

	51.	 Royo F, Moreno L, Mleczko J, Palomo L, Gonzalez E, Cabrera D, et al. 
Hepatocyte-secreted extracellular vesicles modify blood metabolome 
and endothelial function by an arginase-dependent mechanism. Sci Rep. 
2017;7(1):42798.

	52.	 Yang Z, Ming X-F. Arginase: the emerging therapeutic target for vascular 
oxidative stress and inflammation. Front Immunol. 2013;4:149.

	53.	 Zhu C, Yu Y, Montani JP, Ming XF, Yang Z. Arginase-I enhances vascular 
endothelial inflammation and senescence through eNOS-uncoupling. 
BMC Res Notes. 2017;10(1):82.

	54.	 Yao L, Bhatta A, Xu Z, Chen J, Toque HA, Chen Y, et al. Obesity-induced 
vascular inflammation involves elevated arginase activity. Am J Physiol 
Regul Integr Comp Physiol. 2017;313(5):R560–71.

	55.	 Zhang H, Liu J, Qu D, Wang L, Wong CM, Lau CW, et al. Serum exosomes 
mediate delivery of arginase 1 as a novel mechanism for endothelial 
dysfunction in diabetes. Proc Natl Acad Sci U S A. 2018;115(29):E6927–36.

	56.	 Garcia-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S, et al. 
Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis by 
activation of TLR9. J Clin Investig. 2016;126(3):859–64.

	57.	 Sasai M, Linehan MM, Iwasaki A. Bifurcation of toll-like receptor 9 signal‑
ing by adaptor protein 3. Science. 2010;329(5998):1530–4.

	58.	 Stravitz RT, Bowling R, Bradford RL, Key NS, Glover S, Thacker LR, et al. Role 
of procoagulant microparticles in mediating complications and outcome 
of acute liver injury/acute liver failure. Hepatology. 2013;58(1):304–13.

	59.	 Eguchi A, Kostallari E, Feldstein AE, Shah VH. Extracellular vesicles, the 
liquid biopsy of the future. J Hepatol. 2019;70(6):1292–4.

	60.	 Ibrahim SH, Hirsova P, Tomita K, Bronk SF, Werneburg NW, Harrison SA, 
et al. Mixed lineage kinase 3 mediates release of C-X-C motif ligand 10–
bearing chemotactic extracellular vesicles from lipotoxic hepatocytes. 
Hepatology. 2016;63(3):731–44.

	61.	 Hosseinkhani B, van den Akker NMS, Molin DGM, Michiels L. (Sub)
populations of extracellular vesicles released by TNF-α –triggered human 
endothelial cells promote vascular inflammation and monocyte migra‑
tion. J Extracell Vesicles. 2020;9(1):1801153.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.2147/VHRM.S209003
https://doi.org/10.2147/VHRM.S209003

	Increased expression of miR-224-5p in circulating extracellular vesicles of patients with reduced coronary flow reserve
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cohort design and sample collection
	EV isolation and enrichment
	RNA extraction and assessment
	Real-time PCR based array
	Statistical analysis
	Isolation of EVs from cell culture
	Analysis of vesicle origin in plasma
	Analysis of ASGPR1 presence on liver cancer cell line vesicles
	In-vitro transfer of EVs
	Analysing the role of hepatic EVs on endothelial cells


	Results
	EV micro-RNA profiling based on CFR
	Origin of miR-224-5p containing EVs
	Liver generated EVs are present in the ProFlow cohort
	In-vitro transfer of EVs carrying miR-224-5p
	Role of EVs with miR-224-5p in endothelial cells
	Activation of adhesion molecules by hepatic EVs

	Discussion
	Acknowledgements
	References


