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Platelet-derived microparticles promote phagocytosis of oxidized
low-density lipoprotein by macrophages, potentially enhancing
foam cell formation
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Background: The interaction between platelets and macrophages plays an important role in the
development and progression of atherosclerosis (AS). This study aimed to investigate the role of platelet
microparticles (PMPs) in the development of foam cells.

Methods: PMPs are generated by activating platelets with thrombin and separated by ultracentrifugation.
The macrophages were treated with PMPs, the phagocytosis of oxidized low-density lipoprotein (Ox-LDL)
and formation of foam cells were evaluated by flow cytometry and confocal microscopy, respectively, and the
inflammatory factors cytokines in the supernatant were detected by ELISA.

Results: PMPs significantly increase the phagocytosis of Ox-LDL and elevated foam cell formation of
macrophages. IL-1B content in the supernatant of macrophages peaked around 2—4 h and declined to normal
level after 6-8 h; IL-6 content peaked at 4 h and then decreased to normal level. TNF-a content peaked at
2-4 h.

Conclusions: The microparticles from activated platelets can increase the phagocytosis of Ox-LDL and
the production of inflammatory cytokines by macrophages, which is related to the development of AS.
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Introduction is an inflammatory disease caused by the interaction

among coronary arterial cells, extracellular matrix, blood,

Cardiovascular disease (CVD) has become the leading
cause of death world wide and coronary heart disease

(CHD) is a major form of CVD. The pathogenesis of

hemodynamics, environmental factors and genetic factors.

In addition, smoking, hypertension, hyperglycemia, low

CHD is the complex, and the pharmacologic approaches
and change of lifestyle can lower plasma cholesterol
rather than treat CHD. It has been proposed that CHD

© Annals of Translational Medicine. All rights reserved.

density lipoproteinemia, oxidative stress and inflammatory
factors are also found to be the risk factors of CHD and can

accelerate the occurrence and development of CHD. To
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date, most of studies have focused on the endothelial cell
injury, lipoprotein deposition, macrophage phagocytosis
and foam cell accumulation in the pathogenesis of
atherosclerosis (AS), a major cause of CHD (1). In 1976,
Moore et al. (2) found rabbits with the platelet count lower
than 1,000 mm’® basically avoided the aortic endothelial
injury. This suggests platelets play an important role in the
pathogenesis of AS after endothelial injury.

The formation of atherosclerotic plaques is closely
related to the accumulation of oxidized low-density
lipoprotein (Ox-LDL), activation of macrophages, T
cell infiltration, cell death and fibrosis of arterial wall.
These processes may result in the accumulation of ApoB
lipoproteins in the arterial wall. These lipoproteins can
be phagocytized by macrophages, eventually causing the
formation of foam cells, which is a crucial process in the
atherosclerotic plaque formation. Moreover, the constant
stimulation by the ApoB can also result in local chronic
inflammation.

Recent study has revealed that microparticles from
platelets have a close relationship with the platelet activation
and AS (3,4), but the interaction of platelet microparticles
(PMPs) with macrophages has not been fully studied so far
although there is evidence showing the important role of
PMPs in the recruitment of leukocytes (5). The mechanism
underlying the platelet production is complex, half-
life of platelets is relatively short and the culture system
for platelet has not been established. This study aimed
to investigate the role of PMPs in the development of
foam cells.

Methods
Isolation of PMPs

Blood samples were collected from healthy volunteers in
the Changhai Hospital of the Second Military Medical
University and platelets were separated. The PMPs were
separated according to previously reported (6). In brief,
platelets were centrifuged at 150 g for 15 min at 15 °C
to remove the residual red blood cells in platelets. The
supernatant was collected and then centrifuged at 1,000 g
for 10 min at 22 °C. The sediment was re-suspended in
the serum-free RPMI1640 (GE health care life science,
Pittsburgh, PA, USA), followed by addition of 0.1 U/mL
thrombin (Sigma Aldrich, St. Louis, MO, USA). Incubation
was done at 37 °C for 15 min under constant shock to
facilitate platelet aggregation. After centrifugation at 3,200 g
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for 10 min at 22 °C, the supernatant was collected and
then ultracentrifuged at 20,000 g for 90 min at 22 °C. The
sediment was PMPs which were collected and re-suspended
in the serum-free RPMI1640. This study was approved
by the Ethics Committee of Changhai Hospital (No:
CHEC2014-066). Written informed consent was obtained
from each subject.

Collection of macrophages

The macrophages were harvested after induced
differentiation of THP-1 cells (ATCC, Manassas, VA,
USA). THP-1 cells were maintained in the complete
RPMI-1640 supplemented with 10% fetal bovine serum
(FBS) at 37 °C in an environment with 5% CO, (7). THP-1
cells were treated with 100 nM phorbol 12-myristate
13-acetate (PMA, Sigma Aldrich, St. Louis, MO, USA) for
24 h to induce the differentiation into macrophages (1).
When the cell confluence reached 80-90%, the medium
was removed and refreshed with treatment medium.

Laser confocal microscopy

To investigate the interaction between PMPs and
macrophages, 1 pL. of CM-Dil dye was added to 100 pL of
PMPs at a final concentration of 10°/mL (PMPs) and then
the mixture was incubated at 37 °C for 20 min. Thereafter,
the mixture was ultracentrifuged at 20,000g for 90 min at
18 °C. The supernatant was removed, and 100 pL of
serum-free RPMI 1640 was used to re-suspend the PMPs.
PMPs were incubated with macrophages at 37 °C for 24 h,
followed by washing with PBS twice. The macrophages
were observed by confocal microscopy (Leica Microsystems,
German). One hundred pL of supernatant without
PMPs served as the control group. All experiments were
performed in triplicate and repeated at least three times.

Flow cytometry and confocal microscopy

The macrophages were divided into two groups. In the
PMPs group, macrophages were incubated with 100 pL
of PMPs (10°/mL) for 48 h. In the control group, 100 pL
of supernatant without PMPs was added. In both groups,
macrophages were treated with 20 pL of Dil-Ox-LDL
(40 pg/mL, Guangzhou Yiyuan biotech company). After
incubation with DAPI (Sigma Aldrich, St. Louis, MO, USA)
for 6 h, cells were observed by laser confocal microscopy.
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The mean fluorescence intensity of Dil was determined by
flow cytometry.

ELISA

The macrophages were divided into two groups. In the
PMPs group, macrophages were treated with 100 pL of
PMPs (10°/mL). In the control group, macrophages were
treated with 100 pL of supernatant without PMPs. At 0, 2,
4, 6, and 8 h, the contents of IL-1p, IL-6, and TNF-a in
the supernatant were detected by ELISA IMMULITE®
1000 Systems, Siemens Healthcare, USA). All the tests were
repeated three times.

Statistical analysis

SPSS version 22 was used for statistical analysis (SPSS
Inc., Chicago, IL, USA). Data are expressed as mean =
standard error (SEM). The mean fluorescence intensity
was subjected to Mann-Whitney test. A value of P<0.05
was considered statistically significant. GraphPad Prism
6.0 was used to draft the figures (GraphPad Software, Inc.,
California, USA).

Results
Collection and identification of PMPs

PE-conjugated CD41a served as a marker of platelets, and
the presence of CD#41a is indicative of platelet-derived
microparticles. FITC-conjugated Annexin V served
as a marker for microvesicles, which can differentiate
microvesicles from cell debris. The flow cytometry was done
to observe the characteristics of the dual channel fluorescent
signal. As shown in Figure 1, about 50% of products was
isolated from the platelet-derived microbubbles, and the
remaining components (about 40%) were platelet-derived
fragments.

Phagocytosis of PMPs by macrophages

After treatment with PMA, the proliferation ability of
THP-1 cells was weakened, the suspended cells became
adherent, the cell body was enlarged, and some of cells
showed pseudopodia (Figure 24). These suggest that THP-1
cells differentiate into macrophages. To investigate the
phagocytosis of PMPs by macrophages, macrophages were
treated with PMPs. Then, the PMP and nucleus were
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stained with CM-Dil and DAPI, respectively, and cells were
subsequently observed by confocal microscopy. The red
fluorescence was found besides the nucleus of macrophages,
suggesting that PMPs can be phagocytized by macrophages
(Figure 2B,C,D).

PMPs enbance phagocytosis of Ox-LDL by macrophages

As shown in Figure 34, more Dil-Ox-LDL was observed in
the PMPs group than in control group, and the histogram of
mean fluorescence intensity showed right shift (Figure 3B),
which indicates more Dil-Ox-LDL in the PMPs group
(Figure 3C). It is indicated that PMPs enhance the
phagocytosis of Ox-LDL by macrophages.

PMPs increase release of inflammatory factors by
macrophages

After PMPs treatment, the content of IL-1B in the
supernatant of macrophages peaked around 2—4 h and began
to drop to normal level after 6-8 h, indicating that PMPs
increase the secretion of IL-1pB by macrophages (Figure 44).
Meanwhile, the content of IL-6 peaked at 4 h and then
decreased to normal level (Figure 4B); the content of
TNF-a peaked at 2-4 h in the supernatant of macrophages
(Figure 4C). These results indicate the inflammatory
cytokines released by macrophages increase after incubation
with PMPs.

Discussion

Our findings indicated that PMPs played an important
role in the formation of foam cells and the release of
inflammatory cytokines by macrophages. After pretreatment
with PMPs, the phagocytotic capability of macrophages
and the release of IL-1p, IL-6 and TNF-a increased
significantly. In the present study, the platelets were
activated with thrombin to mimic the iz vivo physiological
process during the development of CHD. PMPs can bridge
the interaction between platelets and macrophages, and our
results also confirm the pro-inflammatory effects of PMPs.
PMPs have previously been considered as the “waste”
of platelets (8). In recent years, increasing findings suggest
PMPs have physiological and biochemical activities in
the blood (9). The role of PMPs in the blood coagulation
has been widely studied (10,11). PMPs are released and
produced by the platelets after activation, antagonism, or
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Figure 1 Flow cytometry of PMPs. The platelets were separated and activated with thrombin. Then, the supernatant was collected
and ultracentrifuged for the collection of PMPs. PMPs were observed by flow cytometry. (A) number of PMP on flow cytometry (FSC:
forward scattered light; SSC: lateral scattered light); (B) PMP distribution on flow cytometry; (C) proportion of PMP and cell debris; (D)
multidimensional panoramic flow imaging of PMPs (Bright: light microscope; FITC: Annexin V channel; PE: CD41a channel). PMP,

platelet microparticle.

high shear. Growth factors (e.g., platelet-derived growth
factor, transforming growth factor B) (12), enzymes (e.g.,
12-lipoxygenase) (13), cytokines (e.g., IL-1) (14,15),
transcription factors (13) and even functional mitochondria
(13,16) are found in the PMPs, and PMPs can be efficiently
internalized by other cells such as endothelial cells (17,18)
and neutrophils (13). Available studies have shown that
patients with severe peripheral vascular AS tend to have
higher levels of PMPs in the circulation (19). PMPs can
bind to the membrane structure in the endothelial cells
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to activate these cells, which then recruit platelets into
the injured endothelium (20). In addition, PMPs may also
induce the expression of intercellular adhesion molecule 1
(ICAM1) and increase the expression of pro-inflammatory
cytokines IL-1, IL-6 and IL-8 (21,22) which are consistent
with our results. Barry er al. (21) showed PMPs enhanced
the adhesion of monocytes to endothelial cells, which
might be associated with the arachidonic acid in the PMPs.
Xue et al. (23) found PMPs were involved in the immune
regulation and systemic inflammation of rheumatoid
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Figure 2 Flow cytometry of THP-1 cells and laser confocal microscopy of PMPs. (A) THP-1 cells were treated with PMA for 24 h and then

observed by flow cytometry. THP-1 cells differentiate into macrophages and PMPs can be phagocytized by macrophages. Laser confocal
microscopy of PMPs (B; CM-Dil) and nucleus (C; DAPI); (D) merged. PMP, platelet microparticle.

arthritis (RA), and the increase in PMPs could serve as a
potential biomarker for RA. However, PMPs have never
been thoroughly explored as a biologically active molecule.
Our results were consistent with previously reported
(24,25) that PMPs can be phagocytized by macrophages.
Besides, our findings expanded the work of Laffont
et al. (24). Our results showed PMPs treatment increased the
phagocytosis of Ox-LDL and the release of inflammatory
cytokines by macrophages. Ox-LDL used in the present
study is an important risk factor of coronary AS. Ox-LDL
can promote the endothelial injury, formation of foam cells,
proliferation of vascular smooth muscle, and occurrence
and development of AS. Mononuclear macrophages can
transform into foam cells after phagocytosis of Ox-LDL.
Foam cells are characteristic pathology of AS, and foam cells
in the process of AS are mainly derived from mononuclear
macrophages. In vitro experiments have shown that Ox-LDL
can induce the miRNA-155 expression in mouse peritoneal

macrophages (26), and miRNA-155 then regulates HMG-
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domain protein 1 (HBP1) expression. Thus, the increased
phagocytosis of Ox-LDL by macrophages after PMPs
treatment may be related to a variety of biologically active
molecules (such as miRINA-155) in the PMPs (27) because
these molecules may enhance the synthesis of phagocytosis-
related proteins, thereby enhancing the phagocytosis of
Ox-LDL.

In recent years, increasing studies focus on the
interaction between microparticles and cells. In this study,
the interaction between PMPs and macrophages was
investigated under the background of coronary AS. Our
results showed PMPs not only enhanced the phagocytotic
capability of macrophages, but also increased the release
of inflammatory cytokines by macrophages. However, the
specific mechanism should be further studied in depth.

In summary, our findings indicate the important role of
PMPs in the pathogenesis of CHD. Although platelets are
the anucleated elements of the blood, they play a central
role in the hemostasis and thrombosis, and possess other
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Figure 3 PMPs enhance phagocytosis of Ox-LDL by macrophages. The macrophages were incubated with PMPs for 48 h and then with
Dil-Ox-LDL. The mean fluorescence intensity of Dil was determined by flow cytometry. (A) Laser confocal microscopy of macrophages; (B)

flow cytometry of macrophages; (C) mean fluorescence intensity. *, P<0.05. PMP, platelet microparticle.
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Figure 4 Contents of inflammatory cytokines released by
macrophages. (A) PMPs increased the secretion of IL-1f by
macrophages; (B) the content of IL-6 peaked at 4 h and then
decreased to normal level; (C) the content of TNF-o peaked at
2-4 h in the supernatant of macrophages. *, P<0.05; **, P<0.05.
PMP, platelet microparticle.
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important biological functions. Thus, the inhibition of
adverse effects of PMPs may serve as a strategy in the future
treatment of CHD.

There are still limitations in our study. The PMPs might
be contaminated by platelets during the separation because
ultracentrifugation can’t completely remove platelets. In
addition, the specific mechanism underlying the interaction
between PMPs and macrophages was not explored. Third,
the dose-response relationship of PMPs in the treatment
of macrophages was not investigated, and PMPs were

collected from healthy controls, but not from patients
with CHD.
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