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Abstract
Platelets are key players in fundamental processes of vascular biology, such as angiogenesis, tissue regeneration, and tumor

metastasis. However, the underlying mechanisms remain unclear. In this study, some tumor vascular endothelial cells were

positively stained by antiplatelet antibodies. Further investigation revealed that platelets were taken up by endothelial cells in

vitro and in vivo. Human umbilical vascular endothelial cells were rendered apoptotic under conditions of serum deprivation.

However, endothelial apoptosis was suppressed and cell viability was enhanced when platelets were added to the cultures.

Endothelial survival was paralleled by an upregulation of phosphorylated Akt and p70 S6K. In conclusion, this study demonstrated

that platelets can be phagocytosed by endothelial cells, and the phagocytosed platelets could suppress endothelial apoptosis and

promote cell viability level. The mechanism underlying this process involves the activation of Akt signaling.
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Introduction

Platelets play an important role in the initial stages of blood
coagulation. In addition, increasing data indicate that plate-
lets are also involved in fundamental processes of vascular
biology, such as angiogenesis, tissue regeneration, and
tumor metastasis.1–4 Platelets promote new blood vessel
growth via numerous stimulators of angiogenesis. For
example, vascular endothelial growth factor, fibroblast
growth factor, and platelet-derived growth factor can
induce endothelial cell proliferation and cell migration,
stimulate chemotaxis, and increase tubule formation.5–8 In
chronic wounds, platelet releasate can enhance endo-
thelial cell proliferation and promote angiogenesis.9,10

Furthermore, platelet-derived microparticles have also
been reported to play an essential role in neovascularization
and angiogenesis.11,12 We have known that the platelet-con-
tained biologically active molecules can be delivered to the
endothelium upon platelet adhesion to endothelial cells. On
the other hand, it was reported that platelets could be inter-
nalized by endothelial cells.13–15 However, the effects of the
phagocytosed platelets on endothelial cells have been
unclear until recently.

In this study, the effects of freshly isolated platelets on
human umbilical vascular endothelial cell (HUVEC) viabil-
ity and apoptosis were investigated in vitro. The significance

of platelet and endothelial cell interactions in human pan-
creatic ductal adenocarcinoma and in mice was also
assessed. Our data showed that endothelial viability was
enhanced and apoptosis was markedly suppressed due to
the phagocytosis of platelets. Furthermore, HUVEC sur-
vival was associated with the activation of Akt signaling.
In addition, platelet staining was observed in some tumor
vascular endothelial cells. Taken together, these findings
indicate new mechanisms by which platelets promote
angiogenesis in tumor tissues.

Materials and methods
Cell culture and platelet isolation

This study was performed according to the Code of Ethics of
the World Medical Association. The ethics committee of
Beijing Hospital and Beijing Institute of Geriatrics,
Ministry of Health approved the protocol, and written
informed consents were obtained from the donors.

HUVECs were isolated from the human umbilical vein as
previously described by Baudin et al.16 Briefly, a segment of
the umbilical vein was filled with 0.1% collagenase A
(Sigma-Aldrich, Inc.) in phosphate-buffered saline (PBS)
for 15 min. Endothelial cells were released by mechanical
disruption and resuspended in endothelial culture
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medium (ECM, Sciencecell, Inc.) with 10% fetal bovine
serum (FBS), 1% endothelial cell growth supplement,
100 U/mL penicillin, and 100 mg/mL streptomycin sulfate.
The cells were seeded in gelatin-coated glass bottom well
plates (1�105 cells/mL) and grown in a humidified cham-
ber containing 5% CO2 at 37�C.

Platelets were prepared according to standard methods
from 3 mL blood, which was obtained from informed
healthy donors and anticoagulated with 0.01 M sodium cit-
rate. Platelet-rich plasma was prepared by centrifugation at
500� g at room temperature for 15 min, and the platelets
were subsequently pelleted by centrifugation at 2000� g
for 6 min and washed in hydroxyethyl piperazine ethane-
sulfonic acid (HEPES) buffer at 37�C (0.137 M NaCl,
2.68 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM HEPES,
and 0.1% glucose, pH 6.8). The concentration of the platelets
was adjusted to 1�107–108/mL in the same buffer.

Co-incubation experiments

HUVECs were cultured until 80% confluence. Platelets
were added to the medium at a HUVEC:platelet ratio of
1:40. After vigorous washing of the HUVEC/platelet co-
cultures to remove non-adherent/non-phagocytosed plate-
lets, the HUVECs were harvested for further analysis.

In vitro platelet phagocytosis assay

Phagocytosis of platelets was determined by specific mem-
brane linking of platelets with a PKH26 red fluorescent cell
linker kit (Sigma-Aldrich, Inc.) according to the manufac-
turer’s instructions and assessed using transmission elec-
tron microscopy (TEM) and fluorescence microscopy.

In vivo experiment

To evaluate platelet phagocytosis by the endothelium
in vivo, murine platelets were isolated from whole blood
and labeled with PKH26. Next, PKH26-labeled platelets
were injected (5� 107 platelets) into mice via the tail vein.
After 24 h, the mice were sacrificed and tissues including
brain, liver, lung, and spleen were preserved at�150�C. The
phagocytosed PKH26-labeled platelets were analyzed and
quantified in serial sections by immunofluorescence and
immunohistochemistry. The endothelial cells were con-
firmed by luminal staining for CD34 (GeneTex, Inc.).

All animals were housed in an Association for
Assessment and Accreditation of Laboratory Animal Care
International approved facility, and animal experiments
were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals. This study was approved by the Animal Ethics
Committee at the Beijing Institute of Geriatrics.

TEM

Typical morphological alterations indicative of platelet
phagocytosis were evaluated using TEM. Briefly, the cells
were washed off the culture plates, centrifuged, and fixed in
ice-cold 1.0% glutaraldehyde in 0.1 M PBS. The cells were
then postfixed in 1% osmium tetroxide, dehydrated in a
graded alcohol series, embedded in Epon 812, sectioned

using an ultramicrotome, and stained with uranyl acetate
and lead citrate. The sections were then examined using a
TEM (JEOL-1230, Japan).

Immunofluorescence

Briefly, platelets were resuspended in cell diluents and
mixed with PKH26 dye in equal volumes at room tempera-
ture for 5 min. The staining reaction was blocked by the
addition of 1 mL of 10% FBS. After centrifugation of plate-
lets at 2000� g for 10 min, the cells were extensively washed
and resuspended in HEPES buffer. PKH26-labeled platelets
were co-cultured with primary HUVECs for the indicated
time. Next, the cells were washed three times with PBS,
fixed with 4% paraformaldehyde–PBS solution and exam-
ined using fluorescence microscopy. The number of cells
with internalized PKH26 platelets was quantified, and the
phagocytosis index was defined as the number of platelets
ingested per 100 cells. Data are expressed as the average of
three independent experiments.

Immunohistochemistry

Immunohistochemistry was performed on thick sections.
Slides were deparaffinized in xylene and rehydrated
through graded alcohol solutions. The endogenous perox-
idase activity was quenched by incubation in methanol con-
taining 3% H2O2 for 10 min. After several washes in PBS,
normal horse serum was applied for 30 min to block non-
specific antibody binding, and sections were subsequently
incubated with goat polyclonal CD42b (Santa Cruz
Biotechnology, Inc.), mouse monoclonal platelet IIb/IIIa
(Santa Cruz Biotechnology, Inc.), or rat monoclonal CD34
primary antibodies overnight at 4�C. For the secondary
antibody, mouse anti-goat or goat anti-rat/mouse antibo-
dies (Dako, Diagnostics (Shanghai) Co.) were incubated
with the tissue for 30 min at room temperature. After sev-
eral washes in PBS, the slides were developed in freshly
prepared diaminobenzedine solution and then counter-
stained with hematoxylin, dehydrated, and mounted.

Tissue specimens

Ten specimens of pancreatic ductal adenocarcinomas
coming from patients treated by a Whipple procedure at
the Surgical Oncology Department of Beijing Hospital
were selected. None of the patients had accepted radio-
therapy before operation. Tumor tissues of all cases were
fixed in 4% formaldehyde solution (pH 7.0) for about 24 h
and then processed routinely for paraffin embedding.
Four-mm-thick sections were cut and stained
immunohistochemically.

Detection of cell viability and apoptosis

To estimate cell viability, cells were cultured in 96-well
plates. Next, 15 mL of MTT 3-(4,5)-dimethylthiahiazo
(-z-y1)-3,5-di-phenytetrazoliumromide solution was
added into each well and incubated for 4 h at 37�C. After
removal of the medium, 100mL of Dimethyl Sulphoxide
(DMSO) was added to each well. After shaking, cell viabil-
ity was determined by AD570 nm, and the results are
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expressed as the ratio of cell viability relative to the
untreated control. The results were determined by three
independent experiments.17

Cellular apoptosis was determined by Hoechst 33342
staining and immunoblotting of cleaved caspase3 (Cell sig-
naling, Inc.). The detailed procedure was performed
according to the manufacturer’s instructions.

Analysis of western blotting bands

The intensity of western blotting bands was analyzed by
using software Image-Pro Plus 6.0.

Statistical analyses

Data are shown as the mean� standard deviation. The non-
parametric test was used to assess the differences of cell
viability and western blotting. The differences among
multiple groups were evaluated by Kruskal–Wallis test.
Statistical analysis between two groups was performed
using Mann–Whitney test. For the analysis of apoptotic dif-
ferences in each group Chi-Square test was used. P< 0.05
was considered to be statistically significant. All data were
analyzed with SPSS statistics software (Version 13.0,
Chicago, IL, USA).

Results
Platelet–endothelial cell interactions are increased in
tumor tissues

In four out of 10 pancreatic carcinoma specimens, the plate-
lets were attached to some vascular endothelial cells in tumor

tissues. To confirm that the positive staining was specific to
platelets, two types of antiplatelet antibodies, antiglycopro-
tein IIb/IIIa and anti-CD42b, were used. The endothelium,
which was stained by both antibodies, was considered posi-
tive for platelets. Platelet–endothelial cell interactions in both
the middle and small vascular tissues are shown in Figure
1(a) to (d). In the remaining six cases, no platelets were
observed to adhere to the vascular endothelium. The micro-
vascular density of the 10 cases was also evaluated using the
CD34 antibody. In Figure 1(e) and (f), tumors with high- and
low-density microvasculature are shown as typical samples.
The microvascular density was significantly higher in the
tumors carrying platelet-positive vascular cells than in the
tumors carrying platelet-negative vascular cells.

Platelets were phagocytosed by HUVECs

To examine the interaction between endothelial cells and
platelets, platelets were prelabeled with PKH26 and cul-
tured with HUVECs for 5 h. Fluorescence microscopy
images obtained after washing showed that a significant
proportion of platelets co-localized with endothelial cells
(Figure 2(Aa)). When cytochalasin B (10 mg/mL), an inhibi-
tor of phagocytosis,18 was mixed in the culture medium, the
fluorescent signals dramatically decreased (Figure 2(Ac)),
indicating that the number of endothelial cells with inter-
nalized platelets significantly decreased. Next, we used
TEM to visualize platelet internalization. As expected, the
engulfment of platelets by endothelial cells was observed.
The phagocytosed platelets appeared round and were
absent of membranous extensions (Figure 2(Ba)).

Figure 1 Immunohistochemical staining for platelets and CD34 protein in pancreatic carcinoma. (a–d), Platelet–endothelial cell interactions in pancreatic carcinoma.

Positive antiplatelet antibody glycoprotein IIb/IIIa staining (a, c) and antiplatelet antibody CD42b staining (b, d) were observed in intermediate (a, b) and small (c, d)

vasculature (magnification� 200). (e, f) Microphotograph of pancreatic carcinoma stained using the anti-CD34 antibody. Arrows indicate microvascular. Note that the

microvascular density is higher in tissues possessing platelet-positive vasculature (f) compared to tissues without platelet-positive vasculature (e) (magnification� 400).

(A color version of this figure is available in the online journal.)
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Platelet internalization increased with incubation time. The
platelet uptake level peaked at approximately the 20th hour
(data not shown). TEM examination revealed myelin-like
materials in the HUVECs at the 20th hour, which was indi-
cative of platelet digestion by cells.19 (Figure 2(Bb)).

Interaction of endothelial cells and platelets in vivo

Phagocytosis of platelets by endothelial cells was also
examined in vivo. Fluorescence microscopy demonstrated
that PKH26-labeled platelets punctuated the vascular wall
of the liver and brain (Figure 2(C)). Furthermore, sections
were analyzed using immunohistochemical staining. The
results showed that PKH26-labeled platelets co-localized
with CD34-positive endothelial cells in the liver and
brain. Compared with the larger vasculature, the endothe-
lium in smaller vasculature preferentially phagocytosed
PKH26-labeled platelets (Figure 2(C)).

Phagocytosis of platelets by HUVECs enhances
HUVEC viability

HUVECs were co-cultured with platelets in normal (con-
taining 10% FBS) or serum-deprived ECM, and cell viability
was assessed. Cell viability in the serum (þ) and platelet (–)
group was considered as 100%. As shown in Figure 3(a),
after platelets were added to the culture, the viability of
HUVECs significantly increased at 24 and 48 h, especially

in the platelet (–) group. Platelets promoted the viability
level of HUVECs by 25% when cultured in normal ECM,
and the viability was improved by 50% in serum-deprived
groups (both P< 0.05). This finding was consistent with the
result that engulfment of platelets by endothelial cells was
dramatically enhanced in serum-deprived medium (data
not shown). In general, 5% of HUVECs were fluorescent
after incubation with PKH26-labeled platelets, whereas
HUVECs demonstrated a 19.8% increase in fluorescence
under conditions of serum deprivation (supplemental
Figure 1(a) and (b)). The effect of the platelets on endothelial
viability was platelet specific, and red blood cells did not
alter the viability level (data not shown). In the serum-
deprived groups, cell viability induced by platelet incuba-
tion was significantly inhibited at 24 (Figure 3(b)) and 48 h
in the presence of cytochalasin B (Figure 3(c)) (P< 0.05).
When platelet lysate was added to the medium, the viability
of HUVECs increased by 20% at 48 h. Furthermore, when
cells were co-cultured with platelets, HUVEC viability
increased by 50% (Figure 3(c)).

Phagocytosis of platelets by endothelial cells inhibited
endothelial cell apoptosis

Consistent with TEM findings (data not shown) and
Hoechst 33342 staining, apoptosis was induced when
HUVECs were cultured in serum-deprived medium

Figure 2 Phagocytosis of platelets by HUVECs. (A) Phagocytosis of platelets by HUVECs in vitro. PKH26-labeled platelets (red) were co-cultured with 80% confluent

HUVECs in ECM supplemented with 10% FBS for 20 h. Cells were fixed and stained with DAPI (a) or without DAPI (b, c) and observed using fluorescence microscopy

(magnification,�200). (B) Transmission electron microscopy (TEM) reveals the complete ingestion of platelets. HUVECs were co-incubated with platelets for 5 h (a) and

20 h (b) (40 platelets per endothelial cell) and then examined using TEM. Platelets (a) and myelin-like structure (b) were found inside of endothelial cells at 5 and 20 h

(magnification,�7100), as indicated by the arrow. (C) Accumulation of PKH26-labeled platelets in endothelial cells in vivo. Mouse platelets were labeled with PKH26

and administered intravenously via the tail vein. The mice were sacrificed 20 h later. The fluorescence-labeled platelets were visualized in endothelial cells in the liver (a)

and brain (b). The endothelium was identified using CD34 immunostaining. (A color version of this figure is available in the online journal.)
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for 48 h. The ratio of apoptotic cells was quantified using
Hoechst 33342 staining, which exhibited a clear apoptotic
body (Figure 4(a)). When platelets or platelet lysate was
added, the apoptosis levels of HUVECs at 48 h decreased
by 7 and 6%, respectively (Figure 4(b)). When the co-incu-
bation time was extended to 72 h, both platelets and platelet
lysate were sufficient to induce this antiapoptosis effect
(Figure 4(c)). Compared to platelet lysates, platelets
induced more significant apoptotic inhibition. Platelets
and platelet lysates reduced the HUVEC apoptotic level
by 76 and 23%, respectively (P< 0.05) (Figure 4(c)).
Moreover, administration of cytochalasin B inhibited plate-
let-induced apoptosis suppression at both 48 and 72 h
(Figure 4(b) and (c)). To further confirm the apoptotic
ratio, the level of cleaved caspase 3 was investigated by
western blotting. As was shown in supplemental Figure
1(c) and (d), platelet could reduce the level of cleaved
caspase3.

Increased levels of phosphorylated Akt and p70 S6K
protect against apoptosis by platelets

Akt and ERK1/2 are essential mediators of several cellular
processes, including cell proliferation and programmed cell
death. Thus, we examined the expression of active Akt, the
Akt substrate p70 S6K, and ERK1/2 using western blotting
analyses with respect to platelet-dependent downregula-
tion of endothelial cell apoptosis. HUVECs were treated

with serum deprivation, incubation with platelets, or a mix-
ture of cytochalasin B for 10 h. Next, the cells were har-
vested and analyzed using western blotting.

Inhibition of Akt signaling by serum deprivation was
characterized by a reduction of activated phosphorylated
Akt and phosphorylated p70 S6K, which were induced by
the addition of serum or platelets (Figure 5(a) and (b)).
Phosphorylation of Akt and p70 S6K increased after the
addition of serum or platelets. Furthermore, activation of
Akt signaling induced by platelets was completely sup-
pressed by cytochalasin B. Our immunoblotting analysis
on the proximal regulation of ERK1/2 demonstrated that
ERK1/2 was not affected by serum deprivation. Moreover,
phosphorylation of ERK1/2 was slightly elevated after the
addition of platelets. In addition, ERK1/2 activation
induced by the platelets was inhibited by cytochalasin B
(Figure 5).

Discussion

Five years ago, Kuckleburg et al. found that activated
bovine platelets are engulfed by bovine endothelial cells.13

In the following years, several studies have confirmed that
platelets or platelet-derived vesicles are internalized by the
liver or brain endothelium.14,15,20 Endothelial cells possess a
strong ability to engulf a variety of cell types.21–23 Thus, it is
reasonable that endothelial cells are considered ‘‘non-pro-
fessional phagocytes.’’23 Similar to these reports, we found

Figure 3 Platelets promote HUVEC viability. (a) HUVECs were plated at 5� l04 cells/mL in 96-well plates in ECM supplemented with 10% FBS and incubated for 24 h.

Next, the medium was replaced with serum-deprived or 10% FBS-containing ECM and platelets were added. Cells were cultured continuously for 24 and 48 h. Cell

viability was determined using the MTT assay. Error bars represent the SD value. (b, c) HUVECs were cultured in serum-deprived ECM in combination with platelets,

cytochalasin B, or platelet lysates for 24 (b) and 48 h (c). Cell viability was determined using the MTT assay. Data are expressed as the mean and SD values of

quadruplicate wells of three independent experiments
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that endothelial cells derived from humans can engulf
human platelets. The internalization of platelets can be
inhibited by cytochalasin B and intact platelets are localized
in HUVECs. We propose that platelets are internalized by
endothelial cells via phagocytosis.

Under physiological conditions, platelets flowing in the
bloodstream show minimal interactions with endothelial
cells. In contrast, an intravital microscopic study reported
that platelets could roll or firmly adhere to postischemic
microvascular endothelial cells during ischemia–
reperfusion injury.24 In this study, we demonstrated that
HUVECs cultured in serum-deprived medium phagocytose
more platelets, and thus, we propose that a shortage of
nutrition will result in a promotion of platelet internaliza-
tion. In addition, platelet–endothelium interaction exists in
some pancreatic carcinomas. Perhaps the platelet engulf-
ment by endothelial cells was enhanced since shortage of
nutrition condition is often found in tumor tissues. Further
analysis is needed to confirm this hypothesis.

The effects of platelet phagocytosis on endothelial cells
have been unclear until recently. It was reported that plate-
lets and platelet microparticles could support the integrity
of the endothelium.25–27 In this study, when platelets were
added to cultured HUVECs, endothelium viability was

enhanced and cell apoptosis was highly suppressed. Our
data support the promotion of cell survival via platelet
internalization. Previously, Lou et al.28 reported that plate-
let–endothelial adhesion and fusion resulted in an
enhanced endothelium sensitivity to TNF-induced injury.
Thus, further investigation is needed to clarify the effects
of platelet internalization on endothelial cells.

Interestingly, platelets exhibit a more significant ten-
dency to promote cell viability at 48 h and suppress apop-
tosis at 72 h compared to platelet lysates. Similar data were
reported by Lang et al.,27 where they found that platelet
supernatants and the contents of platelet granules were
ineffective in mimicking the cytoprotective capacity of
platelets. This raises the question, what components pro-
vide this extra driving force? It has been well established
that platelets are a transferring module for various factors,
including platelet receptors, chemokines, bioactive lipids,
and messenger RNAs.29–31 These factors are essential for
the phenotype of the recipient cells. The enhanced cell sur-
vival is potentially induced by some of these platelet com-
ponents. Further investigations are needed to clarify these
questions.

We also examined the mechanisms of HUVEC viability
induced by platelets. Western blotting analysis

Figure 4 Inhibition of HUVEC apoptosis by platelet phagocytosis. (a) HUVECs were cultured in the serum-deprived ECM in the presence or without platelet for 48 h.

Then Hoechst33342 staining analysis was performed. The dense nuclear condensation and shrinkage marked by arrows indicated apoptotic cells. Magnification�400.

(b) HUVECs were cultured in serum-deprived ECM together with platelets, platelet lysate, or cytochalasin B, respectively, for 48 h. Then the apoptotic ratio of HUVECs

was examined by Hoechst33342 staining analysis. (c) HUVECs were cultured in serum-deprived ECM in the presence of platelets, platelet lysate, or cytochalasin B,

respectively, for 72 h. Then the apoptotic ratio of HUVECs was examined by Hoechst33342 staining analysis. Significant inhibition of apoptosis was noted in the platelet

and platelet lysate incubation groups (p<0.05). All of the experiments were performed thrice. (A color version of this figure is available in the online journal.)
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demonstrated that platelets induced a profound activation
of Akt, as well as its substrate p70 S6K. This finding was
consistent with a previous report in which the phosphoryl-
ation of Akt was markedly enhanced when platelet micro-
particles were incorporated into endothelial cells.25 Because
activation of Akt contributes to cell proliferation and sur-
vival, we proposed that Akt signaling is involved in platelet
phagocytosis to promote endothelial survival and prolifer-
ation. In this study, platelet incubation induced a moderate
activation of ERK1/2 at 72 h. In contrast, Ranzato et al.
reported that endothelial proliferation was predominantly
under the control of ERK1/2 signaling when the cells were
stimulated by platelet lysates.32 Taken together, these data
suggested that different components of platelets potentially
promoted different signaling pathways.

In summary, our study demonstrated that HUVECs have
the ability to phagocytose platelets, and platelet phagocyt-
osis was enhanced under conditions of serum deprivation.
We demonstrated that phagocytosis played an essential role
in enhancing endothelial viability and attenuating cell
apoptosis. Furthermore, activation of the Akt signaling
pathway in the endothelium is one of the underlying mech-
anisms mediating endothelial viability and cell apoptosis.
Moreover, the enhancement of endothelium viability trig-
gered by platelets may be involved in tumor angiogenesis.
Our data provide insights into a novel concept by which
platelet internalization via phagocytosis might directly
result in endothelial proliferation beyond an indirect
involvement of angiogenic factors.
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