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ABSTRACT

Thrombocytopenia is an important cause of hemorrhage and death after radiation injury, but the pathogenesis
of radiation-induced thrombocytopenia has not been fully characterized. Here, we investigated the influence of
radiation-induced endothelial cell injury on platelet regeneration. We found that human umbilical vein endothe-
lial cells (HUVECs) underwent a high rate of apoptosis, accompanied by a significant reduction in the expres-
sion of vascular endothelial growth factor (VEGF) at 96 h after radiation. Subsequent investigations revealed
that radiation injury lowered the ability of HUVECs to attract migrating megakaryocytes (MKs). Moreover, the
adhesion of MKs to HUVECs was markedly reduced when HUVECs were exposed to radiation, accompanied
by a decreased production of platelets by MKs. In vivo study showed that VEGF treatment significantly pro-
moted the migration of MKs into the vascular niche and accelerated platelet recovery in irradiated mice. Our
studies demonstrate that endothelial cell injury contributes to the slow recovery of platelets after radiation,
which provides a deeper insight into the pathogenesis of thrombocytopenia induced by radiation.
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INTRODUCTION
Platelets, vital regulators in hemorrhage, infection, thrombosis and
inflammation [1], are derived from megakaryocytes (MKs) through
a multistage process, in which hematopoietic stem cells (HSCs),
megakaryocyte progenitors (MKPs), mature MKs, and terminal dif-
ferentiation of MKs are involved [2]. In the terminal process of
maturation, MKs extrude proplatelets, extend into the sinusoidal
vasculature, and release platelets into the peripheral blood [3].
When mature MKs move from the ‘endosteal niche’ to the ‘vascular
niche’, the interaction between endothelial cells and MKs is indis-
pensable in the bone marrow (BM) microenvironment [3, 4].

Previous studies have reported that radiation can cause great
damage to hematopoietic system components, which leads to the

reduction of platelets, and subsequently life-threatening thrombo-
cytopenia [5, 6]. HSC transplantation is an effective measure for
treating thrombocytopenia; however, patients who receive total
body irradiation (TBI) and undergo HSC transplantation require a
longer period in which to recover platelets than healthy individuals
do [7–9], which suggests that in addition to stem cells, there are
other factors in the BM microenvironment affecting the reconstruc-
tion of hematopoietic function in those suffering from radiation
injury. However, their precise mechanism has not been fully
characterized.

BM endothelial cells are a crucial component of the stroma in
hematopoietic regulation [10], which produces numerous soluble
factors that promote the differentiation and regeneration of the
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HSCs in vitro after radiation exposure [11, 12]. Deletion of vascular
endothelial growth factor (VEGF)R2 in adult mice or systemic
delivery of anti-VE-cadherin-specific antibody could delay hemato-
logic recovery following radiation injury [13, 14]. Disruption of the
BM vascular niche by interfering with VE-cadherin impairs MK mat-
uration and polyploidization [15]. However, it remains to be deter-
mined whether abnormalities of endothelial cells can affect platelet
regeneration in the process of hematopoietic reconstitution after
radiation injury.

In this paper, we found that along with the radiation-induced
damage of endothelial cells, the expression of VEGF was decreased
at 96 h post irradiation. Additionally, the adhesion and migration of
MKs to HUVECs were weakened, thus resulting in reduced platelet
production. Supplementing VEGF through intravenous injection
enabled us to rescue platelet numbers in mice that had received
radiation. This work focused on the role of the BM microenviron-
ment in thrombopoiesis to further understanding of the pathogen-
esis of thrombocytopenia induced by radiation.

MATERIALS AND METHODS
Cell culture

HUVECs were purchased from the cell bank of the Chinese
Academy of Sciences (CAS, Shanghai) and cultured in Minimum
Essential Medium (Gibco, USA) with 10% fetal bovine serum.
CD34+ cells and human primary MKs were obtained from human
umbilical cord blood using immunomagnetic beads (Stem Cell
Technologies, Canada) as previously described [16]. The CD34+

cells were then seeded in 24-well plates with a density of 4 × 104/
well, and were further cultured in serum-free medium (Stem Cell
Technologies, Canada) containing 20 ng/ml recombinant human
thrombopoietin (rhTPO) and 1% penicillin/streptomycin. The use
of human umbilical cord blood was approved by the Human
Medical Ethics Committee of the Third Military Medical University.

Mice and irradiation
Male BALB/c mice (56–70 days old) were purchased from the
Institute of Zoology (Beijing, China), and the animal experiments
were approved by the Animal Ethics Committee of the Third
Military Medical University. Mice and HUVECs were irradiated
using an RS-2000 Biological System (X-ray source, USA) at a con-
stant rate of 1.284 Gy/min, for 234 s, thus receiving a single dose of
5 Gy X-ray.

Scanning electron microscope
A total of 3 × 104/ml HUVECs (500 μl) were seeded into a 24-
well plate containing glass slides, which were irradiated after a 6 h-
long adherence. At 96 h post irradiation, HUVECs were washed
with phosphate-buffered saline (PBS) and fixed with 2.5% glutaral-
dehyde. Images were captured using a scanning electron microscope
(SEM) instrument (HITACHI, Japan).

Cell apoptosis detection
A total of 1 × 105/ml HUVECs were cultured in a 6-well plate, and
were then collected at 96 h post irradiation. Cell apoptosis was
detected using an Annexin V-FITC kit (Dojindo, Japan).

Quantitative real-time polymerase chain reaction
HUVECs RNA was extracted using RNAiso plus Reagent (TaKaRa,
Dalian, China) according to the instructions. Total RNA was reverse-
transcribed to cDNA using a promega reverse transcription kit. The
primers were synthesized as follows: VEGF, 5’-CGGTATAAGTCCT
GGAGCGTTC-3’ (F), 5’-GCCTCGGCTTGTCACATCTG-3’ (R);
GAPDH, 5’-TGAGTATGTGGTGGAGTCTAC-3’ (F), 5’-TGGACT
GTGGTCATGAGCC-3’ (R). The data were collected from an IQT
M5 real-time polymerase chain reaction (RT-PCR) Detection system
(Bio-Rad, USA).

Enzyme-linked immunosorbent assay
HUVECs (5 × 104/ml, 2 ml) were cultured in a 6-well plate and
exposed to 5 Gy radiation. Cell supernatants were obtained at 96 h
post irradiation and analyzed by a human VEGF enzyme–linked
immunosorbent assay (ELISA) kit (Neobioscience, China).

Western blot assay
HUVECs were harvested at 96 h post irradiation. A total of 40 μg cell
protein was separated by a 10% SDS-PAGE gel, which was then trans-
ferred onto a PVDF membrane and probed with an anti-VEGF anti-
body (1:500, NOVUS, USA). GAPDH was employed as an internal
standard, and the Pierce ECL Plus reagent (1:1000, Thermo, USA)
was used to display the protein bands. Images were acquired by
Molecular Imager ChemiDocTM XRS+ with Image Lab TM software
(Bio-Rad, USA).

Migration assay
To assess the migration of MKs, we used a Millipore transwell (8 μm
pore size). MKs were purified from CD34+ cells and cultured in
serum-free medium with 20 ng/ml rhTPO for 11 days. HUVECs
(2 × 104/ml) were seeded into a 24-well plate and received 5 Gy
radiation. MKs (1 × 106/ml, 100 μl) were added to the transwell
chamber at the 96th hour post irradiation of HUVECs; the bottom
chamber contained medium with 20 ng/ml VEGF (Peprotech, USA)
or HUVEC monolayers. After a 5 h-long incubation, MKs migrated
onto the chamber membrane. The cells were then fixed with 4% for-
maldehyde and stained with 0.1% crystal violet for visualization.

Adhesion assay
The adhesion assay was performed according to previous reports [17].
MKs derived from CD34+ cells were cultured for 11 days and pre-
incubated with 2’,7’-bis-(2-carboxyethyl)-5-(-and-6)-carboxyfluorescein,
acetoxymethyl ester (BCECF AM, Beyotime, China) for 1 h at 37°C.
BCECF-labeled MKs (3.5 × 105/ml) were washed with PBS and
resuspended with the medium. They were then co-incubated with
the injured HUVEC monolayers for 5 h. The cells were further
washed slightly, and the fluorescence intensity was detected using
a SpectraMax M2 microplate reader (MD, USA) at 488 nm and
535 nm.

Analysis of culture-derived platelets
The platelet production experiment was adapted from Dhanjal et al. [18].
HUVECs (5 × 104/ml, 2 ml) were seeded on a Millipore transwell
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microporous membrane (5 μm pore size) and received 5 Gy radi-
ation. The transwell inserts with the HUVEC monolayers were
placed in a 6-well plate. MKs derived from CD34+ cells were cul-
tured for 13 days in the presence of 20 ng/ml rhTPO. After 48 h,
MKs (2 × 106/ml) and VEGF (20 ng/ml) were added and co-
incubated with injured HUVEC monolayers in the upper chamber;
1 ml medium was placed in the lower plate. The plate was incubated
for another 48 h at 37°C. Platelet assays were performed as we have
previously described [16]. The suspension in the lower chamber was
centrifugated and platelets were stained with FITC-CD41, APC-
CD42b antibodies (Biolegend, USA) and 10 μg/ml propidium iodide
(PI). Conjugated pellets were washed and counted by flow cytometer
(FACS CantoII flow cytometer, BD, USA).

Platelet recovery experiments
Groups of 10 male BALB/c mice were injected intravenously with
the recombinant murine VEGF (4 μg/kg, Peprotech, USA) or saline
daily for 7 consecutive days. The tail vein blood was collected and
counted by hemocytometer (XT- 2000iV, Sysmex, Japan).

Histology analysis
The thighbones of mice were obtained at 14 days post irradiation
and fixed overnight in 4% paraformaldehyde. Samples were decalci-
fied in EDTA for 10 days, and were then embedded in paraffin, sec-
tioned at 4 μm, and stained with hematoxylin and eosin (H&E).
Images were acquired using an Olympus microscope.

Fig. 1. Radiation induced the morphologic alteration and apoptosis in HUVECs. HUVEC monolayers were exposed to 5 Gy
radiation and incubated at 37°C for 96 h. (A) Changes in HUVEC morphology were detected by phase contrast imaging. (B)
HUVEC morphology alterations were observed with SEM. (C) Apoptosis in irradiated HUVECs was analyzed by the Annexin
V, FITC kit. (D) Histogram showing the mean apoptosis rate for each group. **P < 0.01 vs HUVEC.
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Statistical analysis
Experiments in this study were performed at least three times. The
data were analyzed by PASW statistical software and expressed as
mean ± S.D. Two-tailed Student’s t-tests were used to test the differ-
ences between two groups, and comparisons between more than two
groups were performed with one-way ANOVA followed by a Tukey
post hoc test. P < 0.05 was considered to be statistically significant.

RESULTS
Radiation induced the morphologic alteration and

apoptosis of endothelial cells
HUVECs are widely used in studies focusing on the role of endothe-
lial cells in hematopoietic regulation [12, 19]. To evaluate the effect
of radiation on vascular endothelium, we employed HUVECs and
first observed the morphological alteration of irradiated cells. The
morphology of irradiated HUVECs was found markedly changed rela-
tive to that of untreated cells, manifested as cytoplasmic blebbing
(Fig. 1A) and a larger surface area (Fig. 1B). Moreover, we analyzed
cell apoptosis using a flow cytometer. The apoptosis rate of irradiated
HUVECs was revealed to be ~40%, which was four-fold higher than
that of the control group (Fig. 1C and D), further demonstrating that
5 Gy radiation is detrimental to the vascular endothelium.

Radiation decreased the expression of VEGF in HUVECs
Numerous secreted protein or paracrine factors produced by BM
endothelial cells were dynamically changed after radiation [20].
VEGF is an angiogenic cytokine expressed in vascularized tissues,

which is capable of promoting the proliferation and survival of endo-
thelial cells [21]. As HUVECs were injured by 5 Gy radiation, we fur-
ther focused on VEGF by first conducting a quantitative RT-PCR
(qRT-PCR). We found that the mRNA expression of VEGF was
increased at 24 h and 48 h after 5 Gy radiation, but was significantly
reduced at 96 h post irradiation, compared with that of non-irradiated
cells (Fig. 2A and Supplementary Fig. 1). ELISA indicated that the
amount of released VEGF in irradiated HUVECs was decreased com-
pared with in the control cells (Fig. 2B). Moreover, western blot
clearly demonstrated that the expression of VEGF in irradiated
HUVECs was decreased at 96 h post irradiation (Fig. 2C and D).

Radiation-induced HUVEC injury weakened the
adhesion, migration, and platelet production of MKs

The adhesion of MKs to BM stroma cells is an important process in
hematopoiesis. Thus, we subsequently performed an adhesion assay
in which HUVECs were employed. MKs stained by BCECF-AM
emerged as green fluorescent cells upon excitation (Fig. 3A). The
fluorescence intensity of MKs that adhered to irradiated HUVECs
was dramatically less than that of untreated cells (Fig. 3B), which
suggest that BM stroma injury caused by radiation harms MK adhe-
sion. Due to the fact that morphological changes indicate an influ-
ence on the migratory ability of cells [22], we evaluated the effect
of irradiated HUVECs on MK migration using a transwell system.
We first found that VEGF has a strong ability to attract MKs
migration (Supplementary Fig. 2). Notably, radiation-induced
HUVEC injury could markedly decrease the number of MKs

Fig. 2. Decreased expression and secretion of VEGF in HUVECs after radiation. HUVEC monolayers were irradiated with
5 Gy radiation and incubated at 37°C for 96 h. (A) The mRNA levels of VEGF were analyzed by qRT-PCR. **P < 0.01 vs
HUVEC. (B) VEGF secretion was quantified by ELISA at 96 h after 5 Gy radiation. *P < 0.05 vs HUVEC. (C) The
expression of VEGF in HUVEC lysates were determined by western blot, and anti-GAPDH was used as an internal standard.
(D) Relative protein expression for each group was analyzed by Image J software. **P < 0.01 vs HUVEC.
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migrating toward HUVECs, while VEGF supplement could rescue
the rates of MK migration (Fig. 3C and D). A previous study
pointed out that cytokines (such as VEGF) secreted from vascular
endothelial cells can affect MK maturation and the following platelet
release [23]. Using flow cytometry, we analyzed the content of pla-
telets (CD41+CD42b+PI-) released from matured MKs in the

absence and presence of endothelial cells. The results showed that
co-culturing MKs with HUVECs promoted platelet production,
while radiation-induced endothelial injury significantly attenuated
this effect (Fig. 3E and F). Similarly, addition of VEGF could evi-
dently promote the platelet production of MKs alone or with
radiation-injured HUVECs (Fig. 3F and Supplementary Fig. 2).

Fig. 3. Radiation-induced HUVEC injury weakened the adhesion, migration, and platelet production of MKs. (A) The
adhesion of MKs was photographed by phase contrast imaging. (B) The mean fluorescence intensity of adherent MKs was
examined using an M2 microplate reader. **P < 0.01 vs MKs + HUVEC. (C) MKs that migrated through transwell were
stained with crystal violet and examined under a microscope. (D) The average number of migrated cells from four random
fields were counted for each group. **P < 0.01 MKs vs MKs + HUVEC, **P < 0.01 MKs+HUVEC vs MKs + HUVEC-5 Gy,
**P < 0.01 MKs+HUVEC-5 Gy vs MKs + HUVEC-5 Gy + VEGF. (E) CD34+ cells were cultured for 13 days and co-
cultured with irradiated HUVEC monolayers. The platelets were stained with APC-CD42b, FITC-CD41 and PI and were
detected by flow cytometer. (F) The expression of platelets derived from MKs in each group. **P < 0.01 MKs vs
MKs + HUVEC, **P < 0.01 MKs vs MKs + HUVEC, **P < 0.01 MKs + HUVEC vs MKs + HUVEC-5 Gy, **P < 0.01
MKs + HUVEC-5 Gy vs MKs + HUVEC-5 Gy + VEGF.
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VEGF promotes platelet recovery in mice with
thrombocytopenia induced by radiation

To evaluate the therapeutic effect of exogenous VEGF on thrombo-
cytopenia induced by radiation, we intravenously injected VEGF

into BALB/c mice at Day 4 post–5 Gy TBI for 7 successive days
(Fig. 4A). The number of platelets in irradiated mice presented a
trend of fluctuation, which can be generalized as a sharp decrease
and an increasing recovery (Fig. 4 B). The declining platelet level

Fig. 4. VEGF administration enhanced platelet recovery in mice with thrombocytopenia. (A) Groups of 10 male BALB/c mice
were injected intravenously with VEGF at Day 4 post–5 Gy TBI for 7 successive days. (B) Changes in the platelets counts in
tail vein blood of mice in each group. **P < 0.01 vs Control, *P < 0.05 vs Control. (C) H&E stain of bone marrow in the
mice. MK: megakaryocyte S: vascular sinusoid. (D) A quantification of the distance between MKs and vascular sinus of
different groups was compared. **P < 0.01 vs Control.
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reached the nadir on the ninth day. Notably, the platelet counts of
mice treated with VEGF began to recover on the 11th day, 3 days
ahead of the saline group (Fig. 4B). H&E staining showed that
there was a paucity of hematopoietic cells in saline-treated mice on
the 14th day (Fig. 4C), and the distance between MKs and the vas-
cular sinus niche was much longer than that in the VEGF group
(Fig. 4C and D). These data suggest that VEGF promotes the
migration of MKs to the vascular sinus and accelerates platelet
recovery in mice with thrombocytopenia induced by radiation.

DISCUSSION
Thrombocytopenia caused by radiation is the main cause of hemor-
rhage, infection, and even death for patients with radiation injury [24].
In this study, we showed that radiation-induced endothelial cell injury
weakened the migration and adhesion of MKs to HUVECs, which
hindered platelet regeneration in the process of hematopoietic recon-
stitution. Our research revealed the reason for slow platelet recovery
after radiation injury from the perspective of the hematopoietic
microenvironment.

The BM hematopoietic microenvironment consists of the endo-
steal niche and the vascular niche, which provides for the mainten-
ance, self-renewal and differentiation of HSCs [25]. Endothelial cells
are an important cell type within the vascular niche, which play a cru-
cial role in the regulation of hematopoiesis, especially megakaryocyto-
poiesis [26]. BM is sensitive to radiation. In addition to the direct
damage to hematopoietic cells [27], radiation can also influence the
structure and function of endothelial cells. Our results showed that
radiation caused HUVEC apoptosis and morphological alteration,
which was consistent with the results of a prior study [22]. Many
studies have demonstrated that radiation altered the expression of
numerous autocrine and paracrine factors in BM endothelial cells, includ-
ing GM-CSF, VCAM-1, CXCL12, HGF and PECAM [10, 20, 28].
VEGF is a critical cytokine regulating the interactions between MKs
and endothelial cells [15, 29]. Therefore, we focused on the expres-
sion and secretion of VEGF in HUVECs. We found that the mRNA
expression of VEGF was increased at 24 h and 48 h after 5 Gy radi-
ation (Supplementary Fig. 1), but was significantly decreased at 96 h
post irradiation. The early increase in VEGF may be the stress
response of endothelial cells to radiation [30, 31], while the late
decrease in VEGF is probably due to the apoptosis of endothelial cells
induced by radiation. Actually, 96 h also represents a time-point for
early hematopoietic cell recovery in the BM of irradiated mice [32].
We chose a 5-Gy dose since this causes obvious damage to the BM
vascular niche, but is still sublethal [20]. These results suggest that
endothelial cells and their secreted soluble factors, such as VEGF, par-
tially contributed to the changes in the BM microenvironment follow-
ing radiation injury.

The vascular niche is a site of MK terminal maturation and
thrombopoiesis [3]. The conditions in the vascular endothelium are
intimately associated with the terminal differentiation of MKs [33].
VEGF is identified as a vital cytokine regulating proliferation and
survival of endothelial cells, which evidently promote the differenti-
ation and maturation of MKs and localization to the vascular niche
[23, 29, 34]. As such, we speculated that alterations in the BM
microenvironment, including morphological and VEGF changes,

can affect the behavior of MKs. In this study, we observed that
radiation-induced HUVEC injury lowered the adhesion of MKs,
and weakened the ability of HUVECs to attract MKs, thereby
decreasing the production of platelets derived from MKs. We also
demonstrated that the supplement of exogenous VEGF significantly
promoted migration and platelet production of MKs when co-
cultured with HUVECs injured from radiation in vitro. Moreover,
VEGF administration led to a faster movement of MKs toward the
vascular niche and a rapid recovery of the platelet level in a
radiation-induced thrombocytopenia mouse model. These findings
suggest that radiation-induced reduction and slow recovery of plate-
lets is associated with injury associated with irradiated endothelial
cells, which may provide a new avenue for the treatment of
radiation-induced thrombocytopenia.

Taken together, the data presented here demonstrated that
radiation-induced endothelial cell injury contributed to the delayed
recovery of platelet numbers (by influencing the adhesion and
migration of MKs) as well as of platelet release, thereby providing a
new insight into the pathogenesis of thrombocytopenia induced by
radiation.
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