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Endothelial cells play a crucial role in the pathogenesis
of many diseases and are highly sensitive to low gravity
conditions. Using a three-dimensional random positioning
machine (clinostat) we investigated effects of simulated
weightlessness on the human EA.hy926 cell line (4, 12, 24,
48 and 72 h) and addressed the impact of exposure to VEGF
(10 ng/ml). Simulated microgravity resulted in an increase
in extracellular matrix proteins (ECMP) and altered cy-
toskeletal components such as microtubules (alpha-tubulin)
and intermediate filaments (cytokeratin). Within the initial
4 h, both simulated microgravity and VEGF, alone, en-
hanced the expression of ECMP (collagen type I, fibronectin,
osteopontin, laminin) and flk-1 protein. Synergistic ef-
fects between microgravity and VEGF were not seen. After
12 h, microgravity further enhanced all proteins mentioned
above. Moreover, clinorotated endothelial cells showed mor-
phological and biochemical signs of apoptosis after 4 h,
which were further increased after 72 h. VEGF significantly
attenuated apoptosis as demonstrated by DAPI staining,
TUNEL flow cytometry and electron microscopy. Caspase-3,
Bax, Fas, and 85-kDa apoptosis-related cleavage fragments
were clearly reduced by VEGF. After 72 h, most surviving
endothelial cells had assembled to three-dimensional tubu-
lar structures. Simulated weightlessness induced apoptosis
and increased the amount of ECMP. VEGF develops a cell-
protective influence on endothelial cells exposed to simu-
lated microgravity.

Keywords: apoptosis; endothelial cells; extracellular matrix pro-
teins; microgravity, VEGF; weightlessness.

Introduction

Over the past 40 years many space missions have shown
that prolonged exposure of humans to space radiation and
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extended weightlessness may seriously affect their health.1

Prolonged stays in orbit increase the risk of bone loss and
fracture, and reduce muscle mass.1,2 Postflight orthostatic
intolerance, cardiac atrophy and cardiac susceptibility to
ventricular arrhythmias can occur.3,4 Already at the be-
ginning of a flight, space motion sickness has been re-
peatedly experienced.5 In addition, cardiovascular problems
and orthostatic hypotension have been reported.6,7 More-
over, circadian rhythm-related problems involving sleep and
performance,8 as well as immune-related health concerns in-
volving infections and immunodeficiency9,10 were observed
during and after space flights.

The effects of weightlessness on different cell types are
currently a topic of interest. Many of the above mentioned
health problems are due to the effects of weightlessness on
cellular features. Alterations of the cytoskeleton,11–13 loss
of activation of T-cells14 and changes in gene expression
patterns15,16 were observed. Under conditions of simulated
weightlessness, reproducibly, three-dimensional growth of
normal cells17–20 and tumor cells11,17,21 is induced, mi-
crotubule and mitochondria organization is altered,11,13 the
production of extracellular matrix and cytoskeletal proteins
is modified,13,17 and apoptosis is induced in different types
of cells.11,13,17

Endothelial cells are one type of cells which are affected
by weightlessness.22,23 They form the endothelium, which
is located at the interface between the blood and the ves-
sel wall. The endothelium of all blood vessels is highly
specialized with endocrine, exocrine, cell adhesion, clotting
and transport functions. It plays a critical role in the me-
chanics of blood flow, the regulation of coagulation, leuko-
cyte adhesion, and vascular smooth muscle cell growth,
and also serves as a barrier to the transvascular diffusion
of liquids and solutes. It can adapt rapidly to changes in its
environment.24,25
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The endothelial cells are in close contact and form a
smooth layer that prevents blood cell interaction with the
vessel wall. Ultrastructurally, each cell can be seen to be
anchored to an underlying basal lamina. Individual cells are
anchored together by adhesion junctions, including promi-
nent tight junctions, which prevent diffusion between cells.
Endothelial cells may respond to changes in local conditions
such as blood pressure, oxygen tension and blood flow by se-
creting substances, which have powerful effects on the tone
of vascular smooth muscle. Under certain circumstances,
especially in response to adverse stimuli such as wounds, in-
fections or tumor challenge, the endothelial cell may become
activated and change its function. In tissue regeneration en-
dothelial cells contribute to the formation of new vessels.
This process called angiogenesis may be mediated by pro-
liferation, migration, and remodeling of fully differentiated
endothelial cells from preexisting vessels.26–28

We intend to investigate whether weightlessness affects
endothelial cell morphology, and protein expression because
the endothelial cells play a crucial role in the maintenance
of the functional integrity of the vascular wall, and also or-
thostatic and cardiovascular deconditioning3,4,6,7 has been
described in astronauts. Changes in differentiation, mecha-
nisms of apoptosis and extracellular matrix and cytoskeletal
proteins will be addressed. Molecular biological methods
along with morphological techniques will be applied. In
addition, our objective was to investigate whether the
vascular endothelial growth factor (VEGF) would be able
to counterbalance the changes caused by alteration of the
physical parameter of gravity. VEGF comprises a family of
secreted polypeptides, which predominantly affect endothe-
lial cells.29,30 They are responsible for the formation of new
blood vessels during embryogenesis and in many patho-
logical conditions.31 In addition, they show neurotrophic,
lymphangiogenic and endothelium protective activity.31–33

The cell-protective activity of VEGF is a main focus of
this investigation. Our study will also help to understand
the basic changes of endothelial cells in microgravity and
their possible role in altering the physiology of the vascular
tree.

Material and methods

Random positioning machine (RPM)

The RPM, or three-dimensional clinostat, developed by T.
Hoson and collaborators34 in Japan, was manufactured by
Dutch Space, Leiden, NL. On the RPM, the samples are
fixed as close as possible to the center of the inner rotating
frame. This frame is rotating within another rotating frame.
Both frames are driven by separate motors. The rotation
of each frame is randomly and autonomously regulated by
computer software. Gravimeters fixed to the frame permit
recording the gravity vectors during rotation. The electronic
box installed in the inner frame, powers the experiment. Cell
culture containers can be fixed in the center of the RPM. The

RPM can be operated either as a random walk 3d-clinostat
(basic mode), as a 2d-clinostat or as a centrifuge. The RPM
is located in a room, thermostated at 37±1◦C.

Cell culture procedure

The EA.hy926 cells were grown in DMEM (Invitrogen,
Eggenstein, Germany). The medium was supplemented
with 10% fetal calf serum (FCS) (Invitrogen, Eggenstein,
Germany), 100 units penicillin/ml and 100 µg strep-
tomycin/ml. Subconfluent monolayers (5×106 cells/flask)
were randomized to the following study groups: six static
incubator controls, sixty ground controls (4, 12, 24, 48,
and 72 h; n = 12 each group), and sixty samples for
the clinorotation experiments (4, 12, 24, 48, and 72 h;
n = 12 each group). Static ground controls and cli-
norotation samples were randomized to receive either
vehicle (NaCl 0.9%) or VEGF (10 ng/ml; Chemicon,
Hofheim, Germany). The substances were diluted in com-
plete medium and added to a 25 cm2 (50 ml) culture flask
(Sarstedt,Nümbrecht,Germany).

Ground controls are cultures kept in the same room as
the RPM. To start a clinorotation culture, the culture flasks
were filled with complete medium with a syringe, taking
care to avoid air bubbles. The filled culture flasks were fixed
onto the clinostat. The system was placed in a room with
a temperature of 37◦C. Rotation was 60◦/s. Rotation time
was 4, 12, 24, 48 and 72 h. Complete medium was changed
every day.

Determination of micromilieu

To measure pH, bicarbonate, natrium, potassium, p02 and
pC02 content in EA.hy926 cell culture supernatants, a
commercially available radiometer (EML 100, Radiometer
Copenhagen, Denmark) was used.

Microscopy

Cells grown in plastic culture flasks (Sarstedt, Nümbrecht,
Germany) and three-dimensional endothelial cell aggregates
were examined by phase contrast microscopy (Olympus,
Hamburg, Germany). After labeling with fluorescent dyes
(propidium iodide, DAPI) single cells were investigated by
fluorescence microscopy (Leitz, Wetzlar, Germany).36,37

Histological staining

Endothelial cells were stained with hematoxylin and eosin
for histological analysis.38

Immunocytochemistry

For immunofluorescence staining, cells were seeded out
into one of a 4-chamber supercell chamber slide (BD,
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Heidelberg, Germany) and incubated for 2 h (adhesion
time). Subsequently, the monolayers were washed twice in
PBS, fixed with methanol and ethanol (1:2, room tempera-
ture, 30 min) or 4% paraformaldehyde (4◦C). The cells were
washed twice in PBS again and then incubated with the first
antibody for 24 h at room temperature (RT). The morphol-
ogy of the microtubule cytoskeleton (alpha-tubulin; 1:100;
Sigma, Taufkirchen, Germany) and intermediate filaments
(pan-cytokeratin, 1:50, Sigma, Taufkirchen, Germany) were
evaluated by indirect immunofluorescence and analyzed
with a Zeiss 510 META inverted confocal laser scanning
microscope equipped with a Plan-Apochromat 63×1.4 ob-
jective. Excitation and emission wavelengths were: λexc =
364 nm and λem = ≥475 nm for DAPI and λexc = 488 nm
and λem = ≥505 nm for FITC.

The antibodies used for the immunolocalization study
were directed against collagen type I (1:100), fibronectin
(1:50) (both Chemicon, Hofheim, Germany), laminin
(1:20), chondroitin sulfate (1:200; Sigma, Deisenhofen,
Germany), activated caspase-3 (1:10, Chemicon), VEGF-A
(1:50; Chemicon), flk-1 (1:800; Chemicon), bax (10 µg/ml;
Chemicon), bcl-2 (prediluted; Chemicon), Fas (1:20; Chemi-
con), PARP (1:50; BD, Heidelberg, Germany), osteopontin
(1:100; Developmental Studies Hybridoma Bank, Univer-
sity of Iowa, Department of Biological Sciences, Iowa, USA)
and NFκb (1:100; Biocarta, Hamburg, Germany). Antigen-
antibody complexes were visualized with the indirect im-
munofluorescence technique.11,17 They were then rinsed in
PBS and incubated for 24 h with anti-mouse/rabbit FITC-
conjugated immunoglobulin antibody (DAKO, Hamburg,
Germany). After washing in PBS, the cells were incubated
with Propidium iodide (Molecular Probes, Eugene, OR,
USA) for 1 h at 37◦C. Then, they were rinsed again in PBS,
mounted with Vectarshield immunofluorescence mounting
medium (Vector, Burlingame, CA, USA) and sealed with
nail polish.

Evaluation of apoptosis: DAPI staining and TUNEL
detection

The cells for DAPI staining, including incubator controls,
were fixed with 4% formaldehyde and incubated in the
DAPI medium containing 4′, 6-diamidino-2-phenylindole
(Molecular Probes, Eugene, OR). Stained nuclei were inves-
tigated using fluorescence microscopy.11,17

The TUNEL test was performed by flow cytometry using
the MEBSTAIN Apoptosis Kit Direct (Medical and Biolog-
ical Laboratories, Immunosource, Belgium). The protocol is
based on the TdT-mediated FITC-dUTP nick end-labeling
(TUNEL) method which labels the 3-OH ends of DNA
strand breaks generated by apoptosis. Briefly, EA.hy926 cells
(1×106) were fixed by 4% paraformaldehyde at 4◦C, fol-
lowed by two washings with PBS containing 0.2% Bovine
Serum Albumin (BSA). Cold 70% ethanol was added to the
cell pellet. Cells were then incubated for 30 min at −20◦C

for permeabilization. After washing twice with PBS contain-
ing 0.2% BSA, terminal deoxynucleotidyl transferase (TdT)
reaction reagent was added to the cell pellet and incubated
for 1 h at 37◦C. The cell pellet was washed twice with PBS
containing BSA and resuspended in 700 µL of the buffer
before the sample was analysed by flow cytometry. Forward
scatter, side scatter and green fluorescence (FITC-dUTP +
TDT) were measured using an EPICS XL flow cytometer
(EPICS XL, Beckman-Coulter, Analis, Belgium) equipped
with an argon ion laser with an excitation wavelength at
488 nm. A threshold on the forward scatter was used in
order to not take into account the cell debris.

Before each experiment, the instrument was calibrated
with fluorescent beads (Flow-Check, Beckman-Coulter). The
beads were uniform, with coefficients of variation always
≤2% for size and fluorescence. Software discriminators were
set on forward side scatter (FS) signals to eliminate electronic
and small particle noise. A total of 10.000 cells was recorded
for each sample and all experiments were conducted in trip-
licates. A calibration curve to transform the mean chan-
nels of green fluorescence (corresponding to the amount of
dUTP incorporated into damaged DNA by the TdT en-
zyme) was performed using Spherotech beads (RCP-30-5A,
Libertyville, Illinois, USA) and, therefore, all results ob-
tained in mean channel were transformed into Molecules
of Equivalent Fluorescein (MEFL). Data were stored as list-
mode files and analysed off-line using the System II software
(Beckman-Coulter). Cells incubated in the absence of TdT
were used as negative controls and cells treated with DNase
I (100 µg/mL) for 1 h at 37◦C were used as positive con-
trols for voltage and gain adjustments and assignment of
histogram regions. Values of MEFL for the negative controls
were substracted from the values of MEFL of the equivalent
samples.

Image analysis

Image analysis, was applied to quantitatively assess altered
cells and nuclei (DAPI and propidium iodide staining) by
using a video camera combined with a separate video control
system (Sony MC-3255, AVT- Horn GmbH) adapted to a
Zeiss Axiophot microscope (Oberkochen, Germany). Image
analysis was performed with the use of freely available soft-
ware (Scion Image 1.62a, Scion Co) on a Power Macintosh
8200/120 computer. The magnification was 10-fold.

Transmission Electron Microscopy (TEM)
and quantitative image analysis

Tissue samples were fixed in 1% glutaraldehyde plus 1%
tannic acid in 0.1 M phosphate buffer (pH 7.4), and were
post-fixed in 2% OsO4 in phosphate buffer. After rinsing and
dehydration in ethanol, the samples were embedded in Epon
(Plano, Marburg, Germany), cut on a Reichert Ultracut
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followed by contrasting with 2% uranyl acetate/lead citrate.
The specimens were examined with a transmission electron
microscope (TEM 10, Zeiss, Oberkochen, Germany). A
detailed description of the technique used for the following
experiments has already been published by Shakibaei et al.39

Ultrathin sections of all samples of the cell cultures were
prepared, stained with 1% toluidine blue in 1% sodium
tetraborate solution and evaluated under high resolution
light microscopy to demonstrate the tubular structures.
For statistical analysis ultrathin sections of the samples
of the cells were prepared and evaluated with an electron
microscope (Zeiss EM 10). The number of cells was deter-
mined by scoring 100 cells from 15 different microscopic
fields.

Western blot analysis

SDS-PAGE and immunoblotting were carried out follow-
ing routine protocols.11,17,40 Six replicates have been per-
formed. Antibodies against the following antigens were used
for this study: collagen type I (1:1000), fibronectin (1:1000;
polyclonal, Chemicon, Hofheim, Germany), laminin, chon-
droitin sulfate (1:1000; Sigma, Taufkirchen, Germany),
and PARP (1:1000; BD, Heidelberg, Germany), acti-
vated caspase-3, Fas, Bax and bcl-2, flk-1, and VEGF
(all diluted 1:1000; Chemicon, Hofheim, Germany), os-
teopontin (1:1000; Developmental Studies Hybridoma
Bank, University of Iowa, Department of Biological Sci-
ences, Iowa, USA), beta-actin (1:500; Sigma, Taufkirchen,
Germany) and NFκb (1:2000; Biocarta, Hamburg,
Germany).

The samples were homogenized by shearing forces in
lysis buffer (50 mM Tris-HCl, pH 7.2, 150 mM NaCl,
1% Triton X-100, 1 mM sodium orthovanadate, 50 mM
sodium pyrophosphate, 100 mM sodium fluoride, 0.01%
aprotinin, 4 µg/ml pepstatin A, 10 µg/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride “PMSF”) on ice for 30 min.
For immunoblotting, equal amounts of total proteins were
separated by electrophoresis using 10% sodium dode-
cyl sulfate-polyacrylamide gels under reducing conditions.
Subsequently, the homogenates were transferred onto a
nitrocellulose membrane (Schleicher & Schüll, Dassel,
Germany) using a transblot electrophoresis apparatus (Mini
Trans BlotTM, BioRad Laboratories, Richmond, USA) for
1 h at 120 V. Membranes were blocked with 5% (w/v)
skimmed milk powder in PBS/0.1% Tween 20 overnight at
4◦C and incubated with primary antibodies diluted in block-
ing buffer for 1 h at RT. After five washes in blocking buffer,
membranes were incubated with alkaline phosphatase-
conjugated secondary antibody diluted in blocking buffer
for 30 min at RT. Membranes were finally washed 5 times
in blocking buffer, twice in 0.1 M Tris, pH 9.5, containing
0.05 M MgCl2 and 0.1 M NaCl; specific binding was de-
tected using nitro blue tetrazolium and 5-bromo-4-chloro-
3-indoyl-phosphate (p-toluidine salt; Pierce, Rockford, IL,

USA) as substrates and quantitated by densitometry (Molec-
ular Dynamics Personal Densitometer No. 50301, Krefeld,
Germany). Protein determination was done with the bicin-
chonic acid system (BCA; Pierce, Rockford, IL, USA) using
BCA as a standard.

Statistical evaluation

Statistical analysis was performed using SPSS 11.5. All data
are expressed as means ± standard deviation (SD). We tested
all parameters for deviations from Gaussian distribution by
Kolmogorov-Smirnov test and compared the cases by the use
of independent – samples t-test or Mann-Whitney test (de-
pendent on the results from the normality test). Differences
were considered significant at the level of P ≤ 0.05.

Results

Micromilieu

Clinorotation of EA.hy926 cells had no influence on the
cellular micromilieu relative to pH (P = ns; 4, 12, 24, 48,
and 72 h, vs. incubator and ground controls), natrium and
potassium (P = ns; 4, 12, 24, 48, and 72 h vs. incubator
and ground controls), bicarbonate (P = ns; 4, 12, 24, 48,
and 72 h vs. incubator and ground controls) and pC02/p02

(P = ns; 4, 12, 24, 48, and 72 h vs. incubator and ground
controls) content of all EAhy 926 cell cultures.

Morphology of endothelial cells cultured
under simulated microgravity

After 12 h of clinorotation of a subconfluent monolayer, the
formation of cell aggregates was visible in all culture flasks
fixed on the three-dimensional RPM (Figure 1A). After 24 h,
most endothelial cells had detached from the bottom of the
culture flasks and several cell aggregates had formed and
were floating in the medium under low-gravity conditions.
After 48 h, nearly all cells were growing in the form of three-
dimensional cell aggregates of different sizes. The aggregates
formed by endothelial cells were of tubular shape. Maximum
size of these structures was 1.8 ± 0.01 mm in length and
0.3 ± 0.01 mm in diameter. Three days of culture under
simulated 0 g conditions revealed that no necrotic centers or
areas were detectable as demonstrated by propidium iodide
staining (Figure 1B and C). Microscopy of ultrathin slices
documented the presence of organized cells around a lumen.
The lumen is shown in Figure 1D and E.

Clinorotation changes extracellular matrix proteins

The clinorotated cells were harvested after 4 and 12 h, and
the influence of simulated microgravity or VEGF, either
alone or combined, was investigated for the expression of
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Figure 1. (A) Phase contrast microscopy, multicellular tubular structure under conditions of simulated microgravity (24 h). This tube-
like structure has a length of 1.8 mm. Propidium iodide staining: Longitudinal multicellular aggregate formed within 24 h of clinorotation
and VEGF (B) and C: vehicle. D, E Semithin section of a tubular structure with a length of 1.8 mm, collected after 72 h culture under
simulated microgravity. A lumen is visible. The picture shows that an artificial endothelium layer is formed along the extracellular matrix
(arrows).

extracellular matrix components. Microgravity or VEGF ap-
plication increased the expression of fibronectin, chondroitin
sulfate, collagen type I, and laminin within 4 h to similar
extents (Figure 2A–E), while OPN production was mainly
increased by microgravity and not by VEGF (Figure 2D).
Simulated microgravity and VEGF had no synergistic
effects on the cellular synthesis of fibronectin, and
chondroitin sulfate. The quantity of laminin under the
simultaneous influence of microgravity and VEGF was
slightly reduced compared to exposure to microgravity
alone (Figure 2C). Immunolocalization of these extracel-
lular matrix proteins revealed a cytoplasmic fluorescein
immunostaining.

Furthermore, the endothelial cells, which had been ex-
posed to simulated microgravity or to VEGF for 12 h,
showed an increase in fibronectin, collagen type I, and
laminin. But at this time point, the increase in all these com-
ponents was more pronounced following exposure to sim-
ulated microgravity compared to VEGF. Osteopontin and
chondroitin sulfate responded only to clinorotation but not
to VEGF. Surprisingly, when VEGF was present in medium
of clinorotated cultures for 12 h, the effect of micrograv-

ity on the expression of fibronectin, chondroitin sulfate,
osteopontin, and laminin was reduced. These results sug-
gest that VEGF may counterbalance the effects of simulated
microgravity on those extracellular matrix components (Fig-
ure 2A–E) during the first 12 h of growth under conditions
of simulated microgravity.

Impact of simulated microgravity on VEGF
and flk-1 protein

VEGF is increased after 4 h of clinorotation and further
elevated after 12 h. VEGF slightly reduced the protein in
clinorotated cells after 4 and 12 h (Figure 3A). VEGF was
localized in the cytoplasm of EA.hy926 cells.

Clinorotation early induced flk-1 protein (within 4 h).
This increase was further elevated after 12 h of culturing
the cells under simulated microgravity. VEGF treatment
also increased flk-1 protein but clinorotation exhibited
no further effect within 4 h. VEGF application for 12 h
reduced the amount of flk-1 protein (Figure 3B). Flk-1
immunofluorescence staining of EA.hy926 cells revealed
membrane staining.
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Figure 2. Western blot analyses of extracellular matrix proteins: (A) Collagen type 1 protein is elevated by microgravity. VEGF application
had no effect on collagen type I after 12 h. VEGF enhanced collagen type I in ground controls. Immunolocalization of collagen type I: Im-
munofluorescence staining of methanol-fixed EA.hy926 cells showing cytoplasmic immunostaining and nuclear propidium iodide counterstain.
(B) Simulated microgravity increased fibronectin protein. VEGF treatment increased fibronectin in static ground controls and attenuated the
amount of fibronectin protein in clinorotated cells after 12 h. Immunolocalization of fibronectin: Immunofluorescence staining of methanol-fixed
EA.hy926 cells showing cytoplasmic immunostaining and nuclear propidium iodide counterstain. (C) Laminin protein is clearly increased after
4 h and 12 h of microgravity. VEGF decreased the amount of laminin protein in clinorotated cells and induced it in static ground control
cells. Immunolocalization of laminin: Immunofluorescence staining of methanol-fixed EA.hy926 cells showing cytoplasmic and membrane
immunostaining and nuclear propidium iodide counterstain. (D) Osteopontin is increased by clinorotation after 4 and 12 h. VEGF significantly
decreased osteopontin in clinorotated endothelial cells after 12 h of microgravity. Immunolocalization of osteopontin: Immunofluorescence
staining of methanol-fixed EA.hy926 cells showing cytoplasmic immunostaining and nuclear propidium iodide counterstain. (E) Chondroitin
sulfate protein is elevated by microgravity (4 h). VEGF induced chondroitin sulfate to similar extents in both clinorotated samples and static
controls. After 12 h, chondroitin sulfate was decreased compared with vehicle-treated clinorotated group but unchanged compared to the
corresponding 1g group. Immunolocalization of chondroitin sulfate: Immunofluorescence staining of methanol-fixed EA.hy926 cells showing
cytoplasmic immunostaining and nuclear propidium iodide counterstain.
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Figure 3. (A) VEGF is increased in vehicle treated groups by clinorotation compared with static ground controls (P < 0.05). Immunolocalization
of VEGF: Immunofluorescence staining of methanol-fixed EA.hy926 cells showing cytoplasmic immunostaining and nuclear propidium iodide
counterstain. (B) Flk-1 is enhanced by clinorotation. VEGF enhanced flk-1 in static ground controls. VEGF application reduced the amount of
flk-1 protein after 12 h of clinorotation, no effect was seen after 4 h. Immunolocalization of flk-1: Immunofluorescence staining of methanol-fixed
EA.hy926 cells showing membrane localization and nuclear propidium iodide counterstain.

Apoptosis in endothelial cells cultured
under simulated microgravity

Electron microscopy revealed chromatin condensation in nu-
clei of endothelial cells cultured for 4 h on the RPM. Apop-
tosis was found only in the absence of VEGF, but not in its
presence. In the absence of VEGF, cell destruction continued
during clinorotation up to 72 h. Moreover, apoptotic bod-
ies were visible. When VEGF was present, however, nuclei
in an increased number of endothelial cells resembled the
controls, indicating a cell-protective ability of VEGF under
conditions of weightlessness (Figure 4). Statistical evalua-
tion proved the cell-protective effects of VEGF (Figure 4I).

Propidium iodide staining revealed characteristics of
apoptosis such as chromatin condensation and the occur-
rence of apoptotic bodies in endothelial cells cultured under
0g. VEGF treatment reduced the amount of apoptotic cells
compared to static controls (Figure 5).

DAPI staining of 72 h old clinorotated samples revealed
a clearly elevated rate of apoptotic endothelial cells. VEGF
treated cells significantly attenuated the amount of apoptotic
cells (Figure 6). Incubator and static ground controls exerted
no signs of apoptosis. All cells were viable.

Using the TUNEL assay, the DNA fragment multimers
of approximately 180–200 bp in length were fluorescently
labeled and were quantitated by flow cytometry. Figure 7

shows the results of the TUNEL procedure performed using
the MEBSTAIN Apoptosis Kit Direct. EA.hy926 cells were
cultivated for either 24 or 48 h. Figure 7 shows that clino-
stat conditions (24 and 48 h) induce a substantial increase
in TUNEL Molecules of Equivalent Fluorescein (MEFL) in
comparison with ground controls. The addition of VEGF
to clinostat-cultivated cells induced a decrease in TUNEL
MEFL showing a cell-protective effect of VEGF against
clinostat-induced apoptosis. This data support the findings
observed after DNA staining and electron microscopy.

Mechanisms of apoptosis in endothelial cells
cultured under simulated microgravity

The cell-protective effect of VEGF under simulated micro-
gravity was also demonstrated after 24 h. Activated caspase-
3 was clearly enhanced in clinorotated samples after 24 and
72 h. VEGF attenuated this increase in clinorotated cul-
tures. In static ground controls no activated caspase-3 was
detectable (Figure 8A). Cytoplasmic staining of activated
caspase-3 was observed in clinorotated samples.

Fas protein was increased in clinorotated samples after
24 h. VEGF application induced Fas in both, static ground
controls and clinorotated samples. After 72 h culture in
weightlessness, Fas is clearly elevated in clinorotated samples
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Figure 4. Electron microscopy of human endothelial cells (EA.hy926 cell line): (A) Normal static ground control cells exhibited the characteris-
tics of the cell line. (B) VEGF-treated cells showing signs of activation such as prominent nucleoli (arrows). (C) 4 h of culturing under conditions
of zero-g: signs of apoptosis are visible. (D) 4 h of microgravity and VEGF: All cells are viable. VEGF has a clear cell-protective ability. (E)
72 h: Confluent layer of static ground control cells. (F) 72 h: VEGF treated sample of static ground control cells. An increase in extracellular
matrix material is seen (M). A thickened basement membrane of the cells and an increase in extracellular matrix material is visible. (G) 72 h of
culturing under conditions of microgravity. Apoptotic cell death is detectable including apoptotic bodies (arrows). (H) 72 h of microgravity and
VEGF. The majority of endothelial cells were protected against apoptosis and viable. (I) Statistical evaluation of electron microscopic data:
The number of cells was counted by scoring 100 cells from 15 different fields. The diagram shows the number of pathologically altered cells
(mean values and standard deviations) of the results from three different samples.

and normalized in the VEGF treated samples (Figure 8B).
Fas immunofluorescence staining of EA.hy926 cells showed
a membrane localization.

Bax was slightly increased after 24 h on the RPM. VEGF
induced Bax in ground controls but reduced Bax protein
in clinorotated cells within 24 h. After 72 h of culture in
microgravity, Bax is clearly increased compared to static
ground controls. VEGF attenuated the amount of Bax pro-
teins to a normal level (Figure 8C). Bax was localized in the
cytoplasm of EA.hy926 cells.

Bcl-2 protein was elevated by clinorotation. VEGF
treatment clearly induced the amount of Bcl-2 protein
in all clinorotated samples within 24 and 72 h (Fig-
ure 8D). Bcl-2 was localized in the cytoplasm of EA.hy926
cells.

These results indicate that simulated microgravity in-
duced apoptosis via extrinsic and intrinsic pathways. It was
initiated by external signals using the death receptor CD95,
but also caspase-3 activation, changes in Bax and Bcl-2 were
detectable.

In addition, NFκB is elevated early by clinorotation and
further enhanced by VEGF combined with clinorotation
compared to the corresponding static ground control cells.
After 72 h of culture under simulated microgravity, NFκB
is highly elevated by microgravity alone, but reduced by
VEGF application (Figure 9). NFκB was detected in the
cytoplasm of the EA.hy926 cells.

PARP and its 85-kDa cleavage fragment were increased
by clinorotation after 24 and 72 h. VEGF reduced PARP
after 24 and 72 h (Figure 10). PARP immunofluorescence
revealed nuclear staining.

Investigation of the cytoskeleton of EA.hy926
cells

In the static ground control cells, cytokeratin networks dis-
played characteristic patterns depending on their intracel-
lular localization (Figure 11A). After 24 h of clinorota-
tion the intermediate filament network for cytokeratin had
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Figure 5. Propidium iodide staining: (A) Static ground control cells with normal nuclei. (B) 24 h of clinorotation: Apoptotic cells are detectable.
(C) 72 h of clinorotation: Apoptotic bodies (arrows) are visible. (D) VEGF treated clinorotated cells exhibited normal propidium iodide-stained
nuclei. (E) Statistical analysis of propidium iodide staining.

considerably increased (Figure 11B). cytokeratin was gath-
ered in a dense center near the nucleus.

Microtubules (alpha-tubulin) radiated to the cellular
membrane in static controls at 1g (Figure 11C). EA.hy926
cells exerted an increase in alpha-tubulin and many of the
microtubules are coiled in close association with the nu-
cleus when they grew under simulated microgravity for 24 h
(Figure 11D).

Discussion

Amongst the observations demonstrated in this manuscript,
the most significant and novel findings in endothelial
cells cultured on a random positioning machine which
simulates weightlessness were: first, the formation of
three-dimensional tubular structures, second, the increase
in extracellular matrix proteins, and third, the initiation of
programmed cell death. Both of the latter effects were coun-
terbalanced by VEGF application. In addition, clinorotated
endothelial cells also produced more than normal amounts
of VEGF and flk-1 by themselves. Moreover, simulated
microgravity induced alterations of the cytoskeleton of
human endothelial cells.

The random positioning machine (RPM) is a
method for the simulation of weightlessness
on earth

Clinostat and bioreactor systems have proved to be advan-
tageous in a variety of experiments that are limited to the
biological effects of real weightlessness in space and ex-
clude effects of cosmic radiation. Applications include tissue
engineering,20 maintenance of normal prostate tissue41 as
well as studies on normal42–44 and cancer cells.45 Our group
used the RPM to produce multicellular tumor spheroids of
thyroid carcinoma cells.11,17 Similar results can be obtained
using a HARV (high aspect ratio vessel) NASA rotary cell
culture system and various human tumor cell lines and fi-
broblasts in simulated microgravity. 45

We investigated human endothelial cells on a three-
dimensional RPM to characterize separate and common ef-
fects of simulated weightlessness and VEGF on this cell
type. In contrast to other instrumentation available for sim-
ulated microgravity experiments such as the fast rotating
clinostat46 or the rotating wall vessel,47 the RPM has two
independent frames.11,13,34 Its major advantage is a soft-
ware that drives the motors of each frame to random and
autonomous but simultaneously smooth and continuous,
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Figure 6. DAPI staining of (A) Vehicle-treated clinorotated endothelial cells cultured under simulated microgravity for 72 h: Nuclei with
chromatin condensation are seen. (B) VEGF-treated sample: There is a clear reduction of cells exhibiting chromatin condensation after 72 h.
(C) Statistical evaluation of DAPI staining.

i.e. joltless, movement. So the locations and positions of
cells in regard to gravity force vectors are changed quickly
and smoothly. This prevents gravity forces from pulling the
cells into one direction. The clinostat used is a reliable de-
vice to create vectorless conditions. In an earlier study the
data obtained with human lymphocytes in the RPM were
qualitatively and quantitatively nearly identical to those ob-
tained in space. In fact the depression of the mitotic index
after exposure to the mitogen concanavalin A was more that
80% in the RPM as well as in space.48 Therefore, clinoro-
tation is an important terrestrial model system for studying
the effects of reduced gravity on cells in order to develop
experimental systems and hypotheses concerning gravita-
tional cell biology. It may help to find the roots of the
negative physiological changes which humans and animals
face during a longer stay in orbit.1 The three-dimensional
clinostat could also provide a convenient experimental sys-
tem that allows the culture of many endothelial cells grown
in the form of tubes. It may additionally become an im-
portant tool to trigger apoptosis under controlled physical
conditions.

Formation of three-dimensional cell aggregates

The formation of tubular three-dimensional cell aggregates
of the endothelial cells cultured under conditions of sim-

Figure 7. Comparison of the TUNEL assay of EA.hy926 cell line in
various culture conditions from top to bottom: ground control (GC)
24 h, clinostat (µg) 24 h, ground control + VEGF 24 h, clinostat +
VEGF 24 h, ground control 48 h, clinostat 48 h, clinostat + VEGF
48 h. Means of 6 replicates ± standard errors of the mean (SEM)
are shown. Statistical measurements are given.

ulated microgravity was a surprise. It was known that
EA.hy926 cells, like several types of endothelium related
stem cells, form complex networks of cord- or tube-like
structures when plated on an extracellular matrix mate-
rial and cultured under appropriate conditions.49–53 Here
we demonstrate that EA.hy926 cells assemble to tube-
like structures when they had detached from the bottom
of a culture flask between the 12th and 48th hour under
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Figure 8. (A) Activated caspase-3 is elevated in all clinorotated samples. VEGF attenuated the amount of activated caspase-3 protein.
Immunolocalization of caspase-3: Immunofluorescence staining of EA.hy926 cells showing cytoplasmic immunostaining and nuclear propidium
iodide counterstain. (B) Fas protein is increased by clinorotation and elevated by VEGF after 24 h. After 72 h VEGF attenuated Fas protein
in clinorotated samples. Immunofluorescence staining of methanol-fixed EA.hy926 cells showing membrane localization of Fas and nuclear
propidium iodide counterstain. (C) Bax protein is increased by clinorotation and attenuated by VEGF after 72 h. Immunolocalization of
Bax: Immunofluorescence staining of methanol-fixed EA.hy926 cells showing cytoplasmic immunostaining and nuclear propidium iodide
counterstain. (D) Bcl-2 protein is clearly elevated by weightlessness, but also VEGF increased bcl-2 protein in static ground controls. During
clinorotation bcl-2 remained elevated during 72 h. Immunolocalization of Bcl-2: Immunofluorescence staining of methanol-fixed EA.hy926
cells showing cytoplasmic immunostaining and nuclear propidium iodide counterstain.

Figure 9. NFκB protein is induced by microgravity and early increased by VEGF. After 72 h VEGF reduced the amount of NFκB protein,
whereas microgravity alone increased it. Immunolocalization of NFκB p65: Immunofluorescence staining of methanol-fixed EA.hy926 cells
showing cytoplasmic localization. Nuclei are counterstained with propidium iodide.
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Figure 10. PARP 116 kDa (A) as well as PARP 85 kDa (B) are elevated by microgravity. VEGF application reduced the amount of PARP and
its 85 kDa cleavage fragment after 24 h and 72 h. Immunolocalization of PARP: Immunofluorescence staining of methanol-fixed EA.hy926
cells showing nuclear localization. Nuclei are counterstained with propidium iodide. (C, D): Beta-actin as control protein (P = ns).

simulated microgravity. It is noteworthy that they do not
form spheroids like the thyroid cells in other clinorotation
experiments.11,17 Thus, the kind of cell aggregates formed
under microgravity seems to depend on the type of cells.
This supports the idea that under microgravity, where cells
keep floating without stirring- and gravity-related push
or shear forces, cell-cell interactions are induced by forces
exclusively due to biochemical components actually ex-
pressed on surfaces of cells. It also confirms an earlier observa-
tion that non-stem cells are able to create three-dimensional
tube-like assemblies by culturing cells in microgravity21 and
points to the possibility that adult endothelial cells might
be used for tube formation too. This could be an alternative
model in studying the development of new blood vessels or
in engineering tubes for surgical purposes. It has the ad-
vantage that the system consists only of endothelial cells
and VEGF, while complex gels containing stimuli such as
fibrinogen or platelet particles are not required.50,51

Effects of VEGF on extracellular matrix proteins

Endothelial cells increased their concentrations of extracellu-
lar matrix components compared to the corresponding static
ground control cells. This phenomenon has already been ob-

served on thyroid cancer cells and chrondrocytes exposed to
simulated microgravity11,17,54 as well as on bone cells flown
through the space.55 In many cases increased production of
extracellular matrix is paralleled by enhanced production of
cytoskeletal proteins.11,17 Whether or not these observed
alterations are due to a common pathway of regulation has
to be determined.

VEGF and simulated microgravity alone enhanced the
expression of fibronectin, chondroitin sulfate, collagen type
I, osteopontin, and laminin similarly, but did not show
synergistic effects when acting together within the early
phase of 4 h of clinorotation. During a second phase, the
VEGF influence ceased, while microgravity kept on increas-
ing fibronectin, collagen type I, and laminin. When acting
together in this phase, VEGF suppressed or reduced the
microgravity dependent amount of fibronectin, chondroitin
sulfate, osteopontin, and laminin.

This finding suggests that VEGF prevents an overpro-
duction of ECMP, although extracellular matrix is required
for tube formation.56

However, it is known that some ECM components such
as Fibulin-5 and VEGF antagonize each other.57 In addition,
VEGF provides survival signals independent of its ability to
promote matrix reattachment58 and accelerates the rate of
assembly and disassembly of focal adhesion complex.59 Thus,
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Figure 11. Immunofluorescence of anti-cytokeratin: (A) Normal distribution of cytokeratin filaments in EA.hy926 static control cells. (B) 24 h
of clinorotation: The filaments became thicker and all EAhy926 cells were cytokeratin-positive. (C) alpha-tubulin: Static control (1g) cells. (D)
Simulated microgravity (24 h): Microtubules became thicker and tubulin was gathered around the nucleus (Arrow).

in the presence of VEGF the cells may stop overproduction
of ECM components because they are not forced anymore.

Impact of VEGF on clinorotation induced
programmed cell death

Moreover, we measured an increase in caspase-3 activa-
tion and detected characteristic morphological signs of pro-
grammed cell death, such as an elevated cleavage of 116-kDa
PARP to the 85-kDa apoptosis-related cleavage fragment,
and dye permeability as well as morphological changes. The
observed responses of clinorotated cells are related to gravita-
tional unloading because ground controls were negative for
morphological signs of apoptosis as well as activated caspase-
3 and bax proteins, but strongly positive for bcl-2. Bcl-2 as
a pro-survival member of the Bcl-2 family can act by pre-
venting the release of apoptotic molecules from organelles
such as mitochondria.60 These data are in agreement with
our earlier results,11,17 and with observations made on other
cells exposed to real or simulated microgravity.61,62 They
confirm that programmed cell death was induced in many
types of cells when grown under simulated microgravity.

Here we could show that VEGF has a cell-protective effect
on endothelial cells cultured under simulated microgravity.
When added to cultures before the start of clinorotation,

VEGF reduced enhancement of extracellular matrix synthe-
sis as well as initiation of apoptosis. Electron microscopy and
quantitative image analysis revealed that VEGF significantly
reduced programmed cell death induced by clinorotation up
to 72 h. A significantly lower amount of cells showed char-
acteristic signs of apoptosis such as apoptotic bodies, mem-
brane blebbing and chromatin condensation in the presence
of VEGF. These results are in accordance with earlier stud-
ies, which clearly showed that VEGF inhibits apoptosis of
endothelial cells, induced by anchorage disruption or tumor
necrosis factor alpha.63,64

Here we could show that the anti-apoptotic effects be-
came dominant already after 4 h. During initial 24 h, micro-
gravity upregulated the amount of Fas, NFkB, PARP-116
and PARP-85, Bax and bcl-2 as well as activated caspase-3.
When acting together in this phase, the effects of micrograv-
ity on the expression of PARP-116 and PARP-85, Bax and
bcl-2 were attenuated by VEGF, while Fas and NFkB were
enhanced synergistically. After 72 h of clinorotation, mi-
crogravity had further enhanced the cellular concentrations
of Fas, Bax, Bcl-2, NFkB, PARP-116 and the PARP-85
cleavage fragment, compared to static controls. If VEGF
was present in clinorotated cultures, it clearly counterbal-
anced the microgravity effects on Fas, PARP-116, PARP-
85, NFκB, and Bax. Interestingly, activation of caspase-3
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was reduced by VEGF by one third after 24 h and by two
thirds after 72 h, but never augmented. These data indi-
cate that VEGF acts via intrinsic pathways by reducing Bax.
Moreover, activated caspase-3 was reduced by VEGF. In par-
allel, also the extrinsic pathway is addressed by VEGF. A
recent paper also reported about an increased gene expres-
sion of apoptotic signals in porcine endothelial cells cultured
under zero-g.65

The observed responses of clinorotated cells are related to
the microgravity environment because ground controls and
incubator controls were negative for morphological signs of
apoptosis as well as caspase-3 and Bax proteins, but strongly
positive for bcl-2.

It is of interest that clinorotation triggered endothelial
cells to enhance the production of VEGF and of VEGF
receptor by themselves (Figure 4). VEGFs comprise a
family of secreted polypeptides with a highly conserved
receptor-binding cystine-knot structure.30 The different
family members VEGF, VEGF-beta, placental growth
factor (PIGF), VEGF-C and VEGF-D bind specifically
to their respective receptors VEGFR-1, -2 and -3, which
differ considerably in signaling properties.32,66 VEGFR-
2/KDR/Flk-1 found in this study to be enhanced during
clinorotation is a high-affinity receptor for VEGF-A, and
mediates most of the endothelial growth and survival signals
from VEGF-A.67 Still the autocrine loop turned on during
clinorotation appears to be too weak to counterbalance
effectively the influence of an environment lacking a gravity
vector.

Alterations of the cytoskeleton

Eukaryotic cells are very sensitive to changes in gravity,
because the location of cellular components depends on
the integrity and spatial organization of the cytoskeletal
architecture (microtubules, microfilaments and intermedi-
ate filaments) and the nucleoskeleton. The organization of
these cellular compartments and signal proteins is regu-
lated by extracellular signals, cell-cell and cell-extracellular
matrix (ECM) signaling.68,69 Moreover, the cytoskeleton
is affected by weightlessness in several types of cells such
as thyrocytes,11 osteoblasts,55 lymphocytes,15 glial cells,13

and breast cancer cells.12 We also could demonstrate alter-
ations of microtubules and intermediate filaments which
were thicker and increased after 24 h of culture under con-
ditions of simulated microgravity. These cellular alterations
appear to be responsible for observations made on astro-
nauts and experimental animals during and after a stay
in orbit. These health problems in astronauts are amongst
others impaired bone healing, muscle atrophy and cardio-
vascular problems including alterations of the vascular
endothelium.1

Conclusions

We have shown that clinorotation of endothelial cells is
an interesting new method in investigating the formation of
tube-like three-dimensional endothelial cell aggregates, and
may be useful to learn more about the cascade of biochemical
reactions initiated by binding of VEGF to its receptor.70 Flk-
1 was induced in endothelial cells cultured under simulated
microgravity. In this context, a three-dimensional clinostat
provides a convenient experimental system to culture many
endothelial cells grown in the form of tubes, consisting of
cells progressing through apoptosis and others resistant to
apoptosis. Therefore, clinorotation represents an important
ground based facility model system for studying the effects
of reduced gravity on cells.

Our results provide new information on human endothe-
lial cells grown under simulated microgravity. Apoptosis
is initiated within 4 h. In parallel, the expression of ex-
tracellular matrix proteins and promoters and inhibitors
of apoptosis increased. Programmed cell death is induced
via extrinsic and intrinsic pathways. This information may
help to find the roots of the negative physiological changes
which humans and animals face during a longer stay in the
orbit.1
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