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Abstract

The effects of spaceflight on cardiovascular health are not necessarily seen immediately after astronauts 
have returned but can be delayed.  It is important to investigate the long term effects of spaceflight 
on protein and gene expression of inflammation and endothelial activation as a predictor for the 
development of atherosclerosis and potential cardiovascular problems. The objectives of this study 
were to investigate the (a) protein and gene expression of inflammation and endothelial activation, 
(b) expression of nuclear factor kappa B (NFκB), signal transducer and activator of transcription-3 
(STAT-3)  and endothelial nitric oxide synthase (eNOS) in human umbilical vein endothelial cells 
(HUVEC) 3 months post-space flight travel compared to ground controls.  HUVEC cultured on 
microcarriers in fluid processing apparatus were flown to the International Space Station (ISS) 
by the Soyuz TMA-11 rocket.  After landing, the cells were detached from microcarriers and re-
cultured in T-25 cm2 culture flasks (Revived HUVEC). Soluble protein expression of IL-6, TNF-α, 
ICAM-1, VCAM-1 and e-selectin were measured by ELISA.  Gene expression of these markers and 
in addition NFκB, STAT-3 and eNOS were measured. Spaceflight induced IL-6 and ICAM-1 remain 
elevated even after 3 months post spaceflight travel and this is mediated via STAT-3 pathway. The 
downregulation of eNOS expression in revived HUVEC cells suggests a reduced protection of the 
cells and the surrounding vessels against future insults that may lead to atherosclerosis. It would be 
crucial to explore preventive measures, in relation to atherosclerosis and its related complications.
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ORIGINAL ARTICLE

INTRODUCTION

Atherosclerosis is a slowly progressing disease 
arising from the combination of endothelial 
activation and chronic inflammation leading to 
the formation of fatty and fibrous lessions in 
the vessel wall.1  Markers of inflammation and 
endothelial activation such as IL-6, TNF-alpha 
and ICAM-1 are useful in providing additional 
information towards atherosclerosis related 
complications such as myocardial infarction, 
stroke and peripheral vascular disease.2  Chronic 
inflammation may induce  cytokines (i.e. IL-6 
and TNF-α) expression leading to increased 
expression of adhesion molecule and inhihition 

of eNOS expression which is a key event in 
atherosclerosis.3  This process is mediated by 
transcription factors such nuclear factor kappa 
β and signal transducer and transactivator 3 
(STAT-3).3

 Spaceflight travel by astronauts is associated 
with cardiovascular deconditioning, as an adaptive 
response to the microgravity.4  Even without the 
adverse effects of radiation, space missions 
are conducive to oxidative stress, resulting 
in endothelial dysfunction and injuries to the 
normal heart in humans.5 An experimental animal 
study has shown that, microgravity induced 
endothelial injury with narrowing and occlusion 
of the microcirculation and impairment of repair 
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mechanisms with suppression of synthesis of 
myocardial proteins.6 It has been suggested that 
the basic problem in cardiovascular disease is 
the loss of function by vascular endothelium.7

 Endothelial cells are crucial in the maintenance 
of the functional integrity of the vascular 
wall.8  Various experiments were conducted to 
investigate the effects of space flight on immune 
functions of cells like lymphocytes, natural killer 
cells and splenocytes cells.9,10 However,  reports 
on the effects of spaceflight travel on endothelial 
cell activation and inflammation are scarce. 
Studies done using simulated microgravity 
showed  a significant increment of ICAM-1 
expression at post 24 hours but interestingly 
had decreased e-selectin and VCAM-1 protein 
expression.9    
 The expression of protein inflammation and 
endothelial activation biomarkers on spaceflown 
and subsequently  revived live HUVEC has not 
been reported so far.  Therefore, this study was 
conducted to investigate the effects of short-term 
spaceflight travel on protein and gene expression 
of inflammation and endothelial activation 
markers in post-flight samples after reculturing 
the cells under normal conditions.  The objectives 
of this study were to investigate protein and 
gene expression of inflammation and adhesion 
molecules in human endothelial cells at 3 months 
post-space flight travel compared to ground 
controls. Gene expression of nuclear factor 
kappa B [NFκB], signal transducer and activator 
of transcription-3 [STAT-3] and endothelial 
nitric oxide synthase [eNOS] were performed 
to examine the pathway involved in regulation 
of inflammation and endothelial activation.  The 
hypothesis of this study was that space flight 
causes prolonged endothelial cell inflammation 
and activation. To the best of our knowledge, this 
present study is the first to report on expression 
of cytokines and adhesion molecules in in vitro 
human revived live endothelial cells surviving 
after real spaceflight travel.

MATERIALS AND METHODS

Materials
Fluid processing apparatus [FPA] were 
obtained from Bioserve, USA. Medium 200 
and low serum growth supplements [LSGS] 
were obtained from Cascade Biologics, USA. 
HEPES buffered saline was obtained from 
[Gibco, USA]. Accutase was purchased from 
ICN Biomedical, USA.  Phosphate buffer saline 
[PBS] was obtained from MP Biomedicals, 
France. ELISA test kits for e-selectin, sICAM-1, 

sVCAM-1, IL6 and TNF-α were purchased 
from Bender Medsystems, Austria. Cytodex- 3 
microcarrier beads were purchased from GE 
Healthcare Biosciences AB, Uppsala, Sweden. 
RNA extraction kit and Sensiscript Reverse 
Transcription kit was manufactured by Qiagen, 
USA. Agilent RNA 6000 Pico was manufactured 
by Agilent Technologies, Germany.  Primers 
for Quantitative real time [qPCR] assay were 
produced by First BASE Laboratories, Malaysia. 
SYBR Green for PCR assay was obtained from 
Bio-Rad Laboratory, Hercules, CA. Quantigene 
Plex 2 assay kit was purchased from Panomics, 
USA.  

Cell culture
Human umbilical vein endothelial cell line 
[HUVEC] was obtained from Cascade Biologics, 
USA and cultured in medium 200 supplemented 
with LSGS in a humidified incubator at 37oC and 
5% carbon dioxide [CO

2
] until 80% confluence. 

In Moscow, microcarrier beads were washed with 
PBS and autoclaved prior to use. HUVEC cells 
were seeded onto microcarriers in a petri dish 
and incubated at 37oC in 5% CO

2 
incubator for 

24 hours. On the next day, the HUVEC cells on 
microcarriers were transferred into centrifuge 
tubes and transported to Baikonur, the launching 
site. Two days prior to launch, cells were loaded 
into Fluid Processing Apparatus [FPA] hardware 
in duplicates. The complete timeline of pre-flight, 
in-flight, post-flight and revived cells experiment 
activities are described in Table 1.  

Flight hardware
We used Fluid processing apparatus [FPA] as 
flight hardware for the in-flight experiment. FPA 
is composed of a glass barrel divided into three 
chambers that are separated from one another 
by rubber septa (Figure 1). In this experiment, 
HUVEC cells were loaded into chamber A 
while additional culture medium was loaded 
into chamber B and C. 

Spaceflight experiment
As the fluid processing apparatus [FPA] is not 
an optimal piece of hardware for conducting 
spaceflight experiments, we have optimized the 
cell culture experiments in terms of culturing 
the cells on the microcarrier beads, predicted 
temperature changes, pH changes, culture 
medium, nutrient requirement and cell seeding 
densities prior the actual spaceflight.11  Instead 
of the commonly used CO

2
, we used 20 mM 

HEPES as a buffer system to control pH changes 
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in the culture medium. A detailed description of 
the spaceflight experiment has been previously 
described by our group.11 In brief, during 
launch and up to docking, the FPAs containing 
the HUVEC cells were stowed at ambient 
temperature [18-22ºC] in the Nomex bag. In 
the International Space Station [ISS], the cells 
were kept at an ambient temperature of 36-37oC.  
On L+4 [4 days after launch], the Angkasawan 
[our Malaysian astronaut] added fresh culture 
medium from chamber B into Chamber A of 
both sets of FPA. The FPAs were then placed 
back into the Kubik Amber. On L+11, -8 hours 
before undocking, additional culture medium 
was added to the cells. FPAs were then packed 
into the Nomex Bag [CIS kit] and transferred to 
the Soyuz for landing. The temperature profile 
was recorded by a HOBO [reader] placed in the 
Nomex bag. Upon landing, the FPAs were placed 
in a 37ºC thermo-container and transported to 
the laboratory. 

Collection of samples for experiment
HUVEC-coated microcarrier beads were 
collected from the FPAs and transferred into 
centrifuge tubes. Two [2] mls of Accutase were 
added into each centrifuge tube and incubated in 
at 37oC for 15 minutes with gentle agitation. After 
settling-down of the HUVEC-coated microcarrier 
beads at the bottom of the centrifuge tube, the 
supernatant containing HUVEC was collected 
and transferred into another centrifuge tube. 
These steps were performed twice to ensure 
complete detachment of HUVEC from the 
microcarrier beads. Next, a centrifuge step was 
performed at 1000 RPM for seven minutes. The 
supernatant was discarded gently. The cell pellet 
was dissolved with 1 ml of culture medium and 
transferred to a T-25 cm2 culture flask. Fresh 
M200 medium with 10% Heat-inactivated FBS 
was added into the culture flask and incubated 
at 37oC in a 5% CO

2
 humidified incubator. 

Table 1. Timeline of pre-flight, in-flight, post-flight and revived cells experiment activities

Experiments Timeline [days] Activities

  L [-6] [6 days before  HUVEC were cultured onto microcarrier in
 launch] petri dishes.  

 L [-5] Cells were transferred into centrifuge tubes. 

 L [-4] Cells were transported to Baikonur [launching 
site]. 

 L [-2]  HUVEC on microcarriers were loaded into 
FPAs. 

 L [-12] Hours  FPAs were loaded into Soyuz TMA-11.

 L [0] Launching. 

 L [+2]  Docking. 

 L [+3] FPAs were transferred into 37oC incubator.

 L [+4] Addition of culture medium. 

 L [+11] Undocking. Addition of culture medium at 8 
hours before undocking. 

 L [+12] Landing and retrieval.

 Retrieval, R [+1] FPAs were unpacked. Detachment of HUVEC 
from microcarriers. HUVEC were transferred 
into T-25cm2 culture flask.

 R [+2] – R [+90] days  Revived HUVEC were maintained and passaged
 [3 months] up to 3 months.

  R [+91]- R [+103] Experiments were performed on revived and 
   control HUVEC. 

 R+ 103 onwards Protein and gene expression analysis of revived 
and controls HUVEC.

L- Launch; R-Retrieval; HUVEC-Human umbilical vein endothelial cells

Revived cells 
analysis

Post-flight

In-flight

Pre-flight
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The culture medium was changed every day 
until confluence. Upon reaching confluency, 
the revived HUVEC were split at a 1:2 ratio. 
The Revived HUVEC cells were maintained 
and passaged until reaching passage six at 3 
months. For the protein and gene expression 
of inflammation and endothelial activation 
analysis, the revived and normal HUVEC cells 
(not undergone spaceflight travel) were then 
seeded at a density of 100,000 cells and cultured 
in T-75 cm2 flask for 12 days [passage seven].  
Normal HUVEC cells that have been used as 
controls in this experiment were matched for 
their passage number with revived HUVEC. 
Supernatant and cells was collected and analysed 
for protein and gene expression. Soluble protein 
level was measured by standard ELISA method. 
Gene expression was measured by quantitative 
real-time PCR [qPCR] method.      

Expression of cytokine and adhesion molecules 
The soluble markers: interleukin 6 [IL-6], 
tumor necrosis factor [TNF-α], intercellular cell 
adhesion molecule-1 [ICAM-1], vascular cell 
adhesion molecule-1 [VCAM-1] and e-selectin 
were measured in the HUVEC cell supernatant  
by ELISA standard kits [Bender Med System, 
Vienna, Austria]. Tests were performed according 
to the instructions provided by the manufacturer. 
The quantitative measurements of inflammation 
and endothelial cell activation markers were 
performed in triplicates. 

IL-6, TNF-α, ICAM-1, VCAM-1, e-selectin and 
STAT-3 gene expression by quantitative real 
time PCR
Total RNA was extracted using a RNA 
extraction kit from Qiagen, USA. RNA 
purity and concentration were determined by 
Bioanalyzer [Agilent, USA]. Firstly, 1 μl of 
ladder and total RNA was heat denatured at 
70oC for 2 minutes before loading into the 
RNA Nano LabChip (Agilent Technologies, 
USA). The RNA Nano LabChip was then 
vortex at 2400 rpm for 1 minute. The chip was 
run in the Agilent 2100 Bioanalyzer within 
5 minutes to obtain RNA concentration and 
purity. Total RNA extract samples were then 
reverse transcribed to complementary DNA 
(cDNA) using the Sensiscript kit (Qiagen, USA) 
prior to quantitative real time PCR (q-PCR) 
analysis in a MYIQ thermal cycler (Bio-Rad 
Laboratories, Hercules, USA).  SYBR-green 
was used as a detection method in QPCR 
assay. Hypoxanthine guanine phosphoribosyl 
transferase-1 [HPRT-1] and Glyceraldehyde-
3-phosphate dehydrogenase [GAPDH] were 
selected as reference genes. Primer sequences for 
IL-6, TNF-α, ICAM-1, VCAM-1, e-selectin and 
STAT-3 were synthesised according to previous 
references.12,13 For every sample, 1 μl of cDNA 
was added to the 24 μl of reaction mixture 
containing forward and reverse primers, SYBR 
green fluorescence dye and RNAse free water 

14 
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FIG. 1 Fluid Processing Apparatus (FPA) diagram showing the three chambers separated by septa. The fluid 
bypass enables additional culture medium fluid from the stasis chamber B and C to be injected into the 
culture chamber A during the in-flight experiment to maintain the growth of the HUVEC cells until the 
end of spaceflight mission. 
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and loaded into 96-well clear microtiter plates 
(Bio-Rad Laboratories, Hercules, USA). Then 
the reaction plates were sealed with optically 
clear adhesive films (Bio-Rad Laboratories, 
Hercules, USA ) prior to the insertion into 
MyIQ thermal cycler to perform PCR at 950C 
for 10s (denaturation), 55.8 - 65oC  for 24 – 45 
s (annealing) and 72oC for 30 s (extension) and 
repeated for 49 cycles. Normal template controls 
(NTC) were included in every reaction plate. 
NTC can detect PCR contamination when probes 
are used and can also distinguish the primer 
dimers which are the unintended amplifications 
products.  Melt curve was obtained for each run 
to ensure the purity of primer. PCR efficiency 
was obtained by analysing a series of of cDNA 
(standard curve). Relative gene expression (fold-
change) was calculated using the ΔΔCT method 
and the Genex software (Bio Rad Laboratories, 
USA against the reference genes (HPRT-1 and 
GAPDH). 

NFκB and eNOS gene expression by branched 
DNA hybridization method
An amount of 20 μl total RNA extractions [40 ng/
μl] were added into a 96 well plate in triplicates 
and followed by QuantiGene 2.0 Plex assay 
(Panomics, USA). The plate was incubated in a 
shaking incubator at 54oC for 18 hours. At the 
end of the incubation, the hybridization plate 
was transferred from the shaking incubator 
and centrifuge at 240 x g for 1 minute in room 
temperature. Then, each sample from each well 
in the hybridization plate was transferred into 
filtered plate. The filtered plate was washed 
for 3 times with wash buffer using vacuum 
manifold.  After that 200 μl of Pre-amplifier 
working reagent was added into each well and 
carefully sealed before performing incubation 
step for 1 hour at 50oC in a shaking incubator. 
After incubation, the plate was washed for 3 times 
using vacuum manifold.  A volume of 100 μl of 
amplifier working reagent was added into each 
well and sealed before another incubation step 
at 50oC for an hour. The unbound amplifier was 
washed for 3 times as above washing procedure 
followed by the addition of 100 μl of label probe 
working reagent into each well. The plate was 
then incubated in a shaking incubator for an hour. 
After washing, 100 μl of Streptavidin-conjugated 
R-Phycoerythrin (SAPE) working reagent was 
added into each well and placed on the shaking 
platform set at 600 rpm for 30 minutes. The 
unbound SAPE was then washed away before 
the addition of 130 μl of SAPE wash buffer into 

each well. The plate was then placed on the 
platform shaker set at 600 rpm for 5 minutes. 
Signal detection was carried out by the addition 
of chemilumigenic substrate that generates a 
luminescent signal that is proportionate to the 
amount of target messenger RNA (mRNA) 
present in the sample. The mRNA was captured 
by specific probe sets and attached to a branched 
DNA amplifier. The plate was immediately read 
on the Bio-Plex system (Bio-Rad Laboratories, 
Hercules, California). Primer sequence for each 
measured gene were synthesised according 
to previous references.11 Results from bDNA 
hybridization assay were normalized against 
and Hypoxanthine guanine phosphoribosyl 
transferase-1 (HPRT-1) and Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) to obtain 
normalized ratio (Norm ratio). This norm ratio 
values (fold expression or gene expression) 
were calculated using the Bio-Plex ManagerTM 
software (Bio Rad Laboratories, USA). 
 
Statistical analysis
Results are expressed as Mean + SD from 
obtained from 3 different experiments where 
each assay was performed in triplicates [n=3]. 
Independent T – test was performed to compare 
the differences between 2 groups of treatments. 
All data was analyzed by a statistical package 
programmed, SPSS version 16. Level of 
significance value was set at p<0.05. Relative 
gene expression [fold-change] was calculated 
using the ΔΔCT method and the Genex software 
[Bio Rad Laboratories, USA] against the 
reference genes (HPRT-1 and GAPDH). 

RESULTS

Soluble protein expression of inflammation and 
endothelial activation markers
 IL-6 levels in revived HUVEC was significantly 
higher compared to normal HUVEC [95.1 + 
3.3 vs. 37.8 + 8.0 pg/ml, p<0.05] as shown in 
Figure 2. Similarly, revived HUVEC had higher 
sICAM-1 levels compared to normal HUVEC 
[780.0 + 60.0 vs. 475.0 + 25.0 pg/ml, p<0.05] as 
shown in Figure 3. sVCAM-1 levels in revived 
HUVEC was significantly lower compared to 
normal HUVEC [1596.2 + 94.3 vs. 3548.2 + 
79.0 pg/ml, p<0.01 (Figure 4)]. No significant 
different levels of TNF-α and e-selectin in 
revived HUVEC compared to normal HUVEC 
were detected as shown in Figure 5 and Figure 6
respectively. 
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FIG. 2 IL-6 levels in revived HUVEC and normal HUVEC. IL-6 levels in revived HUVEC was significantly 
higher compared to normal HUVEC * p<0.05 compared to normal HUVEC. Data are expressed as mean 
+ SD from three different experiments (n=3). HUVEC- Human umbilical vein endothelial cells.

FIG. 3 sICAM-1 levels in revived HUVEC and normal HUVEC.  Revived HUVEC had higher sICAM-1 levels 
compared to normal HUVEC * p< 0.05 compared to normal HUVEC. Data are expressed as mean + SD 
from three different experiments (n=3). HUVEC- Human umbilical vein endothelial cells.

FIG. 4 sVCAM-1 levels in revived HUVEC and normal HUVEC. sVCAM-1 levels in revived HUVEC was 
significantly lower compared to normal HUVEC  ** p< 0.01 compared to normal HUVEC. Data are 
expressed as mean + SD from three different experiments (n=3). HUVEC - Human umbilical vein en-
dothelial cells.
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mRNA expression of IL-6, TNF-α, ICAM-1, 
VCAM-1, e-selectin and STAT-3
RNA concentration and purity results 
were obtained by the automated capillary 
electrophoresis system [Agilent 2100 Bioanalyzer 
(Agilent, USA)]. All RNA samples showed good 
quality with RNA integrity numbers (RIN) within 
8-10 and sufficient amount of RNA concentration 
(48-150 ng/μl) for further qPCR analysis. The 
RNA purity is indicated by ribosomal RNA 
(rRNA) ratio of 28s/18s ranging 1.8 – 2.1. The 
PCR efficiency for all measured parameters 
is maintained within the range of 90 - 110 % 
according to the Minimum Information for 
Publication of Quantitative Real-Time PCR 
experiments (MIQE) guidelines.14 The melt curve 
analysis for each of measured parameters shows 
that all primers are specific (single peak) and 

acceptable according to MIQE guidelines.
 Figure 7 shows fold change of IL-6, TNF-α, 
ICAM-1, VCAM-1, e-selectin and STAT-3 in 
revived and normal HUVEC. Revived HUVEC 
had significantly higher gene expression of IL-6 
(2.8 + 0.5 vs. 1.0 + 0.2 fold change, p<0.0001), 
ICAM-1 (6.2 + 0.2 vs. 1.0 + 0.2 fold change, 
p<0.0001) and STAT-3 (2.4 + 0.4 vs. 1.0 + 0.2 
fold change, p<0.0001) compared to normal 
HUVEC.  mRNA expression of TNF-α and 
VCAM-1 are found to be lower in revived 
HUVEC compared to normal HUVEC (TNF-α: 
0.4 + 0.1 vs. 1.0 + 0.1 fold change, p<0.001; 
VCAM-1: (0.6 + 0.2 vs. 1.0 + 0.4 fold change, 
p<0.001). However no significant difference in 
e-selectin mRNA expression was found between 
revived and normal HUVEC.   

FIG. 6 e-selectin levels in revived HUVEC and normal HUVEC. Data are expressed as mean + SD from three 
different experiments (n=3). HUVEC - Human umbilical vein endothelial cells. 

FIG. 5. TNF-α levels in revived HUVEC and normal HUVEC. Data are expressed as mean + SD from three 
different experiments (n=3). HUVEC - Human umbilical vein endothelial cells. HUVEC - Human 
umbilical vein endothelial cells

SAMPLES

SAMPLES
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mRNA expressions of NFκB and eNOS
Figure 8 shows mRNA expression of NFκB and 
eNOS in revived and normal HUVEC. It is shown 
that revived HUVEC had significantly lower 
NFκB mRNA expression than normal HUVEC 
(0.4 + 0.0 vs. 1.0 + 0.0 fold change, p<0.0001). 
Revived HUVEC has significantly lower eNOS 
mRNA expression than normal HUVEC (0.2 + 
0.0 vs. 1.0 + 0.0, p<0.01).

DISCUSSION

The most interesting and important finding 
from this study is the presence of sustained 
inflammation and endothelial activation long 
after the spaceflight is over. In addition, we found 
that the increment of ICAM-1 was mediated via 
IL-6 induced STAT-3 activation in the revived 
live endothelial cells which have been cultured 
for three months after returning from spaceflight 

FIG. 8 mRNA expression of NFκB and eNOS in revived and normal HUVEC.  **** p<0.0001 and ** p<0.01 
compared to Normal HUVEC. Each data was normalized to 1.0 (Normal HUVEC) and both HPRT-1 and 
GAPDH reference genes). Data are expressed as Mean + SD from 3 different experiments where each 
assay was performed in triplicates (n=3).

BIOMARKERS

FIG. 7 mRNA expression of IL-6, TNF-α, ICAM-1, VCAM-1, e-selectin and STAT-3 in revived and normal 
HUVEC. **** p<0.0001 and *** p<0.001 compared to Normal HUVEC. Each data was normalized to 
1.0 (Normal HUVEC) and both HPRT-1 and GAPDH reference genes. Data are expressed as Mean + SD 
from 3 different experiments where each assay was performed in triplicates (n=3).

BIOMARKERS

NFκB
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mission. We have previously reported that 
there was enhanced endothelial activation and 
inflammation in endothelial cells immediately 
after short-term real spaceflight travel.12 
 Space flight missions expose humans 
to hypergravity during launch and landing, 
while in orbital flight they are subjected to 
microgravity.  It has been reported that both 
hypergravity and microgravity affect important 
processes at cellular level such as expression 
of cytokines and adhesion molecules and these 
increased expressions can lead to inflammation 
which may cause the initiation and progression 
of atherosclerosis.15 Gravity influences the 
distribution of blood within the human body 
and cardiovascular system functions.7 
 Endothelial cells have been established 
as a good model to study atherosclerosis in 
vitro.16 It has been reported that endothelial 
cells are sensitive to simulated microgravity 
by showing changes in cell morphology, cell 
growth as well as expression of cytokines and 
adhesion molecules by both Random Positioning 
Machine and Rotating Wall Vessel [RWV].4,9,17 
We have previously reported the changes in 
human endothelial cells proliferation rate, size 
and shape, surface specializations, distribution 
of the mitochondria and microtubules following 
real spaceflight travel.18 These changes indicate 
cytoskeletal disruption and impaired barrier 
function of the endothelium which may 
contribute to the development of endothelial 
dysfunction.18

 In this study we investigated long-term 
effects of space travel and we found that IL-6 
and ICAM-1 expression at the protein and 
gene level, after three months post-flight are 
still elevated. In this study, soluble adhesion 
molecules are measured in the cell culture 
medium that has been collected at the end of 
the experiment. TNF-α and e-selectin protein and 
gene expression were not altered in the revived 
HUVEC. Interestingly, soluble protein and gene 
expression of VCAM-1 in revived was lower 
compared to normal HUVEC. To date, there is 
absence of data on expression of cytokines and 
adhesion molecules in human endothelial cells 
that have been revived after spaceflight travel. 
Furthermore, to the best of our knowledge this 
study is the first to report on expression of 
cytokines and adhesion molecules in in vitro 
revived live human endothelial cells following 
spaceflight travel.  
 It has been suggested that spaceflight travel 
can cause endothelial damage by the elevations 

of inflammatory cytokines [IL-6 and TNF-α] 
in-vitro and in-vivo due to systemic increase 
of reactive oxygen species [ROS] and stress as 
an adaptation to the space environment [e.g. 
microgravity, low-dose radiation].19,20 Elevation 
of inflammatory cytokines may lead to Mg2+ 
ion deficit causing further loss of the skeletal 
muscle reservoir.21 Significant changes of the 
tubulin fibers have also been found in the revived 
HUVEC compared to the matched normal 
HUVEC18. However in this present study, only the 
IL-6 protein and gene expression were elevated 
but not TNF-α. Similarly, IL-6 but not TNF-α 
protein expression was found to be increased 
in mice after spaceflight travel.18 Other groups 
of investigators also reported the increment of 
IL-6 expression in human, rats and osteoblast 
cells immediately after spaceflight travel.20,22,23 
Therefore, it can be suggested that revived lived 
endothelial cells are selectively increased the 
expression of IL-6 and not TNF-α. Elevation 
of IL-6 protein and gene expression are making 
the endothelial cells conducive to vascular 
inflammation.24

 In this present study, we found the increment 
of ICAM-1 protein and gene expression in 
this revived live human endothelial cells. 
Upregulation of ICAM-1 will further mediate 
the leukocytes recruitment into the tunica 
intima, the key event in the pathogenesis of 
atherosclerosis leading to cardiovascular disease 
such as myocardial infarction and angina.25,26 In 

other studies using simulated microgravity, it has 
also been reported that ICAM-1 was increased 
in endothelial cells.27,28 Positive correlation of 
IL-6 and ICAM-1 has been reported in subjects 
with low cardiovascular risk which indicates 
there is a link between these biomarkers in 
atherosclerosis.29 This finding is important as 
during Apollo 15 space mission, an astronaut was 
diagnosed with an acute myocardial infarction 
twenty-one months after the space mission.30

 ICAM-1 expression can be upregulated via 
NFκB or STAT-3 pathways.30 It has been reported 
that the NFκB binding site in the ICAM-1 
promoter region was selectively for TNF-α - 
induced ICAM-1 expression but not for the 
induction by IL-6.31 On the other hand, STAT-3 
was required for IL-6 - induced ICAM-1 gene 
expression.31 STATs are known to participate in 
the expression of adhesion molecule especially 
ICAM-1.32 Among the STATs, signal transducer 
and activator of transcription protein 3 (STAT-3) 
can be activated by IL-6 via the gp130–JAK 
pathway.33 In response to IL-6, intracellular 
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STAT-3 is transiently associated with gp130, 
followed by phosphorylation at Tyr705 and 
Ser727.34 It then translocate into the nucleus, 
where it binds to IL-6 response elements (IRE) 
and regulates gene expression i.e. ICAM-1.35 
We investigated the gene expression of these 
two transcriptional factors to determine which 
one of them is involved in the upregulation of 
ICAM-1 in the present study. We found increased 
STAT-3 gene expression and not the NFκB in 
the revived live endothelial cells compared to 
match normal controls. In this study, there was 
an increment of IL-6 and subsequently inducing 
ICAM-1 expression in revived live endothelial 
cells. At the same time, TNF-α expression 
was unaffected clearly indicating that ICAM-1 
elevation seen in revived live endothelial cells is 
induced by IL-6 and not by TNF-α. Therefore it 
can be postulated that the increment of ICAM-1 
expression in the revived live endothelial cells 
is mediated via IL-6 induced STAT-3 pathway 
and not by TNF-α induced NFκB pathway.  
Increment of ICAM-1 may lead to transmigration 
of monocytes into sub-endothelial cells, the key 
event of atherosclerosis.  
 Previously, we have reported the increment of 
IL-6 and ICAM-1 protein and gene expression 
immediately after 12 days of spaceflight 
travel.12 It clearly showed that IL-6 and ICAM-1 
expression remained elevated and did not revert 
back to normal up to three months post-flight 
even after being cultured in an optimal condition 
on the ground. 
 A group of investigators reported that protein 
expression of VCAM-1 was undetected in 
endothelial cells exposed to 24 hours simulated-
microgravity as well as in normal controls.24 
Another group of researchers found a reduction of 
VCAM-1 protein levels in endothelial cells after 
18 hours of microgravity simulation compared 
to controls.9 Similarly, in this present study, we 
also found soluble VCAM-1 protein and gene 
expression in revived HUVEC was remarkably 
lower compared to normal HUVEC. However, 
this present study pioneered the report on reduced 
VCAM-1 expression in revived live endothelial 
cells following real spaceflight travel rather 
than in simulated microgravity environment. 
Further study need to be done to explain why 
VCAM-1 expression is not affected despite at 
the same time there is an increment of IL-6 and 
ICAM-1 expression as reported in our study. 
We have previously reported the cytoskeletal 
changes (increase tubulin) of these revived 
lived human endothelial cells.18 We postulated 

that this cytoskeletal changes is perhaps in part 
affecting VCAM-1 expression of revived human 
endothelial cells.    
 There was a downregulation of eNOS gene 
expression in revived human endothelial cells 
compared to normal controls. Decreased eNOS 
expression in these revived HUVEC may lead to 
atherosclerosis as eNOS is important in inhibiting 
leukocyte-endothelial adhesion.36 Similarly, 
decreased expression of eNOS has been reported 
in hindlimb unweighting (HU) rats exposed to 
microgravity for 14 days.37 In that study, it has 
been postulated that reduced eNOS is caused 
by an increase in shear stress in the lumen. 
It has been reported that IL-6 inhibits eNOS 
expression by activating STAT-3 binding to the 
eNOS 5’-flanking region in human endothelial 
cells.3 In this present study, revived cells have 
been shown to have increase IL-6 and STAT-3 
expression compared to controls. Therefore it 
can be suggested that reduction of eNOS gene 
expression in these revived HUVEC is caused 
by the increment of IL-6 leading to STAT-3 
activation. It has been suggested that reduction 
of eNOS expression in endothelial cells leading 
to endothelial dysfunction, one of the key events 
in atherosclerosis.3 

Conclusion
From this study, we found that soluble protein 
and gene expression of inflammation [IL-6] and 
endothelial activation [ICAM-1] to be elevated 
following three months post-spaceflight travel 
in revived human endothelial cells and it is 
mediated via STAT-3 pathway and not NFκB 
pathway.  At the same time, VCAM-1 expression 
is decreased in the revived endothelial cells 
indicating that its expression do not revert to 
normal level even after being cultured in an 
optimal condition on ground.  The attenuation of 
VCAM-1 and NFκB expression maybe related 
to the cytoskeletal changes in these revived 
lived endothelial cells as previously described 
by our group.18 eNOS gene expression was also 
decreased suggesting there may be increased 
of oxidative stress condition in this revived 
live endothelial cells. The most interesting and 
important finding from this study is the sustained 
inflammation (IL-6) and endothelial activation 
(ICAM-1) present long after spaceflight is over. 
This could in part be attributed by combination 
of microgravity, hypergravitational loading and 
landing, temperature changes and other adverse 
conditions associated with space travel. Since 
this is the first study to describe the sustained 
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inflammation and endothelial activation after 
the spaceflight is over, more studies need to 
be conducted to further confirm these findings. 
There is still room for discussion to further 
explain the exact pathway or mechanism 
involved and responsible for the increment 
of inflammation and endothelial activation 
in revived live endothelial cells. Given that 
inflammation and endothelial activation are 
pivotal in atherogenesis, and that endothelial 
cells may be affected by microgravity and/or 
other adverse conditions associated with space 
travel, it would be crucial to explore preventive 
measures, in relation to atherosclerosis and its 
related complications. Preventive action can be 
taken in order to slow down the atherosclerotic 
progression. Preventive anti-inflammatory 
supplementation may be beneficial in inhibiting 
the production of cytokines and adhesion 
molecules in endothelial cells which in turn may 
prevent atherosclerosis related complications 
associated with space travel i.e. cardiovascular 
diseases. 

ACKNOWLEDGEMENTS

We would like to thank the National Space 
Agency of Malaysia (ANGKASA), ENERGIA 
and Russian Space Agency (ROSCOSMOS) 
for experimental logistics. We would like to 
express our gratitude to Prof. Dr. Ludmila 
Buravkova, Dr. Julia Gershovich, Dr. Pavel 
Gershovich and research team from Institute 
of Biomedical Problems (IBMP), Moscow as 
well as Centre for Pathology Diagnostics and 
Research Laboratories and Institute of Medical 
Molecular Biotechnology, Faculty of Medicine, 
Universiti Teknologi MARA, Malaysia for 
support and facilities. This research was funded 
by the Ministry of Science, Technology and 
Innovation [MOSTI], Malaysia Grant awarded 
to the corresponding author [Grant code: 07-
01-01-SS005].

REFERENCES

 1. de Winther MP, Kanters E, Kraal G, Hofker MH. 
Nuclear factor κB signaling in atherogenesis. 
Arterioscler Thromb Vasc Biol. 2005; 25(5): 904-
14.       

 2. Fan J, Watanabe T. Inflammatory reactions in 
the pathogenesis of atherosclerosis. J Atheroscler 
Thromb. 2003; 10(2): 63-71.

 3. Saura M, Zaragoza C, Bao C, Herranz B, 
Rodriguez-Puyol M, Lowenstein CJ. Stat3 mediates 
interleukin-6 inhibition of human endothelial nitric-
oxide synthase expression. J Biol Chem. 2006; 

281(40): 30057-62. 
 4. Villa A, Versari S, Maier JA, Bradamante S. Cell 

behavior in simulated microgravity: a comparison 
of results obtained with RWV and RPM. Gravit 
Space Biol Bull. 2005; 18(2): 89-90. 

 5. Rowe WJ. Interplanetary travel and permanent injury 
to normal heart.  Acta Astronaut. 1997; 40(10): 
719-22.

 6. Anderson RK, Hushen J, Cameron DF, Tran-Son-
Tay R. Effects of simulated microgravity culture 
technology on cell-cell and cell-substrate adhesion. 
Proceedings of the Summer Bioengineering 
Conference; 2003 June 25-29; Sonesta Beach Resort 
in Key Biscayne, Florida. p. 689-90.

 7. Monici M, Marziliano N, Basile V, et al. 
Hypergravity affects morphology and function in 
microvascular endothelial cells. Microgravity Sci 
Technol. 2006; 17(3-4): 234-8.

 8. Carlsson SI, Bertilaccio MT, Ballabio E, Maier 
JA. Endothelial stress by gravitational unloading: 
effects on cell growth and cytoskeletal organization. 
Biochim Biophys Acta. 2003; 1642(3): 173-9.

 9. Buravkova L, Romanov Y, Rykova M, Grigorieva O, 
Merzlikina N. Cell-to-cell interactions in changed 
gravity: ground-based and flight experiments. Acta 
Astronaut. 2005; 57(2-8): 67-74. 

 10. Grove DS, Pishak SA, Mastro AM. The effect of 
a 10-day space flight on the function, phenotype, 
and adhesion molecule expression of splenocytes 
and lymph node lymphocytes. Exp Cell Res. 1995; 
219(1): 102-9.

 11. Nawawi H, Muid S, Froemming GRA, Manaf A. 
Malaysian Patent Application No. PI 2010002329. 
Kuala Lumpur: Intellectual Property Corporation of 
Malaysia, 2010.   

 12. Muid S, Froemming GRA, Manaf A, Muszaphar S, 
Yusoff  K, Nawawi H. Changes in protein and gene 
expression of adhesion molecules and cytokines of 
endothelial cells immediately following short-term 
spaceflight travel. Gravitational and Space Biology. 
2010; 23(2): 1-11. 

 13. Qu P, Roberts J, Li Y, et al. Stat3 downstream 
genes serve as biomarkers in human lung carcinoma 
and chronic obstructive pulmonary disease. Lung 
Cancer. 2009; 63(3): 341-7.

 14. Bustin SA, Benes V, Garson JA, et al. The MIQE 
guidelines: minimum information for publication 
of quantitative real-time PCR experiments. Clin 
Chem. 2009; 55(4): 611-22.

 15. Croute F, Gaubin Y, Pianezzi B, Soleihavoup JP. 
Effects of hypergravity on the cell shape and on the 
organization of cytoskleteon and extracellular matrix 
molecules on in vitro human dermal fibroblasts. 
Microgravity Sci Technol. 1995; 8(2): 118-24.

 16. Bouis D, Hospers GA, Meijer C, Molema G, Mulder 
NH. Endothelium in vitro: a review of human 
vascular endothelial cell lines for blood vessel-
related research. Angiogenesis. 2001; 4(2): 91-102.

 17. Griffoni C, Di Molfetta S, Fantozzi L, et al. 
Modifications of proteins secreted by endothelial 
cells during modeled low gravity exposure. J Cell 
Biochem. 2011; 112(1): 265-72. 

 18. Kapitonova MY, Kuznetsov SL, Froemming GRA, 



Malaysian J Pathol December 2013

176

Muid S, Manaf A, Nawawi H. Effects of the outer 
spaceflight factors on the morphological and 
functional features of the endothelial cells. Biull 
Eksp Biol Med. 2012; 154 (N12): 766-71.

 19. Baqai FP, Gridley DS, Slater JM, et al. Effects 
of spaceflight on innate immune function and 
antioxidant gene expression. J Appl Physiol (1985). 
2009; 106(6): 1935-42.

 20. Miller ES, Koebel DA, Sonnenfeld G. Influence of 
spaceflight on the production of interleukin-3 and 
interleukin-6 by rat spleen and thymus cells. J Appl 
Physiol (1985). 1995; 78(3): 810-3.

 21. Li YP, Reid MB. Effect of tumor necrosis factor-α on 
skeletal muscle metabolism. Curr Opin Rheumatol. 
2001; 13(6): 483-7.

 22. Stein TP, Schluter MD. Excretion of IL-6 by 
astronauts during spaceflight. Am J Physiol. 
1994; 266(3 Pt 1): E448-52.

 23. Kumei Y, Shimokawa H, Katano H, et al. 
Microgravity induces prostaglandin E2 and 
interleukin-6 production in normal rat osteoblasts: 
role in bone demineralization. J Biotechnol. 1996; 
47 (2-3): 313-24.

 24. Rowe WJ. The case for a subcutaneous magnesium 
product and delivery device for space missions. J 
Am Coll Nutr. 2004; 23(5): 525S-528S. 

 25. Rao RM, Yang L, Garcia-Cardena G, Luscinskas 
FW. Endothelial-dependent mechanisms of 
leukocyte recruitment to the vascular wall. Circ 
Res. 2007; 101(3): 234-47.

 26. Peter K, Nawroth P, Conradt C, et al. Circulating 
vascular cell adhesion molecule-1 correlates 
with extent of human atherosclerosis in contrast 
to circulating intercellular adhesion molecule-1, 
e-selectin, p-selectin and thrombomodulin. 
Arterioscler Thromb Vasc Biol. 1997; 17(3): 505-12.

 27. Romanov YA, Buravkova LB, Rikova MP, Antropova 
EN, Savchenko NN, Kabaeva NV. Expression of cell 
adhesion molecules and lymphocyte-endothelium 
interaction under simulated hypogravity in vitro. J 
Gravit Physiol. 2001; 8(1): P5-8.

 28. Zhang Y, Sang C, Paulsen K, et al. ICAM-1 
expression and organization in human endothelial 
cells is sensitive to gravity. Acta Astronaut. 2010; 
67(9-10): 1073-80.

 29. Amar J, Fauvel J, Drouet L, et al. Interleukin 6 is 
associated with subclinical atherosclerosis: a link 
with soluble intercellular adhesion molecule 1. J 
Hypertens. 2006; 24(6): 1083-8.

 30. Rowe WJ. The Apollo 15 space syndrome. 
  Circulation. 1998; 97(1): 119-20.
 31. Wung BS, Ni CW, Wang DL. ICAM-1 induction by 

TNF-α and IL-6 is mediated by distinct pathways 
via Rac in endothelial cells. J Biomed Sci. 2005; 
12(1): 91-101.

 32. Yang XP, Irani K, Mattagajasingh S, et al. Signal 
transducer and activator of transcription 3α and 
specificity protein 1 interact to upregulate intercellular 
adhesion molecule-1 in ischemic-reperfused 
myocardium and vascular endothelium. Arterioscler 
Thromb Vasc Biol. 2005; 25(7): 1395-400.

 33. Coccia EM, Del Russo N, Stellacci E, Testa 
U, Marziali G, Battistini A. STAT1 activation 

during monocyte to macrophage maturation: role 
of adhesion molecules. Int Immunol. 1999; 11(7): 
1075-83. 

 34. Roy J, Audette M, Tremblay MJ. Intercellular 
adhesion molecule-1 (ICAM-1) gene expression 
in human T cells is regulated by phosphotyrosyl 
phosphatase activity. Involvement of NF-κB, Ets 
and palindromic interferon-γ-responsive element-
binding sites. J Biol Chem. 2001; 276(18): 14553-61.

 35. Schuringa JJ ,  Dekker LV, Vellenga E, 
Kruijer W. Sequential activation of Rac-1, 
SEK-1/MKK-4 and protein kinase C delta 
is required for interleukin-6-induced STAT3 
Ser-727 phosphorylation and transactivation. 
J Biol Chem. 2001; 276(29): 27709-15.    

 36. Kawashima S, Yokoyama M. Dysfunction of 
endothelial nitric oxide synthase and atherosclerosis. 
Arterioscler Thromb Vasc Biol. 2004; 24(6): 998-
1005. 

 37. Jasperse JL, Woodman CR, Price EM, Hasser 
EM, Laughlin MH. Hindlimb unweighting decreases 
ecNOS gene expression and endothelium-dependent 
dilation in rat soleus feed arteries. J Appl Physiol 
(1985). 1999; 87(4): 1476-82.


