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The dynamic adaptation of primary human endothelial
cells to simulated microgravity
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ABSTRACT: Culture of human endothelial cells for 10 d in real microgravity onboard the International Space Station
modulated more than 1000 genes, some of which are involved in stress response. On Earth, 24 h after exposure to
simulated microgravity, endothelial cells up-regulate heat shock protein (HSP) 70. To capture a broad view of
endothelial stress response togravitationalunloading,we culturedprimaryhumanendothelial cells for 4 and10d in
the rotating wall vessel, a U.S. National Aeronautics and Space Administration–developed surrogate system for
benchtop microgravity research on Earth. We highlight the crucial role of the early increase of HSP70 because its
silencingmarkedly impairs cell survival.OnceHSP70up-regulation fades away after 4 d of simulatedmicrogravity,
a complex and articulated increase of various stress proteins (sirtuin 2, paraoxonase 2, superoxide dismutase 2, p21,
HSP27, andphosphorylatedHSP27, all endowedwith cytoprotectiveproperties) occurs and counterbalances theup-
regulation of the pro-oxidant thioredoxin interacting protein (TXNIP). Interestingly, TXNIP was the most overex-
pressed transcript in endothelial cells after spaceflight. We conclude that HSP70 up-regulation sustains the initial
adaptive response of endothelial cells to mechanical unloading and drives them toward the acquisition of a novel
phenotype that maintains cell viability and function through the sequential involvement of different stress
proteins.—Cazzaniga, A., Locatelli, L., Castiglioni, S., Maier, J. A. M. The dynamic adaptation of primary human
endothelial cells to simulated microgravity. FASEB J. 33, 5957–5966 (2019). www.fasebj.org
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The importance of human exploration of space has been
underscored by many successful missions over the past
50 yr.With the increased duration of thesemissions, it has
become evident that space affects the health of astronauts.
Space represents a unique environment where various
hazardous stimuli coexist. Besides radiation,microgravity
importantly contributes to activating an adaptive re-
sponse,whichmight be beneficial in space butmight exert
detrimental effects on tissues and cells when returning to
Earth (1). To get insights into the cellular and molecular
events involved in human adaptation to weightlessness,
many human cell types have been studied in real or sim-
ulated microgravity (1). It is now clear that mammalian
cells sense alterations of gravity as a stressful event and

turn physical cues into biochemical signals, which repro-
gram their activities (2).

Endothelial cells (ECs), crucial for the integrity of the
vascularwall, are very sensitive tomechanical hints (3). In
response to different hemodynamic forces, such as fluid
shear stress and blood pressure, ECs convert mechanical
forces into various biochemical signals, which govern en-
dothelial function and vascular remodeling. Just after the
beginning of space missions, it became evident that an-
otherphysical force (i.e., gravity) is important in regulating
endothelial behavior (1). Similar to what happens in re-
sponse to disturbed shear stress or high blood pressure,
gravitational unloading impairs endothelial homeostasis,
and this has a role in the onset of spaceflight-associated
cardiovascular deconditioning (4). Several studies have
investigated the impactof simulatedandrealmicrogravity
on the function of primary human ECs (5). In particular,
the HUVEC is a consolidated model of macrovascular
ECs, because HUVEC gene expression clusters tightly
with that of other large-vessel ECs (6). In HUVECs, sim-
ulatedmicrogravity remodels the cytoskeleton,modulates
cell proliferation and cytokine expression, enhances NO
production, and up-regulates heat shock protein (HSP) 70
(7–11). Under normal conditions, HSP70 is barely detect-
able, whereas in response to cellular stress, HSP70 is rap-
idly up-regulated. In addition to serving as a chaperonin,
HSP70 protects ECs from apoptosis by interfering with
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keyapoptotic proteins (12), and, accordingly, no apoptosis
was detected in HUVECs in simulated microgravity (13).
However, it is not yet known if HSP70 up-regulation is
directly implicated in preventing cell death in simulated
microgravity.

All of these results have been obtained using both the
rotatingwall vessel (RWV) and the random positioning
machine to simulate microgravity for times ranging
between 4 and 96 h. These surrogate systems for
benchtop microgravity research reduce the average
gravitational force acting on the cells to about 1022–1023 g
(8). It is noteworthy that culture of HUVECs, human mi-
crovascular ECs, and U937 cells either in the RVW or in
the random positioning machine yielded similar results
(8, 14, 15). In the case of U937 cells, data obtained in these
bioreactors reflect the findings obtained in true micro-
gravity (16).

Two experiments onHUVECs have been performed in
space (17–19). The first one lasted 12 d, and the cells dis-
played profound cytoskeletal alterations, reduced meta-
bolic activity, and increased permeability, whichwere not
reversible upon return to Earth (17, 18). In “Spaceflight of
HUVEC: an Integrated Experiment (SPHINX)” (19),
HUVECswere cultured for 10don the International Space
Station. Postflight analysis demonstrated that space-
flightmodulates the expression ofmore than 1000 genes
(19), among which the most overexpressed is thio-
redoxin interacting protein (TXNIP) (19), a stress-
responsive gene encoding a protein that contrasts the
antioxidant action of thioredoxin (TXR). Currently, no
data are available about TXNIP expression in HUVECs
in simulated microgravity.

In this work, we aim to define HUVEC stress response
after 4 and 10 d of culture in the RWV. Four days is the
maximal time length utilized in simulated microgravity,
whereas 10 d corresponds to the duration of SPHINX.
Moreover, because experiments in space are demanding
and subject to several restraints, including the difficulty of
culturing enough cells to perform quantitative studies at
the protein level, we here extend previous studies limited
to gene expression to the assessment of the proteins.

MATERIALS AND METHODS

Cell culture

HUVECs were from the American Type Culture Collection
(Manassas, VA, USA) and serially passaged in M199 containing
10% fetal bovine serum, 150 mg/ml EC growth factor, 2 mM
glutamine, 1 mM sodium pyruvate, and 5 U/ml heparin on 2%
gelatin-coated dishes. The cells were routinely tested for the ex-
pression of endothelial markers and used for 5–6 passages. All
culture reagents were from Thermo Fisher Scientific (Waltham,
MA, USA). To generate microgravity, we utilized the RWV
(Synthecon, Houston, TX, USA) after seeding on beads (Cyto-
dex 3; MilliporeSigma, Burlington, MA, USA) (7, 8, 20). As con-
trols, HUVECs grown on beads were cultured in the vessels
not undergoing rotation. By 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide assay, HUVECs cultured in static
1 g conditions (CTR) andRWV-culturedHUVECsareviable after
4 and 10 d (unpublished results). In addition, the cells were
trypsinized, stainedwith trypanblue solution (0, 4%), andcounted

using a Luna Automated Cell Counter (Logos Biosystems, Any-
ang, South Korea). After 4 d, a 2-fold induction was observed in
HUVECs cultured in the RWV vs. their controls (7, 8), but at d 10
the cell number was similar as confluence was reached.

Silencing HSP70

The cells were treated with HSP70 small interfering RNA
[siRNA; 1 mg, 59-TTCAAAGTAAATAAACTTTAA-39 (Qiagen,
Germantown, MD, USA)] and 6 ml HiPerfect Transfection Re-
agent (Qiagen), according to the manufacturer’s recommenda-
tions. After 8 h, the siRNA transfection medium was replaced
with fresh standard medium, and the cells were transferred into
the RWV. After 48 h the cells were trypsinized, stained with
trypan blue solution (0.4%), and counted as described above. In
parallel, apoptosis was assessed using the Cell Death Detection
ELISA photometric enzyme immunoassay (MilliporeSigma),
whichmeasures cytoplasmic histone-associatedDNA fragments
(mono- and oligonucleosomes) in the cytoplasmic fraction of cell
lysates (21). The experiment was performed in triplicate 2 times.
Data are expressed as means6 SD.

Real-time PCR

TotalRNAwasextractedby thePureLinkRNAMiniKit (Thermo
Fisher Scientific). Single-stranded cDNA was synthesized from
1mgRNAina20-ml final volumeusing theHigh-Capacity cDNA
Reverse Transcription Kit with RNase inhibitor (Thermo Fisher
Scientific), according to the manufacturer’s instructions. Real-
time PCRwas performed in triplicate on the 7500 Fast Real-Time
PCR System instrument using TaqMan Gene Expression Assays
(ThermoFisher Scientific).Table 1 summarizes theprimersused.
The housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH)wasusedas an internal reference gene. Relative
changes in gene expressionwere analyzed by the 22DDCtmethod
(22). The experimentwasperformed in triplicate 2 times.Data are
expressed as means6 SD.

Reactive oxygen species production, reduced vs.
oxidized glutathione, and comet assay

Reactive oxygen species (ROS) production was quantified using
29-79-dichlorofluoresceindiacetate (DCFH) onHUVECs cultured
in simulated microgravity for various times. The cells were rap-
idly transferred into black-bottomed 96-well plates (Greiner Bio-
One, Kremsmünster, Austria) and exposed for 30 min to 20 mM
DCFH solution. The emission at 529 nm of the DCFH dye was
monitored using the Glomax-Multi Detection System (Promega,
Madison, WI, USA) (23). The results are the means of 3 in-
dependent experiments performed in quadruplicate. Data are
shown as percentages of ROS levels in HUVECs cultured in the
RWV vs. CTR6 SD.

TABLE 1. List of the primers used for real-time PCR

Gene Primer

TXNIP Hs00197750_m1
SIRT2 Hs00247263_m1
HSPA1A Hs00197750_m1
CDKN1A Hs00355782_m1
PON2 Hs00165563_m1
SOD2 Hs00167309_m1
HSPB1 Hs00356629_g1
GAPDH Hs99999905_m1
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Reduced glutathione (GSH) and oxidized glutathione (GSSG)
were measured using the GSH/GSSG-Glo Assay (Promega),
which is a luminescence-based system, according to the manu-
facturer’s instructions. Data are shown as percentages of GSH/
GSSG levels in HUVECs cultured in the RWV vs. CTR6 SD.

Comet assay was performed after various times of culture
in the RWV. HUVECs were mixed with low-melting-point
agarose and spread on pretreated slides, which were dyed,
immersed in ice-cold lysis solution (0.01 M Tris-HCl, pH 10;
2.5 M NaCl; 0.1 M EDTA; 0.3 M NaOH; 1% Triton; 10%
DMSO), and incubated at 4°C for 60 min. Electrophoresis was
conducted in ice-cold running buffer (0.3 M NaOH, 0.001 M
EDTA) for 30min at 300mA. The slideswere then rinsed, fixed
in ice-cold methanol for 3 min, dried at room temperature,
stained with ethidium bromide, and analyzed with a fluo-
rescence microscope (23).

Protein array

After various times of culture in the RWVor inCTR, conditioned
media were collected, and HUVECs were lysed in a buffer con-
taining 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA,
and 1%NP-40. Cell extracts (80 mg) were utilized to incubate the
membranes on which 26 antibodies against human cell stress-
related proteins were spotted in duplicate (R&D Systems,
Minneapolis, MN, USA) (22), according to the manufacturer’s
instructions. Densitometry was performed using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA). Two
separate experimentswereperformed, anddata are expressed as
percentages of the fold increase in the signal intensity of RWV vs.
CTR. Conditioned media were used to incubate the membrane
on which 40 antibodies against proteins involved in inflamma-
tionwere spotted in duplicate (RayBiotech,Norcross, GA,USA).
Two separate experiments were performed, and representative
blots are shown.According to the ImageJ software, no significant
differences were detected in any spot (unpublished results).
ELISA was utilized to measure the amounts of intercellular ad-
hesion molecule 1 (ICAM-1) (LifeSpan BioSciences, Seattle, WA,
USA), according to the manufacturer’s instructions. Data are
shown as percentages of ICAM-1 levels in HUVECs cultured in
the RWV vs. CTR6 SD.

Western blot

HUVECs were lysed in 10 mM Tris-HCl (pH 7.4) containing
3mMMgCl2, 10mMNaCl, 0.1%SDS, 0.1%TritonX-100, 0.5mM
EDTA, and protein inhibitors, separated on SDS-PAGE, and
transferred to nitrocellulose sheets at 400 mA for 2 h at 4°C.
Western analysiswasperformedusingantibodies againstHSP70
and cyclin-dependent kinase inhibitor-1 p21 (Santa Cruz Bio-
technology,Dallas, TX,USA), TXNIP andparaoxonase 2 (PON2)
(Thermo Fisher Scientific), sirtuin 2 (SIRT2) (MilliporeSigma,
Vimodrone, Italy), superoxide dismutase 2 (SOD2) (BD Biosci-
ences, San Jose, CA, USA), HSP27 and phosphorylated HSP27
(P-HSP27) (Cell Signaling Technology, Danvers, MA, USA), and
GAPDH (Santa Cruz Biotechnology). After extensive wash-
ing, secondary antibodies labeled with horseradish peroxi-
dase (GE Healthcare, Waukesha, WI, USA) were used.
Immunoreactive proteins were detected by the SuperSignal
Chemiluminescence Kit (Thermo Fisher Scientific) (24).

NOS activity

NOS activity was measured in the conditioned media by using
the Griess method (25). Briefly, conditioned media were mixed
with an equal volume of freshly prepared Griess reagent. The

absorbance was measured at 550 nm. The concentrations of ni-
trites in the samples were determined using a calibration curve
generated with standard NaNO2 solutions. The experiment was
performed in triplicate and repeated 5 times with similar results.
Data are shown as percentages of NaNO2 release in HUVECs
cultured in the RWV vs. CTR6 SD.

Confocal imaging

After 4 and 10 d in the RWV, HUVECs were trypsinized and
cytospun on frosted microscope glasses, fixed in PBS containing
3% paraformaldehyde and 2% sucrose (pH 7.6), permeabilized
with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid–Triton
1%, incubatedwith anti-TXNIP immunopurified IgGs overnight
at 4°C, and stained with an Alexa Fluor 546 secondary antibody
(Thermo Fisher Scientific). Finally, cells were mounted with
moviol, and imageswere acquired using a363 objective in oil by
an SP8 confocal microscope (LeicaMicrosystems, Buffalo Grove,
IL, USA).

Statistical analysis

Statistical significance was determined using the Student’s t test
and set at a value of P, 0.05.

RESULTS

The activation of stress response in HUVECs
exposed to simulated microgravity

To have a rapid overview of HUVEC stress response in
simulated microgravity, we utilized a protein array
specifically tailored for stress proteins. Eighty micro-
grams of lysates from cells cultured in the RWV for 4
and 10 d were utilized. Out of 26 proteins investigated,
HSP70, SIRT2, PON2, SOD2, p21, and P-HSP27 were
up-regulated (Fig. 1).

Figure 1. Stress response in HUVECs exposed to simulated
microgravity. HUVECs were cultured in the RWV or in CTR for
4 and 10 d. Protein array was performed on cell extracts.
Densitometric analysis on array spots was performed, and data
are expressed as percentages of the fold increase of the signal
intensity obtained in cells in the RWV vs. CTR. Different letters
(a, b) indicate the statistically significant effect of RWV vs. CTR
(aP , 0.05, bP , 0.01). *P , 0.05, **P , 0.01 (indicates the
statistically significant variation of RWV 4 d vs. RWV 10 d).
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In some cell types, microgravity induces oxidative
stress (26–28). Therefore, we measured ROS pro-
duction by DCFH fluorescence in HUVECs cultured in
the RWV for various times. We found a modest, albeit
statistically significant, increase of ROS after 2 h in cells
in simulated microgravity (RWV) vs. CTR and no dif-
ferences thereafter (Fig. 2A). Because GSH is the most
abundant antioxidant in aerobic cells (29), we mea-
sured the ratio GSH/GSSG and found it significantly
decreased after 2 h in the RWV but not at later times
(Fig. 2B), thus reinforcing the results obtained using
DCFH.

In addition, no oxidative damage ofDNAwasdetected
by comet assay (Fig. 2C). We propose that the increased
amounts of ROS detected after 2 h of culture in the RWV
did not reach the threshold to damage DNA.

HSP70 in HUVECs exposed to
simulated microgravity

We have previously shown that HSP70 is induced in
HUVECs after 24 h of exposure in simulated micro-
gravity and remains elevated up to 96 h (7). In this
study, experiments were performed after 4 and 10 d of

culture in the RWV. Real-time PCR demonstrates the
overexpression of HSPA1A (HSP70) and Western blot
shows the up-regulation of HSP70 (2.1-fold induction)
after 4 d of culture in the RWV. Both RNA and proteins
return to baseline after 10 d in simulated microgravity
(Fig. 3A, B).

To understand the role of HSP70 in the early re-
sponse to simulated microgravity, we transiently si-
lenced HSP70 using a specific siRNA before exposing
HUVECs to gravitational unloading for 48 h. As a
control, the cells were exposed to a noninterfering,
scrambled sequence. By real-time PCR, HSP70 ex-
pression was down-regulated in silenced HUVECs
(Fig. 3C). We then counted the cells. As expected (7, 8),
HUVECs in the RWV proliferated faster than those in
CTR. Silencing HSP70 completely prevented this ef-
fect and cell number was lower than in the con-
trols (Fig. 3D). One of the roles of HSP70 is to protect
the cells from apoptosis (12). To understand the be-
havior of HUVEC-silencing HSP70, we measured
cleaved nucleosomes as an index of apoptosis in
HUVECs after 48 h in the RWVusing an ELISA. TNF-a
(50 ng/ml) was used as a positive control. Figure 3E
shows that silencing HSP70 induced the cleavage of

Figure 2. ROS generation, GSH/GSSG ratio, and oxidative damage to DNA in HUVECs exposed to simulated microgravity.
HUVECs were cultured for various times in the RWV or in CTR. A) ROS generation was measured by DCFH. Data are shown as
percentages of ROS levels in HUVECs cultured in the RWV vs. CTR. B) GSH/GSSG ratio was calculated as described in the
Materials and Methods. Data are shown as percentages of GSH/GSSG levels in HUVECs cultured in the RWV vs. CTR. C) Comet
assay was performed. After staining with ethidium bromide, the slides were analyzed using a fluorescence microscope. Exposure
to H2O2 (100 mM) for 2 h was used as a positive CTR. Scale bars, 20 mm. *P , 0.05.
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nucleosomes in HUVECs exposed for 48 h to simu-
lated microgravity.

SIRT2, PON2, SOD2, p21, and HSP27 in HUVECs
exposed to simulated microgravity

Next, we examined the levels of the other stress proteins
that were increased by protein array. Western blot con-
firmed that PON2, SOD2, HSP27, and its phosphorylated
form are up-regulated after 10, but not 4, d of exposure to
simulated microgravity (Fig. 4A). The total amounts of
SIRT2 decreased in CTR after 10 d, whereas in HUVECs
cultured in the RWV, SIRT2 remained elevated. After
10d in theRWV,wealsodetectedhigher amountsofp21, a
cyclin-dependent kinase inhibitor, which also plays a role
in stress response (Fig. 4A).

It is noteworthy that no significant modulation of
SIRT2, PON2, SOD2, and HSPB1 (HSP27) was found by
real-time PCR (Fig. 4B), thus confirming the results of
SPHINX (19). On the contrary, cyclin-dependent kinase
inhibitor 1A (CDKN1A) (p21) was markedly overex-
pressed after 10 d of culture in the RWV. Our results in-
dicate that 1) apart from CDKN1A, the induction of these
proteins is not transcriptionally regulated, and 2) studies
limited to gene expression as in Versari et al. (19) might
hinder our understanding of the complex network of
events activated in microgravity.

To understand whether the up-regulation of stress
proteins depends on quiescence, which is reached after

8 d in culture (5, 7), we compared the total amounts of
SIRT2,PON2,SOD2,HSP70,HSP27,and itsphosphorylated
form in proliferating vs. quiescent HUVECs under physio-
logic 1 g conditions. Whereas SIRT2 was down-regulated
and p21 up-regulated in quiescent cells, the other proteins
did not change in proliferating vs. quiescent cells (Fig. 4C).
We propose that the up-regulation of PON2, SOD2, HSP70,
andHSP27observed inHUVECscultured in theRWVisdue
to gravitational unloading itself.

TXNIP in HUVECs exposed to
simulated microgravity

Because TXNIP is overexpressed in HUVECs cultured in
space (19), we examined the levels of its transcript and the
total amounts of theprotein by real-timePCRandWestern
blot, respectively. In agreement with Versari et al. (19), we
found that TXNIP was overexpressed in HUVECs after
10d in theRWV(Fig. 5A),whereasnomodulationofTXNIP
was detected at d 4 (Fig. 5A). Western blot shows that the
increase of the RNA correlated with the increase of the
protein (2-fold induction at d 10; Fig. 5B). Because TXNIP is
localized both in the nucleus and in the cytoplasm of
HUVECs (30), it is noteworthy thatwe found the increase of
both nuclear and cytosolic TXNIP in HUVECs cultured in
the RWV for 10 d by confocal microscopy. No differences
emerged after 4 d in simulated microgravity (Fig. 5C).

We then compared the total amounts of TXNIP in
proliferating vs. quiescent HUVECs (Fig. 5D) and found

Figure 3. The levels and the role of HSP70 in HUVECs exposed to simulated microgravity. A) HUVECs were cultured in the RWV
or in CTR for 4 and 10 d. Real-time PCR was performed using primers designed on the HSPA1A sequence. The experiment was
repeated 3 times in triplicate. B) Western blot was performed using specific antibodies against HSP70. GAPDH was used as
marker of loading. A representative blot is shown. C) HUVECs were transfected with siRNA against HSP70 or with a scrambled
nonsilencing sequence (2) and maintained in the RWV or in CTR for 48 h. To assess silencing, real-time PCR was performed
using primers designed on the HSPA1A sequence. D) Cells treated as in C were trypsinized and counted. E) Cell death in extracts
from HUVECs treated as in C was assessed using a Cell Death Detection ELISA Kit, which measures the amount of cleaved DNA
and histone complexes. TNF-a (50 ng/ml) for 48 h was the positive CTR. *P , 0.05, **P , 0.01, ***P , 0.001.
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that TXNIP decreases in quiescent cells, thus suggesting
that simulated microgravity is directly responsible for the
up-regulation of TXNIP after 10 d in RWV.

Endothelial function in HUVECs exposed
to simulated microgravity

NO is a multifunctional molecule that influences vascular
functions. We have previously shown that HUVECs cul-
tured in simulated microgravity for 24 and 48 h release
higher amounts of NO than those cultured in CTR (8).
After 4 d of culture in the RWV, HUVECs continued to
releasemoreNO thanCTR,whereas at d 10, no significant
differences were detected (Fig. 6A).

Inflammatory mediators affect endothelial function,
and alterations of the cytokine network have been de-
scribed in ECs exposed to simulated microgravity for 24
and 48 h (7, 9, 20).

In HUVECs cultured in simulated microgravity for 24
and 48 h, a decrease of ICAM-1 was described (9). By
ELISA, we did not find any difference in the total amount
of ICAM-1 in cells maintained in the RWV for 4 and
10 d (Fig. 6B).

To obtain a broad profile of the cytokine network in
HUVECs cultured in theRWV for 4 and10d,weutilized a
human inflammationantibodyarray.After centrifugation,
conditioned media were analyzed. We did not detect any
significant alteration in the total amounts of cytokines and
chemokines secreted in theconditionedmediabyHUVECs

exposed tosimulatedmicrogravity (RWV)vs.CTR(Fig. 6C,
D), as confirmed by the ImageJ software (unpublished
results).

DISCUSSION

Until now, HUVECs have been cultured in simulated
microgravity for various times but not longer than 96 h (5,
7–9). In this study, we focus on the stress response acti-
vated by HUVECs exposed to simulated microgravity for
4 and 10 d anddemonstrate the crucial early role ofHSP70
and the involvement of other stress proteins thereafter.

HSP70 is induced in HUVECs after 24 h of exposure to
simulated microgravity (7), is still elevated at d 4, and
decreases tobaseline at d10, as suggestedbySPHINX(19).
We hypothesize that mechanical unloading determines
alterations of protein folding, protein aggregation, or both
and that this is the trigger for HSP70 up-regulation. In-
deed, in HUVECs in microgravity, we and others have
reported the earlydisorganizationof the cytoskeletonwith
the formation of perinuclear clusters of actin (5, 7, 17).
HSP70 is thought to participate in folding pathways of
cytoskeletal proteins (31). Accordingly, we found that cy-
toskeletal disruption by cytochalasin D is associated with
an increase of HSP70 (unpublished results).We anticipate
that the cytoskeleton senses the altered mechanical load-
ing and converts the reduced mechanical stimuli in
chemical signals that activate the stress responsenecessary
to maintain the cells’ viability. The pivotal role of the

Figure 4. Stress proteins in
HUVECs exposed to simulated
microgravity. A, B) HUVECs
were cultured in the RWV or
in CTR for 4 and 10 d. Western
blot and real-time PCR were
performed as described in the
Materials and Methods. All the
values were normalized with
respect to their controls cul-
tured in CTR. aP , 0.05 (indi-
cates the significant effect of
RWV vs. CTR). *P, 0.05, **P,
0.01 (indicates the statistically
significant variation of RWV 4 d
vs. RWV 10 d). C) Proliferating
and quiescent HUVECs were
analyzed for the total amounts
of stress proteins by Western
blot.
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increase ofHSP70 is underlined by the demonstration that
silencing HSP70 induces apoptosis in HUVECs in simu-
lated microgravity. Indeed, HSP70 not only buffers protein

misfolding but also inhibits apoptosis acting on caspase-
dependent and independent pathways. Altogether, these
results indicate thatHSP70 isanearlygatekeeper forHUVEC

Figure 6. NO production and inflammatory response in HUVECs exposed to simulated microgravity. HUVECs were cultured in
RWV or in CTR for 4 and 10 d. A) NO was measured by the Griess method. Data are shown as percentages of NaNO2 release in
HUVECs cultured in the RWV vs. CTR. B) ICAM-1 levels were determined on 80 mg of cell extracts by ELISA. C) Inflammatory
protein array was performed on conditioned medium. Representative membranes are shown. D) Map of the membrane array.
*P , 0.05.

Figure 5. TXNIP in HUVECs exposed to simulated microgravity. A, B) HUVECs were cultured in the RWV or in CTR for 4 and 10
d. Real-time PCR and Western blot were performed as described in the Materials and Methods. C) HUVECs cultured as above
were cytospun and stained with DAPI to detect the nuclei and with antibodies against TXNIP. Images were acquired using a 363
objective in oil by an SP8 confocal microscope (left and center panels, 31 magnification; right panels, 33 magnification). D)
Proliferating and quiescent HUVECs were analyzed for the total amounts of TXNIP by Western blot. **P , 0.01.
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survival under mechanical unloading. Moreover, HSP70
bindsSOD2inECsandchaperons it to themitochondria (32),
thus limiting mitochondrial oxidative stress. Accordingly,
wedidnotdetect any significant accumulationofROS inour
experimental model.

After 96 hof culture in theRWV,HSP70 returns to basal
levels, whereas other stress proteins are up-regulated. In-
deed, after 10 d, the amounts of SIRT2, PON2, SOD2, and
HSP27 and its phosphorylated form are higher in
HUVECs in simulated microgravity than in the 1G con-
ditions. The dysregulation of the anti- and pro-oxidant
enzymes we observe in simulated microgravity is not the
result of quiescence but seems to be specifically de-
termined by gravitational unloading.

SIRT2, a member of the sirtuin family, is a NAD+-de-
pendent deacetylase, highly expressed in vascular ECs
(33). SIRT2 increases endothelial viability and decreases
the levels of ROS by elevating the expression of catalase,
glutathione peroxidase, and SOD2 (32). Accordingly,
SOD2 is up-regulated in simulated microgravity, and
PON2also increases inHUVECs in theRWV.PON2 ispart
of theparaxonase family and, besides its lactonase activity,
reduces superoxide leakage from the inner mitochondrial
membrane (34), thus representing an important defense
mechanism against oxidative stress. PON2 also decreases
endoplasmic reticulum stress-induced caspase activation
(35). We also show an up-regulation of HSP27 and P-
HSP27. Wild-type HSP27 lowers the levels of ROS by
raising intracellular glutathione (36), whereas P-HSP27
prevents apoptosis interfering with the caspase cascade
(33). In addition, HSP27 maintains the stability of actin
fibers (37), a function that might be relevant under gravi-
tational unloading to preserve the remaining components
of the cytoskeleton.

Besides their own specific function, the common de-
nominator of SIRT2, PON2, SOD2, and HSP27 is their
potent antioxidant and antiapoptotic potential. Indeed,
despite the marked increase of TXNIP in HUVECs after
10 d in simulated microgravity, we do not observe any
accumulation of ROS. Our results suggest that the in-
creased amounts of SIRT2, PON2, SOD2, and HSP27
counterbalance the oxidant action of TXNIP. On the con-
trary, oxidative stress has been reported in murine fetal
fibroblasts and in rat neuronal PC12 cells in simulated
microgravity (26, 27) as the result of an imbalancebetween
pro- and antioxidant enzymes. These differencesmight be
due to a more efficient antioxidant arsenal in ECs than in
other cell types. In Caenorhabditis elegans, an invaluable
model that has allowedmajor advances in our knowledge
in many biologic processes, simulated microgravity in-
duces oxidative stress, but also importantly activates the
antioxidant defense system in an attempt to reverse the
adverse effects of free radicals on nematodes. Therefore, in
C. elegans, as well as in ECs, both the molecular machin-
eries for the control of oxidative stress and the antioxi-
dant defense system are dysregulated in simulated
microgravity.

TXNIP up-regulation is interesting because it confirms
what Versari et al. (19) described in SPHINX, although
limited to RNA level. TXNIP expression is induced by a
variety of stresses, including ionizing and exciting radiations,

H2O2, andmechanical forces (38). In fact, TXNIP acts as
a blood flow mechanosensor (39) and is overexpressed
when blood flow is disturbed (39). We hypothesize that
the alteration of mechanical forces because of micro-
gravity triggers TXNIP up-regulation. In general, TXNIP
overexpression renders the cells more susceptible to oxi-
dative stress (40); however, in our experimental model,
this is not the case, because we do not detect any increase
of ROS or any sign of DNA oxidative damage. As pre-
viously mentioned, the pro-oxidant effect of TXNIP is
likely to be counterbalanced by the complex and articu-
lated increase of various stress proteins with antioxidant
activity. Beyond its role as an endogenous inhibitor of
TXR, TXNIP also exerts TXR-independent functions, such
as regulation of metabolism and cell growth (41). In
HUVECsunderstress,TXNIPstimulates thetransactivation
of VEGF receptor type 2, which is fundamental for endo-
thelial survival (30). It is feasible that TXNIP orchestrates
several cellular responses that enable HUVECs to survive
microgravity-related stress.

Interestingly, p21 is also increased in HUVECs cul-
tured in the RWV for 10 d. Apart from its role in growth
arrest, p21 is induced by a wide range of stress stimuli
through p53-dependent and -independent pathways
(42). Indeed, p21 exerts a protective action against
stress because of itswell-described antiapoptotic effects
(42).

Our data suggest that the complex and dynamic
adaptive response of HUVECs to simulated microgravity
contributes to the maintenance of their function. Indeed,
we did not detect any alteration in the synthesis and se-
cretion of inflammatory cytokines and chemokines or in
the amounts of ICAM-1. NO, crucial to maintain endo-
thelial function (43), was elevated in HUVECs exposed to
simulatedmicrogravity for48h (8).Herewe showthatNO
is increased after 4 d in the RWV and returns to control
levels at d 10.

In general, it is noteworthy that culture in the RWV
yields results that closely reflect those obtained in space
(19). This consideration raises 2 challenging points.
First, it is reasonable to use these bioreactors for
benchtop microgravity research to design potentially
successful experiments in real microgravity. Second, it
is mandatory to study the modulation of proteins in
cells cultured in space, because our results clearly
demonstrate that, despite no alterations of the levels
of transcript, the amounts of the corresponding pro-
teins change. Some evidence has been provided about
altered posttranscriptional mechanisms induced by
microgravity. By a proteomic approach, it was dem-
onstrated that human T lymphocytes in simulated mi-
crogravity down-regulate the 26S proteasome subunit 6
and the proteasome activator complex subunit 3, thus
suggesting an impairment of the proteasome machin-
ery (44). Accordingly, culture in the RWV reduced the
activity of the proteasome inU937 cells (15). Similarly, a
gradual decrease of the total activity of the proteasome
was reported in ECs cultured in theRWV for 48 and 96 h
(14). More studies are necessary to give new insights
into the molecular mechanisms that contribute to cell
adaptation.
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Briefly, we conclude that early upon exposure to mi-
crogravity, HUVECs up-regulatesHSP70,which activates
a transient adaptive response gradually replaced by the
increase of other stress proteins that maintain a new ho-
meostatic status. The sequential up-regulation of different
proteins is aimed initially at driving the adaptation to
mechanical unloading and finally at establishing and
maintaininganovelphenotype thatpreserves cell viability
and function.
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