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1 | INTRODUCTION

Abstract

Exposure to real or simulated microgravity is sensed as a stress by mammalian cells,
which activate a complex adaptive response. In human primary endothelial cells, we
have recently shown the sequential intervention of various stress proteins which are
crucial to prevent apoptosis and maintain cell function. We here demonstrate that mi-
tophagy contributes to endothelial adaptation to gravitational unloading. After 4 and
10 d of exposure to simulated microgravity in the rotating wall vessel, the amount
of BCL2 interacting protein 3, a marker of mitophagy, is increased and, in parallel,
mitochondrial content, oxygen consumption, and maximal respiratory capacity are
reduced, suggesting the acquisition of a thrifty phenotype to meet the novel meta-
bolic challenges generated by gravitational unloading. Moreover, we suggest that
microgravity induced-disorganization of the actin cytoskeleton triggers mitophagy,
thus creating a connection between cytoskeletal dynamics and mitochondrial content

upon gravitational unloading.
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which acts perpendicularly to the vascular wall,” and gravity.®
Indeed, many studies have demonstrated that both real and
simulated microgravity affect the behavior of human umbili-

Microgravity affects health and this results from an array of
adaptive responses that ultimately influence homeostasis.' 21t
is of particular relevance that microgravity alters the behavior
of endothelial cells (EC),’ the gatekeepers of vascular integ-
rity and function, crucial to provide continued and adequate
perfusion to all the tissues to sustain their own needs.* EC
react to many different stimuli. Being located at the interface
between the blood and the tissues, these cells are susceptible
to the action of a large variety of soluble factors. Moreover,
they sense mechanical forces, such as shear stress, a frictional
force acting in the direction of blood flow, pressure-stretch,

cal vein endothelial cell (HUVEC),7'14 a consolidated model
of macrovascular EC. Microgravity models the organization
of the cytoskeleton, the proliferative rate, the production of
inflammatory, and vasoactive molecules,” " partly through
the activation of a dynamic adaptive response which prevents
apoptosis and generates a novel balance so that essential cell
functions are preserved.15 In face of all this body of knowl-
edge, no data are available on HUVEC bioenergetics in mi-
crogravity. In physiological conditions, EC obtain most of the
energy by converting glucose to lactate,'® with two principal

Abbreviations: BNIP3, BCL2 interacting protein 3; CQ, chloroquine; CTR, 1g condition control; CYP D, cyclophilin D; EC, endothelial cells; FBS, fetal
bovine serum; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; HUVEC, human umbilical vein endothelial cells; ISS, international space station;
LC3 B, microtubule-associated proteins 1A/1B light chain 3B; MTCO1, mitochondrially encoded cytochrome C oxidase I; NAC, N-acetyl-cysteine; P62,
sequestosome 1; ROS, reactive oxygen species; RWYV, rotating wall vessel; VDAC, voltage-dependent anion channels.
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goals, (a) to protect themselves from oxidative stress and (b)
to preserve oxygen for the diffusion into the perivascular
tissues. %7 Therefore, in EC mitochondria, rod-shaped or-
ganelles that convert oxygen and nutrients into ATP, mainly
serve as a biosynthetic center to produce the precursors nec-
essary for the synthesis of various molecules required for cel-
lular necessities.'® Moreover, mitochondria integrate signals
from the environment, perceive cellular stresses, are vital in
cell death signaling and many other functions, thus playing a
crucial role in orchestrating cell behavior.'® Different stim-
uli are able to modulate mitochondrial content and function.
Mitochondrial content is determined by the balance between
mitochondrial biogenesis and degradation through the pro-
cess called mitophagy, ie, the autophagic removal of dam-
aged or superfluous mitochondria, while their organization,
fundamental in determining their function, is the result of
the balance between fusion and fission.”” Mitochondrial dy-
namics is strictly linked to cytoskeletal organization, which
has a relevant role in maintaining mitochondrial network and
function.”!

Because research in space is limited by the high costs and
low flight opportunities, several ground-based tools have
been developed for simulating microgravity on Earth,? all
based on eliminating a preferential direction of the gravity
vector by continuous rotation. It is interesting to point that ex-
periments performed in different bioreactors yielded the same
results and often validate data obtained in space.m’ls’zz’23
We have utilized the NASA-developed rotating wall vessel
(RWYV), which generates a vector-averaged gravity similar to
that of near-Earth free-fall orbit.* In a previous study, we have
shown the complex and sequential intervention of proteins
involved in endothelial adaptive response after 4 and 10 d in
the RWV. " Here, we utilize the same time points and demon-
strate that simulated microgravity activates mitophagy, thus
reducing mitochondrial content and oxygen consumption in
HUVEC.

2 | MATERIALS AND METHODS

2.1 | Cell culture

HUVEC were from ATCC and serially passaged in M199
containing 10% fetal bovine serum, Endothelial Cell
Growth Factor (150 pg/mL), glutamine (2 mM), sodium
pyruvate (1 mM), and heparin (5 U/mL) on 2% gela-
tin coated dishes. All culture reagents were from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA). To gen-
erate microgravity, we utilized the RWV (Synthecon Inc,
Houston, TX, USA) after seeding EC on beads (Cytodex 3,
Sigma Aldrich, St Louis, MO, USA).7’10’24 As 1g condition
control (CTR), HUVEC grown on beads were cultured in
the vessels not undergoing rotation. In some experiments,

to allow the accumulation of autophagosomes, HUVEC
were treated with 40 uM of chloroquine (CQ) (Sigma
Aldrich, St Louis, MO, USA) for 1 hour and then col-
lected for protein extraction and western blot. To inhibit
autophagy/mitophagy,25 HUVEC in the RWYV were treated
with 40 uM of CQ for 4 d and collected for western blot
and immunofluorescence. To contrast the formation of re-
active oxygen species (ROS), we used N-acetyl-cysteine
(NAC, Sigma Aldrich, St Louis, MO, USA)* (1 mM) for
4 hours, since we detected higher amounts of ROS after
2 hours culture in the RWV." Therefore, some samples
were removed from the RWYV 2 and 4 hours after the begin-
ning of the experiment to measure the levels of ROS using
2'-7’-dichlorofluorescein diacetate (DCFH) as described,
while the others were maintained in the RWV for 10 d to
evaluate mitochondrial mass.

In other experiments, HUVEC in 1lg condition were
treated with 0.5 uM of Cytochalasin D (Sigma Aldrich, St
Louis, MO, USA).

2.2 | Oxygen consumption measurements
The respiratory chain capacity was determined by high-res-
olution respirometry on HUVEC grown in 1g condition or
in the RWYV for 4 and 10 d. The beads were collected from
the RWV vessels, trypsinized and 1 X 10° cells for each
sample were used. The mitochondria respiration rates were
measured using the O2K oxygraph chambers (Oroboros,
Instruments, Innsbruck, Austria). The cells were trans-
ferred into oxygraph chambers and resuspended in the res-
piration medium MiR06 (0.5 mM EGTA, 3 mM MgCl,,
60 mM K-lactobionate, 20 mM taurine, 10 mM KH,PO,
20 mM Hepes, 110 mM sucrose, and 1 g/ bovine serum
albumin fatty acid-free, 280 U/mL catalase (pH 7.1)). The
sequential addition of pyruvate (10 mM), malate (2 mM),
oligomycin (0.5 uM), the uncoupler FCCP (Carbonyl cy-
anide-4-(trifluoromethoxy) phenylhydrazone, 0.5 pM), ro-
tenone (0.5 pM), and antimycin A (AA) (2.5 pM) allows
the measurement of basal, leak, and maximal respiration,
respectively. All the reagents used for respirometry assay
were purchased from Sigma.

Oxygen consumption was measured also on extracted
mitochondria of HUVEC grown in 1g condition or in the
RWYV for 4 d. The cells were trypsinized, permeabilized,
resuspended in isolation buffer (100 mM KCI, 50 mM
TRIS, 5 mM MgCl,, 1.8 mM ATP, 1 mM EDTA), and cen-
trifuged at 600 g for 10 minutes at 4°C. Then, the superna-
tant was centrifuged at 10 000 g for 15 minutes at 4°C to
allow the sedimentation of the mitochondria which were
resuspended in Mito Preservation Medium (MiR06 supple-
mented with 20 mM Histidine, 20 pM Vitamin E succinate,
3 mM Glutathione, 1 pM Leupeptin, 2 mM Glutamate, 2 mM
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Malate, 2 mM Mg-ATP), and 150 pg of mitochondria were
used for high-resolution respirometry analysis. The efficiency
of the different components of the respiratory chain was
measured: complex I respiration (state2), maximal oxidative
phosphorylation capacity of complex I (state3), complexes
I and II (state3+Succ), complex II function (state3+Suc-
c+Rot), and proton leak across the inner mitochondrial
membrane (state4). Then, respiratory chain was inhibited by
antimycin A (2.5 uM) to obtain the residual oxygen flux that
was subtracted to each steady state to correct oxygen fluxes.
The respiratory control ratio was calculated as the ratio be-
tween state3 and state4 showing a general measure of mito-
chondrial function. The oxygen consumption measurements
were performed three times and the results are shown as the
mean =+ standard deviation.

2.3 | Western blot

HUVEC were lysed in 10 mM Tris-HCI (pH 7.4) containing
3 mM MgCl,, 10 mM NacCl, 0.1% SDS, 0.1% Triton X-100,
0.5 mM EDTA, and protein inhibitors, separated on SDS-
PAGE and transferred to nitrocellulose sheets at 400 mA
for 2 hours at 4°C. Western analysis was performed using
antibodies against LC3 B (Cell Signaling, Euroclone, Pero,
Ttaly), p62, and Cyclophilin D (CYP D, Invitrogen, Carlsbad,
CA, USA), MTCOI1, and VDAC (Abcam, Cambridge,
UK), BCL2 interacting protein 3 (BNIP3) (Sigma Aldrich,
St Louis, MO, USA), and glyceraldehydes-3-phosphate de-
hydrogenase (Tebu Bio-Santa Cruz, Magenta, Italy). After
extensive washing, secondary antibodies labeled with horse-
radish peroxidase (Amersham Pharmacia Biotech Italia,
Cologno Monzese, Italy) were used. Immunoreactive pro-
teins were detected by the SuperSignal chemiluminescence
kit (Pierce, Life Technologies- ThermoFisher Scientific,
Waltham, MA, USA).27 All the experiments were performed
at least three times and a representative blot is shown. Images
were analyzed using Imagel.

2.4 | Confocal imaging

After culture in the RWV, HUVEC were trypsinized and
cytospun on Frosted microscope glasses, fixed in phosphate-
buffered saline containing 4% paraformaldehyde and 2% su-
crose pH 7.6, permeabilized with Triton 0.3%, incubated with
anti-CYP D or anti-LC3 immunopurified IgGs overnight at
4°C, and stained with an Alexa Fluor 488 and 546 secondary
antibody (ThermoFisher Scientific, Waltham, MA, USA),
respectively. In the experiments with Cytochalasin D, the
cells were directly cultured on a coverslip and processed as
described above. We used rhodamine-labeled phalloidin to
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visualize the cytoskeleton in Cytochalasin D-treated cells.
For HUVEC on the beads, we utilized fluorescein isothiocy-
anate-labeled phalloidin (Sigma), because the beads autoflu-
oresce in the red spectrum. 4’,6-Diamidine-2’-phenylindole
dihydrochloride (DAPI, Sigma) was used to stain the nuclei.
Finally, cells were mounted with ProLong Gold Antifade
Mountant (Invitrogen, Carlsbad, CA, USA) and images were
acquired using a 40X objective in oil by a SP8 Leica confocal
microscope.

2.5 | Statistical analysis

Statistical significance was determined using the Student's ¢
test and set at P values less than .05. In the figures *P < .05;
¥*P < .01; *P < .001.

3 | RESULTS
3.1 | Mitochondrial content in HUVEC
exposed to simulated microgravity

To have an overview of the mitochondrial content, we per-
formed immunofluorescence on HUVEC cultured in the
RWYV or in 1g condition. After 4 and 10 d, the cells were
trypsinized and cytospun on a glass coverslip. To label the
mitochondria, we used an antibody against CYP D, a pro-
tein that is part of the permeability transition pore in the
inner membrane of the mitochondria. Images were then ac-
quired using a confocal microscope. Figure 1A shows that
HUVEC grown in the RWV have fewer mitochondria than
their respective controls (CTR).

To confirm these results at the biochemical level, we
investigated the total amounts of CYP D, Mitochondrially
Encoded Cytochrome C Oxidase I (MTCOL1), a protein en-
coded by mitochondrial DNA, and voltage-dependent anion
channels (VDAC), located on the outer mitochondrial mem-
brane.”® MTCO, VDAC, and CYP D are all significantly
downregulated in HUVEC cultured in the RWYV for4 and 10d
(Figure 1B).

We asked whether microgravity-induced reduction of
mitochondrial mass was reversible upon return to 1g cul-
ture conditions. To this purpose, we cultured HUVEC in
the RWV. Some samples were removed from the RWV after
7 d and maintained in vessels non-undergoing rotation for
three more days to be compared with cells that remained
in the RWYV for the full duration of the experiment (10 d).
Upon release from gravitational unloading, mitochondrial
content increased as demonstrated by immunofluorescence
(Figure 2A) and western blot (Figure 2B) using antibodies
against CYP D.
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Visualization and quantification of mitochondria in HUVEC in simulated microgravity. HUVEC were grown in RWV orin 1g

condition (CTR) for 4 and 10 d. A, After trypsinization, the cells were cytospun on glass coverslips and stained with DAPI to label the nuclei and
CYP D to visualize the mitochondria. Images were acquired using a 40X objective in oil by a SP8 Leica confocal microscope. B, Western blots for
different mitochondrial markers were performed. GAPDH was used as a control of loading. Representative blots (left) and densitometry obtained

by ImageJ (right) are shown

3.2 | Mitochondrial function in HUVEC
exposed to simulated microgravity

We investigated mitochondrial function in HUVEC using
02K oxygraph chambers. To this purpose, 1 X 10° cells for
each sample were treated with different molecules to as-
sess the efficiency of the different components of the res-
piratory chain. Different respiration states were measured.
Maximal respiration represents the maximal activity of the
electron transport chain, while basal respiration corresponds

to oxygen consumption at steady state. Leak respiration
measures oxygen consumption not linked to ATP produc-
tion. HUVEC exposed to simulated microgravity tend to
have a minor basal and leak capacity, without reaching sta-
tistical significance, compared to their controls, while their
maximal respiratory capacity is significantly reduced
(Figure 3A).

We also evaluated the function of isolated mitochondria
in HUVEC in 1g condition or exposed to simulated mi-
crogravity (RWV) for 4 d. The respiratory control ratio, a
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FIGURE 2 Visualization and quantification of mitochondria in HUVEC after return to 1g culture conditions. HUVEC were cultured in
the RWYV for different times. After 7 d, some samples were removed from the RWV and returned to 1g for 3 d, while the remaining samples
were maintained in the RWYV until the end of the experiment (day 10). A, Mitochondria were visualized utilizing antibodies against CYP D by
immunofluorescence. B, Western blot was performed on cell lysates. A representative blot is shown (upper panel). Densitometry was performed
using Image J (lower panel)

general measurement of mitochondrial function, was sim- 3.3 | Autophagy/mitophagy in HUVEC

ilar in controls and in cells in the RWV when the same  exposed to simulated microgravity

amounts of mitochondria were used, indicating that mito-

chondria are as efficient in cells cultured in the RWV as We hypothesized that the decreased number of mitochondria
in 1g condition (Figure 3B). in HUVEC exposed to simulated microgravity could be due
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FIGURE 3 High-resolution respirometry on HUVEC and on isolated mitochondria after exposure to simulated microgravity. HUVEC

were cultured in 1g condition (CTR) or in the RWYV for 4 and 10 d. A, High-resolution respirometry was performed on 1 X 10° cells and basal,
leak, and maximal respiration were measured as described. B, Mitochondria were extracted from HUVEC grown for 4 d in 1g condition (CTR)

or in the RWV and oxygen consumption was measured on a purified fraction of mitochondria (150 ug). The efficiency of the different complexes
of the respiratory chain was measured. Glutamate (10 mM) and malate (2 mM) were used to measure complex I respiration (state2) and ADP

(2.5 mM) to reveal its maximal oxidative phosphorylation capacity (state3). Then, complexes I and II together were tested using succinate (10 mM)
(state34+Succ) and rotenone (0.5 pM) was used to inhibit complex I in order to study complex II (state34+Succ+Rot). Oligomycin (2 pug/mL), an
inhibitor of the ATP synthase, was used to measure proton leakage (state4). The respiratory control ratio was calculated as the ratio between state3
and state4 and used as a general indicator of mitochondrial function. The experiments were repeated three times + standard deviation

to an acceleration of the autophagic flow and, specifically,
to mitophagy. Initially, on the basis of studies indicating the
activation of autophagy in HUVEC in simulated micrograv-
ity,29'32 we evaluated two markers of autophagy by western
blot, ie, microtubule-associated proteins 1A/1B light chain 3B
(LC3 B) and Sequestosome 1 (p62). LC3 B is involved in the
formation of autophagosomal vacuoles, while p62 is expressed
with the cargo within the vesicle. Since LC3 B is cleaved
when autophagy occurs, we measured the ratio between the
cleaved (LC3 B-II) and total (LC3 B-I) forms of the protein.
Western Blot revealed no significant modulation of these pro-
teins in HUVEC exposed for 4 d to simulated microgravity vs
their controls (Figure 4A). We hypothesized that autophagy
in simulated microgravity was fast to the point that the au-
tophagosomes were very rapidly degraded, preventing the pos-
sibility of detecting an increase of LC3 B-II or p62 changes.
Therefore, on the basis of previous studies,® we decided to

treat the cells with CQ, an inhibitor of autophagy that blocks
the binding of autophagosomes to lysosomes by altering the
acidic environment of the lysosornes.33 This means that CQ
allows the accumulation of autophagosomes and facilitates the
detection of both LC3 B-II and p62 even in the case of very
fast autophagic flow. HUVEC were cultured for 4 and 10 d
in 1g condition and in the RWV. One hour before ending the
experiment, CQ (40 uM) was added to culture media. Then,
the cells were lysed and evaluated for markers of autophagy
by western blot. Figure 4B reveals that HUVEC cultured in the
RWYV significantly upregulated LC3 B-II and p62, suggesting
that the decreased content of mitochondria in simulated micro-
gravity could be due to increased autophagy. Of note, we also
detected higher amounts of the marker of mitophagy BNIP3,
which targets mitochondria to autophagosomes by interacting
directly with LC3,* in HUVEC cultured in the RWV for 4 and
10 d vs their controls (Figure 4B).
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FIGURE 4 The induction of autophagy in HUVEC in simulated microgravity. Markers of autophagy were investigated in HUVEC in 1g
condition (CTR) or in the RWV. A, HUVEC were grown in 1g condition (CTR) or in the RWV for 4 d. Western blot for two markers of autophagy,
ie, LC3 B and p62, was performed. B, HUVEC were cultured 1g condition (CTR) or in the RWV for 4 and 10 d. One hour before cell lysis,

the cells were treated with chloroquine. Western blot was performed. GAPDH was used as a marker of loading. Representative blots (left) and

densitometry obtained by ImagelJ (right) are shown

3.4 | The role of autophagy in modulating
mitochondrial content in HUVEC exposed to
simulated microgravity

To link autophagy to the decrease of mitochon-
drial content in simulated microgravity, we inhibited

autophagy/mitophagy using CQ.25 After performing
dose- and time-dependent cell viability experiments,
40 uM emerged as the ideal concentration of CQ to in-
hibit autophagy/mitophagy without affecting HUVEC
survival up to 4 d of treatment (data not shown). We
cultured HUVEC in the RWYV in the presence or in the
absence of CQ for 4 d. Immunofluorescence for LC3 B
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FIGURE 5 Mitochondrial content in HUVEC exposed to simulated microgravity after inhibiting autophagy. HUVEC were cultured with
(RWV+CQ) or without (CTR and RWV) chloroquine (40 uM) for 4 d. A, Immunofluorescence with antibodies against LC3 B was performed
to show the inhibition of autophagy by chloroquine. Nuclei were stained by DAPI. B, Mitochondria were visualized utilizing antibodies against

CYP D (upper panel) and Western blot was performed on cell lysates (lower panel). A representative blot is shown on the left. Densitometry was

performed using Image J and is shown on the right

(Figure 5A) demonstrates that CQ actually inhibits the
degradation of the autophagosomes. Then, immunofluo-
rescence and western blot for the mitochondrial protein
CYP D were performed on HUVEC grown in 1g condi-
tion, in simulated microgravity (RWV) in the presence or
in the absence of chloroquine (RWV+CQ) for 4 d. When
autophagy was blocked by CQ, HUVEC cultured in the
RWYV, and their controls had a similar mitochondrial con-
tent, thus demonstrating that autophagy is responsible for
the degradation of mitochondria in simulated microgravity
(Figure 5B).

3.5 | The role of cytoskeletal disorganization
in driving mitophagy and reducing
mitochondrial content

We then asked what triggers autophagy in HUVEC in the
RWV. Since we have detected a mild and transient increase
of ROS in simulated microgravity,'® we performed experi-
ments in the presence of NAC (1 mM). 'S HUVEC were cul-
tured in the RWV or under 1g condition in the presence or
not of NAC for 4 hours. Some cells were removed from the
RWYV after 2 and 4 hours to measure the amounts of ROS
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FIGURE 6 Mitochondrial content in HUVEC exposed to the anti-oxidant NAC. HUVEC were treated with NAC (1 mM) for 4 hours and
then maintained in the RWV for 10 d. A, After 2 and 4 hours of culture in the RWV, ROS were measured using DCFH as described. B, At the
end of the experiment, western blot was performed on cell lysates using antibodies against CYP D. GAPDH was used as a control of loading.

Densitometry was performed by Image J (right)

using DCFH. Figure 6A shows that NAC prevented the ac-
cumulation of ROS in HUVEC cultured in the RWV for
2 hours. At the end of the experiment (day 10), no differences
in mitochondrial mass were observed between HUVEC in
the RWV with or without NAC as shown by western blot
with antibodies against CYP D (Figure 6B), thus ruling out a
role of oxidant species in decreasing mitochondrial content.
We then anticipated that cytoskeletal disorganization,
which occurs upon gravitational unloading,3’7’8’10 might be
implicated in reducing mitochondria in simulated micro-
gravity. As previously shown,>”31% while controls have well
organized abundant stress fibers, HUVEC in the RWV for
96 hours show disassembly and disorganization of actin fi-
bers (Figure 7A). Therefore, we mimicked cytoskeletal dis-
ruption in 1g condition using Cytochalasin D, a toxin that
binds actin, and induces its depolymerization. We performed
dose- and time-dependent experiments to test cell viability,
and found that 0.5 uM Cytochalasin D was not cytotoxic up
to 96 hours (data not shown). HUVEC were then treated with
0.5 uM Cytochalasin D for 24 hours. We observed massive
disorganization of actin fibers associated with modifications
of cell shape (Figure 7B), which closely recalls the results
obtained in microgravity (Figure g).378.10 Focusing on the

mitochondria of Cytochalasin D-treated HUVEC, both im-
munofluorescence and western blot showed a decrease of
CYP D (Figure 7B,C), indicating a reduced mitochondrial
mass. Interestingly, Figure 7C also shows the upregulation
of BNIP3. It is noteworthy that the concomitant exposure of
HUVEC to cytochalasin D and simulated microgravity for
24 hours resulted in massive cell death (not shown).

We propose that cytoskeletal disruption occurring in sim-
ulated microgravity leads to increased mitophagy which re-
sults in a decreased content of mitochondria (Figure 8).

4 | DISCUSSION

The rise of human activities on the ISS and in expected long-
term space missions has boosted novel studies to unravel
biochemical and structural alterations occurring in cells
exposed to microgravity. It is now clear that cells and tis-
sues activate adaptive responses to cope with the absence of
gravity, the only environmental factor which has remained
constant since when life began on Earth. In particular, the
endothelium, the inner lining of blood vessels, dynamically
adapts to microgravity through the sequential intervention
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experiments were repeated at least three times. Representative blots (upper panel) and relative quantification (lower panel) obtained by ImageJ are
shown
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FIGURE 8 A summary about the mechanisms leading to decreased mitochondrial mass in HUVEC cultured in simulated microgravity. We

propose that cytoskeletal disruption triggers autophagy/mitophagy which reduces mitochondrial content and leads to the acquisition of a thrifty
phenotype

of various stress proteins and acquires novel features that  thus contributing to stress resistance.* Accordingly, various
maintain cellular homeostasis.'> Also autophagy, a process types of stress—such as heat shock and mechanical cues—
which allows the cell to raze redundant and/or dysfunctional activate autophagy in various cell type:s.36’37 Therefore,
components, is considered a survival adaptive response, it is not surprising that simulated microgravity induces
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autophagy.zg'31 In HUVEC, clinorotation, a simulated model
of microgravity, enhances autophagosome formation 2
downregulation of mTOR by a murine double minute 2/
p53 dependent mechanisms.*® In agreement with these re-
sults, we report that simulated microgravity generated by the
RWYV induces autophagy in HUVEC. Our novel finding is
that increased autophagy results in mitochondria degrada-
tion, since blocking autophagy with CQ prevents mitochon-
drial loss. Interestingly, this event is reversible upon return
to 1g condition, a finding which suggests the adaptive nature
of the phenomenon. In addition to increased amounts of LC3
B-II, also BNIP3, a mitochondrial stress sensor and a crucial
player in mitophagy,®* is upregulated in HUVEC exposed to
microgravity. Mitophagy has a housekeeping role in degrad-
ing damaged mitochondria and also entails the clearance of
healthy mitochondria under stress.

While 2 d of gravitational unloading activate autophagy
of Hodgkin's lymphoma cells through the accumulation of
ROS.* a modest increase of ROS was reported in HUVEC
only after 2 hours in simulated microgravity.15 These results
indicate that the time-response of HUVEC and lymphoma
cells and their ability to counterbalance oxidative stress
are very different. We hypothesize that HUVEC retain a
higher anti-oxidant arsenal than lymphoma cells. Indeed, in
HUVEC gravitational unloading upregulates several proteins
that scavenge free radicals.” In addition, because the antiox-
idant NAC does not prevent mitochondrial loss in HUVEC
in microgravity, we propose that ROS are not implicated in
promoting autophagy in these cells.

Another common feature of cells in microgravity is cy-
toskeletal disorganization and, notably, the cytoskeleton has
been proposed as a sensor of changes of gravity.39 Since (a)
cytoskeletal dynamics have an important role in autophagy,40
(b) mitochondria interact with the cytoskeletal components,21
(c) mitophagy is regulated by cytoskeletal components,41 and
(d) microgravity rapidly and steadily disassembles HUVEC
cytoskeleton,3’7’8le we anticipate that a link might exist be-
tween autophagy, mitochondria content, and cytoskeletal re-
modeling in our experimental model. Indeed, Cytochalasin D
closely mimics microgravity-induced cytoskeletal disorgani-
zation and also reduces mitochondrial content through mito-
phagy. We conclude that the remodeling of the cytoskeleton
in microgravity plays a role in activating mitophagy, there-
fore leading to reduced mitochondrial content.

In HUVEC in the RWV mitophagy culminates with the
reduction of mitochondrial mass which is associated with a
reduced consumption of oxygen. However, mitochondria are
as efficient in HUVEC in simulated microgravity and their
controls. Since endothelial mitochondria are biosynthetic
factories rather than powerhouse, the decreased mitochon-
drial mass might constrain synthetic pathways as an adap-
tive response to reach a new balance that allows survival and
maintains fundamental functions. We propose that HUVEC

via
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in simulated microgravity acquire a thrifty phenotype and are
less prone to face an overload of substrates. A lower amount
of mitochondria might also protect HUVEC from an overpro-
duction of ROS, thus integrating the complex modulation of
stress proteins aimed at counteracting the upregulation of the
pro-oxidant protein TXNIP.'> More studies are required to
understand whether this adaptive response grants the mainte-
nance of all the complex functions exerted by EC as well as
their resisteance to further stresses. It should also be recalled
that EC are remarkably heterogeneous across the vascular
tree in terms of structure, gene expression, and function.*?
Accordingly, we have shown significant differences in the
behavior of HUVEC vs human dermal microvascular EC.*
It will therefore be relevant to extend our studies to different
types of microvascular EC.

Mitochondria are emerging as relevant targets of mi-
crogravity. Indeed, mitochondrial mass was reduced also
in Hodgkin's lymphoma cells cultured in a clinostat.>' In
osteoblasts cultured in simulated microgravity using the
Random Positioning Machine mitochondrial functions were
impaired,44 with important metabolic consequences, but no
quantification of mitochondrial mass was performed. On the
contrary, rat cardiomyocytes cultured in the RWV upregu-
lated mitochondrial proteins to maintain the energetics of the
cells at the expense of protein synthesis,45 and oligodendro-
cytes, the myelin-forming cells in the central nervous system,
increased mitochondrial respiration in simulated micrograv-
ity, suggesting an increase in Kreb's cycle flux.* The afore-
mentioned differences reported in various cell types might be
due to the fact that mitochondria exhibit tissue-specific char-
acteristics, including their number and their capacity of ATP
synthesis.47 Therefore, it is feasible to propose that, while
ECs, which are quiescent in normal conditions, can reduce
their mitochondria without detrimental effects on their viabil-
ity, other highly differentiated cells optimize their energetics
to meet the challenge generated by gravitational unloading.
If the scenario is complex in in vitro systems, it becomes
even more intricate in humans. A significant decrease in the
mtDNA/nDNA was described in hair samples from ten astro-
nauts after 6 mo on the 1SS.*® In contrast, within the “NASA
Twin Study,” higher levels of mtDNA were revealed in pe-
ripheral blood mononuclear cells after 1 y in space.2 Space is
a harsh extreme environment where astronauts are exposed to
stresses other than microgravity, such as cosmic radiations,
tight work schedule, isolation, etc. It is therefore complicated
to interpret human results, which should be read also in the
light of individual diversity. It is even harder to compare them
with data obtained in vitro.

In conclusion, we propose that microgravity-induced
cytoskeletal disorganization triggers the activation of au-
tophagy/mitophagy, thus leading to mitochondrial loss.
These events might be relevant to deal with the novel met-
abolic demands generated in microgravity and to reach a
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novel balance that maintains endothelial survival and fun-
damental function.
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