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Exposure to real or simulated microgravity is sensed as a stress by mammalian cells, 

which activate a complex adaptive response. Culture of human endothelial cells for 10 

days in real microgravity onboard the ISS resulted in the modulation of more than a 

thousand genes, some of which involved in stress response. We cultured human 

endothelial cells for 4 and 10 days in the Rotating Wall Vessel, a NASA developed 

surrogate system for bench-top microgravity research on Earth. We highlight the 

crucial role of the early increase of HSP70, since its silencing markedly impairs cell 

survival. Once HSP70 upregulation fades away after 4 days of simulated microgravity, 

a complex and articulated increase of various stress proteins - SIRT2, PON2, SOD2, 

p21, HSP27, P-HSP27 all endowed with cytoprotective properties – occurs and 

counterbalances the upregulation of the pro-oxidant TXNIP. Interestingly, TXNIP was 

the most overexpressed transcript in endothelial cells after space flight. We conclude 

that HSP70 upregulation sustains the initial adaptive response of endothelial cells to 

mechanical unloading and drives them towards the acquisition of a novel phenotype 

that maintains cell viability and function through the involvement of different stress 

proteins.   

We also demonstrated that mitophagy contributes to endothelial adaptation to 

gravitational unloading. After 4 and 10 days of exposure to simulated microgravity in 

the Rotating Wall Vessel, the amount of BNIP3, a marker of mitophagy, was increased 

and, in parallel, mitochondrial content and oxygen consumption were reduced, 

suggesting that HUVEC acquire a thrifty phenotype to meet the novel metabolic 

challenges generated by gravitational unloading. Moreover, we suggested that 

microgravity induced-disorganization of the actin cytoskeleton triggers stress 

adaptation and mitophagy, thus creating a connection between cytoskeletal dynamics 

and mitochondrial content upon gravitational unloading. We also found that Mg 

homeostasis was modulated in microgravity, since a reduction of total intracellular 

magnesium and modulation of its transporters was found in EC exposed to simulated 
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microgravity. We also investigated a new 3D cell culture method, a microfluidic system 

where EC are cultured in 3D and in presence of fluid laminar flow, in perspective of 

using these systems for experiments in microgravity. 
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2.2. BLOOD VESSELS 

The vascular system of human body is composed by arteries, veins and capillaries, 

three different types of blood vessels that differ in the function, structure and blood 

pressure to which they are subjected (Figure 1). 

The blood vessels are characterized by the same three different layers, named tunicae: 

the intima, the media, and the adventitia [Tabrizchi 2005].  

The intima, the innermost one, is composed by a single layer of endothelial cells laid 

on connective tissue (called lamina propria).  

The media corresponds to the muscular layer of the vessel and is composed in different 

ways depending on the vessels: mainly smooth muscle cells for arteries of medium and 

small caliber; elastic fibers for large arteries; fibrous component for veins while the 

capillaries lack of this layer. 

The adventitia constitutes the outer layer of blood vessels and is responsible of the 

interaction with the surrounding environment. Collagen and elastic fibers are the 

major component of the adventitia, that provides an additional protective layer to the 

vessels. Considering that in medium and large vessels it can become very thick, this 

layer is nourished by vasa vasorum, a network of small blood vessels necessary to 

provide additional supply of blood to the adventitia. 

Shear stress, i.e. the frictional force generated by blood flow, and different blood 

pressure to which they are subjected diversify the endothelium in arteries, arterioles, 

post-capillaries venules and capillaries [Hinsbergh 2012].  
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Figure 1: Different types of blood vessels and their features.  

Artery, vein and capillary differ for many parameters, among which the number and types of 

junctions, the alignment or not to the flow and the expression of specific markers [Aird 2007]. 

 

2.3. ENDOTHELIUM 

It has been estimated that endothelium surface is about 3000-6000 m2 for about 720 g 

in an adult [Gimbrone 1986]. Most of it is represented by microvascular endothelial 

cells that line the capillaries [Hinsbergh 2012].   

Endothelial and hematopoietic cells derive from hemangioblasts [Choi 1998], bipotent 

blasts which can originate either a pre-endothelial cell or an hematopoietic cell (Figure 

2) [Psaltis 2011]. They can finally transdifferentiate in mesenchymal cells and intimal 

smooth muscle cells [Galley 2004]. 
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Figure 2: Endothelial cell precursors.   

Hemangioblast can derive from blastocyst-derived embryonic stem (ES) cells, or from the yolk 

sac or AGM region of the early embryo and it can differentiate in Hematopoietic Stem Cells 

(HSCs), giving rise to both red and white blood cells lineage, or in Angioblast (AB), the 

precursor of endothelial cells [Moore 2002]. 

 

Von Willebrand Factor (vWF), platelet-endothelial cell adhesion molecule 1 (PECAM-

1), endothelial Nitric Oxide Synthases (eNOS) and vascular endothelial-cadherin (VE-

Cadherin) are specific markers of mature endothelial cells [Huang 2008, Bai 2010].  

Endothelial cells (ECs) are normally quiescent in vivo with a turnover rate of 

approximately once every three years [Foreman 2003]. Most of ECs in the adult have a 

cell cycle variable from months to years, unless injury to the vessel wall or angiogenesis 

occur, with the exception of the endothelia of endometrium and corpus luteum, which 

have a turnover rate of weeks. ECs proliferation can be enhanced by different stimuli, 

such as Vascular Endothelial Growth Factor (VEGF) and Fibroblast Growth Factor 

(FGF); in particular, VEGF is highly specific for the endothelium. 
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2.4. ENDOTHELIAL CELL HETEREOGENEITY 

Endothelial cells are different between different organs, segments and even in the same 

organ and this heterogeneity can be detected at different levels: morphology and 

structure, function, gene expression and antigen composition [Regan 2012]. 

Endothelial heterogeneity is mediated by two mechanisms: the effect of the 

surrounding environment and epigenetics (Figure 3). 

For what concerns the microenvironment, different ECs located in different districts of 

the body are subjected to different type of stimuli that orchestrate different reaction 

and specific functions of ECs. This type of mechanism is dynamically regulated. 

On the other hand, epigenetics modifications define the gene expression of ECs 

through hereditable changes in ECs phenotype determined by DNA and histone 

methylation, histone acetylation or deacetylation. Even if these epigenetic 

modifications are triggered by signals from the surrounding environment, as the first 

mechanism of heterogeneity, they can also persist after the removal of the signals and 

they are transmitted during mitosis [Aird 2012]. 

These two mechanisms are responsible of the different role and specific functions of 

endothelial cells of different districts. 
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Figure 3: Mechanisms of endothelial cell heterogeneity [Aird 2012]. 

Starting from the hemangioblast precursor to the terminally differentiated cells the effects of 

microenvironment and epigenetic are different. The effect of microenvironment is predominant in 

differentiated cells while epigenetics is fundamental in defining the genotypic and phenotypic 

features of the precursors cells and it is then transmitted to the progeny through mitosis.  

 

 

 

2.4.1.  STRUCTURAL HETEREOGENEITY 

The shape of ECs can vary very deeply across the vascular tree, depending on the 

segment and the type of vessels they line and also on the organ they are located in 

[Regan 2012]. They can display a flat morphology or they can appear plump and 
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cuboidal as in venules.   

Even the thickness can vary, from 0.1 µm in capillaries and veins to 1 µm in big arteries 

such as aorta.  

Moreover, blood-flow direct the alignment of ECs (and their nuclei) in the direction of 

flow in straight segments of arteries but not at branch points, so the ramification and 

the length of the vessels are important features in determining the effect of the 

alignment to the flow. 

They can also vary for the type of junction they are composed by: tight junctions (also 

called zonula occludens) or adherens junction (or zonula adherens). The former type of 

junctions is fundamental for the function of barrier of ECs and they allow the cell to 

maintain a polarity of luminal and apical side [Aird 2007]. For example, within the 

microvasculature, blood vessels of the blood brain barrier are particularly rich in tight 

junction while in post-capillary venules they are absent, in order to allow the 

extravasation of leukocytes during inflammation. 

Moreover, the endothelium could be continuous (fenestrated or non-fenestrated) or 

discontinuous, depending on the needs of the surrounding tissue [Hinsbergh 2012] 

(Figure 4). Fenestrated continuous endothelium is characteristic of locations where 

filtration or transendothelial transport are fundamental (for example capillaries of 

glands and kidney); while non-fenestrated endothelium is abundant in vessels of brain, 

heart, lung and skin [Hinsbergh 2012]. On the other hand, discontinuous endothelium 

may be found in certain sinusoidal beds. 
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Figure 4: Types of endothelium.   

In continuous non-fenestrated capillaries small solutes and fluids pass constitutively between ECs 

while larger solutes are carried through transendothelial channels or transcytosis. Continuous 

fenestrated endothelium is highly permeable to water and small solutes but not to larger 

macromolecules. Discontinuous endothelium is characterized by fenestrae and it is rich of clathrin-

coated pits, which play an important role in receptor-mediated endocytosis [Aird 2007]. 

 

2.4.2.  FUNCTIONAL HETEREOGENEITY 

Endothelial cells are able to perform different function, such as regulation of vascular 

tone, coagulation and fibrinolysis, leukocytes’ trafficking, and also immunoresponse, 

most of which are performed by specific subset of blood vessel or vascular beds [Sena 

2013].  
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Figure 5: Endothelial cells functions [Sena 2013].  

ECs are able to perform different function in order to maintain tissue homeostasis, among which 

the regulation of coagulation, immunoresponse, permeability, angiogenesis and metabolism. To do 

these functions they interact with different cell types.  

 

Until 50 years ago the endothelium was considered as an inert barrier [Galley 2004]. 

Nowadays it is clear this is a dynamic and heterogeneous organ fundamental in 

maintaining the integrity of vessels and tissues homeostasis.  

Endothelial cells have synthetic, metabolic, secretory and immunologic functions [Cines 

1998] that allow the interaction of EC with the environment and their response after 

stimuli [Galley 2004].  

The endothelium is a semipermeable barrier that regulates exchanges of different fluids 

and solutes between the blood and the surrounding tissues through the regulation of 

permeability. Fluids and small solutes pass passively across the endothelium through the 

paracellular pathway, while macromolecules are shuttled using the trans-cellular 

pathway. The former is mediated by homophilic adhesion of VE-Cadherin, which can be 
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stably associated to the membrane or can translocate (through the remodeling of actin 

cytoskeleton) to the cytosol in response of extracellular stimuli, mediating the increase of 

permeability. Particularly there are three different stimuli that lead to VE-cadherin 

translocation: c-Src and RhoA activation and/or increased calcium concentration (Figure 

6). 

 

 

Figure 6: Pathways leading to Ve-Cadherin translocation and increasing permeability [Komarova 

2010]. 

 

The latter may involve receptors (in the so-called receptor-mediated transcytosis) or may 

be receptor-independent (fluid-phase transcytosis). This mechanism is mediated by the 

presence of Caveolae (they represent ~20% of the cell volume), vesicles carriers composed 

by Caveolin-1, a scaffolding protein on the cytosolic side of the membrane that mediate 

the internalization of the cargo through the fusion of the plasma membrane. This 
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pathway is well known to be involved in the activation/inactivation process of 

endothelial Nitric Oxide Synthase (eNOS) in endothelial cells. The binding and the 

translocation of eNOS from the membrane to the cytosol through caveolae internalization 

is associated with enzyme inhibition, while Src-mediated phosphorylation of Caveolin-1 

stimulates caveolae scission, eNOS release and activation and NO synthesis (Figure 7) 

[Frank 2006].   

 

 

 

 

Figure 7: Effect of shear stress on caveolae translocation.  

Upon stimulation (e.g., shear stress), Caveolin-1 and caveolae may allow for the proper 

organization of various signal transduction pathways or organize the different regulatory proteins 

necessary for rapid and efficient eNOS activation [Frank 2006]. 
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In this point of view, the heterogeneity of junctional properties, the presence or not of 

fenestrae and different types of transcytosis in endothelial cells of different vascular beds 

define different basal permeability. For example, permeability is inversely proportional 

to the amount of tight junction and directly proportional to the presence of fenestrae. 

Moreover, in case of acute or chronic inflammation, endothelial cells are able to mediate 

inducible permeability, most of which takes place in the post-capillary venules. 

 
 

 

 

2.5. ANGIOGENESIS 

Angiogenesis is a complex multistep process of vascular growth by sprouting of 

preexisting vessels. Under normal circumstances, angiogenesis is a highly ordered and 

regulated process driving quiescent endothelial cells into a series of events culminating 

with the organization of a vascular network that responds to the demands of the growing 

or healing tissues. Metabolic stress has a role in influencing angiogenesis since various 

signals from the microenvironment including low oxygen tension, low extracellular pH, 

and low glucose concentration, trigger neovascularization. Angiogenesis occurs not only 

during fetal development but also physiologically during development and growth, in 

menstrual cycle, in wound healing and repair or pathologically, particularly in neoplastic 

and inflammatory diseases.  

The steps leading to angiogenesis require cell proliferation, production of molecules able 

to degrade the extracellular matrix, modulation of adhesion and migration and finally 

differentiation to new functional vessels [Galley 2004]. All these processes are controlled 

by integration of signals from the microenvironment. 
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Component of the extracellular matrix and various soluble molecules activate or inhibit 

the angiogenic process and a balance between pro-angiogenic and anti-angiogenic factors 

tightly controls angiogenesis. Some angiogenic factors are endothelial specific, such as 

the members of the vascular endothelial growth factor (VEGF) and angiopoietin families, 

and Ephrin B2 and 4B. Many other growth factors modulate the function of different cell 

types including endothelial cells, such as members of the Fibroblast Growth Factor (FGF), 

PDGF or Transforming Growth Factor (TGF)β families. In addition, a myriad of other 

gene products - from Notch to transcription factors - have been shown crucial for vessel 

formation. In such a redundant system, VEGF maintains its position as the most critical 

driver of vascular formation, as it is necessary in both vasculogenesis, i.e. the formation 

of primitive vascular structures during embryogenesis via the differentiation of 

endothelial precursor cells, and angiogenesis during early development as well as in the 

adult. VEGF binds to its receptor type 2 (VEGFR-2) and generates a tyrosine kinase 

signalling cascade that stimulates the production of factors that variously stimulate 

vessel permeability (eNOS, producing NO), proliferation/survival, migration (MMPs) 

and finally differentiation into mature blood vessels. VEGF is a protagonist in 

angiogenesis in all its phases since it increases vascular permeability, stimulates ECM 

remodelling, induces endothelial proliferation and migration, inhibits apoptosis, 

enhances branching of the neoformed vessels, and regulates lumen diameter (Figure 8). 

Indeed, disruption of even a single VEGF allele in mice leads to embryonic death. 

VEGF alone is unable to direct blood vessel organization and maturation and it works in 

concert with other factors. The angiopoietins (Ang) seem to be among VEGF’s most 

important partners. These proteins bind the Ties, a family of receptor tyrosine kinases 

selectively expressed on the vascular endothelium. Specifically, Ang1 stabilizes the 

vessel, maximizes interactions between endothelial cells and the surrounding cells and 

matrix and maintains endothelial quiescence.  
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Figure 8: Steps of angiogenic pathway [Yoo 2013]. 

 

2.6. VASCULAR TONE 

Another important function of endothelium is the regulation of vascular tone through 

the production of vasoactive molecules acting on smooth muscle cells of the tunica media, 

mediating their relaxation or contraction. In particular, the endothelium produces both 

vasodilator molecules (i.e. nitric oxide -NO- and prostacyclin) and vasoconstrictor 

molecules (endothelin-1, ET-1, and platelet activating factor, PAF). 

NO, a soluble gas with a half-life of about 30 seconds, is continuously synthetized from the 

aminoacid L-arginine by the constitutive calcium-calmodulin dependent enzyme Nitric 

Oxide Synthase (NOS). In mammals, three different isoforms of NOS have been identified: 
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neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS). eNOS and 

nNOS are Ca2+- dependent constitutively active enzymes, whereas the inducible isoform 

iNOS is a Ca2+-independent enzyme involved in inflammation and immune response 

[Shulz 1992]. NO, spreading rapidly from endothelial cells to smooth muscle cells, 

determines relaxation and vasodilation through the modulation of the activity of soluble 

Guanylyl Cyclase, producing increased concentrations of Cyclic Guanosin 

Monophosphate (cGMP) (Figure 9). cGMP interacts with three types of intracellular 

receptors: i) cGMP-dependent protein kinases; ii) cGMP-regulated ion channels and iii) 

cGMP-regulated cyclic nucleotide phosphodiesterases [Moncada 1991]. 

 

Figure 9: NO production from eNOS in EC and its effect on smooth muscle cells (SMCs) [Krause 

2011].  

 

Another vasodilatory molecule produced by endothelial cells is the prostacyclin PGI2, 

produced from arachidonic acid, which is secreted and acts both on smooth muscle cells, 

inducing vasodilatation, and on platelets, delaying their aggregation. 

From arachidonic acid it is also produced the vasoconstrictor PAF, a phospholipid that 

remains in the membrane and mediates the adhesion of leukocytes to the endothelium.
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Another vasoconstrictor is endothelin (ET). There are three types (but vascular 

endothelial cells produce only ET-1) whose biological actions are mediated by two types 

of receptors: ETA, expressed on smooth muscle cells that mediate vasoconstriction and 

cell proliferation, and ETB, expressed predominantly at the endothelial level, which 

mediate vasodilation through production of NO and prostacyclin [Galley 2004]. ETB 

receptors are also present on the surface of smooth muscle cells where they exert the same 

vasoconstrictive role as ETA. ET-1 stimulates cell proliferation and the increase of 

expression of some genes such as collagenase and Platelet Derived Growth Factor 

(PDGF). 

 

Figure 10: Schematic mechanism of action on endothelin on ECs and SMCs [Kohan 2011]. 

 

2.7. COAGULATION 

Another fundamental role played by endothelium is the control of coagulation. In the 

absence of tissue damage, endothelial cells express antithrombotic and fibrinolytic 
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proteins, in order to avoid the erroneous triggering of the coagulation process. In the 

presence of an injury to the vessel, the endothelium triggers a cascade of events leading 

to the arrest of blood loss through clot formation and wall repair [Cines 1998; Levi 

2002]. 

In basal conditions ECs express Tissue Factor Pathway Inhibitor (TFPI), a molecule able 

to bind the Xa factor forming the TF - FVIIa - FXa complex so that the conversion of 

prothrombin into thrombin is prevented and the conversion of fibrinogen in fibrin is 

inhibited. ECs also express Thrombomodulin, a membrane glycoprotein that is able to 

directly bind thrombin and addresses it to degradation, thus preventing its proteolytic 

activity on fibrinogen and the activation of platelets, factor V and XIII. Moreover, in 

basal conditions the endothelium produces Protein S, a cofactor that increases the 

activity of the C protein implicated in the blocking of factor VII and V of coagulation 

(Figure 11).  

 

Figure 11: Antithrombotic properties of the healthy vascular endothelium. Abbreviations: PGI2, 

prostacyclin; NO, nitric oxide; ATIII, antithrombin III; ADP, adenosine diphosphate [Badimon 

2012]. 
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Following vascular damage, however, endothelial cells express a pro-coagulant surface 

by exposing Tissue Factor (TF) which initiates coagulation. Consequently, a cap of 

platelets adhering to the sub-endothelial surface is formed. Moreover, in this phase, 

the binding of thrombin to thrombomodulin expressed by endothelial cells leads to 

activation of the Thrombin-Activatable Fibrinolysis Inhibitor (TAFI), a molecule 

responsible for slowing down of fibrinolysis speed, in order to allow the complete 

resolution of the lesion.  

When the lesion has been repaired, the clot removal is triggered by the activated 

plasmin, a serin protease that mediates the degradation of the fibrin and is produced 

from the plasminogen by proteolytic cut. The endothelial cells participate to this 

process exposing receptors for t-PA (Plasminogen Tissue Activator) and u-PA 

(Plasminogen Urokinase Activator) and blocking plasmin degradation mediated by the 

α2-Plasmin Inhibitor [Cines 1998]. 

The fibrinolysis is also regulated by the levels of inhibitors of plasminogen activators 

(PAIs). Under basal conditions the liver is the major producer of PAIs but chemicals, 

among which thrombin, can increase their production by endothelial cells, inhibiting 

fibrinolysis [Fitzgerald 2000] (Figure 12).  
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Figure 12: Coagulation and fibrinolytic cascades [Fawzy 2015].  

 

2.8. IMMUNORESPONSE 

Endothelial cells have been shown to be important mediators of the immune response 

because they actively participate in leukocyte extravasation at the site of infection and 

because they can act as antigen-presenting cells. 

For what regards the first function, endothelial cells, through the expression of 

different adhesion molecules, mediate the four different phases of leukocyte 
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extravasation: rolling, integrin activation, stable adhesion and trans-endothelial 

migration (Figure 13). 

 

Figure 13: Leukocyte trafficking during immune response [Lagarrigue 2016] 

 

Initially, the endothelial cell expresses cell adhesion molecules called selectins, 

belonging to the Cellular Adhesion Molecules family (CAM). During rolling phase 

weak bonds are established between the selectins of the endothelial cells and the 

leukocyte membrane’s carbohydrates. Since the strength of the blood flow is greater 

than the bond strength between the adhesion molecules, the leukocyte rolls on the 

endothelial surface. During this phase, however, other membrane molecules of the 

ECs, the integrins, change conformation from the inactive to the active form in which 

the binding sites are exposed and to which the leukocyte can be associated with high 

affinity (stable adhesion phase). This leads to a stable adhesion that allows the 

leukocyte to cross the vessel wall to reach the tissue where they are recruited (trans-

endothelial migration). 
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Endothelial cells can also act as antigen-presenting cells because, like all the cells of the 

organism, they express the MHC (Major Complex of Histocompatibility) class I on their 

surface, thereby acting as antigen presenting cells to effector lymphocytes CD8+. 

Furthermore, in presence of an intense inflammatory response, endothelial cells also 

express class II MHC, necessary for the activation of the CD4+ lymphocytes [Goldsby 

2000]. 

 

2.9. ENDOTHELIAL METABOLISM 

Most of the energy produced by endothelial cells derives from glycolysis, since 85% of 

their ATP is produced by converting glucose to lactate [De Bock 2013]. ECs do not 

continue generating ATP through oxidative phosphorylation (OXPHOS), i) to protect 

themselves from oxidative stress, keeping reactive oxygen species (ROS) under control 

and ii) to preserve oxygen for the diffusion in perivascular tissue that need oxygenation 

[De Bock 2013; Helmlinger 2000]. Moreover, glycolysis is fundamental in hypoxic 

tissue, where ECs need to produce ATP very fast to avoid tissue damage and necrosis. 

The enzyme 6-phosphofructo-2-kinase/fructose-2,6- bisphosphatase 3 (PFKFB3) is the 

key stimulator of glycolysis in ECs. This enzyme produces fructose-2,6-bisphosphate 

(F2,6P2), a strong allosteric activator of phosphofructokinase-1 (PFK1), a rate-limiting 

enzyme of glycolysis. Another glycolytic regulator in EC is Hexokinase 2 (HK2) that 

phosphorylates glucose to glucose-6- phosphate (Figure 14) [Rohlenova 2018].  
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Figure 14: Glycolysis is the main energy source in sprouting endothelium [Rohlenova 2018]. 

Abbreviations: F1,6P2, fructose-1,6-bisphosphate; F2,6P2, fructose-2,6-bisphosphate; F6P, 

fructose-6- phosphate; FGF, fibroblast growth factor; FGFR1/3, fibroblast growth factor receptor 

1/3; FOXO1, forkhead box O1; G6P, glucose-6-phosphate; glc, glucose; GLUT, glucose 

transporter; HK2, hexokinase 2; KLF2, Krüppel-like factor; lact, lactate; MCT, monocarboxylate 

transporter; MYC, c-MYC; PFKFB3, phosphofructokinase-2/fructose-2,6-bisphosphatase; VEGF, 

vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2. 

 

Under laminar shear stress ECs are kept in a resting state through the activation of 

Krüppel-like Factor 2 (KLF2), a transcription factor responsible of the inhibition of the 

above-mentioned key genes and others [Doddaballapur 2015]. Another transcription 

factor inhibiting ECs glycolysis is Forkhead box O1 (FOXO1) that indirectly reduces 

glycolysis by inhibiting the transcription factor MYC. 

It’s now well established that ECs metabolism is a driving and controlling force of 

angiogenesis. For instance, VEGF stimulates PFKFB3 levels, FGF signaling promotes 
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MYC expression, thereby stimulating HK2 levels and glycolysis. Moreover, PFKFB3 

and other glycolytic enzymes are compartmentalized in filopodia and lamellipodia in 

the so-called “ATP hot-spots”, colocalizing with F-actin in membrane ruffles of 

lamellipodia.  

In this point of view mitochondria in EC are more used as a biosynthetic center than 

energy generators. Proliferating endothelial cells (ECs) metabolize fatty acids to sustain 

the tricarboxylic acid cycle (TCA), producing the precursors aspartate and glutamate 

from its intermediates oxaloacetate (OAA) and a-ketoglutarate (a-KG), precursors of 

deoxynucleotide (dNTP) synthesis (Figure 15). 

ECs use also amino acids for their metabolism, in particular they are able to use 

glutamine, the most abundant nonessential amino acid (NEAA) in the blood [Mayers 

2015]. Through the enzyme glutaminase-1 (GLS1) ECs use glutamine as a source of 

carbons to sustain TCA cycle for protein and nucleotide synthesis. Furthermore, 

glutamine is essential for the production of glutathione (GSH), a key regulator of redox 

homeostasis. 

Glucose however is not only used for glycolysis but, once converted in glucose-6-

phosphate by the hexokinase (HK), it can be destined to the glycogen synthesis or can 

enter in pentose phosphate pathway (oxPPP) to generate ribulose-5-phosphate (Ru5P), 

used for nucleotide synthesis, and NADPH, fundamental to convert glutathione from 

its oxidized form, GSSG, to its reduced form, GSH, a key antioxidant [Riganti 2012]. 
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Figure 15: Role of mitochondria in ECs metabolism [Rohlenova 2018].   

In proliferating ECs fatty acid sustain the TCA cycle (A). Serine is directed to the serine synthesis 

pathway (SSP) to produce nucleotides while glutamine sustains TCA cycle in nucleotide synthesis 

or takes part in glutathione production (B).   

Abbreviations: 1C, one-carbon; 3PG, 3-phosphoglycerate; a-KG, a-ketoglutarate; AA, amino acid; 

Ac-CoA, acetyl CoA; Asn, asparagine; ASNS, asparagine synthetase; Asp, aspartate; CPT1a, 

carnitine palmitoyltransferase 1a; dNTPs, deoxyribonucleotides; ER, endoplasmic reticulum; FA-

CoA, fatty acid-CoA; FAO, fatty acid b-oxidation; FAs, fatty acids; FATP, fatty acid transporter; 
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glc, glucose; GLS1, glutaminase 1; gly, glycine; mTOR, mammalian target of rapamycin; OAA, 

oxaloacetate; PHGDH, phosphoglycerate dehydrogenase; rNTPs, ribonucleotides; ser, serine; 

Slc1a5, solute carrier family 1 (neutral amino acid transporter), member 5; TCA, tricarboxylic 

acid cycle. 

 

2.10. MITOCHONDRIA IN ENDOTHELIAL CELLS 

Despite their secondary role in the energy production process, endothelial cell 

mitochondria are considered integrators of signaling from the environment, thus 

orchestrating cell response (Figure 16). 

 

Figure 16: ECs mitochondria as signaling organelles for environmental cues.   

After different kind of stimuli such as oxygen, hemodynamics, and nutrients mitochondria in ECs 

modify their biogenesis, dynamics, and programmed degradation. Here the effects of LSS and PSS 
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on EC mitochondria are shown as examples. Abbreviations: LSS, laminar shear stress; PSS, 

pulsatile shear stress; OSS, oscillatory shear stress [Caja 2017]. 

 

Mitochondrial content is determined by the balance between mitochondrial biogenesis 

and degradation (through the process called mitophagy). Biogenesis requires replication 

of mitochondrial DNA (mtDNA) and expression of mitochondrial and nuclear genes. The 

master regulator of this process is the peroxisome proliferator-activated receptor gamma 

coactivator-1α (PGC-1α), a transcription factor responsible of the activation of nuclear 

respiratory factor (NRF)- 1 and −2 and transcription factor A, mitochondrial (TFAM) and 

transcription factor B, mitochondrial (TFBM) that coordinate the expression of genes 

necessary for the process of biogenesis (the former activate genes encoded by nuclear 

genes, the latter by mitochondrial genes).  

PGC-1α expression is affected by several factors (such as hypoxia and caloric restriction) 

and is activated in case of energy demand to increase ATP production by ECs, 

modulating several genes related to lipid and glucose metabolism [Leone 2011; Patten 

2012].  

PGC-1α also modulates the expression of vascular endothelial growth factor-1 (VEGF-1) 

and stimulates angiogenesis [Widlansky 2012]. 

Additionally, PGC-1α arranges cellular defenses against oxidative stress, protects against 

apoptosis, limits inflammation, and improves nitric oxide bioavailability [Valle 2005, 

Shulz 2008].  

Moreover, mitochondrial organization is dynamic because these organelles continuously 

undergo cycles of fusion and fission. Fusion allows the distribution of metabolites, 

proteins, and mtDNA within the cell and helps to maintain electrical and biochemical 

connectivity, while fission is important for normal cell functions like cell division, 
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movement and elimination of damaged or senescent mitochondria (Figure 17). 

Cytoskeletal organization is fundamental in orchestrating cycles of fusion and fission and 

determines mitochondrial network spatial organization [Moore 2018].  

 

Figure 17: Mitochondrial life cycle [Kluge 2018]. 

 

In particular the process of degradation of mitochondria is named mitophagy, i.e. a 

particular form of autophagy specific for mitochondria. Autophagy is a well-controlled 

process that provides energy to the cell through degradation of damaged organelles. The 

process involves the formation of the double-membrane autophagosome where the 

cellular components targeted for degradation are engulfed and the fusion with a 

lysosome, where the contents and inner membrane are degraded by acid hydrolases and 
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recycled for use by the cell. The stimuli that activate mitophagy also activate PGC-1α and 

biogenesis to supply new mitochondria to replace the eliminated ones.   

 

2.11. MICROGRAVITY 

During evolution life on Earth became possible thanks to body's ability to adapt to 

changes of various environmental factors such as light, water, temperature and pH.  

A constant in the course of evolution was the force of gravity, which exerted its effects on 

all the organs and systems which, in turn, develop in order to optimally work in presence 

of a steady gravity that on Earth is represented by 1G.   

For example, human circulatory system has evolved in order to ensure a constant supply 

of blood to all the tissues of the organism and its subsequent return to the hearth, 

counterbalancing the force of gravity that opposes it. Also the musculoskeletal system, 

which allows the maintenance of an upright posture and all the movements of the body, 

is opposed by gravity and integrates the information coming from the vestibular system, 

which informs on the position of the organism in space by exploiting the presence of the 

gravitational field to "orient". 

In Space, where there is a reduction of gravity, our body experiences microgravity. All 

the phenomena that usually are linked and governed by gravity, such as floating and 

sedimentation appear negligible, thus allowing the study of those biological mechanisms 

that are masked by gravity on Earth. Moreover, the organism tries to adapt itself to this 

new condition reaching a new physiological balance that allows the permanence in orbit 

even for long periods. Among the adaptations developed by astronauts in microgravity 

there are modifications in the musculoskeletal system (astronauts experience muscular 

atrophy and osteoporosis due to the reduced mechanical stimulus given by 
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microgravity), in the immune system (astronauts are strongly immunosuppressed when 

return on Earth), in the endocrine and cardio-circulatory systems (Figure 18). 

 

Figure 18: Physiological changes associated with microgravity exposure.   

Astronauts experience during and after space-flight different alterations in different systems of 

our body, that have different time of appearance and recovery upon return in normal gravity 

condition (from the Physiology Slide Set of the American Society of Gravitational and Space 

Biology) (http://asgsb.org/slidesets/slidesets.html). 

 

Particularly, the changes affecting the cardiovascular system in space caused after 

astronauts return on Earth a phenomenon known as cardiovascular deconditioning, 

which is characterized by a reduction in blood volume and circulating erythrocytes mass, 

by cardiac atrophy due to the reduction of the load to the heart, and by reduced vascular 

tone, all mechanisms involved in a disorder known as orthostatic hypotension, i.e. the 
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inability to maintain an upright position for long periods without the risk of losing 

consciousness.  

Numerous experiments conducted both in real and simulated microgravity have shown 

that many cellular populations respond to the new environmental conditions by 

modifying various parameters such as the proliferative rate, cell differentiation, response 

and signal transduction, cytoskeletal organization and gene expression. 

 

2.12. DEVICES TO SIMULATE MICROGRAVITY 

Experiments in real microgravity are difficult to perform. They are expensive and 

experimental apparatus is limited. Moreover, all reagents must be safe for the crew and 

the number of samples is limited. Moreover, it is important to keep in mind that space 

environment is unique, because it is not only characterized by the lack of gravity but also 

by exposure to cosmic radiations. In addition, for what regards gravity, astronauts 

experience during the launch different g forces up to 12 g and then they stabilized in 

microgravity onboard the International Space Station (ISS). Other ways to perform 

experiments in real microgravity are parabolic flights and rockets, but the duration of 

microgravity is limited [Maier 2015]. 

For these reasons different bench-top systems were developed to study the effect of 

microgravity on different cell populations in laboratory. They can simulate microgravity 

in a range between 10-3 to 10-6 g and they are used to perform studies in preparation for 

spaceflight and to deepen the results obtained from experiments on the ISS. There are 

different bioreactors, which mimic some aspects of real microgravity [Herranz 2013]. 
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2.12.1. CLINOSTAT  

Clinostat is considered an effective tool to simulate microgravity and has been used in 

several studies. There are two types of this device: the 1-D clinostat, characterized by 

movements orientated along a single axis, and the 2-D clinostat, more commonly used, 

constituted by two different plans that rotate. These two types of clinostat are based on 

the randomization of the movements with a constant speed [Herranz 2013]. These two 

types of clinostat do not reproduce fully the lack of gravity because of their omnilateral 

rotation and, for this reason, a new clinostat has been developed [van Loon 2007]. The 

new bioreactor, called Random Positioning Machine (RPM), consists of a more internal 

plan where the samples are housed that rotate clockwise and counterclockwise and an 

outer plane that moves horizontally and vertically, both with random rotation speed and 

direction [Herranz 2013]. The cells are grown in flasks which must be completely filled 

with medium to decrease the risk of turbulence or shear forces during rotation and they 

are located in the center of the inner plane, where the reduction of gravity is bigger 

(Figure 19).  

However, the samples are also subjected to vibrational forces caused by the movement 

of the arms of the device and for this reason controls in 1G condition should be kept at 

the basis of the RPM to be exposed to the same vibration. It has been observed that the 

effects of simulated microgravity with clinostat are comparable to those obtained in 

laboratories on the ISS in various cell types, including endothelial cells [Kraft 2000; 

Grimm 2002; Woods 2003; Morbidelli 2005; Versari 2007]. 



42 

 

 

 Figure 19: 2D-clinostat (left) and RPM (right).  

 

 

2.12.2. ROTATING WALL VESSEL (RWV) 

This bioreactor was developed by NASA to simulate the effects of microgravity on cells 

(Figure 20 A). The bioreactor, also called Rotating Cell Culture System (RCCS), consists 

of a cylindrical growth chamber (Figure 20 B), which keeps the cells in suspension by 

slow rotation around its horizontal axis, with a coaxial silicon membrane that allows gas 

exchange. The microgravity simulation is obtained thanks to the continuous change of 

orientation of the gravity vector generated by the combination of two different 

movements. Changes in direction are faster than the response time of the object to gravity 

and there are no constant directions for a specific time. Therefore, the simulation of 

microgravity within the RWV depends on the speed and distance of the sample from the 

center of rotation: rotation at 28 rpm produce a reduction of gravity that is comparable to 

the microgravity experienced by astronauts on the ISS. Adherent cells have to be cultured 

on microcarrier beads (Figure 20 C) that allow the maintenance in suspension of the cells 

into the RWV vessel. Even in this case, most of the results obtained with this bioreactor 



43 

 

have been confirmed by experiments in real microgravity in various cell types, including 

endothelial cells [Maier 2015]. 

 

Figure 20: RWV bioreactor from Synthecon (A), the vessels (B) and endothelial cells on 

microcarrier beads (C). 

 

2.12.3. MAGNETIC LEVITATION  

Magnetic levitation is a relatively new technique used to investigate the biological 

response to weightlessness. Magnetic levitation occurs when the magnetic force 

counteracts the gravitational force [Herranz 2012] (Figure 21).   

It should be taken in account that the magnetic field that is generated can influence the 

cellular behavior and this can confuse the effects due only to microgravity. Few studies 

are available on cells exposed to magnetic levitation on different cell types [Hammer 

2009, Sun 2015, Qian 2009]. 
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Figure 21: Cells in magnetic levitation 

 

2.13. MECHANOSENSING 

Endothelial cells, lining the inner surface of blood vessels, are constantly subjected to 

mechanical stimuli including shear stress, generated by blood flow and experienced by 

all the types of ECs, and circumferential stretch that is generated by blood pressure and 

experienced in major vessels but not in the microvasculature [Chatterjee 2018]. ECs are 

also known as mechanotransducers, since they perceive, interpret and react to 

mechanical signals coming from the environment, converting them into biochemical 

ones. In particular, mechanotransduction can be divided in three different steps: 

detection and transmission of the signal to specialized structures, translation of 

mechanical to biochemical signal and the subsequent cell response (Figure 22) [Alonso 

2016]. 

 

Figure 22: steps of mechanotransduction.  

Mechanical forces are detected in ECs through mechanosensors, including ion channels, junction 

proteins, integrins, glycocalyx, receptor tyrosine kinases (RTK) and G-protein-coupled receptor 
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(GPCR). These molecules transduce the signal to intracellular adaptors, signaling molecules and 

cytoskeleton, all of them with a downstream effect on transcription.  

Yellow: detection of mechanical stimuli from mechanosensors. Green: transmission. Blue: 

transcriptional regulation.   

Modified from Am J Physiol Heart Circ Physiol 292: H1209–H1224, 2007 [Chien 2007]. 

 

Mechanotransduction is mostly initiated at the cell surface, where the deformation of the 

cell surface and plasma membrane are transmitted along the cytoskeleton to the nucleus, 

where transcription takes place. Specifically, the different mediators of 

mechanotransduction are organized in microdomains and include cell surface itself, 

cytoplasmic receptors, ion channels, kinases, integrins and extracellular matrix 

components (Figure 23) [Ingber 2006].  

 

Figure 23: Endothelial mechanosensors [Deng 2014] 
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- TENSEGRITY: the cell, with its membrane and cytosolic components, is an 

integrated structure able to perceive mechanical forces through tensegrity, i.e. 

tensional-integrity. According to this theory the mechanical stress is loaded on 

cytoskeletal elements (actin-myosin microfilaments, microtubules and 

intermediate filaments) that transmit it to the cytoplasm and nucleus [Ingber 

2006]. 

- CAVEOLAE: they are lipid rich invaginations and are important vesicle 

transporters for transcytosis in endothelial cells and they are reported to be 

platform of cellular function including mechanotransduction [Deng 2014]; 

caveolin-1 (Cav-1) is the major scaffold protein of these vesicles and regulates the 

internalization of the caveolae and the nitric oxide pathway, because they bind the 

type 3 NOS keeping it inactive. Furthermore, caveolae transport both channels and 

ionic pumps, which are other important mechanical sensors. 

- INTEGRINS: these transmembrane heterodimeric receptors span across the 

membrane and connect the extracellular matrix to the intracellular cytoskeleton, 

mediating the bidirectional transmission of mechanical forces. They are 

constituted by an extracellular domain, implicated in the functions of adhesion 

and recognition of the ligand, a transmembrane domain and a cytoplasmic short 

domain, which lacks kinase activity but can physically bind cytoskeletal proteins 

and recruit proteins for signal transduction. In particular, mechanical forces are 

transmitted to the cytoskeleton through the rearrangement of actin 

microfilaments, microtubules and intermediate filaments mediated by integrins 

that activate focal adhesion kinase (FAK) and c-Src kinases [Simmons 2015]. 

- ION CHANNELS: they were proposed in the past as primary sensors of altered 

shear stress but their variation in activity represents also an early event in the 

signaling cascade in the mechanosensing of the endothelium [Chatterjee 2014]. 

They are responsible for some of the fastest response of ECs to shear. They are able 
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to perceive the mechanical stretching given by conformational changes of the lipid 

bilayer in which they are through the gate domain or through the channel itself. 

There are several channels that have been recognized as mechanically sensitive 

including TRP (Transient Receptor Potential Protein superfamily, are cation 

carrying channels), K(2P), MscS like proteins and DEG/ENaC channels [Ogneva 

2013]. Moreover, recently different evidences emerged about a direct link existing 

between TRP family and Rho/ROCK pathway, suggesting a possible crosstalk 

between different mediators of mechanosensing such as integrins, ion channels 

and cytoskeleton [Alonso 2016]. 

- GLYCOCALYX: it is present on the surface of the EC, composed by various 

macromolecules such as glycoproteins, proteoglycans and glycosaminoglycans 

and is able to interact with molecules present in the plasma. Its thickness increases 

with vessel diameters, ranging from 2 to 4.5 µm in arteries. Through 

conformational changes the glycocalyx is able to act as a selective permeable 

barrier and as a mechanosensor in addition to transducing intracellular signals in 

response to flow variations. Indeed, flow can modulate glycocalyx production and 

distribution. Furthermore, the glycocalyx is in communication with both the 

cytoskeletal elements and the endoplasmic reticulum through their proteoglycans 

tails, therefore the mechanical signal may be propagated downstream [Fu 2013]. 

- PECAM1: it is a molecule present on the surface of the endothelial cell and located 

in the region of the junctions between ECs. The mechanical stimulus triggers the 

phosphorylation of PECAM1 that leads to the activation of ERK (when PECAM1 

binds SHP-2), PI3K (when it is in a complex with VEGFR2 and VE-cadherin) and 

AKT (which leads to the cytoskeletal rearrangement). 
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2.14. ENDOTHELIUM IN MICROGRAVITY  

To disclose the role of endothelial cells response to microgravity in the onset of 

cardiovascular deconditioning in astronauts during and after spaceflight, different 

studies in real and simulated microgravity were conducted on endothelial cells.  

Most of the experiments in real microgravity were performed on Human Endothelial 

Cells from Umbilical Vein (HUVEC), a model of macrovascular endothelial cells 

[Kapitonova 2011, Kapitonova 2012, Versari 2013]. These studies revealed that HUVEC 

after spaceflight undergo morphological modifications, among which they show an 

irregular surface and variable size and shape compared to Controls grown on Earth in 

normal 1G condition. Immunofluorescence for different markers were performed and 

revealed a decrease in mitochondria and in tubulin, which in parallel accumulated in the 

peripheral cytoplasmic surface in bundles of tubulin-positive structures [Kapitonova 

2011, Kapitonova 2012]. In the SPHINX experiment [Versari 2013] HUVEC after 10 days 

of spaceflight were analyzed for modulation of gene expression using microarray and 

this study revealed that there were different modulated genes, among which the most 

upregulated was Thioredoxin Interacting Protein (TXNIP), an inhibitor of the anti-

oxidant protein Thioredoxin (TRX), suggesting that HUVEC in real microgravity 

generate a pro-oxidative environment.   

In 2015 also human microvascular endothelial cells (HMEC) were flown to the ISS and 

experiments are still in progress.  

Many of the results obtained with studies in real microgravity were achieved after using 

devices to simulate microgravity on Earth. These bench systems are low cost compared 

to real microgravity experiments, they allow the generation of big amounts of samples 

for the experiments.   

It has been shown that the simulation of microgravity impacts on different functions of 
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endothelial cells, which respond with morphological, functional and biochemical 

changes [Morbidelli 2005; Versari 2007; Cotrupi 2005; Carlsson 2003; Grenon 2013; 

Mariotti 2008]. 

Many studies on HUVEC in simulated microgravity, using either RWV or RPM, 

demonstrated that they grow faster in microgravity, they change morphology and 

display cytoskeletal disorganization (Figure 24) [Carlson 2003, Versari 2007].  

 

Figure 24: Cytoskeletal alteration of HUVEC exposed to simulated microgravity. 

HUVEC grown in RWV (a, Carlsson 2003) or RPM (Versari 2007) were stained with phalloidin 

to visualize actin cytoskeleton.  

 

HUVEC in simulated microgravity show elongated morphology, disorganization of actin 

microfilaments that concentrate in the perinuclear area and a decrease in stress fibers. 

Furthermore, Caveolin-1 is less associated with the plasma membrane and is localized at 

perinuclear level as actin [Grenon 2013], so that the authors hypothesize that the 

disorganization of the cytoskeleton compromises the translocation of the caveolin-1 in 

the caveolae.   

An increase in levels of endothelial nitric oxide synthase (eNOS) has been observed both 

in HUVEC and HMEC exposed to simulated microgravity in the RWV or RPM [Versari 

2007]. The increase in expression of this enzyme is explained by Grenon et al. as a 

consequence of cytoskeletal changes. Other authors suggest that the increase in nitric 

oxide observed in endothelial cells in simulated microgravity is due to the induction of 
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the inducible form of the enzyme through a mechanism dependent on the suppression of 

the activity of the transcriptional factor AP-1 [Wang 2009].  

Another study demonstrates that upon stimulation with TNF-α, HUVEC grown in the 

RWV showed cytoskeletal actin rearrangement, associated with a concomitant change in 

levels and distribution of adhesion molecules, such as ICAM-1 and VCAM-1, which 

accumulate on the plasma membrane and may influence trans-endothelial migration 

processes [Kang 2011]. In other endothelial cell lines also proteins of the extracellular 

matrix (laminin, fibronectin and α-tubulin) were found to be upregulated in simulated 

microgravity [Grosse 2012; Wehland 2013; Grimm 2010; Monici 2011]. All these changes, 

considered together, have led the authors to hypothesize that exposure to microgravity 

may cause a dysregulation in cell motility and adhesion to the substrate. 

On the contrary, HMEC grown in the RPM and in RWV are growth inhibited, through 

the upregulation of p21, an effect that is supported by in vivo experiments showing a 

decrease in angiogenesis in space. In simulated microgravity in both RPM and RWV the 

decrease in PI3K-Akt pathway activity and the increase in NFkB expression have been 

shown to be the cause of apoptosis induction in pulmonary HMEC [Kang 2011], while 

apoptosis has not been observed in dermal HMEC [Maier 2015]. In HMEC grown in the 

RWV was observed the downregulation of IL-6 while NO synthesis was increased 

[Cotrupi 2005]. 

All these data were confirmed also in the animal model. Indeed, microvascular 

endothelial dysfunction was detected in rats during spaceflight [Vernikos 2010]. 

It is pivotal to continue studies on endothelial cell in microgravity to disclose the role of 

endothelial function/dysfunction in the onset of cardiovascular deconditioning, but also 

other disorders observed in space that involve other apparati, as bone and muscle, 

considering the relevance of the cross-talk of endothelial cells with other cell types as well 
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as their pivotal role in maintaining vascular integrity and, consequently, adequate tissue 

perfusion.  
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3.1. CELL CULTURE 

Human Endothelial Cells from Umbilical Vein (HUVEC) were used as a model for 

macrovascular EC, while HMEC, i.e. Human Dermal Microvascular Endothelial Cells, 

for microvascular ECs. 

HUVEC were from ATCC and serially passaged in M199 containing 10% of fetal bovine 

serum (FBS), Endothelial Cell Growth Factor (ECGF) (150 μg/ml), glutamine (2 mM), 

sodium pyruvate (1 mM), and heparin (5 U/ml) on 2% gelatin coated dishes. HMEC were 

obtained from CDC (Atlanta, USA) and grown in MCDB131 containing epidermal 

growth factor (EGF) (10 ng/mL) and 10% FBS and glutamine (2 mM) on 2% gelatin-coated 

dishes. All culture reagents were from Gibco (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA).  

Different conditions of cell culture were studied: i) normal 1G condition ii) simulation of 

microgravity, both in classic 2D condition. In addition, 3D-microfluidic cell culture 

conditions were established. To this purpose, ECs were cultured in a 3D structure that 

resembles vessel network in the presence of fluid flow. 

 

3.2. SIMULATION OF MICROGRAVITY 

To generate microgravity, we utilized the Rotating Wall Vessels (RWV) (Synthecom Inc, 

Houston, TX, USA) after seeding on beads (Cytodex 3, Sigma Saint Louis, Missouri, 

USA). As controls in 1G condition, HUVEC grown on beads were cultured in the vessels 

not undergoing rotation. Both RWV sample and the control were cultured at 37°C and 

5% CO2. The experiments were performed at different time points. 
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3.3. 3D-MICROFLUIDIC CELL CULTURE  

In 3D experiments, HUVEC and HMEC were seeded in a microfluidic device fabricated 

using a standard soft-lithography technique [Tsvirkun 2017] After the seeding cells were 

subjected to a constant flow of supplemented medium at 1 μL/min, corresponding to a 

wall shear stress of about 0.2 Pa (representative of physiological conditions for venous 

endothelial cells) in channels of nominal section 30 × 30 μm. Cells were cultured in the 

microfluidic device for 7 days and fixed for immunofluorescence. 

 

3.4. SILENCING HSP70, PROLIFERATION AND 

APOPTOSIS 

The cells on beads were transfected with HSP70 siRNA (1 μg, 5’- 

TTCAAAGTAAATAAACTTTAA -3’ from Qiagen, Milan, Italy) using HiPerfect 

Transfection Reagent (Qiagen, Milan, Italy) according to the manufacturer’s 

recommendations. After 8h with the siRNA transfection mix, the medium was replaced 

with fresh standard medium and the cells transferred into the RWV.  

After 48h the cells were trypsinized, stained with trypan blue solution (0,4%) and counted 

using a LUNA™ Automated Cell Counter (Logos Biosystems, Villeneuve 

d’Ascq, France). In parallel, apoptosis was assessed using the Cell Death Detection ELISA 

Photometric enzyme immunoassay (Sigma Aldrich, Saint Louis, Missouri, USA), which 

measures cytoplasmic histone-associated DNA fragments (mono- and oligonucleosomes) 

in the cytoplasmic fraction of cell lysates. The experiment was performed in triplicate two 

times. Data are expressed as the mean ± standard deviation. 
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3.5. REAL TIME-PCR 

Total RNA was extracted by the PureLink RNA Mini kit (Ambion, Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). Single-stranded cDNA was synthesized from 

1 µg RNA in a 20 µl final volume using High Capacity cDNA Reverse Transcription Kit, 

with RNase inhibitor (Applied Biosystems, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) according to the manufacturer’s instructions. Real-time PCR was 

performed in triplicate three times using the 7500 FAST Real Time PCR System 

instrument using TaqMan Gene Expression Assays (Life Technologies - Thermo Fisher 

Scientific, Waltham, Massachusetts, USA).   

On HUVEC TaqMan Gene Expression Assays (Life Technologies - Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) was utilized: Hs00197750_m1 (TXNIP), 

Hs00247263_m1 (SIRT2), Hs00165563_m1 (PON2), Hs00167309_m1 (SOD2), 

Hs00359147_s1 (HSP1A1). The housekeeping gene GAPDH was used as an internal 

reference gene. Relative changes in gene expression were analysed by the 2-ΔΔCt 

method. 

 

3.6. REACTIVE OXYGEN SPECIES (ROS) 

PRODUCTION 

ROS production was quantified using 2’-7’-dichlorofluorescein diacetate (DCFH) on 

HUVEC cultured in simulated microgravity for various times. At the end of the 

experiment the cells were rapidly transferred into black bottomed 96 plates (Greiner bio-

one, Frickenhausen, Germany) and exposed for 30 min to 20 µM DCFH solution. The 

emission at 529 nm of the DCFH dye was monitored using Promega Glomax Multi 
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Detection System (Promega, Madison, Wisconsin, USA). The results are the mean of three 

independent experiments performed in quadruplicate. Data are shown as the % of ROS 

levels in HUVEC cultured in the RWV vs static 1G conditions (CTR) ± standard deviation. 

 

3.7. REDUCED vs OXIDIZED GLUTATHIONE 

QUANTIFICATION 

Reduced glutathione (GSH)/oxidized glutathione (GSSG) was measured using the 

GSH/GSSG-Glo™ Assay, which is a luminescence-based system (Promega, Madison, 

Wisconsin, USA) according to the manufacturers’ instructions. Data are shown as the % 

of GSH/GSSG levels in HUVEC cultured in the RWV vs static 1G conditions (CTR) ± 

standard deviation. The results are the mean of three independent experiments 

performed in quadruplicate. 

 

3.8. COMET ASSAY 

Comet assay was performed after various times of culture in the RWV. HUVEC were 

mixed with low melting-point agarose and spread on pretreated slides which were died, 

immersed in ice cold lysis solution (Tris-HCl 0.01 M pH 10, NaCl 2.5 M, EDTA 0.1 M, 

NaOH 0.3 M, Triton 1%, DMSO 10%) and incubated at 4°C for 60 min. Electrophoresis 

was conducted in ice cold running buffer (NaOH 0.3 M, EDTA 0.001 M) for 30 min at 300 

mA. The slides were then rinsed, fixed in ice-cold methanol for 3 min, dried at room 

temperature, stained with ethidium bromide and analysed with a fluorescence 

microscope. 
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3.9. PROTEIN ARRAY 

After various times of culture in the RWV or in static 1G conditions, conditioned media 

were collected and HUVEC were lysed in a buffer containing 50 mM Tris-HCl pH 8.0, 

150 mM NaCl, 1 mM EDTA, 1% NP-40. Cell extracts (80 µg) were utilized to incubate the 

membranes on which 26 antibodies against human cell stress-related proteins were 

spotted in duplicate (R&D systems, Space Import Export, Milan, Italy), according to the 

manufacturer's instructions. Densitometry was performed by the ImageJ software. Two 

separate experiments were performed, and data are expressed as % of the fold increase 

in the signal intensity of RWV vs static 1G conditions. Both cell extracts and conditioned 

media were used to incubate the membrane on which 40 antibodies against cytokines, 

chemokines and adhesion molecules were spotted in duplicate (RayBiotech, Inc, 

Norcross, Georgia, USA). Two separate experiments were performed and representative 

blots are shown. By the ImageJ software no significant differences were detected in any 

spot.  

 

3.10. WESTERN BLOT 

HUVEC were lysed in 10 mM Tris-HCl (pH 7.4) containing 3 mM MgCl2, 10 mM NaCl, 

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 h at 4°C.  

- To study the stress adaptive response of HUVEC to simulated microgravity, 

western analysis was performed on stress protein using antibodies against heat 

shock protein (HSP)70, p21Cip1 (p21) (Tebu Bio-Santa Cruz, Magenta, Italy), 

Thioredoxin interacting protein (TXNIP) and paraoxonase (PON) 2 (Invitrogen, 

Carlsbad, California, USA), sirtuin (SIRT)2 (Millipore, Vimodrone, Italy), 



58 

 

superoxide-dismutase (SOD) 2 (BD Transduction Laboratories, Milano, Italy), 

HSP27 and phospho (P)-HSP27 (Cell Signaling, Euroclone, Pero, Italy) 

- To study mitochondrial content, antibodies against Cyclophilin D (CYP D) 

(Invitrogen, Carlsbad, California, USA), Mitochondrially Encoded Cytochrome C 

Oxidase I (MTCO1) and Voltage-Dependent Anion Channels (VDAC) (Abcam, 

Cambridge, UK), were used. 

- To investigate modulation in the autophagy/mitophagy pathway, microtubule-

associated proteins 1A/1B light chain 3B (LC3 B) (Cell Signaling, Euroclone, Pero, 

Italy), Sequestosome 1 (p62) and BCL2 Interacting Protein 3 (BNIP3) (Sigma 

Aldrich, St Louis, Missouri, USA) were used as marker of these processes to 

perform western blot. 

- Different magnesium transporters were also tested in HUVEC and HMEC in 

different culture conditions: Transient Receptor Potential Melastatin 7 (TRPM7) 

(Bethyl, Montgomery, Texas, USA), Magnesium Transporter 1 (MagT) (Abcam, 

Cambridge, UK), Magnesium Transporter MRS2 (MRS2) (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). 

Glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was used as internal control of 

loading. After extensive washing, secondary antibodies labelled with horseradish 

peroxidase (Amersham Pharmacia Biotech Italia, Cologno Monzese, Italy) were used. 

Immunoreactive proteins were detected by the SuperSignal chemiluminescence kit 

(Pierce, Thermo Fisher Scientific, Waltham, Massachusetts, USA).  

All the experiments were performed at least 3 times and a representative blot is shown. 

Images were analysed using ImageJ.   

 

 



59 

 

3.11. NOS ACTIVITY  

NOS activity was measured in the conditioned media by using the Griess method. Briefly, 

conditioned media were mixed with an equal volume of freshly prepared Griess reagent. 

The absorbance was measured at 550 nm. The concentrations of nitrites 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 the % of NaNO2 release in HUVEC cultured in the RWV vs static 1G 

conditions (CTR) ± standard deviation. 

 

3.12. CONFOCAL IMAGING IN SIMULATED 

MICROGRAVITY 

After 4 and 10 days in the RWV or in 1G, HUVEC were trypsinized and cytospun on 

Frosted microscope glasses, fixed in phosphate-buffered saline containing 3% 

paraformaldehyde and 2% sucrose pH 7.6, permeabilized with HEPES-Triton 1%, 

incubated with anti-TXNIP, anti-Cyclophilin D or anti-LC3 immunopurified IgGs 

overnight at 4°C, and stained with an Alexa Fluor secondary antibody (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). Finally, cells were mounted with moviol and 

images were acquired using a different objective in oil by a SP8 Leica confocal 

microscope.  
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3.13. CONFOCAL IMAGING IN 3D-

MICROFLUIDIC DEVICES  

HUVEC and HMEC were cultured in the microfluidic device for 7 days and fixed in 

phosphate-buffered saline containing 4% paraformaldehyde and 2% sucrose pH 7.6, 

permeabilized with Triton 0.3%, incubated with phalloidin-TRIC or anti-TXNIP 

immunopurified IgGs overnight at 4°C, and stained with an Alexa Fluor 488 (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). Nuclei were stained using DAPI. 

Finally, cells were mounted with ProLong™ Gold Antifade Mountant (Invitrogen, 

Carlsbad, California, USA) and images were acquired using a 63X objective in oil by a 

ZEISS 710 confocal microscope. Images were analysed using ImageJ. 

 

3.14. OXYGEN CONSUMPTION MEASUREMENTS 

ON CELLS 

The respiratory chain capacity was determined by high-resolution respirometry on 

HUVEC grown in 1G condition (CTR) or in the RWV for 4 and 10 days. The beads were 

collected from the RWV vessels, trypsinized and 1x106 cells for each sample were used. 

The mitochondria respiration rates were measured using the O2K oxygraph chambers 

(Oroboros, Instruments, Innsbruck, Austria). The cells were transferred into oxygraph 

chambers and resuspended in the respiration medium MiR06 (0.5 mM EGTA, 3 mM 

MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4 20 mM Hepes, 110 mM 

sucrose and 1 g/l 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 µM), the 

uncoupler FCCP (Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, 0.5 μM), 
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rotenone (0.5 μM) and antimycin A (AA) (2.5 μM) allows the measurement of basal, leak 

and maximal respiration respectively. All the reagents used for respirometry assay were 

purchased from Sigma. 

 

3.15. MITOCHONDRIA EXTRACTION AND 

OXYGEN CONSUMPTION MEASUREMENTS ON 

PURIFIED FRACTION OF MITOCHONDRIA 

Oxygen consumption was measured also on extracted mitochondria of HUVEC grown 

in 1G condition (CTR) or in the RWV for 4 days. The cells were trypsinized, 

permeabilized, resuspended in isolation buffer (100mM KCl, 50mM TRIS, 5mM MgCl2, 

1.8mM ATP, 1mM EDTA) and centrifuged at 600xg for 10 minutes at 4°C. Then the 

supernatant was centrifuged at 10000xg for 15 minutes at 4°C to allow the sedimentation 

of the mitochondria which were resuspended in Mito Preservation Medium (MiR06 

supplemented with 20 mM Histidine, 20 μM Vitamin E succinate, 3mM Glutathione, 1μM 

Leupeptin, 2 mM Glutamate, 2mM Malate, 2 mM Mg-ATP) and 150 μg 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+Succ+Rot) and proton leak across the inner 

mitochondrial membrane (state4). Then respiratory chain was inhibited by antimycin A 

(2.5 µM) 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 between 

state3 and state4 showing a general measure of mitochondrial function. The oxygen 
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consumption measurements were performed three times and the results are shown as the 

mean ± standard deviation. 

 

3.16. STUDY OF AUTOPHAGY/MITOPHAGY 

In some experiments, to allow the accumulation of autophagosomes and study the 

autophagic process, HUVEC were treated with 40µM of chloroquine (CQ) (Sigma 

Aldrich, St Louis, Missouri, USA) for 1h and then collected for protein extraction and 

western blot. To inhibit autophagy/mitophagy, HUVEC in the RWV were treated with 40 

µM of chloroquine for 4 days and collected for western blot and immunofluorescence. In 

other experiments, HUVEC in 1G condition were treated with 0.5 µM of Cytochalasin D 

(Sigma Aldrich, St Louis, Missouri, USA).  

 

3.17. CYTOSKELETAL DISRUPTION 

We mimicked cytoskeletal disruption in 1G condition using Cytochalasin D (Sigma 

Aldrich, St Louis, Missouri, USA), a toxin that binds actin and induces its 

depolymerization. We performed dose- and time-dependent experiments to test cell 

viability on both HUVEC and HMEC, and found that in HUVEC 0.5µM Cytochalasin D 

was not cytotoxic up to 96h while for HMEC we selected a treatment with 10nM of 

Cytochalasin D up to 72h. Different time points were studied. 
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3.18. MTT ASSAY 

To test cell viability upon different treatment (Chloroquine or Cytochalasin D), we used 

the MTT assay. HUVEC and HMEC were seeded in 96 well/plates and 24 h later exposed 

to different doses of each compound. After 96h (HUVEC) or 72h (HMEC) of treatment, 

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide was added (MTT, 0.5 

mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) in the culture medium in ratio 1:10. After 

3-4h of incubation with MTT solution, formazan crystals, derived by the degradation of 

MTT into the mitochondria of living cells, were dissolved in EtOH:DMSO (1:1) and 

absorbance was measured at 550 nm. Viability was calculated comparing absorbance of 

each treatment to CTR one. Every experiment was repeated three times in triplicate. 

 

3.19. QUANTIFICATION OF TOTAL 

INTRACELLULAR MAGNESIUM 

The total amount of intracellular Mg was evaluated using the fluorescent chemosensor 

DCHQ5. Cells were trypsinized and resuspended in MeOH:MOPS (methanol: H2O 1:1 

buffered at pH 7.4 with 2mM 3-morpholinopropane1-sulfonic acid at room temperature) 

(Sigma Aldrich, St Louis, Missouri, USA).   

Cells suspension was sonicated and then loaded in black bottomed 96 plates (Greiner bio-

one, Frickenhausen, Germany) in the presence of 15 µM of DCHQ5 [Sargenti 2017]. After 

20 seconds of shaking, fluorescence intensity was read using Promega Glomax Multi 

Detection System (Promega, Madison, Wisconsin, USA) (λexc=360 nm, λemm=510nm).  
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For each sample measurement the numbers of micromoles of magnesium ion was 

calculated by interpolation of the calibration curve equation; magnesium sulfate (MgSO4, 

Sigma Aldrich, St Louis, Missouri, USA) was used to create a standard curve. 

 

3.20. GLUCOSE TREATMENT 

In some experiments in 2D Static Cell culture, D-Glucose (Sigma Aldrich, St. Louis, 

Missouri, USA) was added to normal medium, in which the concentration of glucose is 1 

mg/mL (5.5 mM), to obtain a final concentration of 5.4 mg/mL (30 mM) and the effect of 

the high-glucose medium was studied after overnight or 24h of treatment.   

In 3D-Flow Cell culture experiments, after 7 days in culture with normal medium, D-

Glucose was added overnight or for 24h. 

 

3.21. ACTIN ALIGNMENT QUANTIFICATION 

Images derived from immunofluorescence for F-actin performed on HMEC and HUVEC 

grown in 3D-flow condition, in control medium and in presence of 5.4 mg/mL of D-

glucose, were analysed using the OrientationJ plugin of ImageJ. The direction of flow 

within the 30 × 30 μm channels was assumed as theta=0 and the angular distributions of 

actin fibers was calculated as the deviation of fiber orientation compared to theta=0.  
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3.22. STATISTICAL ANALYSIS 

Statistical significance was determined using the Student's t test and set at p values less 

than 0.05. In the figures *p<0.05; **p<0.01; ***p<0.001. 
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4. RESULTS (1):  

STRESS PROTEINS AND 

ADAPTATION TO 

SIMULATED 

MICROGRAVITY 
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4.1. PRO- AND ANTI- OXIDANT SPECIES IN 

HUVEC EXPOSED FOR 4 AND 10 DAYS TO 

SIMULATED MICROGRAVITY 

It is well known that microgravity is perceived by different cell types as a stressful 

situation and for this reason a factor promoting apoptosis. Despite this, HUVEC in 

simulated microgravity are able not only to survive, but also grow faster than controls in 

1G [Carlsson 2003; Versari 2007], thus suggesting that HUVEC in simulated microgravity 

activate an adaptive response to counterbalance the stress raising from the exposure to 

gravitational unloading.  

Moreover, it is reported that in some cell types microgravity induces oxidative stress 

[Wang 2009; Liu 2008; Beck 2014] that may be due to an unbalance between pro- and anti-

oxidant species production. Therefore, we initially measured Reactive Oxygen Species 

(ROS) production, markers of a pro-oxidant environment, in HUVEC cultured in the 

RWV for various times. Using 2’-7’-dichlorofluorescein diacetate (DCFH) we found a 

modest, albeit statistically significant, increase of ROS after 2 h in cells in simulated 

microgravity (RWV) vs 1G conditions (CTR) and no differences thereafter (Figure 25 A). 

To have an overview of the antioxidant response of HUVEC in simulated microgravity, 

we measured GSH, the most abundant antioxidant in aerobic cells [Ballatori 2009], with 

a focus on the ratio between the reduced vs oxidized form (GSH/GSSG). Even in this case 

only at 2h in the RWV, but not at later times we found GSH/GSSG ratio significantly 

decreased (Figure 25 B), proving the ability of HUVEC cultured in the RWV of buffering 

pro-oxidant species using GSH/GSSG system.  

In addition, we measured possible oxidative damage of DNA by comet assay, but we 

found no DNA damage in HUVEC exposed to RWV compared to 1G condition (Figure 

25 C).   
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We therefore conclude that in the early exposure to simulated microgravity, HUVEC 

accumulate more ROS than controls, but rapidly counterbalance the establishment of a 

pro-oxidant environment by upregulating anti-oxidant systems, as the GSH. Indeed, for 

exposure longer than 2h, HUVEC in the RWV exhibit the same amounts of ROS as CTR 

and no DNA damage occurs. 
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Figure 25: Pro- and Anti-oxidant species in HUVEC exposed for 4 and 10 days to simulated 

microgravity.  

HUVEC were cultured for various times in the RWV or in static 1G conditions (CTR) and then 

analysed for ROS production (A), GSH/GSSG ratio (B) and DNA damage (C). In C exposure to 

H2O2 (100 μM) for 2 h was used as a positive control. 

 

4.2. THE MODULATION OF STRESS PROTEINS 

IN HUVEC EXPOSED FOR 4 AND 10 DAYS TO 

SIMULATED MICROGRAVITY 

Next, we investigated the levels of stress proteins by utilizing a specifically tailored 

protein array (Figure 26A).  

HUVEC were cultured for 4 and 10 days in 1G condition (CTR) or in simulated 

microgravity (RWV) and lysed. 80 μg of cell extract were used for the analysis. The 

protein array, designed to detect modulation in 26 proteins known to be involved in 

stress pathways, highlighted the modulation of six proteins: HSP70, SIRT2, PON2, SOD2, 
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p21 and P-HSP27, all upregulated in HUVEC exposed to RWV compared to respective 

controls (Figure 26 B, C). 

 

Figure 26: Stress protein array.   

(A) Scheme of the 26 proteins spotted in duplicate on the membrane of the array. 

(B) Representative blots of HUVEC in 1G condition (CTR) or in the RWV for 4 and 10 days are 

shown.  

(C) Densitometric analysis; the fold increase of the mostly upregulated proteins in simulated 

microgravity compared to respective control are shown.  Data are expressed as % of the fold 

increase of the signal intensity obtained in cells in the RWV vs static 1G-conditions. Different 
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letters indicate the statistically significant effect of RWV vs 1G conditions (a: p<0.05; b: p<0.01) 

while the symbol * indicates the statistically significant variation of RWV 4 days vs RWV 10 days. 

 

4.3. HSP70 EXPRESSION IN HUVEC EXPOSED TO 

SIMULATED MICROGRAVITY 

It was previously shown that HSP70 is induced in HUVEC after 24 h of exposure in 

simulated microgravity and remains elevated up to 96 h [Carlsson 2003]. As shown in 

Figure 26, using protein array on cell lysates, one of the most upregulated protein in 

HUVEC exposed to simulated microgravity is HSP70, mostly after 4 days. To validate 

this result, we performed Real time-PCR, which demonstrates the overexpression of 

HSPA1A (HSP70) after 4 days in the RWV (Figure 27 A) and western blot (B), which 

shows the upregulation of HSP70 after 4 days of culture in the RWV. Both RNA and 

protein return to baseline after 10 days in simulated microgravity (Figure 27). 
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Figure 27: HSP70 expression in HUVEC exposed to simulated microgravity.  

(A) Real-Time PCR was performed using primers designed on HSPA1A sequence on RNA 

extracted from HUVEC cultured in the RWV or in static 1G condition (CTR) for 4 and 10 days. 

(B) Western blot was performed using specific antibodies against HSP70. GAPDH is used as 

marker of loading. A representative blot and relative quantification are shown. 

 

4.4. EFFECT OF HSP70 SILENCING IN HUVEC 

EXPOSED TO SIMULATED MICROGRAVITY 

Considering that HSP70 rapidly increases in HUVEC in simulated microgravity 

[Carlsson 2003], we decided to unravel its role in the early phases of HUVEC exposure to 

simulated microgravity.   

For this reason we transiently silenced HSP70 using a specific siRNA before exposing 

HUVEC to gravitational unloading for 48 h. As a control, the cells were exposed to a non-

interfering, scrambled sequence. We confirmed HSP70 downregulation at RNA level 

using real-time PCR in silenced HUVEC (Figure 28 A).   

We then tested the effect of HSP70 silencing on cell proliferation in HUVEC in 1G 

condition or in simulated microgravity. We found that HUVEC in the RWV grow faster 

than static 1G conditions (CTR), as previously reported [Carlsson 2003; Versari 2007]. On 

the contrary, silencing HSP70 completely prevented this effect and HUVEC in the RWV 

grow less than in 1G condition when HSP70 is silenced (Figure 28 B).   

HSP70 is an important molecular chaperone also implicated in the control of apoptosis. 

It inhibits AIF (apoptotic inducer factor) and APAF (activator factor of apoptotic 

proteases) [Beere 2000; Saleh 2000; Ravagnan 2001], thus protecting cells from apoptosis. 

To test the effect of the silencing of HSP70 on apoptosis, we measured cleaved 

nucleosomes in HUVEC silencing or not HSP70 after 48 h in the RWV using an ELISA. 
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TNFα (50 ng/ml) was used as a positive control to induce apoptosis. We found that after 

HSP70 silencing HUVEC cultured for 48 h in the RWV show cleavage of nucleosomes, an 

index of apoptosis (Figure 28 C).  

 

 

Figure 28: Effect of HSP70 silencing on cell growth and survival.  

HUVEC were transfected with siRNA against HSPA1A or with a scrambled non silencing 

sequence (-) and maintained in the RWV or in 1G conditions for 48 h.   

(A) To assess silencing, Real-Time PCR was performed using primers designed on the HSPA1A 

sequence.   

(B) Cells were counted using a cell counter.   

(C) ELISA was used to test apoptotic cells. The amount of cleaved DNA/histone complexes was 
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measured after 48 h and the % fold increase compared to CTR was plotted. TNFα (50 ng/ml) was 

used as positive control. 

 

4.5. SIRT2, PON2, SOD2, P21 AND HSP27 IN 

HUVEC EXPOSED TO SIMULATED 

MICROGRAVITY 

Next, we examined the levels of the other stress proteins which resulted upregulated by 

protein array, i.e. SIRT2, PON2, SOD2, p21 and HSP27.  

SIRT2 is a NAD-dependent deacetylase involved in the regulation of various biological 

processes including cell cycle control, genomic integrity, microtubule dynamics, 

differentiation and autophagy [North 2007; Dryden 2003; Inoue 2007; Pandithage 2008].

  

PON2 is a calcium-dependent enzyme with a dual function. PON2 is predominantly 

localized in the endoplasmic reticulum, mitochondria and perinuclear region, where it 

exerts its functions [Aviram 2004; Horke 2007; Rothem 2007]. 

As a lactonase it has an hydrolytic activity of lactones, while as antioxidant PON2 reduces 

oxidative stress damage and promotes cell survival, by indirectly but specifically 

reducing superoxide release from the internal mitochondrial membrane [Altenhöfer 

2010].  

p21 is potent inhibitor of kinase-cyclin dependent (CDK) that binds and inhibits CDK2 

and 4 thus blocking the cell in the G1 phase of the cell cycle. The expression of this gene 

is mainly controlled by the p53 protein, a transcription factor that is activated in case of 

DNA damage.   

Superoxide dismutase 2 (SOD2), also known as manganese-dependent superoxide 
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dismutase (MnSOD), is a mitochondrial enzyme, which binds the superoxide produced 

during the mitochondrial electron transport chain and converts it in hydrogen peroxide 

and oxygen. SOD2 is fundamental in buffering mitochondrial ROS and protecting cells 

from oxidative stress and apoptosis.   

Hsp27 belongs to the family of small Hsp. In addition to its role as a molecular chaperon, 

it is implicated in several processes such as protection from apoptosis (by inhibition of 

both the intrinsic and the extrinsic pathway), protection from oxidative stress (by 

lowering ROS levels and directing oxidized proteins to degradation via proteasome) and 

regulation of actin cytoskeleton (by promoting polymerization of F-actin and its stability) 

[Haslbeck 2002; Rogalla 1999; Arrigo 2001; Lavoie 1993; Sun 2015]. Stress induces both an 

increase in the expression and in the phosphorylation of Hsp27.   

Western blot confirms that PON2, SOD2, p21, HSP27 and its phosphorylated form are 

upregulated after 10, but not 4, days of exposure to simulated microgravity, as detected 

using protein array. The total amounts of SIRT2 decrease in CTR after 10 days, while in 

HUVEC cultured in the RWV SIRT2 remains elevated (Figure 29 A).  

By Real Time-PCR no significant modulation of SIRT2, PON2, SOD2 and HSPB1 (HSP27) 

was found (Figure 29 B), thus confirming the results of the SPHINX experiment [Versari 

2013]. On the contrary, CDKN1A (p21) was markedly overexpressed after 10 days of 

culture in the RWV.   

We also investigated the protein level of SIRT2, PON2, SOD2, HSP70, HSP27 and its 

phosphorylated form in proliferating vs quiescent HUVEC under physiological 1G 

conditions, to distinguish the effects of microgravity from those determined by 

quiescence, considering the faster proliferation of HUVEC grown in the RWV compared 

to 1G cultured HUVEC. 

No modulation in PON2, SOD2, HSP70, HSP27 and its phosphorylated form was found 

in proliferating vs quiescent HUVEC using western blot, while SIRT2 was downregulated 
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and p21 upregulated in quiescent cells (Figure 29 C). We then conclude that the 

upregulation of PON2, SOD2, HSP70, HSP27 observed in HUVEC cultured in the RWV 

was due to gravitational unloading itself.  
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Figure 29: Stress proteins in HUVEC exposed to simulated microgravity.  

Western blot (A) and Real Time PCR (B) were performed on HUVEC cultured in the RWV or in 

static 1G condition (CTR) for 4 and 10 days. All the values were normalized with respect to their 
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controls cultured in static 1G conditions. a: p<0.05 indicates the significant effect of RWV vs static 

1G conditions while the symbol * indicates the statistically significant variation of RWV 4 days 

vs RWV 10 days. (C) The total amounts of stress proteins by western blot were studied in 

proliferating and quiescent HUVEC. In A and C blots quantification are shown on the right. 

 

4.6. TXNIP IN HUVEC EXPOSED TO SIMULATED 

MICROGRAVITY 

The SPHINX experiment performed on the ISS [Versari 2013] studied the modulation of 

gene expression in HUVEC cultured in space for 10 days and highlighted that the most 

overexpressed gene was TXNIP. TXNIP is produced in response to cellular stress. It 

inhibits the antioxidant action of Thioredoxin (TRX), an ubiquitous oxidoreductase 

expressed in EC responsible for the control of migration, growth, angiogenesis and 

apoptosis [Dunn 2010]. TXNIP is implicated in various diseases associated with aging 

[Salminen 2012] and in cardiovascular diseases [Wang 2012; World 2011; Yamawaki 2005; 

Yoshioka 2004; Zschauer 2011], thus it may be a pivotal player in the onset of 

cardiovascular deconditioning detected in astronauts during and after space flight.  

We examined the levels of its transcript, using Real Time PCR, and the total amounts of 

the protein, by western blot. In agreement with Versari we found that TXNIP was 

overexpressed in HUVEC after 10 days in the RWV, while no modulation of TXNIP was 

detected at day 4 (Figure 30 A). Similarly, the protein is upregulated in HUVEC after 10 

days in the RWV (Figure 30 B). TXNIP is localized both in the nucleus and in the 

cytoplasm, where it exerts different functions [Spindel 2012]. For this reason we analysed 

TXNIP localization in HUVEC grown in 1G condition or in RWV for 4 and 10 days (Figure 

30 C). We found that TXNIP localizes in the nucleus and in the cytoplasm, both in CTR 

and in HUVEC in the RWV. Furthermore, immunofluorescence confirmed no differences 
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in TXNIP amount after 4 days in simulated microgravity and its increase in HUVEC 

grown in the RWV for 10 days (Figure 30C).  

Even in this case we compared the total amounts of TXNIP in proliferating vs quiescent 

HUVEC to discern the effect of microgravity and we found that TXNIP decreases in 

quiescent cells (Figure 30 D), thus reinforcing the hypothesis that simulated microgravity 

is directly responsible for the upregulation of TXNIP after 10 days in RWV. 
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Figure 30: TXNIP expression in HUVEC.  

HUVEC were cultured in the RWV or in static 1G conditions (CTR) for 4 and 10 days and Real 

Time PCR (A) and western blot (B) were performed as described in the methods. Quantification 

is shown on the right.  
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(C) Immunofluorescence was performed on HUVEC cultured as above, cytospun, and stained with 

DAPI and TXNIP antibody. Images were acquired using a 63X objective in oil by a SP8 Leica 

confocal microscope; right panel: zoom 3X. Scale bar: 10µm  

(D) Proliferating and quiescent HUVEC were analysed for the total amounts of TXNIP by western 

blot. Quantification is shown on the right. 

 

4.7. ENDOTHELIAL FUNCTION IN HUVEC 

EXPOSED TO SIMULATED MICROGRAVITY 

We analysed also nitric oxide (NO) production, because NO is a multifunctional molecule 

which influences vascular functions. We have previously shown that HUVEC cultured 

in simulated microgravity for 24 and 48 h release higher amounts of NO than controls. 

We show that after 4 days in the RWV HUVEC continue to release more NO than 

controls, while at day 10 no significant differences were detected (Figure 31 A).   

Endothelial function is affected also by inflammatory mediators and alterations of the 

cytokine network have been described in endothelial cells exposed to simulated 

microgravity for 24 and 48 h [Carlsson 2003; Grenon 2013; Cotrupi 2005]. To obtain a 

broad profile of cytokine synthesis and release in HUVEC cultured in the RWV for 4 and 

10 days, we utilized a human inflammation antibody array on both conditioned media 

and cell extracts. No significant alterations were detected in the total amounts of 

cytokines, chemokines and adhesion molecules in HUVEC exposed to simulated 

microgravity vs 1G conditions (Figure 31 B-D).  
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Figure 31: Nitric oxide production and cytokine network in HUVEC exposed to simulated 

microgravity.  

(A) Nitric oxide was measured by Griess method in HUVEC cultured in RWV or in static 1G 

conditions (CTR) for 4 and 10 days. Data are shown as the % of NaNO2 release in HUVEC 

cultured in the RWV vs static 1G conditions (CTR). (B, C) Inflammatory protein arrays were 

performed both on cell lysate and on conditioned media. Representative membranes are shown. 

(D) Map of the membrane array. 
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These data were published in FASEB J. 2019 May; 33(5):5957-5966.   

doi: 10.1096/fj.201801586RR.   

The agreement to publish these data on the thesis is attached. (Appendix A) 
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5. RESULTS (2): 

METABOLIC 

ADAPTATION 
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5.1.  MITOCHONDRIAL CONTENT IN HUVEC 

EXPOSED TO SIMULATED MICROGRAVITY 

In endothelial cells mitochondria are not primary used to produce energy, since 85% of 

ATP needed by EC derives from glycolysis [De Bock 2013]. Endothelial mitochondria 

produce the precursors necessary for the synthesis of various molecules required for 

cellular necessities [Rohlenova 2018]. Therefore, mitochondria in EC are used as 

integrators of signaling from the environment, since they are able to perceive chemical 

and mechanical stimuli and orchestrate cell response. At the moment no data are 

available on HUVEC bioenergetics in microgravity. For this reason we investigated 

mitochondrial content and function in HUVEC exposed to simulated microgravity. 

To have an overview of the effect of simulated microgravity on mitochondrial content in 

HUVEC, we performed immunofluorescence. After 4 and 10 days, HUVEC cultured in 

the RWV or in 1G condition (CTR) were trypsinized and cytospun on a glass coverslip. 

We used an antibody against Cyclophilin D (CYP D), a protein that is part of the 

permeability transition pore in the inner membrane of the mitochondria, as a marker of 

mitochondria. We show that HUVEC grown in the RWV have fewer mitochondria than 

their control (CTR) (Figure 32 A).  

We also performed western blot for different markers of mitochondria, such as CYP D, 

Mitochondrially Encoded Cytochrome C Oxidase I (MTCO1), a protein encoded by 

mitochondrial DNA, and Voltage-Dependent Anion Channels (VDAC), located on the 

outer mitochondrial membrane. MTCO, VDAC and CYP D were all significantly 

downregulated in HUVEC cultured in the RWV for 4 and 10 days (Figure 32 B), 

confirming the results obtain by immunofluorescence also at the biochemical level. 
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Figure 32: Immunofluorescence and western blot of mitochondrial markers in HUVEC grown in 

1G or RWV.  

HUVEC were grown in RWV or in 1G condition (CTR) for 4 and 10 days.  

In A cells cytospun on glass coverslips at the end of the experiment were labeled with Dapi (for 

nuclei) and with antibodies against CYP D (for mitochondria). Images were acquired using a 40X 

objective in oil with different magnification by a SP8 Leica confocal microscope.   

In B representative western blots for different mitochondrial markers (left) and relative 

quantification (right) are shown.  

 

5.2. MITOCHONDRIAL FUNCTION IN HUVEC 

EXPOSED TO SIMULATED MICROGRAVITY 

Mechanical and biochemical stimuli are known to modulate not only mitochondrial 

content but also their function. For this reason, we decided to use O2K oxygraph 

chambers to test mitochondrial function in HUVEC. We measured different respiration 

states: maximal respiration, corresponding to the maximal activity of the electron 

transport chain, basal respiration, i.e. oxygen consumption at steady state, and leak 

respiration, which measures oxygen consumption not linked to ATP production.  

We found that HUVEC exposed to simulated microgravity tend to have a minor basal 

and leak capacity, without reaching statistical significance, compared to their controls, 

while their maximal respiratory capacity is significantly reduced (Figure 33 A). 

Considering that we have previously shown that HUVEC in the RWV have a lower 

mitochondrial amount (Figure 32) and that the previous experiment was conducted using 

the same amount of cells (1x106) for both 1G and RWV samples, we decided to perform 

respirometry also on a purified fraction of mitochondria, to avoid bias due to different 

mitochondrial content. We then evaluated the function of isolated mitochondria in 

HUVEC grown in 1G condition or the RWV for 4 days, testing the functionality of the 
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different components of the respiratory chain: complex I respiration (state2) and its 

maximal oxidative phosphorylation capacity (state3); the function of complexes I and II 

together (state3+Succ) and complex II alone (state3+Succ+Rot); finally proton leakage was 

measured using an inhibitor of ATP synthase (state4). The respiratory control ratio was 

calculated as the ratio between state3 and state4 and used as a general indicator of 

mitochondrial function. This parameter was similar in controls and in cells in the RWV, 

indicating that single mitochondria are as efficient in cells cultured in the RWV as in 1G 

condition (CTR) (Figure 33 B). 

 

Figure 33: High resolution respirometry on HUVEC and on isolated mitochondria after exposure 

to simulated microgravity.  

(A) High resolution respirometry was performed on 1x106 cells and basal, leak and maximal 

respiration were measured as described on HUVEC cultured in 1G condition (CTR) or in the 

RWV for 4 and 10 days.  

(B) Mitochondria were extracted from HUVEC grown for 4 days in 1G condition (CTR) or in the 



89 

 

RWV and oxygen consumption was measured on a purified fraction of mitochondria (150 µg).   

The experiments were repeated three times ± standard deviation. 

 

5.3. AUTOPHAGY/MITOPHAGY IN HUVEC 

EXPOSED TO SIMULATED MICROGRAVITY 

Mitochondrial content is determined by the balance between mitochondrial biogenesis 

and degradation. We hypothesized that the decreased number of mitochondria in 

HUVEC exposed to simulated microgravity could be due to an increased degradation of 

mitochondria through the autophagic flow and, specifically, mitophagy.   

In the literature it was already reported that HUVEC in simulated microgravity activate 

autophagy [Wang 2013; Li 2018; Jeong 2018]. To confirm these results, we evaluated the 

levels of two markers of autophagy by western blot, i.e. microtubule-associated proteins 

1A/1B light chain 3B (LC3 B) that triggers the formation of autophagosomal vacuoles, and 

Sequestosome 1 (p62), which is expressed with the cargo within the vesicle. In particular, 

LC3 B exists in two forms: total (LC3 B-I) and cleaved (LC3 B-II) form, which is 

specifically produced when autophagy occurs. Western Blot revealed no significant 

modulation of these proteins in HUVEC exposed for 4 days to simulated microgravity vs 

their controls (Figure 34 A). We hypothesized that autophagy in simulated microgravity 

was fast to the point that the autophagosomes were very rapidly degraded, preventing 

any possibility of detecting an increase of LC3 B-II or p62 changes. Therefore, on the basis 

of previous studies reporting how to study autophagy [Klionsky 2016], we treated the 

cells with chloroquine, which blocks the binding of autophagosomes to lysosomes by 

altering the acidic environment of the lysosomes, thus allowing the accumulation of 

autophagosomes to detect both LC3 B-II and p62 even in the case of very fast autophagic 

flow. For these experiments chloroquine (40 µM) was added to the culture media 1 h 
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before ending the experiment in HUVEC cultured for 4 and 10 days in 1G condition (CTR) 

and in the RWV. Then the cells were lysed and western blot was performed. HUVEC 

cultured in the RWV significantly increased LC3 B-II and p62 compared to controls 

(Figure 34 B), suggesting that the decreased amount of mitochondria in simulated 

microgravity is due to increased autophagy. Moreover, we also analysed the level of the 

mitophagy BCL2 Interacting Protein 3 (BNIP3), which targets mitochondria to 

autophagosomes by interacting directly with LC3 [Rikka 2011], and we found higher 

amount of BNIP3 in HUVEC cultured in the RWV for 4 and 10 days vs their controls 

(Figure 34 B).  
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Figure 34: Autophagic flow in HUVEC in simulated microgravity.  

Autophagy was monitored in the presence (B) or in the absence (A) of chloroquine for 1 h. 

On the left representative blots for LC3 B, p62 and BNIP3 are shown; on the right relative 

quantification obtained by ImageJ. 
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5.4. THE ROLE OF MITOPHAGY IN 

MODULATING MITOCHONDRIAL CONTENT IN 

HUVEC EXPOSED TO SIMULATED 

MICROGRAVITY  

To test whether mitophagy was really responsible for the decrease of mitochondria in 

simulated microgravity, we used chloroquine to inhibit autophagy/mitophagy 

[Georgakopoulos 2017]. We performed dose- and time-dependent cell viability 

experiments, and found that 40 µM was the ideal concentration of chloroquine to inhibit 

mitophagy without affecting HUVEC survival up to 4 days of treatment (Figure 35 A). 

HUVEC were cultured with (RWV+CQ) or without (CTR and RWV) chloroquine (40 µM) 

for 4 days. Then immunofluorescence and western blot were performed. 

Immunofluorescence for LC3 B (Figure 35 B) demonstrates that treatment with 

chloroquine for 4 days increases the number of autophagosomes in RWV+CQ compared 

to both CTR and RWV. Then, the mitochondrial protein CYP D was analysed both by 

immunofluorescence and western blot (Figure 35 C). HUVEC cultured in the RWV have 

a lower mitochondrial content than HUVEC grown in 1G and this event is prevented by 

the addition of chloroquine, which blocks autophagy and restores a mitochondrial 

content similar to the control. These results demonstrate that autophagy is responsible 

for the degradation of mitochondria in simulated microgravity. 
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Figure 35: Mitochondrial content in HUVEC cultured with (RWV+CQ) or without (CTR and 

RWV) chloroquine (40 µM) for 4 days.   
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(A) Cell survival after 4 days of chloroquine (CQ) treatment was tested. Different concentrations 

were used and 40 µM of CQ was chosen to perform the experiment.   

(B) The efficiency of 40 µM chloroquine in inhibiting autophagy was tested by 

immunofluorescence for LC3 B. Nuclei were stained by DAPI.  

(C) Mitochondria were visualized utilizing antibodies against CYP D (upper panel) and Western 

blot was performed on cell lysates (lower panel). Densitometry was performed using Image J and 

is shown on the right. 

 

5.5. DEGRADATION OF MITOCHONDRIA IN 

HUVEC IN SIMULATED MICROGRAVITY IS 

REVERSIBLE UPON RETURN TO 1G CONDITION 

To determine whether the mitochondrial degradation of HUVEC exposed to simulated 

microgravity was reversible upon return to normal 1G conditions, we cultured HUVEC 

in the RWV for 7 days and then returned them to normal 1G condition for the following 

3 days. We then performed immunofluorescence (upper panel) and western blot (lower 

panel) to visualize mitochondrial content in CTR and RWV HUVEC after 7 and 10 days 

and in HUVEC cultured for 7 days in the RWV and 3 days in 1G (Figure 36). We show 

that 3 days in 1G condition are sufficient to increase mitochondrial content compared to 

respective RWV, becoming more comparable to CTR. 
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Figure 36: Mitochondrial content in HUVEC cultured in 1G condition and in the RWV.  

Mitochondria were visualized utilizing antibodies against CYP D (immunofluorescence, upper 

panel) and Western blot was performed on cell lysates (lower panel). Densitometry was performed 

using Image J and is shown on the right. 
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5.6. THE ROLE OF CYTOSKELETAL 

DISORGANIZATION IN DRIVING MITOPHAGY 

AND REDUCING MITOCHONDRIAL CONTENT 

Mitochondrial dynamics is strictly linked to cytoskeletal organization, which has a 

relevant role in maintaining mitochondrial network and function [Moore 2018]. For this 

reason we asked whether cytoskeletal disorganization, which occurs upon exposure to 

microgravity [Maier 2015; Carlsson 2003; Versari 2007; Kapitonova 2012], might play a 

role in driving mitophagy. We used Cytochalasin D, a toxin that binds actin and induces 

its depolymerization, to mimic cytoskeletal disruption in 1G condition. After performing 

dose- and time-dependent experiments to test cell viability, we selected 0.5 µM 

Cytochalasin D as the ideal concentration to use, since it not cytotoxic up to 96 h (Figure 

37 A). After treating HUVEC with 0.5 µM Cytochalasin D for 24 h, we performed 

immunofluorescence and western blot. Using phalloidin, which labels F-actin, we 

confirmed a massive disorganization of actin fibers associated with modifications of cell 

shape (Figure 37 B), a scenario that closely recalls the results obtained in microgravity. 

We then analysed CYP D by immunofluorescence (Figure 37 A) and western blot (Figure 

37 C). CYP D is reduced upon cytoskeletal disruption compared to control, indicating a 

reduced mitochondrial mass. Interestingly, Cytochalasin D upregulates BNIP3 (Figure 37 

C), thus suggesting that cytoskeletal disruption leads to increased mitophagy which 

results in a decreased content of mitochondria. 

 



97 

 

 



98 

 

Figure 37: Mitochondrial content and mitophagy in HUVEC exposed to Cytochalasin D. HUVEC 

were treated or not with Cytochalasin D for 24 h.   

(A) Cytotoxicity of different concentration of Cytochalasin D were tested on HUVEC for 96h.  

(B) Cells were stained to detect CYP D (left) and actin (middle). The merge is shown in the right 

panels.   

(C) BNIP3 and CYP D were analysed by western blot. GAPDH was used as a control of loading. 

The experiments were repeated at least three times. Representative blots and relative quantification 

obtained by ImageJ are shown. 

 

 

These data are accepted for the publication in FASEB J.  The FASEB Journal. 

2019;00:1–13. https ://doi.org/10.1096/fj.20190 1785RRR  

The original draft is attached. (Appendix B) 
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6. RESULTS (3):  

THE ROLE OF 

CYTOSKELETON 

IN MEDIATING 

MICROGRAVITY 

EFFECTS ON HUVEC 
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6.1. CYTOSKELETAL REMODELING IN 1G 

CONDITION 

Disorganization of the cytoskeleton is one of the earliest events induced by a stress. 

Cytoskeletal disorganization in simulated microgravity is an event which occurs early 

and evolves rapidly after culture in the RWV. Indeed, we have previously shown that in 

HUVEC in the RWV, actin fibers’ disorganization begins after 4 h and clusters of actin 

become evident in perinuclear position within 24 h. After 144 h in the RWV, these clusters 

disappear and stress fibers are markedly decreased [Carlsson 2003]. Intriguingly, the 

cytoskeleton has been proposed as a sensor of changes of gravity [Vorselen 2014] and for 

this reason we asked whether cytoskeletal disruption could orchestrate endothelial 

response to microgravity.  

As previously described, we used Cytochalasin D to induce actin depolymerization and 

cytoskeletal remodeling in 1G condition. We treated HUVEC with different doses of 

Cytochalasin D for different times and, after staining with phalloidin-TRIC, we 

visualized actin disorganization by confocal microscopy (Figure 38 A).  

On the basis of a dose dependent experiment (Figure 38 B), we utilized 0.5 µM 

Cytochalasin D as the ideal concentration to mimic in 1G condition the cytoskeletal 

remodeling happening in microgravity. Thereafter we compared HUVEC treated with 

0.5 µM Cytochalasin D for 24 and 96h with HUVEC cultured in the RWV for 4 and 10 

days and tested the effect of actin dysregulation on stress response, mitochondrial 

content and magnesium homeostasis. 
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Figure 38: Cytoskeletal remodeling in presence of mechanical (microgravity) or biochemical 

(Cytochalasin D) signals.  

Different doses of Cytochalasin D were tested on HUVEC and staining for actin was performed 

(A). In B comparison of cytoskeletal remodeling obtained with simulated microgravity or 

Cytochalasin D.  
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6.2. THE EFFECT OF CYTOSKELETAL REMODELING 

ON STRESS RESPONSE 

Cytoskeleton is continually remodeled to respond to different signals. As a consequence, 

several cytoskeleton-interacting proteins are involved in stabilizing the system, among 

which molecular chaperons are counted as one of the most important proteins that 

interact closely with the cytoskeleton network [Quintà 2011]. In particular, chaperone 

proteins help the assembly/disassembly of cytoskeletal proteins and are key factors for 

many structural and functional rearrangements of actin during different physiological 

processes.   

HSP70 is thought to participate in de novo folding pathways of cytoskeletal proteins 

[Quintá 2011]. HSP27 is known to stabilize actin microfilaments [Sun 2015]. Even TXNIP 

was proposed to be a biomechanical regulator of Src activity, thus able to affect and be 

affected by cytoskeleton [Spindel 2012].   

As previously shown our data suggest that microgravity induces the sequential 

involvement of various anti-oxidant proteins that end up in counterbalancing the 

increase of pro-oxidant TXNIP. For this reason, we selected HSP70, HSP27 and TXNIP, 

proteins that are linked to stress pathway as well as to cytoskeletal organization, to be 

analysed after exposure to Cytochalasin D, to highlight if their modulation in HUVEC 

cultured in the RWV was due to microgravity-induced cytoskeletal remodeling.   

We cultured HUVEC for 24 and 96 h in control condition (CTR) or in presence of 0.5 µM 

Cytochalasin D (CYTOCHALASIN D) and then we performed western blot on cell lysates 

(Figure 39).  

We found that cytoskeletal disruption by Cytochalasin D was associated with the 

upregulation of TXNIP, mostly after 96 h, which corresponds to 10 days exposure to 

microgravity. HSP70 was increased by Cytochalasin D within 24 h and then returned to 
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basal level (96 h), consistently with HSP70 expression in HUVEC exposed to simulated 

microgravity (RWV). After 4 days of simulated microgravity, we observe a mild increase 

of HSP27, which culminates at day 10. A similar result was obtained in cells treated with 

Cytochalasin D. We hypothesize that, in face of a decrease of HSP70, HSP27 is increased 

in an attempt to maintain the stability of the remaining actin fibers.  

 

Figure 39: The effect of cytoskeletal disruption on the amounts of stress proteins.  

Using Cytochalasin D to destabilize actin fibers is possible to achieve many of the modulation in 

stress protein observed in simulated microgravity. Western blot was performed on HUVEC 

cultured in 1G condition or in simulated microgravity (RWV) (left panels) or in the presence or 

not of 0.5 µM Cytochalasin D (right panels). Antibodies against TXNIP, HSP70, HSP27 and P-

HSP27 were used. Under the blots relative quantifications are shown. 
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6.3. THE EFFECT OF CYTOSKELETAL REMODELING 

ON MITOCHONDRIA 

Not only the cytoskeleton has been proposed as a gravity-sensor [Vorselen 2014] but 

cytoskeletal dynamics have also an important role in autophagy [Kast 2017]. The 

cytoskeleton interacts with the mitochondria [Moore 2018], and mitophagy is regulated 

by cytoskeletal components [Strzyz 2018]. We tested whether a link might exist between 

autophagy, mitochondrial content and cytoskeletal remodeling in our experimental 

model.   

As previously shown (Figure 37) HUVEC treated with 0.5 µM Cytochalasin D for 24 h 

display a decrease in CYP D protein level paralleled by an increase of BNIP3 (Figure 37 

B), suggesting that cytoskeletal disruption activates mitophagy thus reducing 

mitochondrial content. We then analysed the effect of 96h treatment with 

Cytochalasin D and performed western bot (Figure 40 A) and immunofluorescence 

(Figure 40 B) using antibodies against CYP D. We found that CYP D decreased upon 

Cytochalasin D treatment for 24 and 96 h, recapitulating what happens to HUVEC 

exposed to simulated microgravity. 
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Figure 40: The effect of cytoskeletal disruption on mitochondria.  

Western blot (A) and immunofluorescence (B) were performed on HUVEC exposed to simulated 
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microgravity or Cytochalasin D. In B images were acquired using 63X objective in a SP8 Leica 

confocal microscope with different magnification. Scale bar = 30 µm. 

 

6.4. THE EFFECT OF CYTOSKELETAL REMODELING 

ON MAGNESIUM HOMEOSTASIS 

Magnesium (Mg) is the most abundant intracellular bivalent cation and is involved in a 

wide of variety of biochemical reactions. In particular, Mg plays a major role in regulating 

endothelial functions [Maier 2012]. This is why Mg homeostasis in cells is tightly 

regulated. Different studies have shown that an altered homeostasis of Mg is a risk factor 

for endothelial dysfunction and cardiovascular diseases [Romani 2013]. For this reason, 

we decided to study if microgravity could affect Mg homeostasis, with a specific focus 

on the amounts and function of the Mg transporter MagT1 and of the Transient Receptor 

Potential Melastatin 7 (TRPM7) channel, the two most important Mg transporters 

expressed in endothelial cells. TRPM7 possesses the functional duality of being an ion 

channel and a kinase and is responsible for the transport of different divalent cations 

[Nadler 2001; Runnels 2001; Schmitz 2014], while MagT1 is a highly selective transporter 

for Mg [Goytain 2005].   

By western blot, we observed that after 4 and 10 days of culture in simulated 

microgravity, HUVEC downregulate TRPM7 protein and upregulate MagT1, suggesting 

a compensatory mechanism to maintain the intracellular homeostasis of Mg (Figure 41 

A, left panel).   

Determinations of total and free Mg2+ concentrations consistently indicate that the 

majority of Mg2+ is located within mitochondria, nucleus, and endo-(sarco)-plasmic 

reticulum [Romani 2011]. Mitochondria are one of the major intracellular Mg2+ store; 

furthermore, their function, content and spatial organization within the cell is tightly 
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regulated by Mg2+ availability [Pilchova 2017]. Many of the cellular energy production 

processes are composed by many Mg2+ - dependent enzymatic reactions and ATP is active 

only when linked to Mg2+ [Gout 2014].   

We also studied the effect of microgravity on the Mg Transporter MRS2 (MRS2), a protein 

located in the mitochondria and mediates the influx of Mg into the mitochondrial matrix 

[Piskacek 2009]. It is also required for normal expression of the mitochondrial respiratory 

complex I subunits and thus it is fundamental for physiological functions of the cell. We 

found that MRS2 levels decrease when HUVEC are cultured in simulated microgravity 

for 4 and 10 days, and this could be explained with the decreased mitochondrial content 

found in HUVEC grown in RWV. Indeed, normalizing MRS2 for CYP D content, no 

differences were detectable between CTR and RWV samples (Figure 41 B, C).  

We evaluated the total amount of intracellular Mg using the fluorescent chemosensor 

DCHQ5 to unravel if the modulation on aforementioned Mg transporters impact on Mg 

homeostasis. We found a decrease of total intracellular Mg in HUVEC grown for 4 and 

10 days in microgravity compared to 1G HUVEC (Figure 41 D). This result could have 

different explanations:  

- MagT1 increase in simulated microgravity is not sufficient to compensate TRPM7 

decrease;  

- Intracellular Mg in proliferating cells is usually higher than quiescent cells, and it is 

copiously reported that HUVEC in RWV grow faster than relative CTR [Carlsson 2003, 

Maier 2014];  

- The decrease of mitochondrial mass upon gravitational unloading means a decrease in 

one of the major store of Mg within the cells. 

We then evaluated the same parameters also in presence of Cytochalasin D, in order to 

disclose a possible role of cytoskeleton in affecting Mg homeostasis. We found that after 

24 and 96 h of treatment HUVEC downregulate TRPM7 and MRS2 and upregulate 
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MagT1, as evaluated using western blot, with a consequent reduction of total intracellular 

magnesium concentration compared to respective controls (Figure 41, right panels). 

Again, treatment with Cytochalasin D phenocopies the effects of culture in the RWV. 
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Figure 41: The effect of cytoskeletal disruption on Mg homeostasis.  

(A-B) The levels of the Mg transporters TRPM7, MagT1 and MRS2 were analysed by western 

blot in HUVEC exposed to simulated microgravity or to Cytochalasin D. In B western blot for 

CYP D was used as internal reference to evaluate MRS2 in relation of mitochondrial content. In 

C blots relative quantification were shown. In D the fluorescent chemosensor DCHQ5 was used 

to measure total intracellular Mg. 
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7. RESULTS (4):  

MICROGRAVITY AND 

MICROVASCULAR 

ENDOTHELIAL  

CELLS 
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7.1. THE EFFECT OF MICROGRAVITY AND 

CYTOSKELETAL DISRUPTION ON HUMAN 

MICROVASCULAR ENDOTHELIAL CELLS 

(HMEC)  

The endothelium is very heterogeneous. Morphological and functional differences as 

well as different responses to growth factors have been observed in endothelial cells 

derived from micro and macro circulation [Ribatti 2002].   

It is noteworthy that the microvasculature represents the majority of the total endothelial 

surface [Danese 2007]. It is a crucial player in inflammation [Danese 2007] and 

angiogenesis [Carmeliet 2005]. An impairment of microvasculature functions is 

supposed to occur in microgravity, since angiogenesis, wound healing, impairment of 

cell growth and inflammation are reported [Davidson 1999; Kirchen 1995; Unsworth 

1998; Cotrupi 2005].  

On these bases, we analysed the response of Human Dermal Microvascular Endothelial 

Cell (HMEC) to simulated microgravity. We performed the same experiments conducted 

on HUVEC, i.e. simulation of microgravity using the RWV for 4 and 10 days, analysis of 

stress response, mitochondrial content, magnesium homeostasis and the role of the 

cytoskeleton in orchestrating HMEC response in microgravity.  

We started analysing the red-ox status. We found that HMEC grown in simulated 

microgravity (RWV) for 10 days produce more ROS than controls (Figure 42 A). This 

result could explain, in part, the growth-retardation of microvascular EC exposed to 

simulated microgravity reported in literature.  

Subsequently, we analysed stress response at the protein level, performing western blot 

on the same proteins modulated after the exposure of HUVEC to microgravity, i.e. 
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HSP70, TXNIP, SIRT2, PON2, SOD2, P-HSP27 and HSP27. Apart from SOD2, the other 

proteins resulted upregulated also in HMEC grown in RWV for 4 and 10 days compared 

to 1G control. In addition, if compared to HUVEC, HMEC response seems accelerated, 

since the majority of these proteins were increased at 4 days and remained elevated at 10 

days (Figure 42 B).  

 

Figure 42: ROS production and stress proteins in HMEC.  

HMEC grown in 1G condition (CTR) or in simulated microgravity (RWV) for 4 and 10 days were 

analysed for ROS production using DCFDA (A) and for the total amounts of proteins linked to 

stress response by western blot (B). In C quantification of western blots showed in B and C 

obtained using ImageJ software. 
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We then selected stress proteins known to be linked to cytoskeletal regulation and 

performed western blot on cell extracts from HMEC treated or not with Cytochalasin D, 

in order to define the potential role of cytoskeletal remodeling in modulating HMEC 

response. HMEC were tested for dose- and time-dependent response to Cytochalasin D 

and 10 nM was found as the higher dose not cytotoxic up to 72 h using MTT assay (Figure 

43 A). Cytochalasin D treatment seemed to recapitulate the majority of the stress response 

observed in HMEC grown in microgravity, since Cytochalasin D increased the pro-

oxidant protein TXNIP mostly at 24h (in microgravity TXNIP increased at 4 days and 

then remained elevated) and also the stress proteins HSP70 and HSP27 (Figure 43 B). 
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Figure 43: The effect of cytoskeletal disruption on stress response of HMEC.  

Cytotoxicity of Cytochalasin D was tested on HMEC for 72 h (A) Western blot (B) was performed 

on HMEC cultured in 1G condition on in simulated microgravity (RWV) on the left or in presence 

or not of 10 nM Cytochalasin D (on the right). Antibodies against TXNIP, HSP70, HSP27 and 

P-HSP27 were used. Densitometric analysis was performed and quantification are reported (lower 

panel).  
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We also studied Mg homeostasis and mitochondrial content in HMEC grown in 

simulated microgravity or in presence of Cytochalasin D. Figure 44 A shows that HMEC 

after 4 days in the RWV upregulate TRPM7 that remains elevated also at day 10 if 

compared to controls. MagT1 was increased both at 4 and 10 days in the RWV. Similarly 

to HUVEC, we found less mitochondria in HMEC cultured in the RWV for 4 and 10 days 

vs their controls as detected by immunofluorescence using antibodies against CYP D 

(Figure 44 C, left panel). Western blot for CYP D confirmed this result (Figure 44 A, left 

panel).  

In addition, we found that disorganizing the cytoskeleton by culturing the cells in the 

presence of Cytochalasin D mimics what happens under simulated microgravity. Indeed, 

HMEC upregulate TRPM7 and MagT1 both at 24 and 72 hours of treatment compared to 

controls. More studies are ongoing to define Mg homeostasis in Cytochalasin D-treated 

HMEC. Moreover, Cytochalasin D decreases mitochondrial content. By 

immunofluorescence this event is visualized after 24 h and, more evident, after 72 h. By 

western blot, we detected a modest decrease of CYP D after 24 h exposure to Cytochalasin 

D while at 72h the difference is more pronounced. 
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Figure 44: The effect of cytoskeletal disruption on magnesium homeostasis and mitochondrial 

content of HMEC.  

(A) The levels of the magnesium transporters TRPM7, MagT1 were analysed using western blot 

in HMEC exposed to simulated microgravity or to Cytochalasin D. CYP D was used as marker 

to analyze mitochondrial content. In B quantifications of western blots obtained using ImageJ. In 

C the immunofluorescence for CYP D was performed to visualize mitochondria network. Scale bar 

= 30 µm. 
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7.2. WHY WORKING IN 3D? 

Different aspects of cell behavior, such as proliferation rate, specific functions, 

metabolism, drugs sensitivity and differentiation, are strongly dependent on the effect of 

the microenvironment [Jeanes 2011]. For what regards endothelial cells a more 

physiological condition is represented by 3D organization in vessels and the presence of 

a steady flow. Mechanical forces, including fluid flow, strongly influence ECs [Davies 

1995]. Indeed, ECs are constantly subjected to mechanical stimuli, including shear force, 

generated by blood and tangential to the endothelial surface [Song 2011], and 

circumferential stretch generated by blood pressure. These mechanical forces induce ECs 

to modulate their functions, secreting biomolecular signals [Resnick 2003], remodeling 

vascular structure [Carmeliet 2000, Tzima 2005; DuFort 2011; Blackman 2002] and 

modulating transcription [Adams 2007]. ECs are also sensitive to biochemical stimuli, 

coming from the extracellular matrix (ECM) or other cells that interact with them 

[Chatterjee 2018].   

During the past decades, scientists started to face the limitation of two dimensional (2D) 

cells culture and began to approach three dimensional (3D) systems, more physiological 

method of cell culture. These 3D systems may be used for many applications, starting 

from basic research to clinic, screening of new drugs, development of new systems for 

regenerative medicine and so on [Rimann 2012].  

It is imperative to continue to disclose the mechanisms underlying ECs response to 

different stimuli, using systems that are as similar as possible to the physiological 

conditions, in order to have a better overview of EC behavior in normal, but also in 

pathological condition.  
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7.3. WHAT TO STUDY IN 3D? 

Many studies try to elucidate the mechanisms underlying endothelial dysfunction and 

related diseases using different approaches, starting from the type and method of cell 

culture [Hansen 2013; Shen 2008; Kim 2012; Colace 2011]. The idea of using 3D system in 

microgravity experiments is at the moment remote, because of technical constraints that 

prevent the application of 3D culture system of endothelium in real and simulated 

microgravity (microfluidic devices where endothelial cells are cultured are not sealed and 

liquid leakage and air bubbles formation are problems that should still be solved).   

For this reason, with the aim of working in the future with these systems in microgravity, 

we decided to optimized the culture model and expose the cells to a biochemical 

challenge known to induce endothelial dysfunction, i.e. high extracellular glucose.  

We tested the effect of high concentration of glucose on both micro- and macro- vascular 

ECs culture in 2D classic condition and in 3D microfluidic device that resemble the 

physiological spatial organization of ECs in ramification of vessels of different calibers 

and apply shear stress generated by fluid flow.   

We focus our attention on the cytoskeleton, one of the first and key mediator of both 

mechanical and biochemical signals arising from endothelial microenvironment [Ingber 

2006].  

 

7.4. THE EFFECT OF GLUCOSE ON THE ACTIN 

CYTOSKELETON IN HUVEC TREATED FOR 24H 

We decided to investigate the effect of high glucose on actin cytoskeleton. To achieve this 

goal we seeded HUVEC in 2D static petri dish and we treated them for 24 h with normal 
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medium (CTR) or with normal medium supplemented with 5.4 mg/mL D-glucose (High 

Glucose). We then analysed the effect of this treatment on actin expression and 

organization (Figure 45). We found that D-glucose has no significative effect in 2D on 

both total actin content (upper panel), as detected by western blot, and its organization 

in fibers (lower panel), evaluated using confocal microscopy.  

 

Figure 45: Effect of glucose on actin content and cytoskeleton organization in HUVEC. 

HUVEC in 2D static condition were cultured for 24h in presence or not of high concentration of 

D-Glucose and Actin content and organization were studied. In the upper panel western blot 
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shows no modulation of total actin upon the treatment with High glucose compared to control and 

in parallel no modulation of actin organization in fibers was detected by confocal microscopy 

(lower panel). Nuclei were labeled with DAPI (blue) and Actin using Phalloidin-TRIC (Red). 

Scale bar = 40µm. 

 

7.5. THE EFFECT OF GLUCOSE ON THE ACTIN 

CYTOSKELETON IN HMEC TREATED FOR 24H 

We evaluated the effect of high glucose-containing medium on the actin cytoskeleton and 

the nuclei also on HMEC. Confluent HMEC in 2D static condition were treated for 24h 

with normal medium (CTR) or medium supplemented with 5.4 mg/mL of D-glucose 

(High Glucose). Western Blot for actin and fluorescence microscopy after labeling with 

phalloidin were performed (Figure 46). In HMEC treated with high glucose a slight but 

not significant decrease of total actin content was detected (upper panel) as well as an 

altered organization of F-actin. Indeed, fluorescence microscopy shows that upon the 

treatment with high glucose actin fibers tend to be less organized than the controls. 

Moreover, in high glucose treated samples, fragmented nuclei, a marker of apoptosis, are 

observed, suggesting a possible effect of high glucose on HMEC survival.  
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Figure 46: Effect of glucose on actin content and cytoskeleton organization in HMEC. 

HMEC in 2D condition were cultured for 24h in the presence or not of D-Glucose, lysed for protein 

extraction or fixed for fluorescence microscopy. Western blot shows a slight decrease in total actin 

upon the treatment with High glucose (upper panel) and fluorescence microscopy shows a 

consistent reorganization of actin cytoskeleton, with less bundles of F-actin and less organized. 

DAPI staining revealed also fragmented nuclei in HMEC exposed to high glucose compared to 

control. Nuclei were labeled with DAPI (blue) and Actin using Phalloidin-TRIC (Red). Scale bar 

= 40µm 
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7.6. THE EFFECT OF GLUCOSE ON ACTIN 

CYTOSKELETON IN HUVEC AND HMEC 

CULTURED IN 3D MICROFLUIDIC DEVICES 

To study EC behavior in a more physiological condition, both HUVEC and HMEC were 

cultured in microfluidic devices that recapitulate vascular 3D organization better than 

culture in 2D static petri dish. In this system, cells were seeded in channels with different 

calibers and cultured until confluence in presence of a steady flow of culture medium. 

Channels of nominal section 30 × 30 μm were taken as the ideal channels were cells were 

subjected to a wall shear stress of about 0.2 Pa representative of physiological conditions 

for venous endothelial cells. 

The process of fabrication of this microfluidic device could be sum up in different steps: 

mold fabrication, chip preparation, coating, seeding, cell culture and then analysis by 

fluorescence microscopy (Figure 47).  

In the beginning, a mold is generated using classic soft lithography, recapitulating 6 

identical networks of vessels (step 1). These networks are composed by ramifications of 

vessels of different calibers, starting from the biggest (2 channels of 200 µm in the inlet 

and outlet of the chip) to the smallest (16 channels of 30 µm in the center of the chip). 

Then a mixture of Polydimethylsiloxane (PDMS) and curling agent is prepared, deprived 

of air bubbles using a vacuum pump and poured slowly upon the mold. The PDMS 

mixture requires about 3 hours at 56°C to completely solidify. Then the chip is carved out 

the mold, the inlet and outlet are created removing PDMS and the chip is attached on a 

glass coverslip at 56°C for 1 hour (step 2).  

 After this step at the inlet and outlet of the chip a thin tube is connected: the inlet will 

provide medium influx to the chip while the outlet will discard the medium coming from 
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the chip into a syringe that will create the fluid flow by connection to a pump. Then 

fibronectin (20 µg/ml) is injected in the microfluidic devices overnight (step 3). The day 

after the cells are introduced once in the chip and their sedimentation is supported by 

complete stillness in the incubator for 30 minutes at 37°C (step 4). The seeding process is 

repeated 3 times and then the chip is connected to the fluid pump to maintain the culture 

(step 5). After 7 days HUVEC and HMEC are completely confluent in every channel of 

the chip and they can be used for the experiments.   

 

 

Figure 47: steps of microfluidic device fabrication and cell culture. 
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In this 3D-flow model, the effect of glucose on actin cytoskeleton was studied. In 

particular, HUVEC and HMEC were perfused with medium containing normal or high 

concentrations of D-glucose for 24h. HMEC seemed more susceptible to the detrimental 

effects of high glucose. Indeed, after 24h of treatment HMEC presented many 

apoptotic/fragmented nuclei and most of the channels in the microfluidic device were 

blocked by cells detached from the wall of the channel, making the analysis of the actin 

cytoskeleton impossible and useless. For this reason, we decided to treat HUVEC for 24h 

with normal or high glucose containing medium and HMEC for 16 h, and then perform 

the analyses.   

Figure 48 shows phalloidin-labelled F-actin in HMEC (left panel) and HUVEC (right 

panel) in control medium (a, e) and in presence of D-glucose (c, g). The orientation of F-

actin was studied using ImageJ (b, f, d, h) and the angle assumed by actin fibers compared 

to flow direction was plotted (i, j).   

It is possible to observe that actin fibers in control HUVEC and HMEC align with the 

direction of flow. Upon glucose treatment, distributions of actin fibers in both HUVEC 

and HMEC are less peaked around theta=0, i.e. the direction of flow along the channel, 

and more populated at larger angles than the respective control distributions. This 

quantifies the fact that, for HMEC, flow-aligned stress fibers seen in the control tend 

to disappear for more isotropic cortical and protrusion-involved actin, whereas for 

HUVEC stress fibers are clearly visible in both conditions but tend to be less flow-aligned 

in the presence of high glucose.  
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Figure 48: Actin organization and orientation analysis in HUVEC and HMEC grown in 3D 

microfluidic chips in the presence of normal or high glucose.  

Fluorescence microscopy of phalloidin-labelled HMEC (left panel) and HUVEC (right panel) was 

performed in control medium (a, e) and in the presence of 5.4 mg/mL of D-glucose (c, g) for 16h 

and 24h respectively. The respective orientation analysis perfomed using Image are shown (b, f, d, 

h). Considering the flow direction as theta=0, the angular distributions of actin fibers shown in 

panels (i) and (j) are built by counting in the same (positive) angular bin the data having +theta 

or -theta orientation.  

 

7.7. TXNIP EXPRESSION IN HMEC EXPOSED TO 

HIGH GLUCOSE FOR 24H 

Since in 2D static condition HMEC showed many fragmented nuclei upon 24h high 

glucose treatment and in 3D-flow condition this treatment led to cell detachment, we 
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studied the expression of TXNIP (Figure 49). TXNIP increase is associated with reactive 

oxygen species (ROS) production and apoptosis, events already reported in literature in 

both HUVEC and HMEC treated with high glucose.   

Figure 49 shows that the treatment with high glucose in 2D static condition has no 

significant effect in modulating TXNIP amounts as detected by western blot (A) and 

immunofluorescence (B). Also TXNIP subcellular localization is not affected by high 

glucose concentration. Cells were seeded in the microfluidic device, subjected for 6 days 

to steady flow of control medium and before the end of the experiment they were 

subjected to a steady flow of control medium (CTR) or medium supplemented with 5.4 

mg/mL of D-glucose (High glucose). After overnight treatment cells were fixed and 

immunofluorescence for TXNIP was performed. We show that HMEC grown in 3D 

condition do not upregulate TXNIP after the treatment with glucose. We hypothesized 

that the effect of glucose on HMEC survival does not involve TXNIP. 

 

Figure 49: Txnip in HMEC exposed for 24h to high concentration of glucose.   

A) Western Blot on cell lysates was performed on HMEC cultured in 2D static condition after 

24h of treatment with D-glucose. Representative blot (left) and relative quantification (right) are 
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shown.   

B) Immunofluorescence for HMEC in 2D static condition shows no modulation in the amount 

and localization of TXNIP in HMEC cultured for 24h with high glucose compared to CTR.  

Immunofluorescence for TXNIP was performed on HMEC cultured in 3D-flow condition for 7 

days and treated with 5.4 mg/mL of glucose overnight. Representative images (left) and relative 

quantification (right) are shown. 

 

It can be concluded that both 2D and 3D culture systems show the detrimental effect of 

high glucose in HUVEC and HMEC, with a higher sensitivity of HMEC if compared to 

HUVEC. In 2D high glucose promotes apoptosis of HMEC, and in 3D HMEC detach from 

the substrate indicating that their viability is markedly impaired. While culture in 2D 

does not significantly alter actin fibers’ organization, the orientation of the fibers is clearly 

influenced by high glucose in 3D. The effect is more evident in HMEC in 3D, where not 

only altered distribution and orientation but also fragmentations of actin fibers are 

observed. Briefly, culture in 3D exacerbates the influence of high glucose on ECs. These 

results suggest that moving from 2D to 3D is fundamental to better disclose ECs behavior 

in both physiological and pathological conditions. Furthermore, since ECs are 

heterogeneous, it is not surprising that HUVEC and HMEC behave differently. Work is 

in progress to utilize 3D systems to perform experiments in microgravity to better reflect 

what happens in vivo, but many constraints and difficulties still have to be overcome. 
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8. DISCUSSION 
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Human space missions unveiled that microgravity exerts unique relevant effects on 

physical and biological phenomena. Understanding these effects is critical for human 

space exploration, and also advances knowledge on Earth. It is known that spaceflight 

induces modifications in body systems that lead to bone and skeletal muscle loss, 

immune dysfunction, cardiovascular deconditioning, among others. These responses of 

humans and model organisms to microgravity resemble the onset of age-related 

disorders and debilitating chronic human diseases on Earth. Therefore, spaceflight 

provides opportunities both for analysis of these changes and for testing of therapeutics 

in accelerated models of aging or disease. Moreover, research in space, in addition to 

projecting us towards the future, might also help to disclose the mechanisms underlying 

the transition from aquatic to terrestrial habitats during evolution [Bouillon 2014]. 

What we define space-associated diseases should actually be viewed as the result of a 

complex adaptive process that allows to thrive in such an extreme environment and tends 

to gradually revert upon return to normal 1G condition on Earth. We focus our attention 

on the endothelium, the thin layer that lines the inner surface of the blood vessels, because 

of the important role fulfilled by endothelial cells in maintaining homeostasis, by 

providing an antithrombotic surface to the blood, conveying adequate blood supply to 

all the tissues, secreting paracrine signals acting on neighboring cells, and many others 

[Galley 2004; Shulz 1992; Moncada 1991; Cines 1998; Levi 2002; Goldsby 2000].  

Many studies of both real and simulated microgravity focused on different types of 

endothelial cells and in particular HUVEC, a consolidated model of macrovascular 

endothelial cells, were widely used [Carlsson 2003; Versari 2007; Grenon 2011; Versari 

2013]. These studies reported that HUVEC in simulated microgravity undergo 

cytoskeletal remodeling, modulate the synthesis of vasoactive and inflammatory 

mediators and grow faster, thus suggesting that these cells engage an adaptive response 

to gravitational unloading. In particular, the SPHINX experiment [Versari 2013] offered 
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an overview of the transcriptional modulation of HUVEC after 10 days of culture 

onboard the ISS, i.e. under real microgravity. This experiment revealed the 

transcriptional regulation of hundreds genes among which the most overexpressed gene 

was TXNIP, a transcript coding for a pro-oxidant protein that binds to and inhibits the 

thiol-reducing and anti-oxidant capacity of thioredoxin (Trx) and causes cellular 

oxidative/nitrosative stress [Lee 2013].  

Rather than being the endpoint, experiments in space generate a lot of puzzling 

questions. Obviously, the overexpression and the role of TXNIP are some of these. The 

first issue we faced was the following: in spite of the upregulation of TXNIP in HUVEC 

in microgravity, the overall amount of free radicals is similar to the controls. 

Consequently, we concentrated on the stress pathway activated in HUVEC cultured in 

the RWV and found that these cells engage a complex dynamic adaptive response to 

reach a new equilibrium that allows their survival in microgravity. In particular, early 

after exposure to simulated microgravity, HSP70, a chaperon protein, is upregulated. 

HSP70 is pivotal in ensuring HUVEC survival, as demonstrated by the occurrence of 

apoptosis in HUVEC grown in the RWV after HSP70 silencing. In a later phase, HSP70 

returns to basal levels and the antioxidant proteins SIRT2, PON2, SOD2, HSP27 and its 

phosphorylated form P-HSP27 are upregulated. Also the pro-oxidant protein TXNIP 

accumulates, thus mimicking what happens in space. Our data indicate that antioxidant 

proteins counterbalance the pro-oxidant effect of the increase of TXNIP, since, apart from 

an early modest and transient increase, no accumulation of ROS occurs in HUVEC 

cultured in the RWV. It should be noted that, beyond its role as an endogenous inhibitor 

of Trx, TXNIP also regulates metabolism and cell behavior. In particular, in HUVEC 

under stress, TXNIP stimulates the expression of type 2 VEGF receptor, which is 

fundamental for endothelial survival and growth [Galley 2004]. Therefore also TXNIP 

might contribute to endothelial survival in microgravity-stressed HUVEC. 



134 

 

All these studies lead to the conclusion that HSP70 upregulation is required in the early 

steps of endothelial adaptation to microgravity. Then, the sequential contribution of 

different stress proteins drives HUVEC toward the acquisition of novel homeostatic 

features that maintain cell viable and functional. Also microvascular endothelial cell 

activate a stress response in simulated microgravity with some significant differences. 

Indeed, in HMEC in the RWV for 10 days we detected higher amounts of ROS than in 1G 

controls. While more studies are necessary, we propose that oxidative stress might be 

due to the imbalance between the increase of TXNIP and the reduction of SOD2. 

Interestingly, many of the stress proteins upregulated after the exposure to simulated 

microgravity have a link with mitochondria, rod-shaped organelles that convert oxygen 

and nutrients into ATP.   

PON2 is localized in the inner mitochondrial membrane, where it associates with 

mitochondrial respiratory complex II and III, binds Coenzyme Q10, regulates the 

respiratory complex activity and prevents oxidative stress in vascular cells and the liver 

[Devarajan 2018]. Interestingly, PON2 protects against atherosclerosis [Aviram 2004; Ng 

2006], but may also support apoptosis evasion by its anti-oxidative and anti-apoptotic 

function [Horke 2007]. PON2 might be necessary to maintain the function of 

mitochondrial complex II. Indeed PON2 presence in complex II promotes rapid cellular 

response to external insults such as hypoxia, contributing to the reduction of ROS 

generation by mitochondria [Li 2018].   

SOD2 plays an essential role in cells’ protection against mitochondrial oxidative damage 

[Mukherjee 2011, Smith 2017]. SOD2 activation occurs exclusively inside the 

mitochondria [Kamati 2013]. SOD2 is synthesized in the cytosol and, upon stimulation, 

it crosses the outer and inner mitochondrial membranes to reach the mitochondrial 

matrix, where manganese (Mn2+) is incorporated into the enzyme [Culotta 2006]. It is 

noteworthy that inducible Hsp70 has a pivotal role in SOD2 shuttling from the cytosol to 

https://www.sciencedirect.com/science/article/pii/S2211124718317613#bib26
https://www.sciencedirect.com/science/article/pii/S2211124718317613#bib31
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/outer-mitochondrial-membrane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-matrix
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-matrix
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/manganese
https://www.sciencedirect.com/science/article/pii/S2211124718317613#bib7
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the mitochondria [Zemanovic 2018].  

SIRT2 is a NAD-dependent protein deacetylase, which deacetylates internal lysines on 

histone and alpha-tubulin as well as many other proteins such as key transcription 

factors. It participates to the modulation of multiple and diverse biological processes such 

as cell cycle control, genomic integrity, microtubule dynamics, cell differentiation, 

metabolic networks, and autophagy. The enzymatic reaction catalyzed by SIRT2 requires 

NAD+ as substrate, and, consequently, SIRT2 function is strictly linked to the 

energy/redox status of the cell [Webstrer 2012; Gomes 2015]. In general, sirtuins are 

considered to be metabolic and stress-sensor proteins and, after stimuli from the 

microenvironment, they may target proteins involved in cell cycle progression pathway, 

mitochondrial function, metabolism and energy homeostasis [Gomes 2015].  

HSP27 is involved in various biological functions such as oxidative stress response, heat 

shock, and hypoxic/ischemia injury [You 2009, Benjamin 1998]. It is reported that HSP27 

has an antioxidant activity, suppresses inflammatory response, improves survival, 

activates autophagy/mitophagy and increases mitochondrial activity [You 2009; 

Hollander 2004; Liu 2007; Vernon 2013; Mehlen 1996; Préville 1999, Lin 2016]. 

Furthermore, as a cytoskeleton regulator, HSP27 is critical for dynamic intracellular 

trafficking during autophagy and mitophagy [Kang 2011].   

As far as TXNIP is concerned, under stress TXNIP shuttles to the mitochondrion and 

determines mitochondrial dysfunction, membrane depolarization, release of pro-

apoptotic proteins in the cytosol [Saxena 2010], mitochondrial damage and mitophagy 

[Devi 2017].  

Therefore, we focused on the mitochondria of HUVEC in simulated microgravity. It is 

well known that mitochondria orchestrate cell behavior not only because of their 

bioenergetics function, but also because they integrate signals from the environment, 

sense cellular stresses and contribute cell death signaling. In the endothelium, 
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mitochondria are biosynthetic factories rather than powerhouse, since endothelial cells 

obtain most of the energy by glycolysis, with the dual aim of protecting themselves from 

oxidative stress and preserving oxygen for the diffusion into the perivascular tissues. 

Therefore, endothelial mitochondria mainly function as a biosynthetic center to produce 

the precursors of various molecules required for cellular necessities.  

Only a few studies are available on mitochondria in microgravity. Mitochondrial mass 

was reduced in Hodgkin’s lymphoma cells cultured in a clinostat [Jeong 2018]. 

Mitochondrial functions of osteoblasts cultured in the RPM were impaired [Michaletti 

2017], with important metabolic consequences. On the contrary, rat cardiomyocytes 

cultured in the RWV upregulated mitochondrial proteins to maintain the energetics of 

the cells at the expense of protein synthesis [Feger 2016]. Oligodendrocytes, the myelin-

forming cells in the central nervous system, increased mitochondrial respiration in 

simulated microgravity, suggesting an increase in Krebs cycle flux [Espinosa-Jeffrey 

2016].  

HUVEC in the RWV exhibit a reduction of mitochondrial mass paralleled by a reduced 

consumption of oxygen. Nevertheless, isolated mitochondria of HUVEC in simulated 

microgravity are as efficient those of controls, suggesting that the decreased 

mitochondrial mass might represent an adaptive response to maintain fundamental 

functions and protect HUVEC from an overproduction of reactive oxygen species, thus 

integrating the complex events induced by the sequential intervention of stress proteins.  

The mechanisms underlying the reduction of mitochondrial mass were investigated. 

Mitochondrial content is determined by the balance between mitochondrial biogenesis 

and degradation through mitophagy, i.e. the autophagic removal of damaged or 

superfluous mitochondria. Also autophagy, a process which allows the cell to raze 

redundant and/or dysfunctional components, is considered an adaptive response that 

contributes to stress resistance [Murrow 2013]. Accordingly, various types of stress - such 
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as heat shock and mechanical cues - activate autophagy in various cell types [Dokladny 

2015; King 2012]. Therefore, it is not surprising that simulated microgravity induces 

autophagy [Wang 2013; Li 2018; Jeong 2018]. We show that culture in the RWV induces 

autophagy in HUVEC and that the inhibition of autophagy with chloroquine prevents 

mitochondrial loss. Accordingly, BNIP3, a mitochondrial stress sensor and a crucial 

player in mitophagy [Rikka 2011], is upregulated in HUVEC exposed to microgravity. 

We reasoned on the biological relevance of these findings and propose that the 

mitophagy contributes to endothelial adaptation to microgravity because a lower amount 

of mitochondria protects HUVEC from an overproduction of reactive oxygen species. On 

the other hand, our results indicate that having less mitochondria results in a reduced 

capacity to face an overload of substrates, which means that the new equilibrium reached 

by the cells might be not sufficient to deal with additional metabolic or environmental 

challenges. This consideration raises the possibility that HUVEC adapted to gravitational 

unloading are viable but frail and eventually unfit to respond to unfavourable conditions. 

The good news is that these effects of microgravity on mitochondria are reversible upon 

return to 1G conditions. 

To unveil the mechanisms involved in activating mitophagy/autophagy, we focused on 

the cytoskeleton, which has been proposed as a sensor of changes of gravity [Vorselen 

2014] since i) cytoskeletal dynamics have an important role in autophagy [Kast 2017], ii) 

mitochondria interact with cytoskeletal components [Strzyz 2018], iii) mitophagy is 

regulated by cytoskeletal components [Moore 2018], and iv) microgravity rapidly and 

steadily disassembles HUVEC cytoskeleton [Maier 2015; Carlsson 2003; Kapitonova 2012; 

Versari 2007]. Moreover, cytoskeleton interacts with several proteins, which are involved 

in stabilizing the system, among which molecular chaperons [Quintà 2011]. Considering 

that i) HSP70 participates in de novo folding of cytoskeletal proteins [Quintá 2011], ii) 

HSP27 stabilizes actin microfilaments [Sun 2015] and iii) TXNIP is a biomechanical 
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regulator of Src activity, thus able to affect and be affected by the cytoskeleton [Spindel 

2014], we decided to study whether cytoskeletal dysregulation has a role in modulating 

stress response of EC in simulated microgravity.   

We anticipate that cytoskeletal remodeling that occurs from the very beginning of 

microgravity exposure plays a pivotal role in orchestrating endothelial cell response, and 

this is true not only for HUVEC but also for HMEC. We utilized Cytochalasin D, which 

disassembles actin fibers, to mimic the effects of microgravity on HUVEC and HMEC 

cytoskeleton. Focusing on HUVEC, we detected an early upregulation of hsp70 that is 

maintained for all the duration of the experiment, while TXNIP increases at later time, 

similarly to what happens in microgravity. In addition, we provide evidence indicating 

a reduction of mitochondrial mass. Similar results were obtained also in HMEC.  

Mitochondria are the primary intracellular stores of magnesium, which controls 

hundreds of enzymes involved in all the metabolic pathways. Moreover, Mg is necessary 

for ATP2–, being this the form responsible for the energy production. We found that total 

Mg is reduced in HUVEC cells in microgravity in parallel with the reduction of 

mitochondrial mass. This finding further support the possibility that endothelial cells in 

microgravity are frail and might have reached their limit of adaptive capabilities. 

In conclusion, we hypothesize that simulated microgravity affects endothelial cells 

behavior by remodeling the cytoskeleton, a common feature observed in different cell 

types early after the exposure to both real and simulated microgravity. Disorganized 

cytoskeleton in turn affects stress response, mitochondria and magnesium homeostasis 

(Figure 50) and results in the acquisition of a new homeostatic phenotype that allows the 

cells to cope with gravitational unloading.  
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Figure 50: Hypothesis of mechanisms engaged by endothelial cells in simulated microgravity. 

 

Many open questions are still to be solved, such as the meaning of the upregulation of 

TXNIP, detected both in real and in simulated microgravity. Silencing TXNIP might help 

to understand this issue. Another aspect to investigate is endothelial function. We did 

not detect any alteration in the synthesis and secretion of inflammatory cytokines and 

chemokines, as well as in the amount of adhesion molecules, but other functions - such 

as regulation of permeability, coagulation, antigen presentation - need to be studied. Last, 

we think that it would be extremely interesting to culture HUVEC in a 3D microfluidic 

system in microgravity, since this system better reflects the physiology of the 

endothelium and seems to be more sensitive to environmental cues. 

A big question remains: why to invest time and money in space research? As Stephen 

Hawking said “We explore because we are human, and we want to know”. Probably our 

ancestors in 1492 were asking a similar question when money fueled Columbus and his 

three ships to the New World. We now know that the discovery of Americas changed the 

history of our civilization.  
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Spreading out into space might have an even greater effect. Considering our immediate 

problems on Earth -global warming, pollution, limited drinking water supply, 

overpopulation- space might represent a sort of “life insurance” for the survival of 

humanity. 

"I expect that within the next hundred years we will be able to travel anywhere in the 

solar system, except maybe the outer planets," Hawking explained. This might be feasible 

only if we can solve all the heath challenges that space imposes, from microgravity to 

radiations. 
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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, 000–000 (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

ABBREVIATIONS: CDKN1A, cyclin-dependent kinase inhibitor 1A; CTR,
static 1 g conditions; DCFH, 29-79-dichlorofluorescein diacetate; EC, en-
dothelial cell; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GSH, reduced glutathione; GSSG, oxidized glutathione; HSP, heat shock
protein; ICAM-1, intercellular adhesion molecule 1; P-HSP27, phosphor-
ylated HSP27; PON2, paraoxonase 2; ROS, reactive oxygen species; RWV,
rotating wall vessel; siRNA, small interfering RNA; SIRT2, sirtuin 2;
SOD2, superoxide dismutase 2; SPHINX, Spaceflight of HUVECs, In-
tegrated Experiment; TXNIP, TXR interacting protein; TXR, thioredoxin
1 These authors contributed equally to this work.
2 Correspondence: Dipartimento di Scienze Biomediche e Cliniche L.
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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.

MICROGRAVITY AND STRESS IN HUMAN ENDOTHELIAL CELLS 7

Downloaded from www.fasebj.org by Paolo San Paolo (159.149.74.189) on March 01, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.



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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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 mitophagy contributes to endothelial adaptation to 

gravitational unloading. After 4 and 10 days of exposure to simulated microgravity in the Rotating 

Wall Vessel, the amount of BNIP3, a marker of mitophagy, is increased and, in parallel, 

mitochondrial content and oxygen consumption are reduced, suggesting that HUVEC acquire a 

thrifty phenotype to meet the novel metabolic 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. 

 

 

key words: mitochondria, HUVEC, cytoskeleton, RWV 
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INTRODUCTION 

Microgravity affects health and this results from an array of adaptive responses that ultimately 

influence homeostasis [1, 2]. It is particular relevant that microgravity alters the behavior of 

endothelial cells (EC) [3], the gatekeepers of vascular integrity and function, crucial to provide 

continued and adequate perfusion to all the tissues to sustain their own needs [4]. 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, 

which acts perpendicularly to the vascular wall [5], and gravity [6]. Indeed, many studies have 

demonstrated that both real and simulated microgravity affect the behavior of human umbilical vein 

endothelial cells (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 [7-14], partly through the activation of a complex and dynamic adaptive 

response which prevents apoptosis and generate a novel balance so that cell functions are preserved 

[15]. In face of all this body of knowledge, no data are available on HUVEC bioenergetics in 

microgravity. In physiological conditions, EC obtain most of the energy by converting glucose to 

lactate [16], with two principal goals, i) to protect themselves from oxidative stress and ii) to 

preserve oxygen for the diffusion into the perivascular tissues [16, 17]. Therefore, in EC 

mitochondria, rod-shaped organelles that convert oxygen and nutrients into ATP, mainly serve as a 

biosynthetic center to produce the precursors necessary for the synthesis of various molecules 

required for cellular necessities [18]. 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 EC behavior [19]. Different stimuli are able to modulate 

mitochondrial content and function. Mitochondrial content is determined by the balance between 

mitochondrial biogenesis and degradation through the process called mitophagy, i.e. the autophagic 

removal of damaged or superfluous mitochondria, while their organization, fundamental in 

determining their function, is the result of the balance between fusion and fission [20]. 

Mitochondrial dynamics is strictly linked to cytoskeletal organization, which has a relevant role in 

maintaining mitochondrial network and function [21].  

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 [22], all based on eliminating 

a preferential direction of the gravity vector by continuous rotation. It is interesting to point that 

experiments performed in different bioreactors yielded the same results and often validate data 
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obtained in space [10, 15, 22, 23]. We have utilized the NASA-developed Rotating Wall Vessel 

(RWV), which generates a vector-averaged gravity
 
similar to that of near-Earth free-fall orbit [3]. In 

a previous study we have shown the complex activation of endothelial adaptive response after 4 and 

10 days in the RWV [15]. Here we utilize the same time points and demonstrate that simulated 

microgravity activates mitophagy thus reducing mitochondrial content and oxygen consumption in 

HUVEC.  
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MATERIALS AND METHODS 

 

Cell culture  

HUVEC were from ATCC and serially passaged in M199 containing 10% fetal bovine serum 

(FBS), Endothelial Cell Growth Factor (ECGF) (150 μg/ml), glutamine (2 mM), sodium pyruvate 

(1 mM), and heparin (5 U/ml) on 2% gelatin coated dishes. All culture reagents were from Gibco 

(Thermo Fisher Scientific, Monza, Italy). To generate microgravity, we utilized the RWV 

(Synthecon Inc, Houston, TX, USA) after seeding HUVEC on beads (Cytodex 3, Sigma Aldrich, St 

Louis, Missouri, USA) [7, 10, 24]. As 1G condition (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 

40µM of chloroquine (CQ) (Sigma Aldrich, St Louis, Missouri, USA) for 1h and then collected for 

protein extraction and western blot. To inhibit autophagy/mitophagy [25], HUVEC in the RWV 

were treated with 40 µM of chloroquine for 4 days and collected for western blot and 

immunofluorescence. In other experiments, HUVEC in 1G condition were treated with 0.5 µM of 

Cytochalasin D (Sigma Aldrich, St Louis, Missouri, USA).  

 

Oxygen Consumption Measurements 

The respiratory chain capacity was determined by high-resolution respirometry on HUVEC grown 

in 1G condition (CTR) or in the RWV for 4 and 10 days. The beads were collected from the RWV 

vessels, trypsinized and 1x10
6
 cells for each sample were used. The mitochondria respiration rates 

were measured using the O2K oxygraph chambers (Oroboros, Instruments, Innsbruck, Austria). The 

cells were transferred into oxygraph chambers and resuspended in the respiration medium MiR06 

(0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4 20 mM 

Hepes, 110 mM sucrose and 1 g/l 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 µM), the 

uncoupler FCCP (Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, 0.5 μM), rotenone (0.5 

μM) and antimycin A (AA) (2.5 μM) 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 (CTR) or in the RWV for 4 days. The cells were trypsinized, permeabilized, resuspended 

in isolation buffer (100mM KCl, 50mM TRIS, 5mM MgCl2, 1.8mM ATP, 1mM EDTA) and 

centrifuged at 600xg for 10 minutes at 4°C. Then the supernatant was centrifuged at 10000xg for 15 

minutes at 4°C to allow the sedimentation of the mitochondria which were resuspended in Mito 
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Preservation Medium (MiR06 supplemented with 20 mM Histidine, 20 μM Vitamin E succinate, 

3mM Glutathione, 1μM Leupeptin, 2 mM Glutamate, 2mM Malate, 2 mM Mg-ATP) and 150 μg 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+Succ+Rot) and proton leak across the inner mitochondrial membrane 

(state4). Then respiratory chain was inhibited by antimycin A (2.5 µM) 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 between state3 and state4 showing a general measure of 

mitochondrial function. The oxygen consumption measurements were performed three times and 

the results are shown as the mean ± standard deviation. 

 

Western blot 

HUVEC were lysed in 10 mM Tris-HCl (pH 7.4) containing 3 mM MgCl2, 10 mM NaCl, 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 h at 4°C. Western analysis was performed using 

antibodies against LC3 B (Cell Signaling, Euroclone, Pero, Italy), p62 and Cyclophilin D 

(Invitrogen, Carlsbad, California, USA), MTCO1 and VDAC (Abcam, Cambridge, UK), BNIP3 

(Sigma Aldrich, St Louis, Missouri, USA) and glyceraldehydes-3-phosphate dehydrogenase 

(GAPDH) (Tebu Bio-Santa Cruz, Magenta, Italy). After extensive washing, secondary antibodies 

labelled with horseradish peroxidase (Amersham Pharmacia Biotech Italia, Cologno Monzese, 

Italy) were used. Immunoreactive proteins were detected by the SuperSignal chemiluminescence kit 

(Pierce, Life Technologies- ThermoFisher Scientific, Waltham, MA, USA) [26]. All the 

experiments were performed at least 3 times and a representative blot is shown. Images were 

analysed using ImageJ.  

 

Immunofluorescence and confocal imaging 

After 4 and 10 days in the RWV, HUVEC were trypsinized and cytospun on Frosted microscope 

glasses, fixed in phosphate-buffered saline containing 4% paraformaldehyde and 2% sucrose pH 

7.6, permeabilized with Triton 0.3%, incubated with anti-Cyclophilin 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. Finally, cells were mounted 

with ProLong™ Gold Antifade Mountant (Invitrogen, Carlsbad, California, USA) and images were 

acquired using a 40X objective in oil by a SP8 Leica confocal microscope 
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Statistical analysis. Statistical significance was determined using the Student's t test and set at p 

values less than 0.05. In the figures *p<0.05; **p<0.01; ***p<0.001. 
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RESULTS 

 

Mitochondrial content in HUVEC exposed to simulated microgravity 

To have an overview of the mitochondrial content, we performed immunofluorescence on HUVEC 

cultured in the RWV or in 1G condition (CTR). After 4 and 10 days, the cells were trypsinized and 

cytospun on a glass coverslip. To label the mitochondria we used an antibody against Cyclophilin D 

(CYP D), a protein that is part of the permeability transition pore in the inner membrane of the 

mitochondria. Images were then acquired using a confocal microscope with different 

magnifications. Fig 1A shows that HUVEC grown in the RWV have fewer mitochondria than their 

control (CTR). 

To confirm these results at the biochemical level, we investigated the total amounts of CYP D, 

Mitochondrially Encoded Cytochrome C Oxidase I (MTCO1), a protein encoded by mitochondrial 

DNA, and Voltage-Dependent Anion Channels (VDAC), located on the outer mitochondrial 

membrane [27]. MTCO, VDAC and CYP D are all significantly downregulated in HUVEC cultured 

in the RWV for 4 and 10 days (Fig 1B). 

 

Mitochondrial function in HUVEC exposed to simulated microgravity 

We investigated mitochondrial function in HUVEC using O2K oxygraph chambers. To this 

purpose, 1x10
6 

cells for each sample were treated with different molecules to assess the efficiency 

of the different components of the respiratory 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 production. HUVEC exposed to simulated microgravity tend to 

have a minor basal and leak capacity, without reaching statistical significance, compared to their 

controls, while their maximal respiratory capacity is significantly reduced (Fig 2A). 

We also evaluated the function of isolated mitochondria in HUVEC in 1G condition or exposed to 

simulated microgravity (RWV) for 4 days. The respiratory control ratio, a general measurement of 

mitochondrial function, was similar in controls and in cells in the RWV when the same amounts of 

mitochondria were used, indicating that mitochondria are as efficient in cells cultured in the RWV 

as in 1G condition (CTR) (Fig 2B). 

 

Autophagy/Mitophagy in HUVEC exposed to simulated microgravity 

We hypothesized that the decreased number of mitochondria in HUVEC exposed to simulated 

microgravity could be due to an acceleration of the autophagic flow and, specifically, to mitophagy. 
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Initially, on the basis of studies indicating the activation of autophagy in HUVEC in simulated 

microgravity [28-30], we evaluated two markers of autophagy by western blot, i.e. 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 proteins in HUVEC exposed for 4 days to simulated microgravity vs their controls (Fig 3A). 

We hypothesized that autophagy in simulated microgravity was fast to the point that the 

autophagosomes were very rapidly degraded, preventing any possibility of detecting an increase of 

LC3 B-II or p62 changes. Therefore, on the basis of previous studies [31], we decided to treat cells 

with chloroquine, an inhibitor of autophagy that blocks the binding of autophagosomes to 

lysosomes by altering the acidic environment of the lysosomes [31]. This means that chloroquine 

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 days in 1G 

condition (CTR) and in the RWV. 1 h before ending the experiment, chloroquine (40 µM) was 

added to culture media. Then the cells were lysed and evaluated for markers of autophagy by 

western blot. Fig 3B reveals that HUVEC cultured in the RWV significantly increased LC3 B-II 

and p62 compared to controls, suggesting that the decreased amount of mitochondria in simulated 

microgravity could be due to an increased autophagy. Of note, we also detected higher amounts of 

the marker of mitophagy BCL2 Interacting Protein 3 (BNIP3), which targets mitochondria to 

autophagosomes by interacting directly with LC3 [32], in HUVEC cultured in the RWV for 4 and 

10 days vs their controls (Fig 3B). 

 

The role of mitophagy in modulating mitochondrial content in HUVEC exposed to simulated 

microgravity  

To link mitophagy to the decrease of mitochondrial content in simulated microgravity, we inhibited 

autophagy/mitophagy using chloroquine [25]. After performing dose- and time-dependent cell 

viability experiments, 40 µM emerged as the ideal concentration of chloroquine to inhibit 

mitophagy without affecting HUVEC survival up to 4 days of treatment (data not shown). 

Immunofluorescence for LC3 B (Fig 4A) was performed to demonstrate that chloroquine actually 

inhibits the degradation of the autophagosomes. Then, immunofluorescence and western blot for the 

mitochondrial protein CYP D were performed on HUVEC grown in 1G condition (CTR), in 

simulated microgravity (RWV) and in simulated microgravity in presence of chloroquine 

(RWV+CQ) for 4 days. When autophagy is blocked by chloroquine, HUVEC cultured in the RWV 
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and their controls have a similar mitochondrial content, thus demonstrating that autophagy is 

responsible for the degradation of mitochondria in simulated microgravity (Fig 4B).  

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

We asked whether cytoskeletal disorganization, which occurs upon exposure to microgravity [3, 7, 

8, 10], might play a role in driving mitophagy. We mimicked cytoskeletal disruption 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 µM 

Cytochalasin D is not cytotoxic up to 96 h (data not shown). HUVEC were treated with 0.5 µM 

Cytochalasin D for 24 h. We observed massive disorganization of actin fibers associated with 

modifications of cell shape (Fig 5A), a picture that closely recalls the results obtained in 

microgravity [3, 7, 8, 10]. Both immunofluorescence and western blot show a decrease of CYP D, 

indicating a reduced mitochondrial mass. Interestingly, Cytochalasin D upregulates BNIP3 (Fig 

5B), thus suggesting that cytoskeletal disruption leads to increased mitophagy which results in a 

decreased content of mitochondria. 
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DISCUSSION 

 

The rise of human activities on the international space station (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 tissues 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 of various stress 

proteins and acquires novel features that maintain cellular homeostasis [15]. Also autophagy, a 

process which allows the cell to raze redundant and/or dysfunctional components, is considered a 

survival adaptive response, thus contributing to stress resistance [33]. Accordingly, various types of 

stress - such as heat shock and mechanical cues - activate autophagy in various cell types [34, 35]. 

Therefore, it is not surprising that simulated microgravity induces autophagy [28-30]. In HUVEC, 

clinorotation, a simulated model of microgravity, enhances autophagosome formation [28] via 

downregulation of mTOR by a murine double minute 2/p53 dependent mechanisms [29]. In 

agreement with these results we report that simulated microgravity generated by the RWV induces 

autophagy in HUVEC. Our novel finding is that increased autophagy results in mitochondria 

degradation, since blocking autophagy with chloroquine prevents mitochondrial loss. In addition to 

increased amounts of LC3 B-II, also BNIP3, a mitochondrial stress sensor and a crucial player in 

mitophagy [32], is upregulated in HUVEC exposed to microgravity. Mitophagy has a housekeeping 

role in degrading damaged mitochondria and also entails the clearance of healthy mitochondria 

under stress [36].  

In Hodgkin’s lymphoma cells microgravity stimulates autophagy through an increased production 

of ROS [30]. In HUVEC in simulated microgravity we rule out a role of ROS, since we found only 

a modest and transient increase of free radicals after 2 h of culture in the RWV [15]. To unveil the 

mechanisms involved in activating mitophagy/autophagy, we focused on the cytoskeleton, which 

has been proposed as a sensor of changes of gravity [37]. Since i) cytoskeletal dynamics have an 

important role in autophagy [38], ii) mitochondria interact with the cytoskeletal components [21], 

iii) mitophagy is regulated by cytoskeletal components [39], and iv) microgravity rapidly and 

steadily disassembles HUVEC cytoskeleton [3, 7, 8, 10], we anticipate that a link might exist 

between autophagy, mitochondria content and cytoskeletal remodelling in our experimental model. 

Indeed, Cytochalasin D closely mimics microgravity-induced cytoskeletal disorganization and also 

reduces mitochondrial content through mitophagy. We conclude that the remodelling of the 
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cytoskeleton in microgravity plays a role in activating mitophagy, therefore resulting in reduced 

mitochondrial content. 

In HUVEC in the RWV mitophagy culminates with a 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 mitochondrial mass might constrain 

synthetic pathways as an adaptive response to reach a new balance that allows survival and 

maintains fundamental functions. We propose that HUVEC 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 overproduction of reactive oxygen species, thus 

integrating the complex modulation of stress proteins aimed at counteracting the upregulation of the 

pro-oxidant protein TXNIP [15].  

Mitochondria are emerging as relevant targets of microgravity. Indeed, mitochondrial mass was 

reduced also in Hodgkin’s lymphoma cells cultured in a clinostat [30]. In osteoblasts cultured in 

simulated microgravity using the Random Positioning Machine mitochondrial functions were 

impaired [40], with important metabolic consequences, but no quantification of mitochondrial mass 

was performed. On the contrary, rat cardiomyocytes cultured in the RWV upregulated 

mitochondrial proteins to maintain the energetics of the cells at the expense of protein synthesis 

[41] and oligodendrocytes, the myelin-forming cells in the central nervous system, increased 

mitochondrial respiration in simulated microgravity, suggesting an increase in Kreb’s cycle flux 

[42]. Considering the peculiar and highly specific function each cell type exerts, it is not surprising 

that distinct cells differently regulate mitochondrial mass and activity. Indeed, mitochondria exhibit 

tissue-specific characteristics, including their number and their capacity of ATP synthesis 

[43]. Therefore, it is feasible to propose that, while endothelial cells, which are quiescent in normal 

conditions, can reduce their mitochondria without detrimental effects on their viability, 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 astronauts after 

six months on the ISS [44]. In contrast, within the “NASA Twin Study”, higher levels of mtDNA 

were revealed in peripheral blood mononuclear cells after 1 year 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.  
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In conclusion, we propose that microgravity-induced cytoskeletal disorganization triggers the 

activation of autophagy/mitophagy, thus leading to mitochondrial loss (Figure 6). These events 

might be relevant to deal with the novel metabolic demands generated in microgravity and to reach 

a novel balance that maintains endothelial survival and fundamental function. 
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LEGENDS TO THE FIGURES 

Figure 1: Visualization and quantification of mitochondria in HUVEC in simulated microgravity. 

HUVEC were grown in RWV or in 1G condition (CTR) for 4 and 10 days. 

(A) After trypsinization, the cells were cytospun on glass coverslips and stained with Dapi to 

label 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. The experiments were repeated at least three times. Representative blots 

(left) and relative quantification obtained by ImageJ (right) are shown.  

 

Figure 2: High resolution respirometry on HUVEC and on isolated mitochondria after exposure to 

simulated microgravity. 

HUVEC were cultured in 1G condition (CTR) or in the RWV for 4 and 10 days.  

(A) High resolution respirometry was performed on 1x10
6
 cells and basal, leak and maximal 

respiration were measured as described. 

(B) Mitochondria were extracted from HUVEC grown for 4 days in 1G condition (CTR) or in the 

RWV and oxygen consumption was measured on a purified fraction of mitochondria (150 µg). 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) (state3+Succ) and rotenone (0.5 μM) was used to inhibit 

complex I in order to study complex II (state3+Succ+Rot). Oligomycin (2 µg/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. 

 

Figure 3: The induction of autophagy in HUVEC in simulated microgravity. 

Autophagy was monitored in the presence or in the absence of chloroquine for 1 h. 

(A) HUVEC were grown in 1G condition (CTR) or in the RWV for 4 days. Western blot for two 

markers of autophagy, i.e. LC3 B and p62, was performed. 

(B) HUVEC were cultured 1G condition (CTR) or in the RWV for 4 and 10 days. 1 h before cell 

lysis, the cells were treated with chloroquine for 1 h. Western blot was performed as I (A).  
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GAPDH was used as a marker of loading. The experiments were repeated at least three times. 

Representative blots (left) and relative quantification obtained by ImageJ (right) are shown. 

Figure 4: Mitochondrial content in HUVEC exposed to simulated microgravity after inhibiting 

autophagy. 

HUVEC were cultured with (RWV+CQ) or without (CTR and RWV) chloroquine (40 µM) for 4 

days.  

(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). GAPDH was used as a control of loading. 

The experiment was repeated three times and a representative blot is shown. Densitometry was 

performed using Image J.  

 

Figure 5: Mitochondrial content and mitophagy in HUVEC exposed to Cytochalasin D. 

HUVEC were treated or not with Cytochalasin D for 24 h.  

(A) Cells were stained to detect CYP D (left) and actin (middle). The merge is shown in the right 

panels. 

(B) BNIP3 and CYP D were analyzed by western blot. GAPDH was used as a control of loading. 

The experiments were repeated at least three times. Representative blots and relative quantification 

obtained by ImageJ are shown. 
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