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Abstract

Since the appearance of life on Earth, approximately 3.8 billion years ago, all organisms have been
subjected to the continuous force of gravity, which has significantly influenced biological evolution
and the development of organic structures. Gravity affects various tissues, particularly bone, which
undergoes remodeling in response to changes in gravitational forces, such as those experienced in
microgravity or hypergravity conditions. This study investigates the effects of altered gravity on
bone tissue and the role of lipocalin-2 (LCN-2), a protein whose expression is influenced by

microgravity condition.

In vitro experiments, were conducted using the MLO-Y4 murine osteocyte cell line to assess the
impact of LCN-2 on bone metabolism. The addition of LCN-2 at a concentration of 200 ng/uL was
found to increase the expression of peroxisome proliferator-activated receptor gamma (Ppary),
sclerostin (Sost), and osteocalcin (Ocn), podoplanin (E11) suggesting a role in bone cell
differentiation and homeostasis. However, LCN-2 did not induce apoptosis in osteocytes, as
indicated by the unchanged Bax/Bcl2 ratio. Nevertheless, it did increase the expression of

senescence-associated genes such as P53, P21, and P16, hinting at a potential role in osteocyte

aging.

Additionally, the interaction between simulated microgravity, using the Random Positioning
Machine, and LCN-2 presence was examined. Simulated microgravity in combination with LCN-2
revealed a synergistic effect on modulating the Bax/Bcl2 ratio, while senescence genes were
predominantly influenced by microgravity alone without a synergistic effect with LCN-2. Elevated
levels of LCN-2 were detected in the serum of hindlimb unloading (HLU) mice, which simulates
microgravity conditions in rodents. A higher concentration of LCN-2 (1000 ng/uL) was then tested,
revealing similar impacts on the E11 gene, associated with bone homeostasis, but not on genes
related to bone cell differentiation. The influence on apoptosis and senescence was observed,
although the changes were not statistically significant, with the exception of P53. More

investigations are needed to elucidate the complex role of LCN-2 in bone homeostasis.

The in vivo segment of the study assessed the effects of hypergravity through a 14-day preliminary
experiment followed by a 27-day extended investigation. Health indicators such as water intake and

body weight were monitored, along with gene expression in the femurs and tibiae of the mice.



Results suggested that a sustained exposure to hypergravity (3g) for 27 days prompted a shift
towards bone deposition, as evidenced by the expression of bone formation markers Collal and
Ocn and remodeling markers Rankl and Opg. These findings were supported by MicroCT scans
showing increased bone volume and cortical thickness in hypergravity-exposed mice compared to
controls. Inversely to the effects seen in simulated microgravity, LCN-2 expression was
downregulated by hypergravity, underscoring its potential role in the body's response to changes in

gravitational forces.
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1.0 INTRODUCTION

Space exploration represents an important milestone and an exciting endeavor in the evolution of
human species. This advancement would provide the opportunity to access valuable resources and

new spaces, allowing the long-term survival of humanity.

However, great achievements do not come without difficulties. Space and lands (Moon and Mars)
that we aim to reach in the near future, present indeed extremely inhospitable environments for
life, characterized by conditions vastly different from those familiar on Earth. Main complications
may be related to the lack of a robust magnetosphere, protecting from cosmic rays, as well as the
low gravitational forces on celestial bodies. Additionally, the absence of gravity during

interplanetary travel, known as microgravity presents further complications.

Specifically, this project will be focused on studying the effects of altered gravity in vitro and in vivo
into skeletal dynamics. To this extent, some fundamental notions will be introduced in the following

paragraphs.

1.1 BONE

Bone is a tissue composed of different types of cells, each with its specific role. Bone is a specialized
connective tissue hardened by mineralization with calcium phosphate in the form of hydroxyapatite
([Ca3(P0O4)2]Ca(0OH),). At the tissue level, we must imagine the bone as a system continuously
remodeled by resorption and formation processes. If resorption is favored we will have greater
osteoclastic activity which will lead to loss of bone mass. Many diseases are linked to this imbalance,
creating a systemic or local bone loss. Bone has an intrinsic ability to adapt its morphology by adding
new bone to withstand increased amounts of loading, and by removing bone in response to

unloading or disuse. 13

The transformation of mechanical stress into biochemical signals occurs in osteocytes and
osteoblasts and involves a variety of membrane proteins, including integrins, connexins and stretch-
activated ion channels. Mechanical stimulation increases expression of connexins, membrane-
spanning proteins that form regulated channels; this allows the direct exchange of small molecules
with adjacent cells, resulting in intercellular communication between cells. It has been shown that
mechanical stimulation increases expression of connexins. Connexins can also form regulatory

hemi-channels between the cell and its extracellular environment. Shear stress leads to the



modulation of release of nitric oxide and eicosanoid from osteoblasts and osteocytes, which may
be due to activation of nitric oxide synthase. For these reasons, mechanical strain is a key regulator

of osteoblast and osteoclast activity, these two cells will be described below?3.

Osteoclasts are end-differentiated multinucleated cells of monocyte/macrophage lineage that are
formed to carry out the unique function of resorbing bone matrix. Subsequent investigations have
shown that osteoclastogenesis is critically dependent on two key cytokines, namely RANKL (receptor
activator of nuclear factor-kB ligand), also known as TRANCE (TNF-related activation-inducing
cytokine) and M-CSF (monocyte-colony stimulation factor). Osteoclasts create a lysosomal
compartment (ruffled border) where the acidic pH (around 4) solubilizes the mineral component

while the proteolytic enzymes digest the matrix®.

On the opposite side, protagonists of bone construction, we have osteoblasts, cells capable of
secreting matrix proteins. Among the proteins of the extracellular matrix, we have type | collagen
which constitutes 90% of the matrix but also non-collagenous proteins such as osteopontin,
osteonectin, and bone sialoprotein. They also possess high levels of Alkaline Phosphatase (ALP), a
fundamental protein in mineralization processes. These cells work closely together to produce the
lamellar structure characteristic of bone. Unlike osteoclasts, they originate from stem mesenchymal
cells. A part of the osteoblasts is lodged inside the bone becoming osteocytes while others flatten
themselves on the surface of the bone becoming lining cells. The process of osteocyte
differentiation, whereby osteoblasts become encased in mineralized bone matrix is not yet fully
understood. The most abundant matrix protein in the osteocyte environment is type-l collagen.
Osteocyte phenotype and the formation of osteocyte processes has been shown to be dependent

on cleavage of type-I collagen®?4.

Osteocytes, cells that also participate in bone turnover, residing in lacunae distributed within the
matrix communicate through their interconnecting dendritic processes through a large lacuno-
canalicular network which allows osteocyte communication with cells on the bone surface and
access to the nutrients in the vasculature. Osteocytes make up approximately 90-95% of all bone
cells and are the cells with the longest lifespan, living up to a decade together in their mineralized
environment. Osteocytes produce a range of signal molecules capable of regulating
osteoblastogenesis such as prostaglandin E2, growth factors (activation) or sclerostin (inhibition).

Furthermore, osteocytes secrete receptor activators of nuclear factor B ligand (RANKL) which

7



induces osteoclastogenesis. Furthermore, osteocytes are able to regulate phosphate metabolism
and biomineralization through molecules such as PHEX, DMP-1, MEPE and FGF-23. DMP-1 and PHEX
appear to downregulate the expression of FGF-23 which is in turn linked to phosphate reabsorption
in the kidneys. The osteocytes can sense the mechanical loads and coordinate adaptive alterations
in bone mass and architecture but is not yet completely understood. It is accepted that mechanical
loads placed on bones generate several stimuli like physical deformation of the bone matrix itself
load-induced flow of canalicular fluid through the lacuno-canalicular network and electrical
streaming potentials generated from ionic fluid flowing past the charged surfaces of the lacuno-

canalicular channels34.

The two main structural types of bone are cortical and cancellous bone. Although both have the
same overall matrix composition, they differ significantly in three important ways: density or
porosity, three-dimensional structure, and metabolic activity. These three factors influence their

function and physiology to a great extent. The two main structural types of bone are:

The cortical bone, the outermost part of most bones, is responsible for supporting function. Osteons
form the major structural unit of cortical bone and the bulk of the diaphysis. They consist of
longitudinal cylinders that run in parallel to the long axis of the bone. Osteons are formed from
concentric lamellae surrounding central Haversian canals, which are lined by endosteal cells and
contain blood vessels, lymphatics, and occasionally nerves. Cell processes, or canaliculi, from
osteocytes extend in a radial pattern from the central canal like spokes of a wheel. These canaliculi

connect the central canal to osteocytes, allowing diffusion of nutrients through the bone matrix.

The trabecular bone (or Cancellous), the innermost part which is much more metabolically active.
Trabecular bone is a highly porous, heterogeneous, and anisotropic material which can be found at
the epiphyses of long bones and in the vertebral bodies. Trabecular bone is the main load bearing
bone in vertebral bodies and also transfers the load from joints to the compact bone of the cortex
of long bones. At a microstructural scale, trabecular architecture is organized to optimize load
transfer. Mineral and collagen content and architecture determine the mechanical properties of
trabecular bone tissue. Cancellous bone also contains lamellar bone, albeit with a different
structure than the osteon. Cancellous lamellae are arranged in semicircular shapes called “packets,”

which three dimensionally form the visible bony trabeculae>®.



The bone, as already mentioned, can perceive mechanical stresses mainly linked to the force of

gravity, for this reason, some notions will be introduced, and discussed in the next chapters.

1.2 GRAVITY
Gravity is one of the four fundamental forces governing the universe and we experience it every day
in our life. It was first defined by Isaac Newton in 1687, in the book Philosophiae Naturalis Principia

Mathematica where he elegantly formulated it with the equation showed in figure 1.

FIG. 1 EQUATION OF UNIVERSAL GRAVITATION ’

The intensity of the force is related to the masses of the objects involved and inversely proportional
to the square of the distance between them. However, Newton never explained this phenomenon
and it took nearly 200 more years for a young Albert Einstein to provide a more profound
explanation. Einstein redefined gravity as an apparent force resulting from the curvature of space-
time caused by the presence of mass and energy. This revolutionary insight fundamentally changed

our understanding of gravity and the nature of the cosmos.

1.3 MICROGRAVITY

Microgravity is the condition in which objects appear to be weightless. If we were aboard the
International Space Station (ISS), we might expect to feel the force of the gravity. However,
apparently this does not happen, because we would actually be in a state of perpetual free fall. The
ISS is indeed continuously attracted towards the center of the Earth, but its high orbital velocity
theoretically prevents it from falling. However, this is not entirely accurate due to the slowing down
of its speed caused by a slight friction depending on the extremely rarefied but still present
atmosphere. The peculiarity of this state is the possibility to simulate a condition that would be

challenging to recreate on Earth.

This condition is extensively studied on materials, on organisms in vitro and in vivo but it is

experienced also by astronauts living inside the ISS . Long-term residence in space may indeed have
9



adverse effects on biological organisms. In this scenario, some missions demonstrated the
consequences of extended permanence in space, such as the Scott Kelly’s one, who conducted the

“One Year Mission” by spending a year in orbit on the ISS °.

Different studies highlighted two main problems related to the life in space, from the biological

point of view:

1. High Levels of Radiation: Radiation exposure in space, whether on the ISS, during
interplanetary travel to Mars, or during prolonged stays on celestial bodies, is significantly
higher than the background radiation levels on Earth. This phenomenon causes many issues
for the human body, including weakening of the immune system and increased probability
of cancer development. Furthermore, this radiation can become particularly hazardous and
potentially fatal in case of rare events, such as solar flares.

2. Microgravity or reduced gravity: the lack of adequate gravity could affect human organism
homeostasis. Various organs can be interested, but musculo-skeletal system is particularly
sensitive to mechanical loading alterations. Since there is no continuous gravitational
stimulus as experienced on Earth, tissues undergo remodeling, and their homeostasis can be

impaired, making rehabilitation periods necessary.

For these reasons, further studies are needed to elucidate the effects of microgravity on the skeletal
system. Despite the great interest on this topic, highs costs and difficulties related to transport of
the experiment into Earth orbit, and specifically on the ISS, still represent a limit. In this scenario, it
was essential to create alternative systems for simulating microgravity condition. Historically, the
first instrument used to simulate the absence of gravity was the clinostat, invented by Julius von
Sachs in 1879 (Fig. 2 and 3). This tool was adopted to eliminate the effect of gravity on plants, but it
was not suitable for other organisms, since they are influenced by rapid changes in orientation over
short periods. Another constraint of this apparatus is that it only allows rotation along a single plane

and does not provide movement in three dimensions.

10



FiG. 2 JuLius VON SACHSs 10 FIG. 3 CLINOSTAT 11

Later, 3D clinostat was introduced and an improved version, called Random Positioning Machine
(Fig.4), was developed. This advanced tool proved to be more effective in simulating microgravity
conditions because it incorporates randomized changes in both the speed and direction of rotation

over time.

FIG. 4 RANDOM POSITIONING MACHINE (RPM) %2

The random movement at low speeds to make the centrifugal force minimal occurs in the three

dimensions, allowing to obtain an average gravity vector equal to zero and therefore to simulate
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extremely low gravity values. Due to the movement of the instrument, it is advisable that the
experiment need to be positioned in the center in such a way as to minimize the effect of centrifugal

force.

A parallel version of the previous instrument is represented by Rotating Wall Vessel, in which the
cells are bound to spheres immersed in the culture medium in a rotating cylinder. By adjusting the
rotational speed, it is possible to bring the spheres into a simulated free fall situation. Precise control
of the speed is crucial, since a too low speed would lead the cells to settle while too high speed
would lead them to adhere to the surface of the cylinder, simulating an apparent gravitational force

associated with the centrifugal force (Fig. 5).

FIG. 5 ROTATING WALL VESSEL 13

1.3.1 EFFECT OF MICROGRAVITY ON MUSCULO-SKELETAL SYSTEM

Extended human spaceflight was once a distant fantasy. However, it is now on the verge of
becoming a tangible reality, making the understanding about impacts of long-term space travel on
human health more critical than ever®. As introduced before, the loss of gravitational force is a
major prohibitive environmental factor that adversely affects the body of space travelers. The
human body is intrinsically adapted to Earth’s gravity and exposure to microgravity can lead to
complications in normal physiological functions. Data gathered from astronauts, coupled with

animal and cellular experiments conducted in space, unequivocally revealed that microgravity

12



induces skeletal deconditioning in weight-bearing bones. Consequently, this leads to a significant
reduction in bone mass, which increase the risk of fractures and osteoporosis®>. Furthermore in
microgravity, the unloading of musculoskeletal tissues occurs, leading to muscle atrophy and a shift

in muscle fiber properties.

This knowledge is essential for mitigating the health challenges associated with extended missions

beyond Earth.

Before delving into how microgravity affects bone health, it is important to understand bone
function in normal gravity conditions. Under normal circumstances, bone remodeling is an adaptive
and balanced process where bone resorption and formation are coupled to regulate homeostasis of
bone tissue ¢. The overall process relies on osteoblasts and osteoclasts acting in concert to regulate

bone formation and resorption, respectively.

The weightlessness experienced in microgravity reduces the loading on weight-bearing bones,
resulting in adaptive changes that increase bone resorption and inhibit bone formation . Several

mechanisms have been proposed to explain this bone homeostasis impairment.

Osteocytes were described to have a role in microgravity-related bone loss. Osteocytes normally
reside in lacunae of the mineralized bone, where they synthetize proteins such as collagens, which
will be part of the bone matrix itself 2. They were reported to undergo apoptosis after microgravity
exposure, leaving consequently an increased number of empty lacunae, or lacunae with reduced
volume and altered shape. This may trigger further bone resorption, leading to the deterioration of

bone microstructure and loss of bone mass *°.

Mechanical stimulation has been demonstrated in the literature to be important in the cellular
survival mechanisms of osteocytes in vitro ?°. These data were also confirmed in in vivo experiments
(on mice) where the reduced application of mechanical force led to an increase in osteocyte

apoptosis 2°.

The effect of the lack of mechanical loading has also been seen in simulated microgravity models on
humans such as the bed rest. The Bed rest is a model where healthy subjects are confined to the

horizontal or head-down tilt position (HDT) for extended periods. This is a recognized experimental
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analog to induce some of the physiological adaptations experienced by astronauts during

spaceflight?®.

Osteocytes are able to perceive the effects of the alteration of gravity through important
mechanosensors, therefore they can be affected by the presence or absence of gravity and these
sensors could transmit information to the cell. The importance of such sensors is also demonstrated
in the literature, reporting that the lack of CX43 (mechanosensor protein) in osteocytes leads to
greater apoptosis but also to protection from further bone loss in simulated microgravity??. In turn,
osteocytes can transmit information through signal molecules to the two main effector cells, namely

osteoblasts and osteoclasts.

In this regard, some signal molecules, produced by osteocytes, have been identified which would

have a direct role in influencing the activity of affected cells, osteoblasts and osteoclasts.

Among these, Sclerostin is a SOST gene product that reduces osteoblastic bone formation by
inhibiting canonical Wnt/B-catenin signaling?3. It is a signal molecule that has been seen to increase
in astronauts 2% but also in simulated microgravity models in humans, such as stimulation for 90 days
in bed rest 2°. Moreover, RANKL is a type Il transmembrane protein found on the surface of cells as
a proteolytically released soluble form 2¢. Osteoclast differentiation predominantly depends on
RANKL signaling (encoded by TNFSF11 gene) 27. RANKL was initially identified as being produced by
osteocytes, but recent findings report that RANKL is expressed by a wide variety of cells including
osteoblasts, osteocytes, and bone marrow adipocytes and it is still unclear which of these sources

activate osteoclast formation?2.

One of the most reported observations is related to changes in osteoblast cell morphology, which
is reflected in active cytoskeleton collapse after microgravity exposure 239, Furthermore, most of
the current literature consistently reports that simulated microgravity inhibits the proliferation and
differentiation of mesenchymal stromal cells (MSCs) towards osteoblasts3!. Osteoclasts also can
contribute to space-related bone loss by disrupting normal bone homeostasis. They indeed

exhibited an increased resorptive activity in response to microgravity compared to controls on Earth

3233

Finally, studies on the reduction of bone mass have shown that there is a correlation between bone
loss and apoptosis, and in recent times also the senescence of bone cells. An increase in apoptosis

14



was observed in rodent animal models in both real'® and simulated microgravity (HLU)3**. In vitro
studies reported that osteocytes exposed to simulated microgravity showed an increase in
apoptosis markers, BAX and BAD. On the other side, senescence is one of the main causes of bone
loss in aging-related osteoporosis. The effect of microgravity in inducing bone senescence is not well
documented in the literature. Blaber et all documents bone loss in mice after exposure to real
microgravity for 15 days caused by osteoclastic activity, osteocytic osteolysis and increased
expression of P21 in osteoblasts. P21 is an important marker of senescence that inhibits the cell
cycle, Blaber claims that there could be a correlation between the stop of the cell cycle during

osteogenesis contributing to bone loss in space®.

1.4 HYPERGRAVITY
Since life first set foot on this planet, gravity has always been present, shaping the organisms
influenced by it. It is reasonable to assume that most organisms have evolved sensors and structures

tailored to this force. But what happens if a greater force is applied? Which is the body's response?

Hypergravity is defined as the condition in which the force applied to an object or organism exceeds
the standard terrestrial value (i.e., 1 g). Under normal circumstances, we experience relatively
consistent gravitational forces, with slight variations primarily dependent on our distance from the
Earth’s center. For example, if we refer to Genoa, the gravitational acceleration will be
approximately 1g (because we are at sea level). On Mount Everest it is equal to 0.9967 g, while on
the ISS, which orbits 400 km above Earth, it is 0.89 g. It is reasonable to assume that there are no

significant effects on the human body mainly related to variations in gravitational force.

The study of hypergravity began in 1806 with a series of experiments on the effects of artificial
gravity on plants, aiming at understanding how a centrifugal force could influence the direction of

plant growth3®,

In the present day on Earth, hypergravity can be simulated through rotating systems, and one
notable example is the ESA's Large Diameter Centrifuge. By placing an object or an organism on a
platform attached on the centrifuge, the force experienced by the object is directly proportional to
the centrifuge's rotational speed. This is the easiest way to generate a velocity-controlled g-force.
These simulation systems have also been used on humans for years. Astronauts and jet pilots are

indeed placed on custom-made centrifuges to test their ability to withstand high g values. This helps
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prepare their bodies for sudden changes in acceleration, which they may experience during rocket

launches or re-entry into the atmosphere.

Since data on both microgravity and hypergravity suggest that their effects could potentially offset
one another, the idea of building a centrifuge to create artificial gravity in space gained ground®’.
This concept suggests that rotating space stations, similar to those proposed by Von Braun (Fig.6)
or imagined by Kubrick in the film “2001: A Space Odyssey” (Fig.7) could become a reality. There are
currently no projects underway with the aim of creating structures of this type, such constructions

still represent a great engineering challenge and the cost is also prohibitive.

Such space stations could help astronauts to counterbalance the detrimental effects of microgravity

and make long-duration space missions more feasible.

FiG. 7 FRAME FROM KUBRICK FILM, 2001: A SPACE ODYSSEY
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1.4.1 EFFECTS OF HYPERGRAVITY ON MUSCULO-SKELETAL SYSTEM

It is well known that skeletal muscle undergoes adaptive changes in terms of both fiber size and
contractile phenotype in response to variations in loading conditions3. Microgravity and
hypergravity have contrasting effects on musculoskeletal tissues. In microgravity, as mentioned
earlier, the unloading of musculoskeletal tissues occurs, leading to muscle atrophy and bone loss. In
contrast, hypergravity, which represents conditions of increased gravitational force, appears to
counterbalance the negative effects of microgravity on musculoskeletal tissues. However,
hypergravity effects on the musculoskeletal system are not widely studied, and its potential side
effects remain largely unexplored. Understanding the impact of both microgravity and hypergravity
on muscle and bone health is essential for developing strategies to maintain astronaut well-being
during space missions. For instance, studies involving mice in different gravitational conditions have
provided valuable insights. Hypergravity can cause an alteration in cell viscosity, which suggests an
adaptation of the cells to changes in g-force through presumably a restructuring of the
cytoskeleton®. Additionally, research by Kawao and colleagues in 2016 demonstrated that
vestibular signals, which are related to balance and spatial orientation, can also induce changes in
the musculoskeletal system under hypergravity conditions “°. This underscores the significant role
of the nervous system in mediating bone remodelling processes, further emphasizing the
complexity of the body's adaptation to different gravitational environments. As already mentioned,
bones have important mechanical sensors capable of perceiving gravity and are also able to adapt
to these changes in mechanical load. In this regard it is important to mention Wolff's rule. This
statement describes the effect of mechanical loading and how the bone responds to it 1. This effect
is widely demonstrated in microgravity as previously reported. While, with regards to hypergravity,
this rule is confirmed for example by Vico et all where increased bone mass was seen, especially
Cancellous bone in tibial metaphysis, of rats after centrifugation in 2 g for 4 days*?. In microgravity,
when exposed to 1 g artificial gravity, mice showed a reduction in bone mass, while in a ground-
based experiment where mice were exposed to 2 g there was even an increase in bone volume
compared to control *3. In our previous work, it was demonstrated that exposure to hypergravity
(2g) for 90 days brought about structural changes to the bone, hypergravity condition induces
thickening of the cortical bone and a higher percentage of large-sized trabecular in the Cancellous

bone**.
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1.5 LARGE DIAMETER CENTRIFUGE (LDC)

The Large Diameter Centrifuge (LDC) is a centrifuge facility located at the European Space Research
and Technology Centre (ESTEC) in Noordwijk and developed by the European Space Agency (ESA)
(Fig.8). It has an impressive diameter of 8 meters, with 4 arms to which a maximum of 6 gondolas
can be connected. Each gondola can support a maximum load of 80 kg and is equipped with an
electrical network (230 volts), interfaces for data transmission (USB, Ethernet and video
connection), and connections for the transport of air, gas or water, essentials for conducting long-
term experiments. To ensure the proper monitoring of the experiment, each gondola has
temperature and acceleration sensors, which help track environmental conditions and the forces
experienced during centrifugation. Additionally a seventh gondola can be added in the center of the
centrifuge as a reference control. Although it is also affected by the rotation, it experiences a
constant gravitational force (g=1) and serves as a reference for experiments conducted on the other

gondolas subjected to varying levels of artificial gravity due to the centrifuge's rotation.

FIG. 8 LARGE DIAMETER CENTRIFUGE (LDC)*°.

The artificial gravity generated by this instrument follows the Coriolis type (like in rotating wall
vessel), which is characteristic of rotating systems. Being a gravity created by a rotating system
means that this is not a pure g force like the one we experience every day. The Coriolis Effect

associated with rotation becomes more pronounced with rapid changes in angular acceleration. This
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is why the start of the experiment requires a slow achievement of the speed (suitable for simulating
artificial gravity) and the use of a reliable system to maintain a constant speed throughout the
experiment. From studies involving humans, it's been observed that the Coriolis force not only leads
to visual disorientation but also adversely affects motion sensation from the inner ear structures,
causing imbalance and dizziness*. One noteworthy detail is that two systems with different radius
but with the same number of revolutions per minute will produce the same Coriolis force, and for
this reason, the LDC was built with a diameter of 8 meters. The value of g generated inside the

gondola is proportional to the following equation:

a. = w’r

Where acis the centripetal acceleration, w is the angular velocity while r is the radius which in this

case is 4 meters. So the centripetal force on the gondola will be:
F, = ma, = mw?’r

Having also the force of gravity as a force applied to the gondola, the acceleration force experienced
inside the gondola will be the resultant of the gravitational acceleration vector and the centripetal

acceleration vector:
Aexp = acCOS(a)

Where a is the angle of inclination of the gondola with respect to the rotating arm. Furthermore, as
already mentioned, there is a contaminant in this g-force generated, related to the Coriolis force*’ .
Our research group was involved in two different experiments, placed in 2019 and 2023,
respectively, aiming at exploring the effect of altered gravity on mice. In both experiments, the LDC
was used to simulate a force of 3 g on mice, which were placed within the Mice Drawer System, a

module previously used in 2009, for experiments in microgravity (STS-128; STS-129%49) |
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1.6 MICE DRAWER SYSTEM (MDS)
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FIG. 9 MICE DRAWER SYSTEM (MDS) >°

The Mice Drawer System is a module of the Italian Space Agency (ASI) designed in 1998 by Thales
Alenia Space — Italy, created specifically to be transported into space (missions STS-128, STS-129)
and to carry out microgravity experiments on small animals like rodents (mice and rats)®°. Each
module has different components, the Mice Chamber (MC), the liquid handling subsystem (LHS),
the food delivery subsystem (FDS), the air conditioning subsystem (ACS), the illumination subsystem
(ILS), the observation subsystem (OSS) and the payload control unit (PCU). Each module has also 6
cages, each cage can host a mouse and has dimensions of 116 x 98 x 85 cm. Furthermore, each cage
contains food bars, valves for water delivery, a camera, white and infrared LEDs (for night vision)
and temperature, humidity and air quality (CO. and NHs) sensors. More specifically, the Liquid
Handling Subsystem allows the transport of water to the 6 cages and is connected to the 0.5 L main
water tank. The food Delivery system provides the mice with 2 bars of food per cage, quantity and
administration period can be programmed for each individual cage. The air conditioning subsystem
(ACS) maintain a flow of fresh, clean air, which mixing with the internal air removes the produced
CO,, by replenishing oxygen levels. This is accomplished by exchanging approximately 5% of the air
within the space with fresh outside air every 2 minutes. Furthermore, to prevent microbiological
contamination, the system incorporates HEPA filters at both the inlet and outlet. Initially, this design
was put in place to safeguard the mice from potential infections originating from the external
environment, but also to prevent the mice themselves from releasing bad smell and pathogens into

the air that the astronauts breathed. In addition, ACS has the function of removing waste products
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such as urine, feces, hairs and other debris through the waste filters which are positioned under
each cage and must be changed every 30 days. ACS can finally maintain the temperature between

25 and 30 degrees and passively control humidity (through a desiccant in the waste filters).

The illumination subsystem allows the creation of the day/night cycle fundamental to the animal's
circadian rhythm. During the day, this system provides diffused lighting through white LEDs, while
at night, it can be switched to infrared LEDs to allow for night time observation. The total brightness
is maintained at 40 LUX with the flexibility to make small 2 LUX variations to simulate the transition

from day to night and vice versa.

The observation subsystem enables continuous monitoring of the animals through a camera both
during the day and at night. This ensures that their behavior and activities can be observed and

recorded throughout the experiment.

Finally, the payload control unit not only provides autonomy to the MDS module but also allows for
the execution of external commands and monitoring of the module's condition. Furthermore, all

the information and commands can be stored within the MDS internal memory®°.

This advanced cage system was used for the Tissue Sharing Program (TSP) experiments conducted
in 2019 and 2023. The TSP involves various research groups from different parts of the world,
including Italy, Japan, United States, Belgium, Netherlands, United Kingdom, France and Germany,

with their specializations as protagonists (Fig.10).
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FIG. 10 TISSUE SHARING PROGRAM MISSION LOGO

1.7 LIPOCALIN-2

Lipocalins are a large multifunctional family of small proteins (15-25kDa) first discovered in
eukaryotes and then also discovered in bacteria®!. These proteins have a structure containing a
cavity that makes them capable of carrying small hydrophobic molecules. According to some

studies, these proteins are overexpressed under stressful conditions >2 >3,

Specifically, Lipocalin-2 (LCN-2) also known as Neutrophil Gelatinase-Associated Lipocalin (NGAL), is
an adipokine with a variety of functions in different organs. LCN-2 overexpression is associated to
various processes of inflammation, tissue remodeling, chronic kidney disease, energy metabolism,
tumor development and progression. Furthermore, its presence is also related to bone metabolism

processes connected to mechanical stimulation > .

The overexpression of LCN-2 has been observed in different simulated microgravity models (bed
rest, cell cultures in RPM) and in our laboratory we have shown that its overexpression induces
osteopenia in a transgenic mouse model >°. For these reasons it has been proposed that lipocalin-2
is a stress protein involved in organs and tissues modifications induced also by the absence of
gravity. According to this, we investigated if a high value of g experienced by a mouse, could alter

the LCN-2 expression.
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The combination of spaceflight and simulation data on humans, animals and cellular models will
allow to improve the knowledge on microgravity induced bone loss. The use of cellular models has
shed light into the molecular mechanisms behind this process. Interestingly, transcriptome studies
on models of simulated microgravity showed that the most up regulated gene compared to unit
gravity condition was the adipokine Lipocalin-2 (LCN-2), whose function in bone metabolism is

poorly known 6,

1.8 AIM OF THE PROJECT

In this research, we aim to investigate the impact of altered gravity on skeletal tissue and bone cells,
with a specific focus on the effects of Lipocalin 2. Our approach involved cell culture experiments
under simulated microgravity exposure using RPM, animal models in HLU, and studies in
hypergravity with an animal model at the Large Diameter Centrifuge in Noordwijk (NL) under 3g

conditions.
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2.0 MATERIALS AND METHODS
2.1 MATERIALS & REAGENTS

MEM alpha (Minimum Essential Medium alpha) and fetal bovine serum (FBS) are produced by
Gibco, penicillin-streptomycin solution and trypsin are from Euroclone while L-glutamine is supplied
by Sigma-Aldrich. LCN-2 (recombinant mouse) is produced by R&D systems while the plastic
material used for cell cultures comes from SARSTEDT and FALCON. The Qiazol and the reverse
transcription kit is from Qiagen, the primers from TIB MOLBIOL and Merck and the Takyon™ Low
ROX SYBR 2X MasterMix from Eurogentec. The ELISA kits are produced by R&D systems.

2.2 CELL LINES

2.2.1 MLO-Y4

MLO-Y4 cell line is an osteocyte cell line derived from Mus musculus and purchased by Kerafast at
passage 33. MLO-Y4 is derived from a transgenic mouse in which the immortalizing T-antigen was
expressed under control of the osteocalcin promoter. These cells express considerable levels of E11
that appears to play a role in dendrite formation, an essential process for osteocytes to generate
their network®’ . MLO-Y4 were cultured in a-MEM (GiBCo, Waltham, MA, USA), supplemented with
10% FBS (GiBCo) and 100 U/ml Penicillin/100 mg/ml Streptomycin (Euroclone, Milan, ltaly), on
0.01% collagen (type | from rat tail) coated dishes (Sigma-Aldrich). Cells were maintained in a
humified incubator, at 37°C, with 5% CO. and medium was changed every two days. Cells were

expanded until passage 36, then used for further experiments, as described below.

2.3 HINDLIMB UNLOADING MODEL

Hind limb Unloading Model (HLU) is a model used for the first time in the mid-1970s by NASA and
then spreaded to various laboratories around the world. It was adopted to simulate weightlessness
and therefore microgravity. In this model, the hindlimbs of rodents are elevated to produce a 30°
head-down tilt, which results in a cephalad fluid shift and avoids weightbearing by the hindquarters.
This model has proven to be very useful for studying the physiological responses and unloading

processes of mice but also the recovery processes (including tissue reloading) of mice 2.

This test was performed in collaboration with the group of prof. Maria Grano, in University of Bari,
where mice were exposed in HLU for 4 weeks. Effects were analyzed through both RNA extraction

from bone and subsequent Real Time PCR, and ELISA immunoassay on serum, against LCN-2.
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2.4 RANDOM POSITIONING MACHINE

The Random positioning machine (RPM, Dutch Space) has been used to simulate the microgravity
environment. It is connected to movements controlling unit and to a PC. The software allows to set
different types of movements, for microgravity simulation. A “Random Mode” set up, in which the
plane rotates on two different axes, randomly changing the direction at a speed between 30°/s and

60°/s, was used in this study.

RPM is hosted in a temperature-controlled room (37°C). Therefore, all the cells that are incubated
onto RPM need to buffer the MEM alpha medium with HEPES (25 mM), NaHCOs (700 mg/L) and

NaCl (300 mg/L) to maintain pH constant.

2.5 LCN-2 TREATMENT

MLO-Y4 cells were treated with LCN-2 in three independent experiments. In each experiment cells
were seeded at a density of 5.000 cells/cm? and after 48 h the medium was changed. First
experiment was carried out by leaving cells in culture for further 5 days and then treating them with
200 ng/mL LCN-2 in the last 8 h of experiment. In a parallel experiment, cells were cultured for
further 2 days and then treated with 1000 ng/mL LCN-2 for 48 h hours. After treatments, cells were

collected in Qjazol and stored at -80°C for RNA extraction and gene expression analysis.

In a third experiment, MLO-Y4 cells were cultured for 5 days and then treated with 200 ng/ml LCN-
2 for the last 8 h of experiment or left in standard culture medium as control. The experiment was
performed in RPM machine, for microgravity simulation. A control in standard culture medium was

also carried out, by culturing the cells in a normal incubator in parallel (ground control).

2.6 SEAHORSE ANALYSIS

For this experiments, 10A5 MLO-Y4/well were seeded in XFp cell plates and centrifuged gently with
no brake at 40 g for 3 min; after the stop the plate was then rotated 180° before centrifugation
again at 80 g for 3 min to encourage adhesion to the plate and the forming of an evenly dispersed
monolayer. Oxygen consumption rate (OCR) were determined using the Seahorse XFp Extracellular
Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA). Cells were then incubated at 37 °C for 45
min in a CO2-free incubator with Agilent Seahorse DMEM, pH 7.4, enriched with glucose (11 mM).
OCR was monitored according to the manufacturer’s instructions. Briefly, three measurements of

OCR was taken under control conditions, after the injection of 1.5 uM oligomycin (ATP synthase
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inhibitor) and, thereafter, of 0.5 uM rotenone and 0.5 uM antimycin A to inhibit Complex | and III,

respectively.

2.7 WESTERN BLOT

Total proteins were extracted from untreated and treated MLO-Y4 cells using 100 ul RIPA buffer
(Thermo Fisher). Cells were kept on the ice for 30 min, each 5 min vortex for 30 sec. After 30 min,
they were centrifuged for 20 min at max rpm at 4°C to pellet the cell debris. The supernatant
containing the total soluble proteins was quantified by the Qubit Protein Assay kit (Thermo Fisher).
Equal amounts of protein were loaded into each well of SDS-polyacrylamide gels (12%). Proteins
were then transferred from the gel to a PVDF membrane (Bio-Rad) by electroblotting. The
membranes were blocked using 5% skim milk in Tris-buffered saline containing 0.1% Tween-20
(TBST) at room temperature for 1 hour. The membrane was incubated with a specific primary
antibody at 4°C overnight. On the next day, the membrane was washed 3 times with TBST and
incubated with the secondary antibodies HRP (horseradish peroxidase)-conjugated for 1 hour at
room temperature. Protein bands were visualized by exposing the membranes to an ECL (Enhanced
Chemiluminescence) substrate for HRP-conjugated antibodies. The image acquisitions were

performed on the ChemiDoc System to reveal and document the protein band.

2.8 TSP 2019

A pilot experiment conducted in 2019 was a 14-day study designed to test the payload systems
under hypergravity conditions. In addition to its primary objective, the study took the opportunity
to analyze the skeletal effects on mice hosted in the Mice Drawer System (MDS), which was
originally constructed for microgravity environments. This allowed for an assessment of the MDS
module's resilience to the centripetal forces experienced during the experiment. A total of 12 mice
were involved in this study, with 6 of them placed in a hypergravity environment with a gravitational
force of 3g, recapitulated by loading these cages on a large diameter centrifuge (LDC). The remaining

6 mice were kept in control cages.

The control cages (named training cages or MDS-ctrl) were constructed with the same dimensions
and materials as the cages within the MDS module loaded on the LDC. C57BL/6J mice were used
and male mice were exclusively chosen to avoid hormonal fluctuations and maintain consistency.
At the end of the experiment mice were 5 month old. The mice diet remain the same during all

experiment, administered in form of bars, whose composition is based on the animal's standard
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diet. Additionally, Xanthan gum was added to the diet bars to maintain the food in the form of a

'biscuit’.

The 12 mice were trained for 14 days inside cages simulating the condition inside the MDS module,
to allow them to take familiarity with the environment and the unusual administration of water and
food. Afterwards, 6 of these mice were moved inside the MDS module, taken to ESTEC and left to

rest for 2 days. The module was mounted on LDC and reached the 3 g condition in 2 hours.

This experiment is part of the Tissue sharing program (TSP) which sees various research groups from

different parts of the world with their specific expertise.

The TSP was created with the aim of obtaining the greatest amount of information from each
individual mouse by sharing different tissues, organs or sample between the different groups. For
this purpose, the processing sequence also follows a precise order, in order to protect those organs

more sensitive to degradation, like brain and muscles.

After the mouse is removed from the cage (or MDS), a series of steps are followed. Initially, there is
a 5-minute observation of the mouse's immediate post-removal behavior. Urine is then collected
and measured to record urinary output. Mouse is weighted and blood samples are obtained through

retro-orbital plexus puncture with a Pasteur pipette. Finally, the mouse is euthanized.

After euthanasia, organs and tissues are collected, the head is separated from the body and the 2
parts move in parallel way. Various organs were collected from each group, then our last group was
in charge of collecting the femur and the bone marrow. The bone marrow was flushed by using an
insulin syringe, the suspension centrifuged at 300 g, surnatant and precipitated were collected and
freeze in liquid nitrogen. Table 1 reports in detail how each tissue collected by our group was

processed and analyzed.
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TABLE 1 SAMPLE PROCESSING AND ANALYSIS OF TSP 2019

Sample/Tissue/Organ Processing Analysis

Collected in K3EDTA tubes Analysis  with  veterinary
instrument
Empty femur Frozen in liquid nitrogen and Real time PCR

then RNA extraction

Femur bone marrow Removal via insulin syringe TBD

2.9TSP 2023

FiG. 11 MOUSE INSIDE THE M DS CAGE
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A second experiment was carried out in 2023, aiming to observe the long-term effects of exposure
to hypergravity reaching 27 days of exposure. Also in this case the mice (11 for the 2 MDS modules)
were trained in MDS payload to become familiar with the water and food supply systems. In total

the experiment included 12 mice for hypergravity, but unfortunately due to an issue with the water

delivery system, only 11 of the cages were fully operational during the experiment.

FiG. 12 MDS-cTRL MICE (TRAINING CAGES)

A second group of 12 mice was used for the control cages (MDS-ctrl) and a third group of 12 mice
used as a control for cages (Vivarium). Only male mice were used for this experiment and the strain
was C57BL/6J. At the end of the experiment mice were 5 month old. Food was based on the standard

diet with the addition of Xanthan gum.

After 27 day of hypergravity exposure, mice were processed and analyzed following the same
criteria of previous experiment. Once the mouse arrived at the bone team we proceed with the

dislocation of the femur from the pelvis and tibia, and the tibia from the tarsus.
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2.9.1 BEHAVIORAL STUDY

Qm e b KBGO

B~ m % 4 ° 6 3@

FiG. 13 MICE MONITORING THROUGH OBSERVATION SUBSYSTEM (OSS)

The mice were monitored during and after exposure in hypergravity. While the mice were exposed
to hypergravity, it was possible to monitor their behavior through the Observation SubSystem (OSS)
both during the day and at night. Furthermore, after the LDC stops and before the TSP their behavior

was analyzed for approximately 5 minutes.

2.9.2 TSP SAMPLE TREATMENT
A distinction was made between right and left limb relative to the medial longitudinal axis of the

mouse. As a result, right and left limb were processed and analyzed in a different way.

1. Right side: samples from the right side were frozen in liquid nitrogen and stored at -80°C.

a. Right femur: the epiphyses were cut and the bone marrow flushed with an insulin
syringe. The suspension was collected in a cryovial and centrifuged at 300 g for 5
minutes, the supernatant was collected and transferred to another cryovial and both
pellet and supernatant frozen. The empty femur was also transferred into a clean
cryovial and frozen.

b. Right tibia: the epiphyses were cut, the bone marrow inside was removed, moved to
a cryovial and frozen in liquid nitrogen.

2. Left side: samples from left side were fixed in 4% PFA and washed 3 times in PBS and stored
at 4°C in PBS. Before final treatment, each sample was cleaned from muscle fragments and

washed with PBS.
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a. Left femur: moved into a tube with 5 mL of 4% PFA, left overnight and washed 3 times

with PBS the next day (5 min between washes).

b. Left tibia: underwent the same treatment as the right one

The fibula was removed in both the right and left specimens.

The spinal column was finally processed, collecting the lumbar vertebrae number 1/2-3-4 and the

spinal cord was removed. The 3™ vertebra was frozen in liquid nitrogen while the 15t and 2"¢ (they

were left attached together) were moved in 4% PFA, then washed 3 times with PBS and stored in

PBS. The 4t vertebra follow the same treatment of 1-2.

The inner ears and calvaria were removed from the dislocated head of the mouse.

The complete tissue collection for each mouse was done in 25-30 minutes.

Table 2 reports in detail how each tissue collected by our group was processed and analyzed.

TABLE 2 SAMPLE PROCESSING AND ANALYSIS OF TSP 2023

Sample/Tissue/Organ Processing

Blood Eye sampling and blood moved
in a vial with EDTA

Empty femur (R) Frozen in N(I) and RNA
extraction

Femur bone marrow (R) Frozen in Na(l)
Femur (L) Fixation in PFA

Empty tibia (R) Frozen in Ny(I) and RNA
extraction

Empty tibia (L) Frozen in N(l)
Lumbar vertebra n°1-2 Fixation in PFA
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Analysis

Element HT5  (veterinary
hematology analyzer)

PCR, RNAsec (on going)

TBD

MicroCT (preliminary results)

PCR, RNAsec (on going)

Protein analysis

MicroCT (on going)



Lumbar vertebra n°3 Frozen in Nx(I) and RNA PCR, RNAsec (on going)
extraction

Lumbar vertebra n°4 Fixation in PFA Hystology

_ Fixation in PFA MicroCT (on going)
Fixation in PFA MicroCT (on going)

2.9.3 MICROCT SYNCHROTRON ELETTRA

A preliminary investigation was conducted at the SYRMEP beamline (Synchrotron Radiation for
MEdical Physics) of the Elettra synchrotron in Trieste. The scan was performed on 15 femurs, 15
internal ears, 15 calvariae and 15 vertebrae (5 for every condition). The samples were placed in
ethanol and wrapped with parafilm and acquired with the high-resolution X-ray beam. The image
was obtained through a scintillator and a camera. MicroCT scans of femurs were acquired with an
average energy of 16.7 keV, inner ears and calvaria with 19.7 keV and finally the vertebrae with 23.6
keV. Most of the samples were acquired by collecting 1800 projections over 180 degrees. Bone
volume (BV), total volume (TV) and the bone volume/total volume fraction (BV/TV) were estimated
from the metaphysis. Bone volume (BV), total volume (TV) and bone volume/total volume fraction

(BV/TV) and cortical thickness were estimated for the diaphysis.

2.10 REALTIME PCR

RNA was extracted from cells (MLO-Y4) using Qiazol using the classic phenolic extraction protocol,
while RNA extraction from TSP (tissue sharing program) samples of 2019 and 2023 was carried out
using an Ultra Turrax T25 (IKA, potter) to pulverize the bones in liquid nitrogen. After nitrogen
evaporation, lysing agent (Qiagen) was added. RNAeasy mini kit plus kit (Qiagen) was used for the
extraction following the manufacturer’s procedures. This protocol was applied to the femur, tibia

and lumbar vertebra N°3.

RNA concentrations were measured at 260 nm using Nanodrop TM 1000 (Thermo Fisher Scientific,
Waltham, MA, USA) and RNA purity and integrity was checked considering 260 nm/280 nm ratio

with values included in the 1.8-2.1 range.
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Samples from TSP experiment were also quantified with Tape Station 2200 (Agilent) with High
Sensitivity RNA ScreenTape® (Agilent) in order to obtain the RIN value from each sample mandatory

for the subsequent RNA seq analyses.

Complementary DNA (cDNA) synthesis was performed starting from 100 ng of total RNA and using
the Qiagen QuantiTect Rev. Transcription Kit. The cDNA obtained was mixed with the appropriate
amount Takyon™ Low ROX SYBR 2X MasterMix and primers (reverse and forward) and analyzed
through Real-Time PCR (RT-PCR). The genes analyzed were: Cx43 (connexin 43), Bax (bcl-2-like
protein 4), Bcl2 (B-cell lymphoma 2), P53 (cellular p53), P21 ( cyclin-dependent kinase inhibitor 1),
P16 (cyclin-dependent kinase inhibitor 2A), E11 (Podoplanin), Lcn-2 (neutrophil gelatinase-
associated lipocalin), Ocn (osteocalcin), Sost (sclerostin), Opg (osteoprotegerin), Rankl (receptor
activator of nuclear factor kappa beta (NFkB ligand) and Ppar gamma (proliferator-activated

receptory ).

The housekeeping gene Gapdh was used as the endogenous control for normalization. Data were
reported as ratio GENE/GADPH, which represents the expression of the gene of interest divided by
the expression of Gapdh in the same sample. The gene expression was calculated with 2* (-ACt)

method and expressed as fold change referred to the control.

2.11 STATISTIC

Data were analyzed with GraphPad Prism 9.3 software (GraphPad Software, Inc., San Diego, CA,
USA) and are expressed as mean + standard deviation (S.D.). Student t-test with Welch correction
and one way-ANOVA was used. Level of significance was set at p<0.05 (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001).
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3.0 RESULTS

3.1 LOW-DOSE OF LCN-2 STIMULATION INDUCED OVEREXPRESSION OF SENESCENCE-
RELATED GENES IN MLO-Y4 OSTEOCYTES

We recently reported that the secreted protein Lipocalin-2 (LCN-2) is expressed in bone and has a
role in skeleton development and bone remodeling. Additionally, LCN-2 was found to be over-
expressed in simulated microgravity animal models®?, which are known to develop osteopenia. This
suggests that LCN-2 may contribute to the bone loss associated with microgravity condition. It has
well-documented that osteopenia, observed following spaceflights, might also be attributed to
osteocyte apoptosis!®®®° To enhance our understanding of the mechanisms and pathways

influenced by LCN-2 in bone, we evaluated the effects of LCN-2 stimulation in osteocytes.

A preliminary experiment, aimed at the investigating the potential impact on apoptosis and cellular
senescence, involved culturing murine osteocyte MLO-Y4 cell line for five days. Following this
period, the cells were treated with different concentrations of LCN-2 ranging from 100 to 500 ng/ml.
The preliminary results showed that alteration in the expression of genes associated with
senescence and apoptosis were observable following treatment with LCN-2 at a concentration of

200 ng/ml (data not shown).

Based on these preliminary findings, we further explored the impact of LCN-2 on the apoptosis and
senescence of osteocytes. This was accomplished by culturing MLO-Y4 for five days and treating
them with 200 ng/ml LCN-2 in the final 8h of the assay. A negative control, which was not treated,
was also included. Expression of bone homeostasis-, apoptosis- and senescence-related genes was

evaluated (Fig.14) by Real Time PCR.

34



A 0.015- B 0157 C 0.008
EEE
*F
5 § s
B 3 % T 0.006-
g5 g é 0.10 T g0 T
Q% 0.010 £% 3&
3 (0 Q
i S T <2 < © 0.0047
Ee 28 3
€% 0.005] % 2 0.05 Es
ge -® §® 0.002-
) i 9
0.000- T 0.00 T 0.000- 4 L
& & ¢ & b &
o L)
‘@@“ @309 @e
& &
vdé ¢ &159
(-3 hd o
~ & &
ok =
D § 0047 E 0.003 F 0.015
ST 0.03 % 2
hi=l @ L 2 E
<% 28 0.002- £ E o010 T
23 b g0
% o 002 <o < °
g2 z$ z2
ES E F 0.001 E T 0.005+
8 2 001 S Ze
o4 =]
g @
o 0.00- T 0.000- ' 0.000- T
® ® & D & S
& a ®
& & &
ol > ol
o &
s i 5
v"' vc' hg
& & &
G 0.10 H * |
—_— 0.003- o 8o
=
8 8 2
T RE 25 o1
£ £a 0.002- S
@ne : i © <G
% © 0,05 <2 & 2 407
Z o 2 =
[ [ 2
ER £ E 0.001 ~E
3 2 NE 2P 20
3 3
0.00- . 0.000- r © ol .
o & D & &
& & @ & = V@‘\
& & &
o‘é 3 &
® & o
t & &
& & &
L N N
& & &
J 0.020 K 0.004+ - L 0.020 —
*
= = =
Q Q
%g 0.015- 3 & 0.0034 T 3 & 0.0151 —|—
3 1 e3 is |
g.{ o 5 g 5
il i i i ]
2 0.0104 2 0,002 2 0.010
% e % e % o
€2 €2 &2
ES ES3 ES
= T 0.005 5 @ 0001 © T 0.005-
& & 5
0.000- T 0.000- r 0.000- T
& & » &
& \§\\ < “}!;\ & “}!;\
«® o o
@ 5 oS
ol & &
A i A
& & &

FiG. 14 MLO-Y4 GENE EXPRESSION AFTER 200NG/ML LCN-2 STIMULATION EXPERIMENT WAS PERFORMED AS
DOUBLE EXPERIMENT (N=5). DATA ARE SHOWN AS MEAN % S.D, T-TEST WITH WELCH CORRECTION, (*) P<0.05, (**)
P<0.01, (***) P<0.001. Cx43: CONNEXIN 43 (A), E11: PODOPLANIN (B), LcN-2 LIPOCALIN-2 (C), PPARGAMMA:
PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR GAMMA (D), SOST: SCLEROSTIN (E), OcN: OSTEOCALCIN (F), BAX:
BCL2 ASSOCIATED X (G), BcL2: B-CELL CLL/LYMPHOMA 2 (H), BAX/BcL2 RATIO () APOPTOSIS REGULATOR, P53:
PROTEIN 53 (J), P21: CYCLIN-DEPENDENT KINASE INHIBITOR 1 (K), P16: CYCLIN-DEPENDENT KINASE INHIBITOR 2A (L).
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Transcription levels of typical osteocyte markers Cx43 and E11 were firstly evaluated. Connexin-43
(CX43) is a transmembrane protein, which acts as an intercellular channel, modulating the response
to hormone and mechanical stimuli between bone cells. It is the most abundant gap junction protein
in bone, and it has been reported as an integral component of skeletal homeostasis®!. Expression of

Cx43 was not affected by LCN-2 stimulation (Fig 14-A).

In addition, mRNA levels of E11 were investigated. E11 (or gp38/Podoplanin) is a gene highly
expressed by MLO-Y4 cell line and it is associated with the formation-elongation processes of
dendrites in osteocytes. E11 is the earliest osteocyte-selective protein to be expressed when
osteoblasts differentiate into osteoid cells or osteocytes, during dendritic formation®2. Interestingly,
LCN-2 stimulation resulted in a significant overexpression of E11 (Fig 14-B) compared to the

untreated control group (p<<0.001).

Stimulation with LCN-2 also led to an increase in the expression of the Lcn-2 gene itself (Fig 14-C),
in comparison with the negative control (p<<0.01). This data agrees with recent evidence showing

that the addition of LCN-2 to the cells led to an increase in endogenous Lcn-2 mRNA®3,

Expression of bone homeostasis-related genes, such as Ppar-gamma, Sost and Ocn was also
evaluated. Ppar-gamma is primarily an important marker of adipose tissue®. Less is known about
its role in bone physiology, where it appears to act as a negative regulator of bone formation by
suppressing osteoblastogenesis from bone marrow-derived cells®®. Ppar-gamma was found
upregulated (Fig 14-D) in LCN-2 stimulated osteocytes compared to negative control (p<<0.01),
suggesting that LCN-2 might induce bone remodeling and readaptation using also PPAR-gamma
pathway. As a confirmation of this hypothesis, Sost/Sclerostin showed a similar trend (Fig 14-E),
being significantly induced by stimulation with LCN-2 compared to control (p<<0.05). Sost is indeed
a gene highly expressed by mature osteocytes and it contributes to bone homeostasis by regulating
both osteoclastogenesis and osteoblast differentiation and activity®®®’. Conversely, LCN-2
stimulation also induced an up-regulation of Ocn (Fig 14-F) (p<<0.05) when compared to the
negative control. Osteocalcin is a gene characteristically expressed by osteoblasts, yet it is typically

downregulated during the transition from the osteoblast to the osteocyte stage. 8.

The apoptosis-related genes Bax and Bcl-2 were examined. Bax was up regulated upon stimulation

with 200 ng/ml LCN-2 (Fig 14-G) (p<0.0001), when compared to the negative control, suggesting a
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possible role of LCN-2 in the initiation of apoptosis. BAX (Bcl-2-associated X protein), a pro-apoptotic
factor, is known to migrate to the mitochondria in response to apoptotic signals, determining the
cytochrome c release . On the other hand, BCL-2 was upregulated by LCN-2 treatment as well (Fig
14-H) (p<0.05 compared to negative control), showing a two-times fold increase compared to the
control levels. The role of antiapoptotic proteins such as BCL-2 is to inhibit their pro-apoptotic
counterparts, thereby creating an actual rheostat whose balance determines the fate of the cell’.
Consequently, BCL-2's regulatory role involves binding with other proteins of the BCL-2 family, such

as BAX and BAK, to prevent the release of cytochrome C from the mitochondria 7.

In this case, Bax/Bcl2 ratio was evaluated to determine whether the gene expression levels of these
two antagonistic behaving genes are towards a pro-apoptotic (Bax) or anti-apoptotic (Bcl-2)
pathway. The ratio between Bax and Bcl-2 expression represents a cell death switch, which
determines the life or death of cells in response to an apoptotic stimulus. An increased Bax/Bcl2
ratio decreases the cellular resistance to apoptotic stimuli, leading to increased cell death’?.
Interestingly, although Bax is highly upregulated (Fig 14-1), no statistically significant difference in

the Bax/Bcl2 ratio was observed between control and LCN-2 treatment.

Finally, expression of senescence-related genes was also analyzed. P53, P21 and P16 are cell cycle
regulators, and are recognized as senescence markers’3. Notably, an overexpression of P53, P21 and
P16 was observed after LCN-2 stimulation (Fig 14-J-K-L), in comparison with negative control (p<<
0.05, p<<0.01 and p<0.001, respectively), suggesting a possible role of LCN-2 in promoting cellular

senescence.

Taken together these results indicate that osteocytes did not undergo apoptosis after LCN-2
stimulation in this cell culture conditions, but might enter in a senescence phase. As a confirmation,
the cellular corresponding apoptotic event was also analyzed by TUNEL assay, showing no significant

difference in apoptotic cell number, between LCN-2 stimulation and control group (data not shown).

3.2 SIMULATED-MICROGRAVITY INDUCED LIPOCALIN-2 OVEREXPRESSION IN SERUM
OF TAIL-SUSPENDED MICE IN HLU

The decreased mechanical loading of weight-bearing bones caused by microgravity in space leads
to bone loss in humans during space travels’*”>. Although spaceflight experiments are certainly the

most physiologically relevant method of studying pg-induced bone loss, they come with significant
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limitations. Therefore, several ground-based methods have been developed to subject cells or
animals to near-pg conditions. The hindlimb unloading (HLU) model is the most common method
to simulate spaceflight conditions in rodents, where rats or mice are suspended by their tails. We
also reported that transgenic mice over-expressing LCN-2 exhibited osteopenia, comparably to the

one normally observed in HLU models’®

Based on these considerations, an HLU experiment was conducted in collaboration with the group
of Prof. Maria Grano from the University of Bari, where both male and female mice were kept in tail
suspension for 4 weeks. A control group of not tail-suspended mice was also included in the study.
After 4 weeks, blood serum of both conditions was collected and protein levels of Lipocalin-2 (LCN-

2) were analyzed by ELISA.

A LCN2inSerum4week Male B LCN2in Serum 4 week Female

800 % 1500 * |
-
600+ T 1000
= E
£ 400- ©
o
500
2004 j
0- T 0- T
Rest HLU Rest HLU

FIG. 15 SERUM LCN-2 CONCENTRATION IN 4 WEEKS OF HLU EXPOSURE IN MALE (A) AND FEMALE MICE (B).
EXPERIMENT WAS PERFORMED ONE TIME (N=3). DATA ARE SHOWN AS MEAN * S.D. T TEST WITH WELCH CORRECTION.
(*) P<0.05, (**) P<0.01.

ELISA assay showed a significant increase of LCN-2 expression in tail-suspended mice (~1,000 ng/ml)
compared to the control Rest group in both male (p<0.01) (Fig.15-A) and female (p<0.05) (Fig.15-B)
mice. These data suggested that LCN-2 could be a biomarker of osteopenia in simulated-ug

condition.

3.3 HIGH-DOSE OF LCN-2 STIMULATION DID NOT INDUCE APOPTOSIS IN MLO-Y4
OSTEOCYTES

Based on the results of previous experiments, a second in vitro experiment was performed by

stimulating osteocytes with 1000 ng/ml LCN-2, to investigate whether LCN-2 effects were dose
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dependent. The LCN-2 concentration was selected based on ELISA results of HLU experiment in

mice, showing a serum concentration of LCN-2 close to 1000 ng/ml in tail-suspended mice.

MLO-Y4 cells were seeded and cultured for 48h, prior the treatment with 1000 ng/mI LCN-2 for 48h.

A negative control was also carried out, maintaining cells in standard culture medium.
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FIG. 16 GENE EXPRESSION AFTER 1000NG/ML LCN-2 STIMULATION. EXPERIMENT WAS PERFORMED AS SINGLE

DATA ARE SHOWN AS MEAN + S.D, T-TEST, (*) P<0.05, (**) p<0.01, (***) P<0.001. Cx43:

CONNEXIN 43 (A), E11: PODOPLANIN (B), LcN-2 LIPOCALIN-2 (C), PPAR-GAMMA: PEROXISOME PROLIFERATOR-

=3).

EXPERIMENT (N
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ACTIVATED RECEPTOR GAMMA (D), SOST: SCLEROSTIN (E), OcN: OSTEOCALCIN (F), BAX: BCL2 ASSOCIATED X (G),
BCL2: B-CELL CLL/LYmPHOMA 2 (H), BAx/BcL2 RATIO (I) APOPTOSIS REGULATOR, P53: PROTEIN 53 (J), P21:
CYCLIN-DEPENDENT KINASE INHIBITOR 1 (K), P16: CYCLIN-DEPENDENT KINASE INHIBITOR 2A (L).

Transcriptional levels of bone homeostasis-, apoptosis- and senescence-related genes were

evaluated as described above.

Contrary to previous experiment, Cx43 was significantly upregulated after 1000 ng/ml LCN-2
treatment, compared to the control (Fig 16-A) (p<:%0.05), suggesting a dose dependent effect
correlation. On the other hand, both E11 (Fig 16-B) and Lcn-2 (Fig 16-C) were overexpressed after
1000 ng/ml LCN-2 treatment compared to the control (p<<0.05 in both cases), in accordance with

experiment at lower dose.

Contrary to previous results, no significant difference was observed in the expression of Ppar-
gamma (Fig 16-D), Sost (Fig 16-E) and Ocn (Fig 16-F) after stimulation with 1000 ng/ml LCN-2 in

comparison with the control.

Furthermore, also Bax (Fig 16-G) expression showed a slight not significant increase after 1000

ng/ml LCN-2 treatment compared to control.

Interestingly, contrary to 200 ng/ml LCN-2 stimulation, Bc/-2 (Fig 16-H) was not modulated after
1000 ng/ml LCN-2 stimulation in comparison with the control. As a result, Bax/Bcl2 ratio (Fig 16-1)
showed a slight not significant increase after 1000 ng/ml LCN-2 treatment compared to the control.
However, this increase was not sufficient to induce cellular apoptotic event, as evidenced by the

negative results of a subsequent TUNEL assay (data not shown).

The senescence genes P53 (Fig 16-J) (p<<0.001 compared to control) and P16 (Fig 16-L) (p<<0.05
compared to control) exhibited a comparable trend with previous experiment, while P21 (Fig 16-K)
showed an upregulation in LCN-2 group, but not statistically significant. Unfortunately, in this
experiment, we only conducted a triplicate instead of the usual quintuplicate, and therefore it will

need to be repeated to determine if a statistically significant difference can be observed.
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FIG. 17 WESTERN BLOT ANALYSIS (A) AND QUANTIFICATION OF PARP (B). DENSITOMETRIC ANALYSIS SHOWN AS
MEANS * SD OF THREE REPLICATES OF PARP.

However, a Western blot analysis on PARP-1 protein was also performed, confirming that apoptotic
pathway was not activated after 1000 ng/ml LCN-2 stimulation. The lack of band at lower molecular
weight suggest indeed that PARP-1 cleavage, an essential event of the apoptotic cascade, did not
occur. Taken together, these data confirm that LCN-2 stimulation did not induce apoptotic process

in MLO-Y4 osteocyte, neither at low or high dose.
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3.4 LCN-2 STIMULATION DID NOT INDUCE MITHONDRIAL IMPAIRMENT IN MLO-Y4
OSTEOCYTES

To further investigate whether LCN-2 may induce osteocyte function impairments, mitochondrial
function was evaluated. Microgravity-induced bone loss is indeed often associated with oxidative
stress and dysregulation of mitochondrion homeostasis’”’8. MLO-Y4 cells were treated with 1000
ng/ml LCN-2 for 48h or maintained in standard culture medium as control. Mitochondrial

metabolism was evaluated by measuring the Oxygen Consumption Rate (OCR) using Seahorse.
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FIG. 18 MITOCHONDRIAL STRESS TEST IN MLO-Y4 OSTEOCYTES CELLS. OCR WAS MEASURED AFTER TREATMENT 1000
NG/ML LCN2 FOR 48 H FOLLOWED BY CONSECUTIVE INJECTIONS OF OLIGOMYCIN (1.5 MM), FCCP (1 MM), AND
ANTIMYCIN A (0.5 MM )/ROTENONE (0.5 MM). THE EXPERIMENT WAS PERFORMED ONE TIME (N=3). DATA ARE SHOWN
AS MEAN = S.D.

Results showed that no significant differences in OCR can be observed between the control and the
treated sample, indicating that LCN-2 stimulation, at that dose, did not induce any damage to the
mitochondrial oxidative phosphorylation process. An effect on the mitochondria would result

indeed in a drop of OCR values in the graph, in the area between 40 and 60 minutes, when an ATP

synthase inhibitor (FCCP) is added to the cells.

3.5 EFFECT OF RPM AND LCN-2 STIMULATION IN MLO-Y4 OSTEOCYTES
To assess a potential synergistic effect between LCN-2 and microgravity, the entire experiment was
also carried out in conditions of simulated microgravity. MLO-Y4 cells were cultured for 5 days and

then treated with 200 ng/ml LCN-2 for the last 8 h of experiment or left in standard culture medium
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as control. The experiment was performed in RPM machine, for microgravity simulation. A ground

control was also performed, and gene expression was evaluated by real time PCR, in all the

experimental groups (Fig. 19).
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FiG. 19 GENE EXPRESSION AFTER STIMULATION IN RPM WiITH LCN-2 200 NG/ML. EXPERIMENT WAS PERFORMED AS
DOUBLE EXPERIMENT (N=5). DATA ARE SHOWN AS MEAN * S.D, ONE-WAY ANOVA WITH WELCH CORRECTION, (*)
P<0.05, (**) p<0.01, (***) P<0.001 E (****) p<0.0001. Cx43: CONNEXIN 43 (A), E11: PODOPLANIN (B), LcN-
2 LIPOCALIN-2 (C), PPAR-GAMMA: PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR GAMMA (D), SOST: SCLEROSTIN
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(E), OcN: OSTEOCALCIN (F), BAx: BCL2 AssOCIATED X (G), BcL-2: B-CELL CLL/LYMPHOMA 2 (H), BAX/BcCL-2 RATIO
(1) APOPTOSIS REGULATOR, P53: PROTEIN 53 (J), P21: CYCLIN-DEPENDENT KINASE INHIBITOR 1 (K), P16: CYCLIN-
DEPENDENT KINASE INHIBITOR 2A (L).

Cx43 was found upregulated in simulated-ug (RPM) compared to the control group (Fig.19-A)
(p<0.05). Furthermore the stimulation with LCN-2 in RPM also determined a significant increase in

Cx43 expression in comparison with RPM alone (p<0.05 RPM LCN-2 vs. RPM), suggesting that

simulated microgravity increases the effect of LCN-2, contrary to the ground experiment.

E11 expression was not affected by simulated microgravity, while LCN-2 treatment in RPM
determined an increase in E11 expression (Fig.19-B) (p<0.0001 RPM LCN-2 vs. RPM), confirming the

effect of LCN-2 previously observed.

The same trend was observed on Lcn-2 mRNA levels (Fig.19-C), where the presence of the same
protein triggers a positive feedback effect, leading to a higher expression of endogenous LCN-2

(p<0.05 RPM LCN-2 vs. RPM), as already noticed in ground experiment.

In addition, RPM induced a downregulation of both Ppar-gamma (Fig.19-D) and Sost (Fig.19-E)
(p<0.01 and p<0.05 RPM vs. ground control, respectively). Furthermore, LCN-2 stimulation in
simulated microgravity induced an overexpression of Ppar-gamma to restore control levels,
confirming the effect of LCN-2 previously observed. Intriguingly, Ocn (Fig.19-F) was strongly
downregulated in simulated-ug (p<0.0001 RPM vs. ground control) and no significant difference was

detected after LCN-2 stimulation.

Expression of apoptotic genes was evaluated and Bax (Fig.19-G) was found less expressed in
simulated microgravity conditions compared to ground control (p<0.01 Ctrl vs. RPM), while LCN-2
treatment in RPM restored Bax expression to ground control levels (p<0.0001 RPM LCN-2 vs. RPM).
The expression of Bax partially disagrees with what is reported in literature, where an exposure to

both real and simulated microgravity would lead to an increase in this gene in bone cells’:2°,

On the contrary, Bcl-2 (Fig.19-H) transcriptional levels were not affected by neither microgravity nor
subsequent LCN-2 stimulation. However, although Bax/Bcl2 (Fig.19-1) ratio was not modulated by
simulated microgravity in comparison with ground control, a synergic effect of LCN-2 and

microgravity may be hypothesized. Bax/Bcl2 ratio was indeed increased after LCN-2 stimulation in
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RPM, suggesting a possible effect in apoptosis induction. Further experiments are ongoing to

confirm this data.

The senescence-related gene P53 (Fig.19-J) showed a statistically significant downregulation in RPM
(p<0.05 RPM vs. ground control) compared to ground control. Similarly to Bax, stimulation with LCN-

2 brought P53 expression back to ground control levels (p<0.01 RPM LCN-2 vs. RPM).

Finally, both P21 (Fig.19-K) and P16 (Fig.19-L) were downregulated in RPM compared to ground
control (p<0.0001and p<<0.05 RPM vs. ground control, respectively). Moreover, LCN-2 stimulation

in RPM did not affect their expression, which was comparable to RPM control.

3.6 TSP 2019: EFFECTS OF 14-DAY EXPOSURE TO HYPERGRAVITY (3G)

In parallel with in vitro studies investigating the role of microgravity and LCN-2 in bone cells, an
experiment was conducted under hypergravity conditions to act as a paradigm and highlight genes
sensitive to altered gravity. Furthermore, this study aimed to determine whether hypergravity could
improve bone physiology. For this purpose, a payload named MDS originally designed for
microgravity experiments was utilized. A first preliminary experiment was conducted to investigate
whether the payload could also be adapted for the opposite condition: hypergravity. After a dry run
without any animals inside, we tested the payload for 14 days in 3g with six animals inside (MDS-

3g). A control was also carried out (MDS-ctrl), by maintaining 6 mice in control cages.

The choice to use 3 g is related to several findings8%8? In particular, Bojados and Jamon found that
in male C57BI6/) mice hypergravity acted as endurance training on muscle strength up to 3 g, while
becoming deleterious at 4 g 884 Moreover, in a previous paper, we demonstrated that exposure to
2g for three months enhanced bone architecture and bone cell activity**. Similarly, Gnyubkin V. et
al observed a positive impact on bone after 21 days of 2g exposure, but a detrimental effect was

seen with 3g exposure®,

MDS-3g cages were loaded onto the LDC and 3g gravitational force was reached after 2 hours. The
temperature inside each cage was monitored over time, showing an average value of 25 degrees
and a relative humidity between 60-70%. These values according to the Guide for the Care and Use
of Laboratory Animals, are in the recommended ranges that are for dry-bulb temperature and

humidity 18-26°C and 30-70%, respectively®>. Mice were numbered with the following coding: a
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first number indicating the MDS module (1 in this case), followed by a second number indicating the

cage inside the module (1-2-3-4-5-6).

Water consumption was monitored during all the experiment, as a measurement of the mice
wellness. Water consumption showed a drastic drop during in the first days of the experiment in
the centrifuge (Fig.20-A). Due to this, the g force was reduced from 3g to 2g for 24 h, to allow mice
adaptation. Gravity value was reset on the pre-established values (3g) the following day.
Unfortunately, one of the 6 mice (mouse 1.5) continued to consume an insufficient amount of water
after 7 days, leading to the suspension of the experiment and euthanasia for the said mouse. Mice
were weighted at the beginning and at the end of the experiment and all of them showed a weight

decrease by approximately 10-20% compared to the initial weight in hypergravity (Fig.20-B).
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3.1.1 HYPERGRAVITY DETERMINED AN INCREASE IN RED BLOOD CELLS AND DECREASE IN WHITE BLOOD
CELLS
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FIG. 21 BLOOD ANALYSIS OF MICE FROM 14-pAY 3G EXPOSURE. RBC: RED BLOOD CELLS (A), HCT: HEMATOCRIT
(B), HGB: HEMOGLOBIN (C), WBC: WHITE BLOOD CELLS (D), Lym: LYMPHOCYTES (E),MON: MoNoOcCYTES (F), EOS:
EOSINOPHIL (G) AND PLT: PLATELET (H). DATA ARE SHOWN AS MEAN * S.D, T- TEST WITH WELCH CORRECTION, (*)
P<0.05, (**) P<0.01, (***) P<0.001.
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TABLE 3 BLOOD PARAMETERS (SOURCE: CHARLES RIVER). DATA ARE SHOWN AS MEAN * S.D.

WBC 10°/L 4.45 13.96 6.21+1.26  2.64+1.22

flym%  61.26  87.18 76.147 53.1+15.67
IMON% 218 11.02 3.05:0.28 6.04t1.66
[(EOS%)%  0.13 4.42 5581618 12.38+7.79
7.14  12.20 2.02¢0.12  2.31:0.14
"HGBmmol/L  ©./ 11.92 8.20:0.28  8.93:0.41
0.373  0.620 0.21#0.01  0.25:0.02
841 2159  142.7+61.9 262.2436.3

PLT 10°/L

After the mouse was removed from the MDS, and before euthanasia, blood samples were obtained,
under anesthesia, through retro-orbital plexus puncture with a Pasteur pipette. Different blood
parameters were analyzed and Table 3 reports a summary with all the values obtained and the
reference values for a better understanding (source: Charles River). From the table, it was evident
that our animals had values different from the reference values of Charles River. The laboratory that
provided us with the service, possessed analytical tools designed for larger animals than mice,
specifically dogs and cats. While they assured us of the accuracy of the analyses, they recommended
that we focused not on absolute values, but rather on relative values between treated and

untreated groups.

A statistically significant increase in red blood cells (RBC), in hematocrit and hemoglobin in MDS-3g

compared to MDS-ctrl was noticed (p<0.05 in all the conditions) (Fig.21-A).

Furthermore, blood analysis highlighted an even more significant decrease in white blood cells
(WBC) in MDS-3g compared to MDS-ctrl (p<0.01) (Fig.21-D). The effect on different subgroups of
WBC was also investigated, showing a significant reduction in percentage of lymphocytes when mice
are exposed to hypergravity (p<0.05 compared to control group). Since lymphocytes constitute the
main cell type among WBC, it is reasonable to expect a drop in their number leading to a drop also
in the overall WBC number. The decrease in lymphocytes and therefore in WBC could therefore be
tailored to stress factors due to the experiment itself 8. Monocytes subgroup showed an opposite

trend, with a significant increase in MDS-3g compared to MDS-ctrl (p<0.05). In addition, eosinophil
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percentage was also analyzed. The eosinophil is well recognized as a central effector cell in the
inflamed asthmatic airway ®’. In this experiment, no statistically significant difference was found
between MDS-3g and MDS-ctrl, but the average value on MDS-3g was outside the normal range

(Table 3).

Finally, platelets showed values lower than the standard parameters and a slight increase compared

to the MDS-ctrl, even if not statistically significant.

3.1.2 GENE EXPRESSION

After euthanasia, femurs were isolated, bone marrow was flushed out, and RNA extraction was
performed from the empty bone devoid of the epiphysis. Gene expression was evaluated in order
to define potential effects of hypergravity on skeletal system. In particular Ocn, Collal, Rankl, Opg

and Lcn-2 transcriptional levels were analyzed by real time-PCR.
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FIG. 22 GENE EXPRESSION OF EMPTY FEMUR OF MICE FROM 14-DAY 3G EXPOSURE. OCN: OSTEOCALCIN (A), CoL1AI:
COLLAGEN 1 ALPHA 1 (B), LcN-2: LIPOCALIN-2 (C), RANKL: RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B
LIGAND (D), OPG: OSTEOPROTEGERIN (E) AND RANKL/OPG (F). EXPERIMENT WAS PERFORMED AS ONE EXPERIMENT
(N=6). DATA ARE SHOWN AS MEAN * S.D, ONE-WAY ANOVA WITH WELCH CORRECTION, (*) P<0.05, (**) p<0.01,
(***) P<0.001 E (****) P<0.0001.

It should be taken into consideration that the 14-day exposure to 3g was only a technical test with
one MDS, and the initial number of animals was 6, which then decreased to 5 due to the removal of
a mouse (as previously mentioned). A mild not significant reduction for Ocn and Collal (Fig-A-B)
genes was observed after exposure to hypergravity, compared to control group. These results
suggest that hypergravity stimulation for 14 days might lead to a reduction in bone differentiation
or an impairment in bone homeostasis. Furthermore, given that Lcn-2 is found upregulated in
various microgravity conditions and that transgenic mice overexpressing Lcn-2 exhibit osteopenia,

we measured its mMRNA levels (Fig 22-C) and observed a trend towards reduced expression in this

condition, though it was not statistically significant. Both Rank/ (Fig 22-D) and Opg (Fig 22-E)

51



exhibited decreased levels in hypergravity (p<<0.05 compared to control group). However,
Rankl/Opg (Fig 22-F) ratio was also analyzed, in order to define which bone remodeling pathway
was activated. Rankl/Opg ratio showed lower levels in MDS-3g compared to MDS-ctrl (p<<0.05

compared to control group), favoring bone deposition pathway.

3.2 TSP 2023: EFFECTS OF 27-DAYS EXPOSURE TO HYPERGRAVITY (3G)

After the pilot experiment carried out in 2019, a second experiment was conducted in 2023 with a
larger number of mice, which were exposed to 3g for 27 days, in order to investigate the effects of
a prolonged hypergravity exposure. We considered three groups: 12 mice from the vivarium (V)
housed individually to reproduce the mice inside MDS condition, but in normal housing
environment: regular cages dimensions, 20-22°C in the room, bedding and enrichment inside the
cages; 12 mice housed individually (MDS-ctrl) in cages equal for dimension and material of the
structure to MDS, 25°C as inside MDS, no bedding and enrichment to reproduce MDS environment;
11 mice housed individually (MDS-3g) in the payload MDS 25°C, no bedding and enrichment to

ensure the cleaning of the cages by MDS subsystem during the experiment.

The acceleration of gravity was measured on the floor of the gondola showing a value of 3.2 g, while
the g in the MDS cages experienced by the mice was maintained at 3 g. On the first day of the
experiment, there was an acceleration ramp from 1 g to 3 g in 2 h. However, due to the reasons
mentioned above (mice stopped drinking), on the second day, the acceleration was reduced to 2 g.
Subsequently, the gravity level was brought back to 3 g on the following day, with no adverse effects

observed in the mice.
Throughout the course of the experiment, there were several stops or reductions in the g value:

e Onday 8§, for water supply.

e Onday 15 for water and food refurbishment

e On day 25 there was a reduction to 2 g due to a problem with the food supply which was
then resolved remotely without requiring a total stop.

e Onday 26 another stop to provide food to a cage (Cage 3 MDS module 2) and then returned

after 2 hours to the value of 3 g.

These adjustments and interventions were made to ensure the well-being of the mice and the

proper functioning of the experiment throughout its duration.
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Similar to experiment conducted in 2019, temperatures and humidity of the 2 MDS modules, were

monitored throughout all the experiment. Temperature and relative humidity are shown in Table 4.

TABLE 4 AVERAGE TEMPERATURE AND RELATIVE HUMIDITY * SD INSIDE CAGES OF MIDS 1 & 2

Temperature Relative humidity

(°C) (%)
MDS 1 Cages 1-2-3  25.0+0.5 62.4+3.4
Cages 4-5-6  24.8+0.5 54.4+1.3
MDS 2 Cages 1-2-3  24.6x1.4 45.7+1.8
Cages 4-5-6  25.0+0.2 47.0+2.3

During the experiment, the temperature was stable and maintained similar values across all MDS
cages. However, there were slight differences in relative humidity between the cages, particularly
between cages 1-2-3 and 4-5-6 of MDS1 and between MDS 1 and MDS 2. It is important to note that
despite these variations, all environmental parameters remained within a safe range for the
animals, without creating secondary effects for the experiment. In the control cages (MDS-ctrl), the
temperature was consistently around 25°C, and the relative humidity was maintained at 52%

throughout the experiment.

Water consumption was monitored during the overall duration of the experiment. On the first day
of the experiment, both cages exhibited water consumption of around 5 ml. However, with the
increase in gravity acceleration at the beginning of the experiment on the LDC, there was a
noticeable reduction in water consumption. In fact, the graphs indicate that water consumption

dropped to zero on the second day (Fig.23).
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FiG. 23 WATER CONSUMPTION (ML) OF MICE FROM 3G EXPERIMENT DURING EACH DAY IN MDS 1 AND MDS
2. THE VALUES ARE EXPRESSED AS AVERAGE + SD

For this reason, the acceleration was adjusted to 2G and maintained to this level for 1 day, to help
the mice to adapt to this new condition. Subsequently, the graphs show that water consumption
began to increase, signifying the recovery of the mice. Once again, the acceleration was increased
to 3g, resulting in a decline in water consumption, which then started to increase until
approximately 6 days after the start of the experiment and then stabilize until the end. As already
mentioned, this effect was also documented in literature®® and it was consistent with our previous
findings from experiment conducted in 2019. Finally, in MDS-ctrl there were no large variations in

daily water consumption.
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FIG. 24 WEIGHT CHANGE % OF MICE OF IMIDS-3G IN FIRST 2 WEEKS AND IN THE SECOND PART OF THE EXPERIMENT (A),
OF MDS CTRL MICE IN ALL THE EXPERIMENT (B).
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Mice were weighted at time 0, after 14 days (during the mandatory centrifuge stop) and after 27
days (at the end of the experiment before the TSP). Control mice inside the training cages showed
a weight increase in almost all mice except 1.3 and 2.4. This increase may be related to the reduced
number of possible movements of the animal inside the cage or the natural growth in weight of the
animal (Fig.24-B). On the opposite side, mice exposed to hypergravity exhibited an initial average
weight decrease of 10-20% during the first 2 weeks of the experiment. However, when looking at
the second part of the experiment, there was an increase in weight, which indicated a partial
recovery and therefore a possible adaptation to the hypergravity condition. This observed effect
was consistent with findings from the 2019 experiment, confirming that hypergravity induced a
weight decrease in mice initially, but this was followed by a recovery as they adapted to the

hypergravity condition.

Further experiments will be needed to confirm that a prolonged exposure to hypergravity lead to a

complete recovery of the mice.

3.2.1 ANIMAL BEHAVIOUR
Mice were monitored throughout the experiment, and the behavior was registered day by day with

a dedicated video camera inside each cage.

Some observations were made during the whole experiment:

1st week: during the first week of exposure to hypergravity, all the mice fed on the food bars and
started drinking from the third day of exposure. This behavior was a response to the stress induced
by the increased acceleration, consistent with the findings from the previous experiment.
Throughout the week, there were no issues with the mice's ability to eat or drink using the MDS
system. The species-specific behavior of the mice was maintained, with some slight differences
noted during this adaptation period. During the first 2 days of adaptation the mice explored the
cage with reduced locomotor movements, performing behaviors similar to stretched postures,
indicating a preference for resting behaviors. From the third day onward, the mice increased the
frequency of maintenance behaviors (self-grooming, occasional face washing or scratching) and
exploration behaviors (walking and rarely wall rearing). As expected, certain behaviors such as

rearing, digging, or bar holding were almost totally suppressed during this first period of rotation.

55



2nd week: during the second week of hypergravity the mice fed and drank without any problems.
Only some mice showed slightly different behaviors (feeding and drinking not every day). In
particular, mouse 2.6 consumed less water while mice 1.4, 2.1 and 2.5 ate less in the last days of
observation. From the behavioral point of view, the behaviors observed in the first week were
mostly maintained. Vertical movements have been almost completely suppressed, with some rare
events observed in this period. It is important to point out that the consumption of water and food
requires the mouse to stand on its hind legs. The high frequency of these events highlights the
possibility of these animals also being able to make vertical movements. During the first stop it was
noticed that the animals tilted their heads slightly (not observed through the video). This tilting

could be related to a potential imbalance in the otoliths between the two hemispheres.

3rd week: consumption by the mice remained normal during the third week and there was no
change in species-specific behaviors. Regardless of the movements required for eating and drinking,

vertical movements were rare.

4th week: During the fourth week the animals showed the same behaviors as the third both in
feeding and in species-specific behaviors. After stopping the LDC and before the TSP the animals
were studied inside a new cage for 5 minutes. The animals explored the cage and performed species-

specific behaviors, with particular regard to locomotion, sniffing, and digging.

3.2.2 BLOOD ANALYSIS

Before euthanasia, blood samples were collected, under anesthesia, and classical blood parameters
were analyzed to monitor animal general health. The number of red blood cells (RBC) showed a
slight increase in MDS-ctrl mice compared to Vivarium (V) (p<<0.05) (Fig.26). The effect induced by
hypergravity, when compared with MDS-CTRL, on RBC, HCT and HGB values and observed in the
2019 experiment was not detected in this 2023 experiment. This could be due to an adaptation of

the animal after a longer exposure.
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FIG. 25 BLOOD ANALYSYS OF MICE FROM 27 DAYS EXPERIMENT. DATA ARE SHOWN AS MEAN =S.D, T- TEST WITH
WELCH CORRECTION, (*) P<0.05, (**) P<0.01, (***) P<0.001. RBC: RED BLOOD CELLS (A), HCT: HEMATOCRIT (B),
HGB:HEMOGLOBIN (C), WBC: WHITE BLOOD CELLS (D), Lym: LYMPHOCYTES (E), BAS:BASOPHIL (F), MON:
MONOCYTES (G), EOS: EOSINOPHIL (H), NEU:NEUTROPHILS (I), ALY: ATYPICAL LYMPHOCYTES (J) AND PLT: PLATELET (K).
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However, white blood cells (WBC) showed a decrease in MDS-ctrl compared to the Vivarium control
group (Fig 25-D) (p=<0.01), and in MDS-3g compared to MDS-ctrl (p<<0.01). These data are in
accordance to our previous findings observed in the 2019 TSP experiment, suggesting that the effect
induced by hypergravity is maintained for the entire duration of the experiment, as also confirmed
by Goldstein et al 8. The same trend was found in the main lymphocyte population of WBC, although
not statistically significant. No variations were found in percentage of basophils. Their increase is
indeed generally correlated to infections®®. Monocytes (Fig 25-G) exhibited a slight not statistically
significant increase in MDS-3g compared to MDS-ctrl, in opposition to the strong increase displayed
in the TSP-2019. Neutrophil (Fig 25-1) population displayed a slight not significant decrease in MDS-
3g compared to MDS-ctrl. Finally, atypical lymphocytes showed a decrease in MDS-ctrl compared to
Vivarium (Fig 25-J) (p<0.05). The effect in this case could be attributed to the stress condition for
the animal, as already described in the 14-day experiment above. Platelets enrichment was also
investigated and no differences were observed between vivarium and MDS-ctrl, while a reduction
in platelet number was detected in MDS-3g compared to MDS-ctrl (Fig 25-K) (p<:0.05), contrarily to
what we observed in TSP-2019.

These findings confirm observations from the 2019 TSP experiment, indicating the persistence of a
stress state in the animals during the experiment. This is evidenced by the analysis of the neutrophil-

lymphocyte ratio as a biomarker of inflammation due to chronic stress: an increased variance in this

ratio is present in the MDS-Ctrl group compared to the Vivarium (p<0.05)%°.

1.0

0.5

Neutrpphil:Lymphocyte Ratio

0.0 T

FIG. 26 NEUTROPHIL/LYMPHOCYTE RATIO OF MICE FROM 27 DAYS EXPERIMENT. DATA ARE SHOWN AS MEDIAN (LINE),
MAX AND MIN VALUES (LIMITS OF EACH SQUARE) , T- TEST WITH WELCH CORRECTION ON VARIANCE RATIO, (*) P<0.05,
(**) P<0.01, (***) P<0.001.
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3.2.3 GENE EXPRESSION
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FIG. 27 GENE EXPRESSION oF EMPTY FEMUR OF MICE FROM 27 DAYS EXPERIMENT. OCN: OSTEOCALCIN (A), CoL1A1:
COLLAGEN 1 ALPHA 1 (B), LCN-2: LIPOCALIN-2 (C), RANKL: RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B LIGAND
(D), OpG: OSTEOPROTEGERIN (E) AND RANKL/OPG (F). EXPERIMENT WAS PERFORMED AS ONE EXPERIMENT
(N=12). DATA ARE SHOWN AS MEAN + S.D, ONE-WAY ANOVA WITH WELCH CORRECTION, (*) P<0.05, (**)
P<0.01, (***) P<0.001 E (****) P<0.0001.

After euthanasia, femurs and tibiae were isolated, and RNA extraction was carried out from empty
bones. Gene expression was evaluated to define the potential effects of hypergravity on the skeletal

system. Ocn, Collal, Lcn-2, Rankl and Opg transcriptional levels were analyzed by real time-PCR.

Gene expression was carried on empty femurs, an increase in the expression of Ocn (Fig 27-A) (p<
0.01) and Collal (Fig 27-B) (p=<<0.01) was found in mice exposed to hypergravity compared to

control group.

Interestingly, Lcn-2 mRNA (Fig 27-C) (p<=0.05) exhibited an opposite effect compared to our
experiments of mice in simulated microgravity (HLU). Lcn-2 seems to exert an effect dependent on
the variation of gravitational force, suggesting that it has a role as a mechanoresponding protein, as

also reported in literature®®°99192,
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These results could suggest that as far as the femur is loaded, we have an induction of bone
formation, highlighted by an increase in genes correlated to bone formation (Co/1al, Ocn), and a
decrease in genes related to bone resorption (Fig 27-D) (Rankl/). This hypothesis was also confirmed
by the increase of Opg (Fig 27-E) expression in MDS-3g compared to MDS-ctrl (even if not
statistically significant) which, together with a decreased Rankl/Opg ratio (Fig 27-F) (p<:0.05),

suggested that the favored pathway in 27-day 3g hypergravity experiment was bone formation.
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FIG. 28 GENE EXPRESSION OF EMPTY TIBIAE OF MICE FROM 27-DAY 3G. . OCN: OSTEOCALCIN (A), CoL1Al:
COLLAGEN 1 ALPHA 1 (B), LCN-2: LIPOCALIN-2 (C), RANKL: RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B LIGAND
(D), OPG: OSTEOPROTEGERIN (E) AND RANKL/OPG (F). EXPERIMENT WAS PERFORMED AS ONE EXPERIMENT
(N=12). DATA ARE SHOWN AS MEAN + S.D, ONE-WAY ANOVA WITH WELCH CORRECTION, (*) P<0.05, (**)

P<0.01, (***) P<0.001 E (****) P<0.0001.

Gene expression on tibiae showed that, despite the smaller size of the cage, Ocn (Fig 28-A) (p<
0.01) and Colla1l (Fig 28-B) (p=<<0.05) were upregulated in MDS-ctrl mice compared to V mice. We
are currently analyzing the behavior of the mice in these two different conditions to determine if

there was reduced movement in MDS-ctrl mice.
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No significant variations in all genes between MDS-3g and MDS-ctrl except Rankl/ (Fig 28-D), which
was found significantly downregulated in MDS-3g compared to MDS-ctrl (p<<0.05). On the contrary,
no significant effects were observed on Opg expression, and also the RANKL/OPG ratio was not
significantly different and only showed a slight decrease when comparing MDS-ctrl and MDS-3g.
Notably, the only differing environmental parameter between the two conditions: MDS-ctrl and V,
was the temperature, which was 20-22°C and 25°C respectively. On the other hand, an upregulation
of Rankl (Fig 28-D) (p<0.01), Opg (Fig 28-E) (p<:0.01), was observed in MDS-ctrl compared to
Vivarium mice, while the Rankl/Opg (Fig 28-F) ratio remained unchanged suggesting that there was

no significant increase in bone resorption in the tibia after 27 days of the 3g exposure.

3.2.4 MIcrROCT

MicroCT analysis was also carried out and preliminary
results are reported on only 1 femur for each condition.
The analysis of the other femurs is ongoing together with
Inner ear, Calvaria and lumbar vertebra N°1-2. Classical
histomorphometric parameters were considered: Bone
volume (BV) represents the real volume that the bone
has without considering the space inside (bone marrow)
Diaphysis
instead total volume (TV) is considering both

components. The area analyzed are shown in Fig.29.

Distal methaphysis

FIG. 29 FEMUR REGIONS ANALYZED BY MICRO CT

TABLE 5 BONE VOLUME (BV), TOTAL BONE VOLUME (TV) AND RATIO BV/TV OF THE DISTAL METAPHYSIS OF FEMUR.

BV (um’) TV (um®)  BV/TV (%)

Vv 1.30E+09 2.40E+10 5.4%
MDS- 1.21E+09 2.40E+10 5.0%
ctr

MDS-3g 1.30E+09 2.40E+10 5.4%
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TABLE 6 BONE VOLUME (BV), TOTAL BONE VOLUME (TV) ,RATIO BV/TV AND CORTICAL THICKNESS (C.TH) OF THE
DIAPHYSIS OF FEMUR. DATA ARE EXPRESSED AS MEAN + S.D (ONLY FOR C.TH).

BV (um3) TV (um3) BV/TV (%) C.Th(um)

Vv 8.08E+08  1.44E+10 5.6% 27.29+8.00
MDS- 9.52E+08 1.44E+10 6.6% 37.65+8.57
ctr

MDS-3g 9.75E+08  1.44E+10 6.8% 40.00+10.34

FiG. 30 COLOR MAP OF CORTICAL THICKNESS IN THE REGIONS OF THE FEMUR DIAPHYSIS. A) MDS-
3G, B) VIVARIUM, C) MDS-CTRL

The data in Table 5 indicate that the distal metaphysis of MDS-ctrl displayed a slight decrease of
BV/TV in MDS-ctrl compared to the V mouse. This value was rescued in MDS-3g mice after 27 days
of exposure to 3g (Table 5). The cortical bone at the diaphysis showed a progressive increase of both
BV/TV and C. Th. from V to MDS-ctrl to MDS-3g suggesting that hypergravity may have a positive
effect on bones (Table 6). The color map highlights the greater thickness of the MDS-3g collar bone

compared to the other two conditions (Fig. 30).

The data from the Vivarium comparing MDS-ctrl can be explained by what was obtained from the
PCR of the femur and tibia where the effect of temperature had a significant reduction in bone

metabolism and architecture.
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4.0 DISCUSSION AND CONCLUSION

Since the first human spaceflight in 1961, the effects of space stress on the human body have been
studied and reported in many ways. The first observation of microgravity-induced bone loss was
recorded in the mid-1970s, when Skylab crew members demonstrated the loss of 1-2% bone mass
per month compared to pre-flight and ground controls®>?4. Since then, despite the implementation
of preventative exercises, bone loss in space has been one of the most frequently observed
outcomes among astronauts®. The weightlessness experienced in microgravity reduces the loading
on weight-bearing bones, resulting in adaptive changes that increase bone resorption and inhibit
bone formation!’. Bone metabolism is indeed precisely maintained by the balance between
osteoclastic bone resorption and new bone formation by osteoblasts®® and mechanical force seems

to play a critical role in regulating bone metabolism.

Despite the physiological relevance, relying solely on astronaut data to understand pg-induced bone
loss is limiting and rodent animal models (in vivo) such as HLU or cell models (in vitro) such as RPM
have been developed to create conditions close to microgravity. Taking advantage from these
models of simulated-pg, several pathways have been recognized to contribute to bone loss in
microgravity condition®’, such as Lipocalin-2 (LCN-2)°%°°. LCN-2 is a pleiotropic protein, playing roles
in cell proliferation, differentiation, and survival. However, its role in bone metabolism is poorly
known. Some possible mechano-responding properties of LCN-2 have been already suggested. LCN-
2 has been indeed recently reported as the most up-regulated gene in osteoblasts subjected to
simulated microgravity, with an important negative effect on bone formation®®. However, little is

known on its precise role and mechanism in bone homeostasis impairment and osteopenia.

In this study we firstly analyzed the amount of LCN-2 in serum of tail-suspended in mice in HLU,
observing an increase compared to control and confirming data already reported in literature.
Furthermore, Rucci and colleagues also found a correlation between the exposure time in HLU and

LCN-2 levels in the serum >°.

Different mechanisms have been proposed to be involved in triggering microgravity-related bone
loss, including osteocytes apoptosis'®. To elucidate the role of LCN-2 in bone metabolisms and to
shed the light on activated pathways in osteocytes, we stimulated MLO-Y4 murine osteocytes with
different concentrations of LCN-2 both in ground controls and in simulate microgravity. In both
conditions, an upregulation of genes related to bone homeostasis was observed, such as Cx43 and
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E11. CX43 is a mechano-transducer protein 7% and its overexpression is in agreement with
evidence reported in literature where a reduced amount of LCN-2 leads to a reduced expression of
Cx43 in PC-3 cells (carcinoma prostate cells with knockout of LCN-2)192 Interestingly, it has been
showed that CX43 overexpression aggravates apoptosis after cerebral ischemic injury®. Moreover,
on the other hand, increased CX43 expression preserves osteocyte viability and maintain bone
formation, preventing osteocytes apoptosis and preserving cortical bone quality'®*. According to all
these findings many aspects remain to be elucidated and further experiments are essential to clarify

the effect of LCN-2-induced overexpression of Cx43.

In addition, we also found that Cx43 was upregulated in conditions of simulated-ug (RPM). These
data are in line with recent findings, showing a higher expression of this protein after 2h in RPM0>,
This effect was strengthened by the LCN-2 stimulation in microgravity, suggesting a synergic effect

on bone impairment.

E11 is a protein involved in the formation and elongation of dendrites in osteocytes. Its upregulation
after LCN-2 treatment suggests a role of LCN-2 in bone homeostasis. It is well known indeed that
LCN-2 responds to reduced mechanical stimulation in bone and it is upregulated under mechanical
unloading in mouse models as well as in humans'°. On the other hand, E11 expression was also
found increased by a mechanical loading in vivo and maximal expression was observed in regions of
potential bone remodelling, suggesting that dendrite elongation may be occurring during this
process®?. In parallel, in vitro studies demonstrated that MLO-Y4 cells show an increase in elongation
of dendrites in response to shear stress, that is blocked by small interfering RNA specific to E11 ©2.
Furthermore, increased E11 expression under mechanical stimuli might not be beneficial under
certain conditions. Its overexpression in osteocytes was indeed observed in human and canine
osteoarthritic subchondral bone!?’. Indeed, in osteoarthritic joints, the osteocytes in the
subchondral bone exhibit alterations in their dendritic morphology, with fewer and more
disorganised dendrites and E11 overexpression seems to play a role in this impairment!®’,
Therefore, LCN-2 induced E11 overexpression observed in this study could confirm the role of LCN-

2 in bone remodelling and alteration.

Expression of bone homeostasis-related genes, such as Ppar-gamma, Sost and Ocn was also
evaluated after LCN-2 stimulation. PPAR-gamma is primarily an important marker of adipose

tissue®, but it was also described to have a role as negative regulator of bone formation by inhibiting
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osteoblastogenesis from bone marrow cells®®. In this study, Ppar-gamma was found strongly
upregulated in LCN-2 stimulated osteocytes, suggesting that LCN-2 might induce bone remodeling
and readaptation. As a confirmation, Ppar-gamma was downregulated in simulated microgravity,
but LCN-2 stimulation in RPM was enough to determine again an increase in its expression.
Furthermore, PPAR-GAMMA also has a role in the control of SOST expression as demonstrated by
Baroi et al. In addition, PPAR-GAMMA increases osteoclast resorptive activities and commit BMSC
toward adipocytes and away from osteoblasts, which partially explains PPAR-GAMMA negative
effects on bone'®®. Sost/Sclerostin showed a comparable trend as Ppar-gamma. SOST has been
reported as contributor in bone homeostasis, by regulating both osteoclastogenesis and osteoblast
differentiation and activity®®®’. In literature, it has been described that an overexpression of SOST
in osteocytes might stimulate bone resorption®. According to our results, LCN-2 may act as an

inducer of bone remodeling and resorption.

Finally, OCN was strongly downregulated in simulated microgravity, while LCN-2 treatment did not
induce relevant effects on its expression, but only a mild increase. These results are in line with what
reported by Deepak and colleagues, which described an increase of Ocn, parallel with an increase
of mechanical loading on MLO-Y4 cells. On the other hand, an Ocn reduction was observed when
these cells were subjected to simulated osteoporosis'®. Furthermore, Yang et al found a
downregulation of Ocn in MLO-Y4 cells after 6h of RPM°, This downregulation could be related to
the characteristics of MLO-Y4 which could maintain borderline characteristics of osteoblasts and
osteocytes. When osteoblasts are subjected to simulated microgravity they indeed exhibit a

reduction in Ocn'11112,

A pro-apoptotic effect of LCN-2 has been previously reported for different cell types. Xu et al.
showed that LCN-2 treatment on cardiomyocytes led to the translocation of BAX to mitochondria,
disruption of mitochondrial membrane potential and caspase-3 activation!3. However, we did not
observe an apoptotic effect after LCN-2 stimulation. We indeed highlighted an upregulation of both
Bax and Bcl-2, which resulted in a null effect on their ratio. While BAX-BAX homodimers act as

apoptosis inducers, BCL2-BAX heterodimer formation evokes indeed a survival signal for the cells.

Both Bcl-2 and Bax are transcriptional targets for the tumor suppressor protein, P53, which induces
cell cycle arrest or apoptosis in response to DNA damage!!* and it was upregulated by LCN-2

stimulation. Effect on P53 expression are in line with previous studies on hematopoietic cells, in
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which treatment with recombinant LCN-2 led to DNA damage, through intracellular ROS
accumulation and P53 pathway activation!®®. In addition, expression of senescence-related genes
P21 and P16 was also evaluated. The cyclin-dependent kinase inhibitor P21 is induced by both P53-
dependent and -independent mechanisms following stress, and induction of P21 may cause cell
cycle arrest. Cell cycle arrest permits cells to pause and to repair damage and then to continue cell
division!®, LCN-2 induces an increase in gene expression of P21 in our hands, as well as an
upregulation of P16. The P16 gene belongs to INK4 family of genes, consisting of four members: P16
(INK4A), P15 (INK4B), P18 (INK4C) and P19 (INK4D). All the family members share biological
properties, namely, inhibition of cell growth and tumor suppression. In our experiment P16 (like P53

and P21) was upregulated suggesting an induction to cell arrest and cell senescence.

On the other hand, simulated microgravity determined a downregulation of Bax, Bcl-2 and P53. This
downregulation is also reported in literature where exposure of human lymphocytes to simulated
microgravity for 7 days led to a decrease of these genes '*’. RPM condition also downregulated P16
gene. Pala and colleagues observed that simulated microgravity activate a molecular program of cell
senescence, with an initial upregulation of senescence-related genes (i.e. P53, P21, P16 and P19)

after 6-12h, followed by a subsequent downregulation 18,

Taken together, these data suggest that LCN-2 stimulation may have a role in bone remodeling,
determining an impairment in bone tissue with bone resorption preponderance. In addition, our
data also demonstrated that LCN-2 does not have an apoptotic effect on osteocytes, but it may
rather induce cellular senescence and cell cycle arrest in both ground control and simulated

microgravity.

Furthermore, LCN-2 seems not to have an effect alone but it seems to have a synergic effect with
simulated microgravity on the Bax/Bcl-2 ratio. Further tests need to be performed to confirm the

biological effect.

In parallel to in vitro studies examining the role of microgravity and LCN-2 in bone cells, two
experiments were conducted to determine whether hypergravity condition could mitigate the
negative effects on the skeleton. Short-term and long-term effects of hypergravity on skeletal
system were evaluated in two subsequent experiments, exposing mice to 3g gravitational force for

14 and 27 days, respectively. In both experiments, water consumption showed a drastic drop during
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the first days of the experiment. Mice stopped drinking, due to their need to adapt to a new
environment. This effect has been already described in literature by Dubayle and colleagues, which

observed a reduction of water consumption in mice exposed to 2g gravitation force for 24 h88,

We also observed a weight reduction of mice exposed to hypergravity. This can be attributed to two
parallel causes, as supported by existing literature: hypergravity conditions can make it more
challenging for mice to access and obtain food, and additionally, the combination of animal
isolation, smaller size of the cage, absence of bedding and enrichment in the cages of MDS and
hypergravity conditions can lead to increased stress levels in the animals®%1°, This heightened stress
response can negatively impact the mice's overall well-being and may contribute to weight loss.
Interestingly, this effect was strongly detected in the short-term experiment and in the first two
weeks of the long-term exposure, while mice started to gain weight after prolonged exposure, as

already reported in literature 120123,

Blood analyses also revealed interesting evidence. The increase in RBC was in opposition with
observations in microgravity. Indeed, absence of the hydrostatic pressure in either simulated or true
weightlessness causes a shift of blood to the head, an increase in circulation to the thorax and the
head, and a subsequent reduction in total plasma volume (the so called 'Gauer-Henry reflex')
through increased urine excretion. For instance, a decrease in RBC was observed in humans of the
Skylab II, Il and IV missions in the first phase of the mission (40 days). Interestingly, parameters
were re-established at the initial values around the 100" day 2. According to these findings, our
data showed that RBC levels were restored to control levels in mice exposed to hypergravity for 27
days. On the other hand, our data also reported a decrease in WBC, according to recent findings
from Goldstein et al, showing a decrease in WBC from 7 days till the end of the experiment (30 days)
when mice were exposed to 1.6 g®. Monocytes fluctuations were investigated in microgravity
experiments. The effect of microgravity on monocyte numbers appears to be effective only during
the end of the experiment. Kaur et al saw a statistically significant increase in the number of
monocytes in astronauts immediately after the mission, compared to before the launch, while no
variation was observed during the microgravity condition. Perhaps a rapid, but brief increase in
monocytes may result from launch or upon initial exposure to spaceflight, but the effect is transient
and dissipates after a few days of spaceflight!?>. According to these reporting, our long-term
experiment also showed that after 27 days of exposure to hypergravity, monocytes levels in mice

are restored to control levels. The transient increase observed in astronauts could be related to the
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deceleration during re-entry into the atmosphere similar to what occurs in mice exposed to 3 g (in
normal orbital launch and re-entry missions an astronaut is subjected on average to 3 g of
acceleration/deceleration!?®). Furthermore, Farahani et al observed an increase in eosinophils upon
the return of astronauts from space, as happens with monocytes, and this could be due either to
the exposure to microgravity or to the brief exposure to hypergravity upon re-entry into the
atmosphere?’. On the other side, Goldstein et al 8 previously reported a sharp decline of neutrophil
after 6 days, which returns to the original values at day 7. This is presumably due to the stress of the

new environment.

Finally, also an increase in platelets was observed after short-term exposure to hypergravity (14
days), while a decrease was registered after long-term exposure (27 days). Dai and colleagues
already described a reduced haemostasis on mice after exposure in simulated microgravity (HLU),
also confirmed in vitro by a reduced number of adherent platelets (3h in Rotary Cell Culture System
(RCCS)). In hypergravity, contrarily, they observed an increase in haemostasis and a high number of
adherent platelets, confirming what we observed!?®. In addition, it has been described that
hypergravity stimulation for a short period (i.e., three days) led to an increase in the number of
platelets in mice when compared to control conditions. However, this effect appeared to reach a
peak on day 10 and subsequently declined on day 21, confirming our data of transient increase in

platelets blood enrichment?°,

Taken together, our data on blood parameters confirmed that hypergravity seems to be detrimental
for mice in the first period of hypergravity exposure, but this is due to the mice adaptation to the
new environment. Mice vital parameters are indeed restored to normal levels after long-term

exposure, as they adapted to the cages and to the high gravitational force.

Finally, gene expression reported that hypergravity may induce bone deposition, based on our
results on Rankl/Opg ratio. In microgravity it has been demonstrated that this ratio is higher, thus
favoring bone resorption!3%132, Qur findings on femur of mice exposed for 27 days to hypergravity
revealed that the ratio is lower compared to the control favoring bone deposition. This relationship
was also demonstrated by Kawao et al, where stimulation of mice at 3g for 4 weeks led to a

reduction in the Rankl/Opg ratio *°.

68



We also reported a downregulation of both Collal and Ocn after short-term exposure to
hypergravity, an opposite and statistical significant effect was detectable after 27 days of exposition,

confirming the previous results suggesting a predominance of bone deposition.

Interestingly, we found a higher expression of bone markers in MDS-ctrl compared to Vivarium mice.
Although, normally the cages in the vivarium are larger than those for MDS-ctrl, allowing mice more
space to move, Vivarium mice were kept at a lower temperature for almost 48 weeks of experiment
compared to MDS-ctrl and MDS-3g (~20°C instead of 25°C). The combined effect of low temperature
and isolated housing conditions might have had an effect on energy expenditure and bone
homeostasis. This observation are in line with unpublished data from personal communication with

Laurence Vico.

The preliminary results from MicroCT suggest that hypergravity can induce bone formation and stop
bone resorption. These data confirm what was seen in our previous work, where the exposure of 4
mice for 90 days to 2g led to an increase in BV/TV and C.Th of control mice %*. These data will be

complemented by further analyzes that are ongoing.

Finally, our study has shown that a 27-day exposure to 3g, hypergravity decreases LCN-2 mRNA
expression in the femur, coinciding with enhanced expression of bone formation markers such as
collagen type | and osteocalcin, along with a lowered Rankl/Opg mRNA ratio, suggesting a reduction

in bone resorption.

These findings confirm the crucial role of LCN-2 within the mechanobiology of bone across different
gravitational environments and underscore the need for further research into hypergravity's

capacity to modulate bone density and integrity.
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