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Introduction 

1. Background 

The advent of Space programs made it possible to study organisms and cells in a new 

condition. Outer space represents a unique environment with several abnormal 

conditions such as, alteration of the gravity vector (hypergravity and microgravity), 

space radiation, confinement with limited social interactions, hypovaria, extreme 

temperature, acceleration and space debris (Romsdahl et al., 2018). In particular, 

gravity vector’s changes are essential in the perspective of a long permanence in Space. 

We focused on this condition and its effects on different organisms and cellular 

physiology.  

The International Space Station (ISS) is an orbiting station; it is a cooperative project 

between the USA (NASA), Russia (RKA), 11 nations of the European Space Agency 

(ESA), Canada (CAS-ASC), Japan (JAXA) and Brazil (fig.1). Now, the ISS orbits

around our planet in the lowest orbit of Earth and represents the largest and most 

complex international scientific project ever faced by humanity. It is four times larger 

than the Russian station Mir, 108 m wide and 88 m long, with more than 4000 m2

covered with solar panels, which electrically powers six advanced laboratories. The ISS 

modules were brought in place piece-by-piece and gradually built in orbit using 

spacewalking astronauts and robotics. Although some individual modules were 

launched on single-use rockets, NASA's space shuttle used to carry up the heavier 

pieces. The ISS includes modules and connecting nodes containing living quarters and 

laboratories, exterior trusses that provide structural support, and solar panels that 

provide power. In 1998, the first module, the Russian Zarya module, was launched with 

a Proton rocket. The main construction was completed in 2017, even though the station 

continually improves to include new missions and experiments. 
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Fig. 1 International Space Station (ISS), European Space Agency photo. 

Starting from November 2000, the ISS has been continuously inhabited by a crew of 7 

astronauts that usually reached the Space Station by the Russian Soyuz capsule (first 

launch in 1967).  This has for long been the only spacecraft that brought people to the 

ISS, while in March 2020, SpaceX’s Crew Dragon capsule became the first privately-

owned spacecraft to transport people to the ISS. Astronauts typically spend a mission 

period of around 6 months conducting various science experiments and maintaining 

and repairing the ISS. The astronauts spend at least 2 hours on exercise and personal 

care to minimise the microgravity side effects on their body and physiology. Currently, 

the ISS houses a specially designed machine called the Advanced Resistive Exercise 

Device (ARED). ARED can exercise all the major muscle groups through squats, 

deadlifts, calf raises and other exercises, using specifically designed resistance

machines (Novikova et al., 2005; Trappe et al., 2009).  

For decades the Space Agencies have promoted the study of Space travel effects on 

different organisms and cells. Thanks to the data collected, during the space missions, 

some questions arose about the side effect of altered gravity conditions in outer Space 

on living organisms, particularly hypergravity, during take-off and landing, and 

microgravity, along the mission. Throughout the launch, forces varied from 1 to 3g. 

While in the orbit re-entry phase, forces varied from nearly zero to 1.6g, over 

approximately 33 minutes. Thus, hypergravity and microgravity are two of the leading 

research topics in Space Biology since gravity perturbations may affect morphological 

and physiological traits, also compromising survival or fecundity of different organisms 

(Saldanha et al., 2016; Mora et al., 2019).  
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Except for cargo spacecraft that support the Space Station operations by transporting 

food and other supplies and the arrival of new crew members, the ISS is completely 

isolated from any other biological ecosystem and represents a unique extreme enclosed 

environment. The presence of humans on board entails the presence of microorganisms 

such as contaminants from the Earth environment, components of experiments, or the

normal microbiota of the crew members. The ISS environment is a hermetically closed 

system subject to microgravity, cosmic radiation and high concentration of carbon 

dioxide. The internal temperature is constant, approximately around 22°C, and the 

humidity is stable at approximately 60%; the astronauts live and work in this orbiting 

isolated environment (Mora et al., 2019), which is highly controlled in order to protect 

as much as possible the health of the astronauts living there (Novikova et al., 2005). 

Life Support Systems (LSS) were developed and placed on the ISS to sustain humans 

living and working, far away from Earth’s protective atmosphere and resources like 

water, air and food. LSS technologies control the atmosphere, with air revitalisation 

that includes oxygen generation and recovery, removal of carbon dioxide and control 

of trace contaminants and particulates, and water. The water management systems are 

designed to recycle crewmember urine, wastewater, and humidity for reuse as clean 

water, reducing the amount of water and consumables needed from Earth. Nowadays, 

we are on the cusp of significant advances in human interplanetary Space exploration 

advances. Long-term Space missions to reach Mars and the Moon require to preserve

Space Station materials integrity, ensure a more reliable and effective system, and 

become independent from Earth supplies. It will also be more and more important to 

maintain long-term health in space and keep astronauts functioning at a high level 

during future longer flights (Voorhies et al., 2019).  

2. Gravity Vector Changes: hypergravity and microgravity 
Hypergravity  

Gravity force is a universal force of attraction acting between all matter. It is by far the 

weakest known force in nature, and it does not play a pivotal role in determining the 

internal properties of matter. On the other hand, gravity is one of the constant factors 

guiding and affecting the evolution of all organisms living on Earth. It is difficult to 

understand what role this vector force may have on life as we know it, but it is accepted 

that it plays a fundamental role in regulating tissue and cell homeostasis, inducing 

mechanical stresses at the cellular level. The effect of its variation presents a fascinating 

topic in biology and medicine. Every (living and nonliving) object on the surface of the 
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Earth, due to the force of gravity, experiences weight (or force of gravity), 

proportionally to their mass and proportionally to the Earth's mass.  

2.1. Gravity Vector Changes: Hypergravity  

Hypergravity is a condition with an increased force of gravity, greater than 1g, namely 

the one experimented on the surface of Earth. Hypergravity is usually artificially 

created by researchers, in particular circumstance, to test materials or during 

recruitment for airforce and space missions. During hypergravity experiments, the 

resultant acceleration on a body is different from the acceleration due to the Earth 

gravity. The unit of the ratio of an applied acceleration to the gravitational constant is 

conventionally called G, with an approximate value of 6.67 ´ 10-11 N m2/kg2 units in 

the International System. In general: 

� = ��1��2�) � 

Force (F) equals a gravitational constant (G) times the product of the masses divided

by the square of the distance (d) between the masses (m). The gravitational constant 

(G) is calculated by the expression:  

� = � ����	
�����
�
��
	��g  

On Earth the acceleration of gravity (g) is 9.8 m/s2 and it can be calculated by the 

expression:�

� = � ��)� 

Hypergravity conditions can be experimented on Earth in a number of ways. Apart from 

using masses to produce a hypergravitational field (which is not practical), the typical 

methods to experiment with increased g-conditions are linear acceleration or 

centrifugation (Frett et al., 2016).  

Every time that a vehicle accelerates continuously along a straight line all objects inside 

this vehicle are affected by a force that pushes them towards the opposite direction. 

This happens when a Space Shuttle is taking off. This is a linear acceleration and it is

commonly used for crash simulators, for cars or aeroplanes. In the 1950’s linear 

acceleration was used to examine the effects of high acceleration and deceleration 

forces on humans (Bonnefoy et al., 2021).  

Another way to experiment with hypergravity conditions is centrifugation. Centrifugal 

force is an outward force that pushes a rotating body away from the rotation axis. This 
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centrifugal force (F) is the product of the centripetal acceleration, that means the 

magnitude of the tangential and the angular velocities (r×w 2) times the mass (m) of the 

rotating object:  

�=�×�2×� 
This force has similar effects on cells, tissues, organs and whole organisms and can 

therefore be used to explore the effects of hypergravity but also to identify gravity-

induced processes. 

Centrifugation is technically easier to use, with respect to the linear acceleration, in 

order to achieve hypergravity both in ground-based and in space applications (Frett et 

al., 2016). 

2.2.  Gravity Vector Changes: Microgravity 

When the forces of gravity are no longer opposed by elastic or other real forces and 

thus free to accelerate an object, the object becomes weightless. “Real weightlessness”, 

when gravity force reaches 0g, is also described as “free fall” by physicists. This is the 

condition where gravity is not opposed by any other forces rather than the virtual forces 

of inertia, and thus it is free to develop its full impact upon a mass (Albrecht-Buehler, 

1992).  

It is well known that, once in orbit and in the ISS, astronauts, as all living forms on 

board, experiment a decrease of the gravity vector that does not achieve 0g, thus is 

known as microgravity (with values around 10-6g). This happens because the gravity 

force, as the force between two different masses, is inversely proportional to the square

of the distance, so that it decreases with the distance: 

� = ���1 � �2�)  

Thus, spacecrafts can reach a sufficient distance from Earth, where an individual or an 

object, inside the vessel, will experiment with microgravity, in other words individuals

and objects are subject to a small fraction of the gravitational force. Nevertheless, this

is not why things “float” on a vessel in orbit. Gravity causes all objects to fall with the 

same velocity in vacuum conditions. This force is measured due to the acceleration that 

freely falling objects experience, in other words, without frictional forces. This speed 

is irrespective of the object's mass, as it is only dependent upon the height of fall and

the gravitational acceleration. The International Space Station (ISS) orbits our planet at 

an altitude between 320 and 400 km, where Earth’s gravity is approximately 90%. This 

orbiting spacecraft moves at 27,500 km/hour, and the orbit of its “fall” follows the orbit
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and gravitational force of the Earth. Due to this fact, a spacecraft keeps falling toward 

the earth and never “hits” it. Thus, every spacecraft that is in a circular orbit around the 

Earth is actually in a free fall around the planet (Albrecht-Buehler, 1992; Frett et al., 

2016).  

2.3. Ground-based facilities for simulation of altered gravity 
environments  

Interest in the effects of altered gravity on living organisms and cells has also intensified 

in recent years, due to the scenario of interplanetary travels. Planets suitable to 

inhabitation by Earth-based life are of actual interest, and most of them are predicted 

to have variable gravitational forces (Kalb et al., 2007; Horneck, 2008; Oczypok et al., 

2012). Most of the papers cited are studies conducted both in real and simulated 

microgravity, thus exploiting facilities based on Earth (Saldanha et al, 2016; Bonnefoy 

et al., 2021). Scientists have developed ground-based microgravity simulators to study 

the physiological and molecular responses to altered gravity and develop effective 

countermeasures for spaceflight. As a matter of fact, ground-based facilities play a 

prominent role in gravitational biology. These platforms allow us to change gravity 

vectors and study the effect of gravity’s vector variation on organisms and cells on 

Earth. Furthermore, facilities for ground-based research can be used to identify possible 

effects of gravity changing before performing costly and time-consuming real

microgravity experiments on board the ISS or the Space Shuttle. Biological 

experiments regarding gravity, that use ground-based facilities, provide a way to gain 

more knowledge about the experimental system's response in altered gravitational 

conditions. However, concerning microgravity, information and results obtained 

exploiting these facilities have to be verified under real microgravity conditions.  

2.3.1 Hypergravity simulator: Large Diameter Centrifuge 

Hypergravity can be simulated using a Large Diameter Centrifuge (LDC, fig.2). The 

LDC is a new centrifuge developed for the Life and Physical Sciences Instrumentation 

and Life Support Laboratory (LIS) project at the European Centre for Space Research 

and Technology (ESTEC), ESA's main research and development centre for space 

technologies, based in Noordwijk, the Netherlands (Van Loon, 2008). 
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Fig. 2 View of the LDC when rotating at full speed (i.e. 67 rpm) with the 6 gondolas swinging out. In 
the centre of rotation is the 7th enclosure for rotation control in case of animal studies. Next to the 7th

enclosure is room to store dedicated liquid or gas bottles (Van Loon et al., 2008).  

The idea of a large radius centrifuge was already postulated by Konstantin Tsiolkovsky, 

the Russian Space pioneer at the beginning of the 1900s. Other researchers have since 

worked on large rotating systems to apply chronic acceleration, but such a system has 

never been produced (Hall, 2016; Howe et al., 2019). Although there are challenges, 

realising an in-flight rotating station is feasible from a technological perspective. It does 

not have to be as expensive as a regular static spacecraft. The current focus in research 

is on short arm centrifuges. The main reason is that such in-flight centrifuges should fit

into the hull diameter of the spacecraft in the range of 3 - 4.5 m. However, rotating in 

such a limited space results in huge body gravity gradients when rotating (Goswami et 

al., 2021). 

This particular centrifuge allows the acquisition of data in a gravitational force range 

between 1 and 20 g, thus providing a condition of hypergravity for cell cultures, small 

animals, plants, but also to support physical and technological experiments or in the 

field of biology, materials science, geology or plasma physics. The LDC can perform 

experiments lasting one minute to six months without interruption. The development 

of hyper-gravity is guaranteed by the centripetal forces implemented in the rotation, 

and the minimum acceleration time from 1 to 20g is 60 seconds. In contrast, the

maximum acceleration time is unlimited. It has a maximum diameter of 8 metres with 

four arms with a total of 6 free-swinging gondolas equipped with a series of utilities for 

the payloads (Van Loon, 2001; Van Loon, 2008), each of which has a maximum

capacity of 80 kg. Gondolas are equipped with video connections and sensors capable 

of maintaining temperature and acceleration within predetermined ranges and sensors 

at the doors and fixing points for safety reasons. An additional gondola is located in the 

central axis to carry out control and comparison measures. For long-term animal 

studies, it is possible to provide the gondolas with drinking water and air; moreover, it 

is also possible to use specific pure gases or gas mixtures for combustion studies (Van 

Loon, 2008). 
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Special centrifuges lead to an increase in the gravitational force. The first purpose is to 

allow experimental manipulation of the gravitational field in order to study the response 

of the different samples (cell or organism) in depth. The second is to mitigate the 

adverse effects of space flight. Data collected will help us understand the effects of 

increased gravitational forces. 

2.3.2. Microgravity simulator: from clinostats to Random Positioning Machine 

(RPM) 

Given the difficulty of obtaining the possibility to expose cells and organisms to real 

microgravity, many experiments are conducted on Earth, using tools that simulate the 

reduction of the gravity vector. The so-called microgravity simulators do not reproduce

real microgravity conditions but rather achieve unilateral stimulation by randomising 

the direction of gravity over time (clinostat and random positioning machine) or 

compensating the gravitational force with a counteracting force (magnetic levitation).  

Random Positioning Machine (RPM) is a ground-based facility developed in the

Netherlands (Airbus, Defence & Space, ADS, former Dutch Space, Leiden, NL); it is a 

clinostat with two axes, also called 3D-clinostat.  

Clinostats are the most straightforward and affordable tool used to manipulate gravity 

on Earth. Clinostats were introduced in the late 19th century by the pioneers of plant 

gravitropism (Van Loon, 2007) and, along the years, have evolved to be applied to new 

technologies and new needs. Clinostats simulate the absence of a directional gravity 

field by averaging to zero the gravity vector through random rotations over time 

(Dedolph et al., 1971). Clinostats rotate around the main axis. Despite their limitations, 

clinostats remain an in-axis (1D or 2D clinostat) or two axes (3D clinostats). Two 

gimbal-mounted frames constitute three-dimensional clinostats turned independently 

by two dedicated motors. In Japan, they were first introduced by T. Hoson for plant

research and later improved by Dutch Space in the Netherlands (Van Loon, 2007).  

The term 3D clinostat means that the frames operate with constant speed and direction; 

when speed and direction are different and randomised, the clinostat takes the name of 

a “random positioning machine” (RPM, fig. 3) (Herranz et al., 2013). Dedicated 

algorithms drive the frames rotation, such that the biological samples, fixed on the inner 

frame, are constantly reoriented, rotating along two independent axes that change their 

orientations at constant speed and direction, so the gravity vector is averaged over time. 

Thus, even if 1g is constantly acting on the sample, the averaged gravity vector is close 

to zero (Brungs et al., 2016). Supposed the rotation is faster than the response time of 
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the biological system, the continuous reorientation will allow the sample to experience 

a condition very close to microgravity (Wuest et al., 2015).  

 

Fig 3. Random Positioning Machine (RPM). The RPM (Dutch Space, Leiden, Netherlands) (a) was run 
in a commercially available incubator to keep constant temperature and CO2 (b). 

Rotation induces accelerative forces. Therefore, sample positioning within the RPM is 

critical to consider when using this simulator. Where the two rotational axes cross, the 

forces acting on the sample are negligible; further from the centre, the forces acting on 

the outer edges of the sample become more relevant (Borst and van Loon, 2009). 

Therefore, the choice of an RPM setup imposes limits to sample volume. In addition, 

compared with static and real microgravity experiments, sample rotation introduces 

additional fluid motion in the culture flask, producing shear forces and enhancing 

convection (van Loon, 2007). Moderate rotations should be combined with smooth 

transitions to reduce shear stress. Enhanced convection leads to improved nutrients and 

gas provision and waste product removal, which allow it to work with higher cell 

densities. Higher cell density and gravitational unloading increase the chance of cell-

cell interaction and the formation of multicellular aggregates. Thus, RPM can also be 

used to induce three-dimensional growth and to obtain a spheroid-like structure (Ingram 

et al., 1997; Grimm et al., 2018). Another practical aspect to consider when using the 

RPM is to avoid the formation of air bubbles in the liquid medium. Air bubbles produce 

unwanted fluid motion and shear stress and can cause the detachment of adherent cells 

(van Loon, 2008).  

Even if this platform has been extensively used to simulate microgravity for Space

Biology studies (preparatory tests for flight experiments, pre-and post-flight

experiments, etc.), the RPM has been shown to mimic microgravity effects only 

partially. In reality, discrepancies in gene regulation were found between cells exposed 

to the RPM and those exposed to real microgravity in Space (Wuest et al., 2015). 
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Therefore, data from RPM experiments have to be interpreted carefully and, if possible, 

compared to experiments in real microgravity.  

In summary, in order to obtain reliable data with the RPM, the experimental conditions

must be carefully set. However, depending on the combination of rotation speed and 

the distance from the centre, high-quality microgravity conditions can be obtained, in 

the order of 10�6g (Grimm et al., 2014). Moreover, thanks to recently introduced 

algorithms, RPM machines can also only partially average Earth gravity in order to 

simulate Moon- (0.16 g) or Mars-like (0.33 g) gravity conditions (Wuest et al., 2015).  

It should be noted that simulated microgravity is not similar to the real microgravity 

experimented within the space environment. The fundamental difference with real 

weightlessness lies in inconstancy, because simulation devices have an alternating 

impact that prevents near zero gravity. However, it should also be noted that even in a 

real space flight, at least in low Earth orbit, it is almost impossible to achieve 0 gravity. 

This is due to a number of technogenic factors, for example the turning on of the ISS 

engines to correct the orbit (Ogneva et al., 2020). 

3. Hypergravity-induced changes and adaptive responses: 

3.1. Physiological effects of hypergravity 

Gravity deeply influences several biological events in the living organisms. Variations 

in gravity values induce adaptive reactions that have been shown to play important 

roles, for example, in cell survival, growth and spatial organisation. During a Shuttle 

flight, astronauts experience a multitude of gravitational forces; the most studied for its 

effect on human physiology is microgravity. However, hypergravity has also 

demonstrated the ability to influence different systems. Additionally, astronauts and 

biological samples sent into Space are routinely subjected to hypergravity of 1.5–3.5 g 

when exiting and re-entering the Earth's atmosphere, and to microgravity, once in orbit 

after reaching the Space Station (Hu et al., 2008; Wu et al., 2012). Hypergravity 

facilities can be used to show sounding rocket launch effects, to identify gravitational 

imprint at the cellular level as well as to define alterations in organism’s physiology on 

mammals, also to derive a test protocol for the Space Adaptation Syndrome in humans 

and as a new therapeutic approach (van Loon, 2001). 

All life forms existing on Earth have evolved to maximise their fitness at 1g, but they 

can also adapt to greater gravitational forces (Saldanha et al., 2016). The effects of 

gravity values larger than 1g exert biological either positive or negative consequences 
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on the living beings. Moreover, the physiological effects of long-duration exposures to 

hypergravity, especially on integrative physiology and systems, are poorly understood. 

The majority of researches focus on small parts and do not evaluate their interactions 

and consequences onto other related subsystems. Any tissue, organ, or receptor that 

depends on a continuous hydrostatic pressure gradient will experience changes if 

exposed to an altered gravitational environment.  

For example, when exposed to hypergravity, many cells exhibit different proliferation 

and energy consumption than at 1 g. Tschopp and Cogoli (1983) demonstrated that 

hypergravity (10g, 48h) improves cell proliferation by 20–30% in different cell types. 

In contrast, glucose consumption is reduced at 10g compared to 1g, which means an 

increase of the anaerobic metabolism. This hypergravity-induced enhancement of 

proliferation can be related to DNA polymerase �, which is crucial in eukaryotic 

replication, and shows increased activity by hypergravity stimulation after 1h 

(Takemura and Yoshida, 2001). These results could be helpful to in vitro production of 

stem cells prior to commitment and following their implantation in regenerative 

medicine protocols and tissue engineering. Thus, hypergravity may be used as a new

therapeutic approach. Significant changes were also observed in the cytoskeleton 

organisation and integrin distribution, accompanied by a great increase of the 

expression of genes related to actin, microtubules and intermediate filaments. The 

hyper-gravitational stress induces a significant reorganisation of the cytoskeleton, with 

upregulation of the genes encoding for actin, vimentin and tubulin, and redistribution 

of �v�3 integrin (Monici et al., 2006). 

How multicellular organisms respond to increased g-loading has been long studied to 

evaluate the effects of increased g-forces on pilots, especially those who perform 

manoeuvres in combat or aerobatics. Nowadays, the interest in the short-term and long-

term effects of altered gravity on diverse organisms has also intensified with advances 

in interplanetary travels. Planets suitable to inhabitation by humanity are of particular 

interest, and most of them are predicted to have variable gravitational forces. Studies

conducted in model organisms can help fill the gaps in our understanding of the 

consequences of gravitational forces more significant than 1g. Many reviews have 

shown the ability of diverse biological model organisms, such as mice, to face higher 

gravitational forces to feel these gaps. Different works have reported changes in mice 

body composition with an increase of muscle mass and a reduction of fat mass and body 

weight (Wade, 2005; Morita et al., 2015; Tominari, 2019). Low-speed hypergravity 

regimens, also tested on humans, can increase bone density and circulation related to 
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overexpression of bone formation markers such as Bone Morphogenetic Protein-2 

(Bmp2), Collagen type 1�1 (Col1a1), Osterix (Osx) e Sclerostin (Sost) (Tomari, 2019). 

Other studies showed that hypergravity exposure induces more discrepancy between 

vestibular, visual, and sensorimotor signals, affecting performance, spatial abilities, and 

movements. Mice subjected to centrifugation showed an increase of heart rate due to 

increased sympathetic tone activity, with a consequent increase of urinary 

catecholamine levels. An increase of heart rate can therefore lead to morphological and 

structural changes of the organ (Morita et al., 2015). Alterations to the vestibular system 

are caused by a different distribution of otoliths and a decrease of signal transduction 

level (Frett et al., 2016; Wade, 2005; Morita et al., 2015). Studies on effects of 

gravitational acceleration can be useful as reference to improve knowledge in 

orientation mechanism and for cardiovascular regulation. 

3.2. Effects of hypergravity on reproductive system 

Some studies focused on the effect of hypergravity on the male reproductive system, 

have revealed that the human testis is an exceptionally sensible organ and it is easily 

overwhelmed by enviromental alteration and physiological disturbance (Saldanha et al, 

2016). In mice subjected to 2g, a low sperm motility was recorded due to changes in 

the cytoskeleton and a decrease in tubulin production. These variations caused a

decrease of ATP consumption: in the early stages of adaptation to hyper-gravity, there 

is a transient accumulation of ATP that leads to a suppression of the 

phosphofructokinase activity by the "Pasteur effect", and to the transition from 

glycolysis to oxidative phosphorylation. The oxygen consumption rate increases 

resulting in ROS accumulation. This results in a lower motor capacity of the 

spermatozoa and a decrease in male fertility (Ogneva et al., 2020). Additional effects 

of hyper-gravity towards the hypothalamus-pituitary-testis axis were observed, with 

increased testosterone levels in monkeys subjected to 2 g for three weeks (Strollo et al., 

2000). Other studies conducted on sea urchin sperm have shown that they are sensitive 

to hyper-gravity, this was proved by a reduction of sperm velocity and fertilisation 

capabilities (Tash and Bracho, 1999; Tash et al., 2001; Ogneva et al., 2020). Changes 

of sperm motility were more pronounced under hypergravity than in microgravity, 

which is consistent with the data obtained on human sperm in parabolic flights; the 

observed changes in motility may be associated with changes in cell respiration and 

with a decrease of ATP consumption. The motor activity of sperm is also determined 

by the microtubule cytoskeleton state related to a decrease of the tubulin content. 
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Fertilisation and embryogenesis, like mating, are complex processes, and hypergravity 

could affect any of the several essential stages, influencing reproduction, development 

and survival. 

However, these and other studies highlight differences in the responses to increased g-

loading in various organisms based on size and physical contexts, as a deep 

comprehension of the adaptive responses is missing (Saldanha et al., 2016). 

As reported in literature, hypergravity could be used as a countermeasure to minimise 

the effect of weightlessness conditions. Prior exposure to hypergravity can improve the 

condition of bodies for space travel, especially for long-term travel in a near-weightless

environment, such as the ISS. Before and after space travel, hypergravity treatment for 

astronauts seems to be an excellent countermeasure to mitigate some health problems 

experienced after space travel. In fact, “gravity doping” (sudden acute exposure to small 

bouts of hypergravity) might be more effective than a more prolonged exposure to 1g 

or partial gravity. Also, artificial gravity, especially with intermittent exposure of about

30 min to 1 hour a day, in itself is presumably not enough to ensure full fitness. Even 

with short-arm simulated gravity, exercise capabilities will be needed for maintaining 

bone, muscle, and aerobic fitness during exposure to mechanical unloading (Goswami 

et al., 2021). The use of a hypergravity simulator, as LDC, would accelerate or stimulate 

all systems to the same way while there is a more physiological pressure and force 

distribution within the body in a large diameter centrifuge. Long radius chronic 

artificial gravity also does not require specific episodes of countermeasure training per 

day. Currently, the crew spends about 1.5–2h a day, at least 5 days a week, exercising 

to work against the microgravity pathologies exploiting the Resistance Exercise Device 

and also hypergravity simulator, while not fully counteracting its effects (Vico and 

Hargens, 2018). 

Functional studies of effects to acute hypergravity and microgravity exposure has been 

perfomed exploiting parabolic flight, wich follow the ballistic trajectory of a parabola. 

Parabolic fight produce short successive periods of altered gravity within the range 0 

and 1.8 g. (Zheng et al., 2017; Acharya et al., 2019). 

A deep knowledge of the biological responses to hypergravity is deficitary, mainly 

since the body of evidence in the literature comprises significantly different and hardly 

relatable hypergravity conditions. We have a wealth of data regarding human 

physiology under long-duration microgravity conditions, but we do not know anything 

about chronic hypergravity. Applying prolonged hypergravity stimuli it could be 

possible to explore the impact of very long rotation duration on human physiology and 
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behaviour, address specific flight requirements, explore the Reduced Gravity Paradigm 

or identify minimum gravity thresholds (Goswami et al., 2021). 

4. Microgravity-induced changes and adaptive responses 

Nowadays, it is well known that microgravity can induce pathophysiological 

modifications described in astronauts (fig.4). During spaceflight, organisms face three 

periods of physiological adaptation: (1) changes upon entry to microgravity (initial 

adaptation), (2) changes after prolonged exposure to microgravity, and (3) readaptation 

to 1g gravity on Earth once returned from Space. The initial adaptation consists in 

impairing the cardiovascular and musculoskeletal systems, muscle atrophy and 

reductions in bone density, immune function, cardiovascular system and endocrine

disorders (Winnard et al., 2017). Endocrine and reproductive tissues are key elements 

in the animal and human pathophysiology on the ground and, by extrapolation, in 

Space. Moreover, alterations to human physiology, sleep changes, living in confined 

environments with limited social interactions could pose mental health problems during 

space flight and once back on Earth. This set of gravity-related symptoms is called 

“Space Adaptation Syndrome” and they represent a threat after the return to Earth, 

where astronauts face the third period previously cited, a readaptation period to 1g 

gravity that could have different features. Maintaining good health, in general, requires 

the maintenance of homeostasis, this equilibrium is very likely to be subject to 

significant perturbations in Space, as already proven by the several pathological 

variations in several body functions regularly reported by astronauts. 

Fig. 4 Impact of microgravity and space radiation on astronauts (modified from Moroni et al., 2022) 
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The effects of space travel can endure for some time postflight and recovery time is 

closely influenced by the duration of missions and the exposure time to space 

conditions. Therefore, assessing how organisms could be affected by long-term

spaceflight became more and more important.  

4.1. Impact of microgravity on both normal and cancer cells 

Early investigations of microgravity effects on human cells were carried out during the 

US Skylab Program in the 1970s. The main goal of this series of experiments was to 

gain more information about physiological changes that occur at the cellular level 

during extended exposure to microgravity in low Earth orbit, ranging from 28 days to 

84 days. First results showed that living biological systems, from organisms to single 

cells, can readily adapt and grow in the space environment (Becker et al., 2013).  

Coina et al. (2006) observed a drop of different metabolic activities, such as glucose 

uptake, methionine uptake/incorporation and thymidine incorporation, and an increase 

in stress protein expression (HSP-60, HSP-70 and 14-3-3 protein) suggesting that cells 

can feel the alteration in gravity conditions, simulated using a 3D-clinostat. The 

adaptive response to spaceflight is due to the effect exerted by near weightlessness at 

the cellular level. Indeed, alterations in cell shape, size, volume, and adherence

properties were observed in cells cultured under microgravity conditions (Bradbury et 

al., 2020). Morphological alterations reflect changes in cytoskeletal organisation. The 

absence of mechanical loading induced a disaggregation in actin and tubulin filaments

affecting cellular adherence, migration capacity, gene expression, force-sensing 

proteins, as mechanically activated ion channels, and signalling of the 

mechanotransduction pathways that depend on the combined interaction between 

cytoskeleton and cell adhesion molecules (Uva et al., 2002; Masini et al., 2007). 

Moreover, previous studies on primary cell culture, from mouse testis, showed 

correlations between cytoskeletal alteration, sex hormone production and exposure to 

simulated weightlessness. Mechanical unloading can also compromise signalling 

pathways, affecting signalling response, cell’s metabolism and proliferation rate 

(Strollo et al., 2004; Vidyasekar et al., 2015). Biological properties changes and cells 

exposed to microgravity can be profoundly affected by the physical modifications in 

this unique environment (fig.5). Cytoskeleton rearrangement and reduced cell adhesion 

result in the ability of cells to form complex multicellular aggregates called spheroids 

(Unsworth and Lelkes, 1998; Costa et al., 2016). Three-dimensional (3D) cell culture 

technologies more closely represent in vivo cell environments. 
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Fig. 5 Main characteristics of spheroids obtained with 3D cell culture technologies (Costa et al., 2016) 

Breast, thyroid, and prostate cancer cells differentiate and show various morphological 

alterations, changing their growth behaviour when grown in space or under simulated 

microgravity. In the last years, a significant interest was developed regarding the impact 

of microgravity on tumour cells and 3D spheroids obtained exploiting low gravity 

conditions represent ideal in vitro systems for examining aspects of the tumour 

microenvironment that are observed in vivo (Kimlin et al., 2013; Topal et al., 

2021).  The cancer cells differentiate into two phenotypes in the 

microgravity environment. One part grows adherently on the bottom of the cell culture 

flasks and the other one assembled to 3D spheroids. 3D cell culture represents an 

intermediate metastasis model in its complexity between a monolayer culture and the 

in vivo tumour with the features of the primary tumour and also exhibit stem-like

features (Zhang et al., 2020). Therefore, microgravity-engineered spheroids of different 

cancer types may represent an excellent model for detailed cancer stem cell’s research.

��



In gravity altered conditions, cancer cells behave differently from normal ones: some 

processes, including apoptosis, adhesion, proliferation and migration, are differently 

activated (Kimlin et al., 2013; Vidyasekar et al., 2015). Indeed, it has been 

demonstrated that microgravity induces apoptosis in thyroid cancer cells, through the 

up-regulation of the pro-apoptotic factors Bax, PARP and p53, and inhibition of 

proliferation in Burkitt lymphoma cells, but not in normal cells. In addition, in 

simulated microgravity conditions tumour cells are subjected to a profound 

morphological rearrangement (Vidyasekar et al., 2015). Kopp et al. (2016) 

demonstrated that this phenomenon is linked to F-actin accumulation. Other authors 

have shown that the cytoskeleton, particularly the microfilamentous and microtubular 

components, become disorganised after a very short time of exposure to microgravity 

(Masini et al., 2006; Ulbrich et al. 2011). This alteration may affects many genes 

involved in the regulation of cancer cell proliferation, susceptibility to drugs 

(Mukhopadhyay et al., 2016), DNA repair (e.g. PARP), cell damage and invasion, 

through metastasis (Zhao et al., 2016; Kimlin et al, 2013).  

Cancer cell migration causes metastasis and in lung cancer cell line A459 microgravity 

induces a decrease in matrix metalloproteinase expression this resulting in a reduction 

of cell migration. Cancer metastasis process correlates to Epithelial Mesenchymal 

Transition (EMT) (Topal et al., 2021). EMT is the capacity of epithelial cells to acquire 

mesenchymal traits under the influence of specific environmental signals, to trigger 

local invasion into surrounding tissues and systemic dissemination to distant organ sites 

(Sampieri and Fodde, 2012).  

Vimentin plays an important role in this event, as a marker of EMT and a necessary 

regulatory factor for the migration of mesenchymal cells, whose activity is interrelated 

with E-cadherin expression. Previous studies have shown that decreased expression of 

E-cadherin could result in aggressiveness, dedifferentiation, and metastasis in many 

cancers. The available evidence suggests that microgravity can rearrange vimentin, 

reducing the number of vimentin molecules that exert physiological effects, 

compromising cancer cells’ migration. On the other side, microgravity was found to 

promote cell migration and expression of genes related to different sub-types of non-

small cell lung cancers, in particular alterations in TIMP-1, MMP-2, and MMP-9 

expression levels were observed (Ahn et al., 2019). 

EMT can induce differentiated cancer cells into a stem cell-like state. It has largely 

been accepted that resistance to conventional anti-cancer treatments can be attributed 

to a small cell subset called cancer stem cells (CSCs). CSCs represent a subpopulation 
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of tumour cells endowed, just like normal stem cells, with self-renewal and multi-

lineage differentiation capacity, but with an altered homeostatic equilibrium that results 

in unbalanced cell growth and the formation of the tumour mass. This subset of cells is 

the main orchestrator of tumour establishment, metastatic progression and relapse

(fig.6). Already identified in most of the neoplastic tissues, differently from the other 

tumour cells, CSCs are endowed with great plasticity, capability to enter quiescence 

and survive to microenvironment changes adapting metabolism, energy machinery and 

proliferation. 

Fig. 6 Illustration of the reversible transitions between the pools of non-stem cancer cells and CSCs and 
main characteristics of CSCs that are critical for the tumorigenicity and cancer pathogenesis. The figure 
includes some extracellular and intracellular stimuli, factors, and pathways that can contribute to the 
cancer stemness development and progression (modified from Kabakov et al., 2020). 

Up until now, there are only a few studies investigating CSCs response to microgravity. 

Moreover, results gained are quite different, depending on cell type and the choice of 

experimental design. Pisanu et al. (2014) showed that CSCs from non-small lung cancer 

cells are rescued from their quiescent state and lose their stemness when subjected to 

microgravity, whereas human colorectal cancer cells HCT116, under the same 

condition, showed an elevated autophagic rate and increased stemness (Arun et al., 

2019). Anyway, both simulated and real microgravity condition induce CSCs 

generation from different cancer cell types, this could be interesting for the 

identification of new target structures involved in CSCs proliferation and 

differentiation that may furthermore lead to the development of novel tumour-

suppressing drugs (Grimm et al., 2020). 

As reported, to date the results of microgravity effects on cancer cells and CSCs are 

contradictory mainly due to different setup, experimental designs and time-points
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analysed. However, combining the insight gained from space-based investigations 

together with data from on-ground culture models could improve our knowledge on 

cancer and support the development of novel anti-cancer therapies.  

4.1.1. Pancreatic Ductal Adenocarcinoma (PDAC): epidemiology and 

driver-mutations 

Despite its incisiveness, pancreatic ductal adenocarcinoma (PDAC) has not been 

examined so far in microgravity conditions. This neoplasia is one of the most severe 

malignancies, characterised by early spread to local and distant organs, representing the 

4th-5th cause of death from cancer in the western world. The therapeutic options 

currently available for PDAC treatment are surgery, alone or in combination with radio 

or chemotherapy; however, only 8% of patients are alive 5 years after diagnosis due to 

late diagnosis and/or resistance to conventional treatments. The only curative therapy 

available for pancreatic cancer is surgical resection, after which the median survival of 

patients is 15–20 months and 5-year survival is 7%–25%, depending, among others, on 

the presence of positive margins at the time of surgery (Konstantinidis et al., 2013).  

The incidence of PDAC is on the rise and early diagnosis is essential to improve the 

prognosis of patients with this tumour. It is rare for PDAC to be diagnosed at an early 

stage, with only 2% of all PDAC being diagnosed at stages 0 and I. Since PDAC does 

not present specific symptoms, it is difficult to use clinical symptoms for early 

detection; determining risk factors for PDAC may enable early detection of PDAC by 

conducting periodic examinations in patients who are especially at risk. The major risk 

factors can be broadly classified into family history, genetic disorders, complications, 

and behaviour. 

Bad habits, such as habitual consumption of junk food, alcohol and cigarettes, as an 

increase in body mass index (BMI) increase the risk of onset of PDAC. Another risk 

factor is diabetes type II, in patients with this disorder the risk of developing PDAC is 

increased. Moreover, cigarette smoking synergistically increases the risk of developing 

PDAC in patients with other risk factors. 

Smoking and chronic pancreatitis increase the risk of developing PDAC in patients with 

diabetes mellitus. Chronic pancreatitis has been reported to be a risk factor for 

developing PDAC. A meta-analysis revealed a correlation between acute pancreatitis 

and the development of PDAC (Malka et al., 2002). Patients with a history of acute 

pancreatitis require accurate evaluations from the perspective of pancreatic 

carcinogenesis. 
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Invasive cancer, as PDAC, can also develop from cystic precursor lesions of the 

pancreas such as intraductal papillary mucinous neoplasms (IPMNs) or mucinous 

cystic neoplasms (MCNs) (Matthaei et al., 2011). IPMN is characterised by ductal 

dilatation caused by the proliferation of a papillary epithelial neoplasm capable of 

producing mucus. The most prevalent precursor of PDAC is pancreatic intraepithelial 

neoplasia (PanIN) that start from low-grade lesions (PanIN-1A and PanIN-1B) to 

intermediate (PanIN-2) and high-grade lesions (PanIN-3) in which minimal cytological 

and architectural atypia develops in severe atypia. Progression is accompanied by 

molecular changes and can develop into invasive carcinoma (Distler et al., 2014). In 

over 90% of PDACs the driver mutation is V-Ki-ras2 Kirsten Rat Sarcoma viral 

oncogene homolog (KRAS) activation, which is the earliest mutation and increases cell 

proliferation rate. Subsequent early events occurring are telomere shortening and 

inactivation of tumour suppressor genes cyclin-dependent kinase inhibitor p16 (p16), 

Cyclin-Dependent Kinase inhibitor 2A (CDKN2A) and the inactivation of tumour 

suppressor genes SMAD4/DPC4 and TP53 (Hruban et al., 2004). Each of these 

mutations causes deregulation of a specific signalling pathway, resulting in the

initiation or evolution of cancer clones. 

Recent data have challenged this model of gradual accumulation of mutations. Notta et 

al. (2016) revealed that a subset of pancreatic cancers were not the result of sequential 

mutations but simultaneous mutations, thereby setting up invasive tumour growth.  

Up to 10% of PDAC cases are hereditary and familial in origin; the risk ratio of 

developing PDAC is reportedly 6.79 times greater in families with a member who has 

PDAC. Hereditary pancreatitis is a genetic condition characterised by recurrent 

episodes of acute pancreatitis starting in infancy. Moreover, it seems associated with 

mutations in the PRSS1 and SPINK1 genes. 

Besides the known mutations involved in the development of pancreatic cancer, studies 

also demonstrate that PDAC has a complex landscape of low-frequency mutations and 

considerable intratumoural heterogeneity. Jones et al. (2008) demonstrated an average 

of 63 genetic alterations in a core set of 12 cellular signalling pathways, while data 

collected in other works reported 32 significantly mutated genes in 10 gene 

programmes (Yachida et al., 2010; Bailey et al., 2016).  

Traditionally, like many other malignant diseases, pancreatic cancer results from an 

accumulation of mutations in genes (i.e., tumour suppressor genes, oncogenes, and 

genomic maintenance genes) and altered cellular signalling pathways resulting in 

progression from intraepithelial neoplasia to invasive cancer (Sakorafas et al., 2001). 
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The loss of tissue integrity, which characterised cancer development, carcinogenesis, 

and further progress, occurs due to reciprocal interactions between tumour cells and the 

non-cellular and cellular components of the Tumour Microenvironment (TME). The 

immunoarchitectural characteristics of the TME interact and cooperate with the tumour 

cells in a dynamic way to affect tumour progression. TME consists of tumour cells, 

tumour stromal cells including stromal fibroblasts, endothelial cells and immune cells 

like microglia, macrophages and lymphocytes and the non-cellular components of the 

extracellular matrix such as collagen, fibronectin, hyaluronan, laminin, among others. 

Tumour cells control the function of cellular and non-cellular components of TME 

through complex signalling networks to use the non-malignant cells to work for their 

own benefit. The consequence of such cross-talks is reflected in tumour formation and 

maintenance as well as deficient response to therapy and multidrug resistance. 

Recently, genomic and transcriptomic profiling has allowed the characterization of 

distinct molecular PDAC subtypes with unique genetic signatures, widespread intra-

tumoural heterogeneity. The differences in genetic alterations result in different 

subtypes of PDAC, which differ in their response to therapy, tumour invasiveness, and 

survival (Bailey et al., 2016; Collisson et al., 2011; Moffitt et al., 2015).  

4.2.  Physiological effects of microgravity on fungal organism:    
an overview 

In 2013, the US National Aeronautics and Space Administration (NASA) announced 

plans for a human mission to Mars, which increased the interest on effects of long-

duration space missions on human physiology and spacecraft materials. So far, NASA 

has not found behavioural emergencies during US space flights, but as we extend our 

reach into Space, it is likely a matter of time before something like this will occur. 

Private organisations, such as SpaceX, have announced plans to launch their own crews 

into Space. NASA aims to send humans back to the Moon and subsequently to Mars in 

the 2030. Spacecrafts are usually inhabited by crewmembers, the presence of humans 

on board entails the presence of other organisms: microorganisms (fig.7). Microbial

contamination was observed on piping and equipment behind panels on board Salyut 

6; water recycling system, rubber of hatch locks, electrical connectors, and the thermal 

control system’s radiator on board Salyut 7; and air conditioning, oxygen electrolysis 

block, EVA suit’s headphone, water recycling unit, and thermal control system on 

board Mir (Novikova et al., 2005). 
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Fig.7 Columbus cabin HEPA filter (High Efficiency Particulate Air) and results of microbiological and 
fungal analyses (Grizaffi et al, 2011). 

In entering this new era of human spaceflight, a thorough understanding of how 

microorganisms respond and adapt to the various stimuli encountered while in Space 

will play an important role in ensuring a healthy living environment for crew members 

and spacecraft components. 

Microbial species from the ISS can be both beneficial and detrimental to human health 

(Checinska Sielaff et al., 2019). Therefore, responses of microorganisms will be of 

paramount importance in future space exploration activities. Exposure to spaceflight 

conditions and the immunocompromised state of astronauts might still induce some 

commensal microorganisms to become pathogenic, compromising crew members 

health outcomes and safety of the Space Station environment. Then, understanding how 

these microorganisms can adapt themselves to space conditions could be useful to 

develop strategies to mitigate the risk posed by possible pathogenic microorganisms 

(Lesnyak et al., 1996; Taylor et al., 1997). In addition, space environment has to be 

considered as extreme environments and microorganisms enable to survive there can 

show space-induced alteration that could have an impact not only on crew’s health but 

also on spacecraft’s components (Romsdahl et al., 2018, 2019). On the other hand, 

microorganisms could be employed to sustain life in the space environment during 

long-term missions carrying out life support utilities, such as waste degradation, water 

recovery, and oxygen production. In particular, fungal biotechnology can be harnessed, 

so that Space Stations are self-sustaining with respect to food, pharmaceuticals, waste 

recycling, and plastic degradation for long-term missions (Cortesao et al., 2020).  
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The first experiments involving exposure of microorganisms to space conditions started 

in 1935 with balloon flights and rocket payloads (Dickson, 1991; Nickerson et al., 

2004). Then in 1966 the National Aeronautics and Space Administration (NASA), 

during the Gemini IX and XII missions, began experiments in which spores of the fungi 

Penicillium roqueforti were directly exposed to space conditions for 6.5h. This study 

was one of the first to evaluate the survival limits of microorganisms upon exposure to 

space conditions. Nowadays it is well known that fungi include species that show higher 

resistance in comparison to prokaryotes (Romsdahl et al., 2019). Fungi can be found in 

various extreme conditions, such as: different temperatures and pH (Amaral Zettler et 

al. 2002; Gunde-Cimerman et al. 2009), in dry environments (Barnard et al. 2013), in 

environments with ionising radiation (Dadachova and Casadevall 2008), Mars-like

conditions (Onofri et al. 2008; Blachowicz et al., 2019), and spacecraft environment 

(Onofri et al. 2007; Checinska et al. 2015). Through adaptation, fungi have developed 

the capacity to sense and respond to external stimuli, enabling their survival in a wide

variety of ecological niches (Onofri et al. 2007; Onofri et al. 2019; Dadachova and 

Casadevall 2008; de Crecy et al. 2009; Checinska et al. 2015). 

Fungi, with their ability to adapt, survive and reproduce in extreme environments, 

represent a fascinating topic with an impressive amount of interesting applications, as 

said before. The space environment is characterised by multiple stress factors that could 

have an impact on fungal morphology and physiology, as described for all eukaryotic 

organisms that undergo this condition. Horneck et al. (2006) in previous works 

investigated the effect of microgravity and radiation on different fungal strains. They 

demonstrate that microgravity decreases the transfer of extracellular nutrients and 

metabolic by-products, altering the chemical environment to which the hyphae are 

exposed to. Although, solar and cosmic radiation alters biological processes by acting 

as a promoter of mutagenesis, which may result in an increased rate of biological 

evolution and lead to the development of adaptive responses (Horneck et al. 2006; 

2010). Our understanding of how fungi respond and adapt to the various conditions

encountered during spaceflight remains in its infancy. We just can say that fungi are 

ubiquitous in spacecraft environments. Microgravity and carbon source deficiency can 

alter their metabolism inducing fungi to adapt themselves to digest complex polymer 

present on spacecraft causing the mechanical or electrical problem without possibilities 

to change some components that need to be supplied from Earth (Pierson 2001; 

Novikova et al. 2006; Venkateswaran et al. 2014; Checinska et al. 2015; Romsdahl et 

al., 2019). 
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4.2.1 Impact of gravity vector on Fungal Growth and Morphology 

Environmental stimuli control and determine the development, growth and survival of 

many living organisms such as plants, animals and fungi. Mobile organisms respond to 

environmental stimuli by implementing movement strategies, while in sessile 

organisms, especially in plants and fungi, the effects of environmental stimuli are often 

evident in a phenomenon called tropism that involves directional growth of stem, roots 

or hyphae in response to the stimulus direction (Moore, 1991). Gravity is a 

homogeneous stimulus that induces a non-uniform response involving several

mechanisms resulting in morphological and physiological alterations. Many organisms 

sense gravity as a guiding signal for directed growth, sometimes in combination with 

other environmental signals, such as light. Fungi use the information provided by the

measurement of gravity to orient the growth of morphological structures. Gravity 

perception is quite different from the perception of other environmental stimuli (e.g. 

light, temperature, pH). It is ubiquitous in the fungal kingdom and is manifested as

gravi-morphogenesis and gravitropism. Gravitropism is widespread in fungi and has 

been studied in part in the 1800s and in the 1900s, although cellular and molecular 

mechanisms underlying gravioriented growth are still poorly known (Moore, 1991).  

The system that allows the perception of gravity in living organisms is characterised by 

three components: a sensory mechanism to detect gravity; a reaction mechanism that 

responds to stimuli deriving from the sensory mechanism, as initiating changes in 

growth pattern; a communication mechanism that leads signals from the sensory 

mechanism to the reaction mechanism (Moore, 1991). 

The response to gravity is fundamental in the basidiome development to ensure release 

of spores. Hymenium of basidiomycetes is the characteristic structure that permits the 

liberation of spores protected below the hat. The spores must fall vertically from the 

basidiome and be dispersed in the air, as reported in studies carried out on Coprinus

spp (Moore, 1996). This mechanism depends on gravity perception and modulation of 

growth processes in relation to the direction of the vector gravity. Fungi are able to 

sense gravity and show, in some cases (e.g. aerial sporangia), strong gravitropism or 

gravity-based morphogenic patterns. Gravity perception in fungi has been also studied 

extensively in Phycomyces blakeensianus (Mucorales), where it is mediated by a 

combination of statoliths made of oxalate crystals and buoyant lipid structures (Göttig 

and Galland, 2014). Gravitropism in Phycomyces seems to be mediated by a 

differential flux of H+ and Ca2+ in the mycelium (Živanovi�, 2005, 2012, 2013; Göttig 

and Galland, 2014). However, statoliths in this fungus apparently have originated from 
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a recent bacterial gene transfer (Nguyen et al., 2018). In the absence of crystalline 

structures in other lineages, it has been proposed that nuclei themselves might act as 

statolith-like structures in Agaricomycotina (Monzer, 1995, 1996; Moore et al., 1996; 

Kern et al., 1997). However, biophysical data suggest that the density of the nuclei in 

Ascomycota might not be sufficient for them to function as statoliths (Grolig et 

al., 2006). Buoyancy systems have been identified in Ascomycota, Basidiomycota, 

Mucoromycotina, Mortierellomycotina and Glomeromycota and the identified 

components seem to be well conserved across long evolutionary distances (Grolig et 

al., 2006). These responses are well described in both filamentous and zoosporic fungi, 

suggesting a considerable degree of evolutionary conservation, but unfortunately little 

is known about their molecular mechanisms. 

Nowadays, a clear sensor of gravity in fungal hyphae candidate has not yet been found 

and does not appear to be a structural, mechanical, electrophysiological or chemical 

mechanism to communicate the response of this supposed sensor through the fungal

structure, making it difficult to understand fungal gravisensing mechanism. 
A thorough understanding of how fungi respond and adapt to the various stimuli

encountered during spaceflight presents many economic benefits and is imperative for 

the health of crew.  

In general, it is thought that microgravity alters biological processes by initially altering 

the physical forces acting on the cell and its environment. This results in decreased 

transfer of extracellular nutrients and metabolic by-products, causing the cell to be 

exposed to a completely different chemical environment 

Study based on Aspergillus niger strain isolated from ISS, exposed to real microgravity, 

shows differential growth and conidiation patterns, starvation response, oxidative stress 

resistance, cell wall modulation, and nutrient acquisition compared to a terrestrial 

strain. The ISS isolate exhibits a higher growth rate than the terrestrial strain, an 

increase in protein involved in melanin production pathway. Moreover, the ISS isolate 

displayed enrichment of starvation-induced nutrient acquisition enzymes of carbon 

starvation, an adaptation to the low-nutrient environment that exists as a result of 

stringent microbial monitoring and remediation by NASA. During starvation, A. 

niger produces a lot of glycoside hydrolases that facilitate the release of nutrients from 

biopolymers and the recycling of cell wall components to generate energy and building 

blocks that can be used for maintenance and conidiogenesis (Jiròn-Lazos et al., 2018).  

Chunmei et al. (2019) investigated the effect of simulated microgravity on the 

metabolism of the corrosive filamentous fungi Aspergillus carbonarius. Results show
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an increase in organic acids production, especially those intermediates in the TCA 

cycle, such as citric acid and isocitric acid. Moreover, production of oxalic acid results 

increases when A. carbonarius grows under standard conditions. Studies performed on 

A. niger showed that oxalic acid exhibits chelating properties toward metal ions by 

producing metal oxalates. This property may also contribute to the formation of copper 

oxalate crystals, resulting in a higher copper tolerance, that enable acidogenic fungi to 

carry on extensive deterioration of clays, micas, and feldspars due to the production of 

oxalic, citric, and gluconic acids (De La Torre et al., 1993; Mai et al., 2016). The 

increased accumulation of these organic acids in this study provides strong evidence of 

the corrosion ability of moulds in space environments, as the organic acids produced 

by fungi occupy a central position in the process of corrosion of metal and rock. 

These results, together with those of Huang et al. (2018), show important effects on 

microorganism metabolism induced by a decrease in gravity vector, including 

aminoacid metabolism and pathways associated with energy production. 

In addition, mechanical unloading was found to induce cell wall modification altering 

intracellular vesicular transport necessary for the synthesis of the cell wall. It has also 

been reported that microgravity influences intracellular organelles: several hyphae, in 

fact, were empty or poor of organelles. All these disorders in hyphal morphology are

probably related to changes in cytoskeleton-associated proteins, microfilaments and 

microtubules (Chunmei et al., 2019).  

4.2.2. Effects of microgravity vector on Fungal Degradative activity 

Most of the isolated fungi are potential biodegraders of polymers and thus present a 

potential hazard to structural materials and components of several systems on the Space 

Station. Some of these microorganisms are also called “technophiles'', the term referred 

to microorganisms that can grow and degrade materials such as glass, metals or plastics, 

becoming a possible hazard when they develop in a confined environment, such as the 

Space Station, thus they must be controlled (van Tongeren et al., 2007). Technophiles

can be organised into structures that make them less vulnerable to the extreme 

conditions of a Space Station. These structures are called biofilms and are characterised 

by groups of organisms that adhere to each other by synthesising extracellular

substances (Zea et al., 2018).  

Microorganisms able to form biofilm show new morphological characteristics, with 

specific mechanisms to adhere to surfaces and to respond to external signals. Biofilm 

formation is a highly organised and complex process that allows microorganisms to 
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resist in an extreme environment. A fundamental role in biofilm formation is performed 

by the extracellular matrix composed by polysaccharides, macromolecules and water, 

that protects the structure from the external environment (Pathak et al., 2017). 

Moreover, the hydrophobicity of cellular structures plays a key role allowing biofilm 

formation and its adhesion to a surface. Even if the term “biofilm” is not commonly 

used to describe the growth of filamentous fungi, similar structures have been observed 

in the species Aspergillus fumigatus and Aspergillus niger and for genus Penicillium. 

In fungal biofilms, the growth of mycelium is associated with the surface and has an 

aggregated morphology with stratified hyphae producing polymeric extracellular 

matrices that package hyphae together. In fungi growth as biofilm, genetic changes 

involving increased tolerance to antimicrobials and biocidal products, variations in the 

production and secretion of enzymes or metabolites and physiological changes are 

detected (Harding et al., 2009). These biofilms are ubiquitous and present both in 

natural environments and in industrial environments. Their formation increases the

spread of fungal and bacterial contaminations both in structures where food is handled, 

as well as in drinking water filtering systems and also in sanitary devices. The presence 

of biofilm on surfaces leads to a decrease in efficiency and duration of equipment such 

as heat exchangers and water and air recycling systems (Zea et al., 2018). 

Synthetic polymers are water resistant due to their hydrophobic properties and their 

apolar nature that prevent water absorption, showing limitations on biodegradation and 

biofilm formation (Pathak et al., 2017). These materials have an important structural 

function for spacecraft, and some of these polymers, used as electrical insulators, are 

fundamental in operating systems that control the flight of the vehicle (Gu et al., 2007). 

Anyhow, it was found that both fungi and bacteria are able to colonise a wide range of 

high-strength polymer materials. An example of this process is Penicillium fretans and 

Bacillus mycoides able to form biofilm and degrade polyethylene. B. mycoides is able

to colonise the mycelium of P. fretans forming a biofilm on polyethylene surfaces. The 

degradation of the material was observed by assessing the percentage of lost weight, 

the production of CO2 and the gas chromatography (Sangale et al., 2012). 

In orbit, biological-induced corrosion is a very important risk factor, especially in long-

term missions (Klintworth et al., 1999). Studies carried out on Mir station indicated that 

some structural equipment and materials are damaged due to the accumulation and 

proliferation of fungi and bacteria (Novikova et al., 2004; Novikova, 2005). A well

documented example of this phenomenon was the progressive degradation of a quartz 

window of a Mir station module. This event was largely due to the growth of Bacillus

��



polymira, Penicillium chrysogenum and several species of Aspergillus (Zaloguyev et

al., 1985; Pierson et al., 1994). Fungal species identified as responsible for deterioration 

of materials on Mir are the same isolated from ISS and belong to the genera Penicillium, 

Aspergillus and Cladosporium (Alekhova et al., 2005). In order to investigate the 

biodegradative activity of isolated mushrooms, the same have been inoculated on 

different types of materials and monitored over time (Alekhova et al., 2005). 

Another example of degraded material caused by activity of biological agents are

polyamides used as electrical insulators and fibro-reinforced composites. It is now 

known that, following the formation of fungal biofilm, deterioration and dielectric 

changes in the polymer occurs. Using impedance electrochemical spectroscopy (EIS) 

it was possible to observe fungal growth and progressive material degradation. Two 

phases were described: an initial decline in the coating resistance, due to the partial 

input of water and ionic species in the polymer matrix, and a second deterioration of 

the polymer by the activity of the fungus resulting in a large decrease of polymer 

resistance. The microorganisms involved in this process were: Aspergillus versicolor, 

Cladosporium cladosporioides and Chaetomium, commonly present in the atmosphere 

(Gu et al., 2007). 

Based on information reported and considering the advent of long-duration space 

missions, it is necessary to consider the possible effect of prolonged microgravity 

conditions on ubiquitous fungi degradation activity. They can adapt their metabolism

becoming able to use alternative sources of food, altering in rather substantial ways 

materials and instruments. 
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Outline of the Thesis 

Today Space is more accessible than ever. In the International Space Station (ISS) era, 

we move closer to the reality of Space inhabitation. Colonisation of Space and extended 

spaceflight missions require prolonged exposure to decreased gravity (microgravity, 

i.e., weightlessness), whereas lift-off and re-entry of the spacecraft are associated with 

exposure to increased gravity (hypergravity). Physiological changes may reflect 

recovery or landing (acute hypergravity) responses rather than in-flight (microgravity) 

effects. 

There is growing scientific interest in how different gravitational states influence 

organism physiology and adaptive cellular response. Long-term space missions and the 

eventual goal of Space colonisation, lead space biology research to pay more attention

to investigations of both acute and chronic responses of altered gravity.  

A more comprehensive understanding of the effects of altered gravity on mammalian 

reproduction is needed, if Space is to be successfully colonised. In addition, an 

understanding of the effects of altered gravity on reproductive physiology is imperative 

for the development of countermeasures.  

Hypergravity has been used for a long time as training for pilots and astronauts, and 

now is proposed as a Space Adaptation Syndrome countermeasure. It becomes 

increasingly important to understand the effects of increased gravity on mammalian 

reproductive physiology and function. The testes are basic organs of the male 

reproductive system with the dual function of spermatogenesis and steroidogenesis. 

Today it is well known that microgravity is associated with a set of changes in male 

reproductive physiology and function, significant body fluid shift causing facial edema, 

cardiovascular responses and disturbance in hormones and reproductive organs. 

In the present studies, we studied the effects of gravity vector variation (hypergravity 

and microgravity conditions) on different organisms and cell lines models as shown 

below.  

The effect of hypergravity was investigated on the morphological structure and 

endocrine regulation of testis in mice kept in a hypergravity environment for 14 days, 

using LDC to simulate 3g conditions. In parallel, the first stages of simulated 

microgravity response were evaluated on primary cell culture from rat testis, to evaluate 

the possibility of spermatogenesis failure in the space environment.  

Interest in the long-term effects of altered gravity on cells and living organisms has 

intensified in recent years with an increase in interplanetary travels. Since the first 

studies carried out in space conditions it has been possible to observe alterations of 
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biological systems primarily due to the absence of weight force. In this research, the 

effects of long-term simulated microgravity were evaluated on two different biological 

systems, cancer cell line and fungal organisms. 

Previous studies in cell biology have indeed shown evidence that cellular function and 

morphology can be altered by microgravity, compared to normal gravity, of both 

normal cells and cancer cells (Jhala et al., 2014; Aleshcheva et al., 2016). These results

provide some inspiration for cancer research. Exploiting the 3D-clinostat, Random 

Positioning Machine (RPM) tool, we decided to perform a comprehensive analysis of 

the long-term effects of simulated microgravity (simulated microgravity) on pancreatic 

ductal adenocarcinoma (PDAC) cells. Pancreatic cancer remains the tumour with the 

worst overall survival worldwide with little progress in terms of novel treatments. 

Despite its incisiveness, PDAC has not been examined so far in microgravity 

conditions. The aim of this study was the development and characterization of an in 

vitro 3D-pancreatic cancer model, performing a comprehensive morphologic, 

transcriptomic, proteomic and lipidomic analysis in PDAC cells at different time points 

of simulated microgravity exposure (1, 7 and 9 days).   

Since the presence of humans in Space entails the presence of microorganisms it 

becomes really important to know the effects of long-term microgravity on these 

ubiquitous hosts to preserve crewed spacecraft safety and to prevent biodegradation of 

spacecraft materials. The purpose of these sets of tests is to start to evaluate the effect 

of microgravity on fungal growth rate and morphology at different time-points (4 and 

10 days) in normal and in simulated microgravity conditions, reproduced using RPM. 

To preserve completeness of technological characteristics of spacecraft materials in 

long-term missions, we investigated after two months if the fungal degradative 

activities are influenced by simulated microgravity.  

Technopolymer materials were provided by the ETANS lab (Engineering 

Technological Area for Nanotechnologies for Space; Thales Alenia Space, Torino). 

The information gained can be applicable to the safety and preservation of spacecraft 

crews, and last but not least can provide new and sustainable solutions for the plastic 

pollution challenges. 

��



Chapter 1 
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INTRODUCTION

Space exploration represents the upcoming frontier of human being, in particular 

regarding the incoming project on Mars, that means long stay in the space environment 

with prolonged gravity alterations (Misha and Luderer, 2019). In this scenario, the 

influence of exposure to a gravity   environment other than Earth’s for a prolonged time 

is becoming an important topic to consider for its influence on the human physiology. 

The force of gravity is an essential physical component of the Earth's environment, and 

it is known that gravity exerts a strong influence on the cellular level. Experimental 

investigations have been found cell cytoskeleton to be mainly affected (Uva et al., 

2002), and changes in intracellular molecular pathways were also observed (Bonfiglio 

et al., 2019). In the last years the cellular and physiological effects of microgravity have 

gained more attention, following the concerns about a progressive increasing time spent 

by astronauts at low gravity (Heer and Paloski, 2006; Sharma et al., 2008; Misha and 

Luderer, 2019; Afshinnekoo et al., 2020). But rather a few have been the studies about 

hypergravity (Genchi et al., 2015; Frett et al., 2016). Hypergravity, which ranges 

between 2-4 g, is experimented for a very short time compared to microgravity 

environment during the whole space mission. Probably, because of this last reason a 

trend to minimise the reported consequences was observed during the last years, as can 

be assessed by the scarce scientific papers available. Nevertheless, astronauts have

several experiences of hypergravity during their mission such as during the exit from 

terrestrial orbit or during a return to earth ground, where the potential use of space-

shuttle, can enforces a prolonged fly at high gravity (Wade, 2005). The hypergravity 

condition mainly affects hormonal balance and homeostasis regulation together with 

body liquid compartment disturbances and, even though the details of the hormonal 

dysregulation are not known, spaceflight clearly induces multiple changes in the 

interrelationship among hormones and alterations in the sensitivity of responding 

systems (Clement et al., 2019). Casey et al. (2012) reported a complex change in 

circadian rhythm which caused a decreased rate of mammary metabolic activity and 

increased pup mortality in rats, following exposure to hypergravity. Hypergravity 

consequences have been proved also on calcitonin released by thyroid parafollicular 
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cells together with significant reduction in the thickness of cortical bone (Albi et al., 

2012).  

Testis, the male organ of the reproductive system, is an organ gland, but, for its correct 

functionality, it is also dependent on a correct relationship with several endocrine 

factors. Following this particularly dependence on endocrine and reactive environment 

of the body, testis is considered a good candidate to study in general the occurrence of 

homeostasis alteration. Indeed, spaceflight has been shown to significantly affect the 

physiology of the testis (Sapp et al., 1990; McLachlan et al., 2002). One of the main 

hitches in studying the biological responses to hypergravity has been in the past the 

lack of experimental devices to reproduce gravity changes and the impossibility to 

recruit animal models for long time periods, as well. Now, in contrast to microgravity 

studies on animals, which can be adopted only in accordance with international space 

mission on International Space Station (ISS), the hypergravity experiments can now be 

quite easily performed on live animals in the Large Diameter Centrifuge machine. 

Centrifugation is, in fact, a good ground-based model to simulate altered gravity which 

occurs during space missions (Morita et al., 2015). 

In the present work we have investigated the effect of hyper-gravity on morphological 

structure and endocrine regulation of testis in mice, hold in a hypergravity environment 

for several days. 

MATERIALS AND METHODS  

Animal care 

In all phases of the hypergravity experiment animals were handled according to 

internationally accepted principles for care of laboratory animals (E.E.C. Council 

Directive 86/609, OJL358,1, Dec. 12, 1987). Formal approval to conduct the described 

experiments was obtained from by the Public Veterinary Health Department of the 

Italian Ministry of Health (prot. n. 4347-09/03/2009-DGSA.P.) and the University of 

Genoa (Genoa, Italy), where the naïve group mice were stabularized. The authors of 

this article were not directly involved in executing the animal maintenance part of the 

experiments. Instead, they were allowed to the mice at the end of the hypergravity 

experiment and participating in the specific tissue collection and analysis. 

Experimental design 

Experiment in hypergravity was performed at the Large Diameter Centrifuge, located 

at European Space Research and Technology Centre (ESTED, Noordwijk, NL). This 
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instrument is composed by several peripheral cages coupled by an arm to a central rotor. 

A gage located up to the body of central rotor is used as control. The rotor activity 

induces to the peripheral cages a rotatory movement responsible to develop a centrifuge 

force mimicking the increased gravity. Each cage is equipped by camera and control 

device for observing animal behaviour, holding standard environmental condition and 

monitoring vital parameters (van Loon et al., 2008). In this experiment 6 mice 

(C57BL/10J, 8 weeks-old), individually housed in the peripheral cages, were used, 

underput to a 3g of hypergravity for 14 days. Six mice holding the same time in the 

central cages up to the rotor, to which hypergravity was not imposed, was used as 

control (sham)-group of hypergravity experiment. A naïve control group was made in 

institutional stabularium of University of Genoa, where five mice (C57BL/10J,8 

weeks-old) were housed in standard stabularium cages for 14 days. At the end of the 

experimental period, mice were euthanised by anaesthesia under 0.5-2% isoflurane gas

(O2: 95.0%), sacrificed by decollation. Testes, including epididymis, were removed 

bilaterally. The right samples were quickly frozen in liquid nitrogen and stored in dry 

ice. The left testes were divided in two halves: one was fixed in 4% paraformaldehyde 

and stored in phosphate-buffered saline (PBS 1X), the other was quickly frozen in 

liquid nitrogen and stored in dry ice. Specimens were then shipped to dep. of Science 

and Technological Innovation (DISIT) of University of Eastern Piedmont (UPO), 

where the investigative protocols were performed, and data analysed. The fixed 

samples were processed for embedding in paraffin wax. Consecutive serial sections 

were cut (5 µm thick) and mounted on silanized-slides. Then slides were dewaxed, 

rehydrated through descending series of ethanol and alternate slides were submitted to 

investigative protocols as detailed below. The frozen samples were used for PCR 

protocol. Histological microarchitecture of the organ was investigated by Masson’s 

trichromic staining. 

Immunohistochemistry and Immunofluorescence 

Three slides for each sample were decorated with each primary antibodies detailed 

below. Immunohistochemical protocol was applied to investigate the distribution of 3�-

steroid dehydrogenase (3�-HSD) and 17�-steroid dehydrogenase (17�-HSD). Briefly 

the dewaxed and hydrated slides were incubated overnight at 4°C with primary 

antibody against 3�-HSD (raised in mouse; Santa Cruz Biotechnology Inc.; dilution of 

1:50); and 17�-HSD (raised in mouse; Santa Cruz Biotechnology Inc.; dilution of 1:50); 

after washing in PBS respectively anti-mouse secondary antibody, mouse IgG� BP-

HRP (Santa Cruz Biotechnology Inc.; dilution of 1:25) was added to reveal specific site 
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by 3,3-diaminobenzidine (DAB) colorimetric reaction. Immunofluorescence protocol 

was applied to investigate the distribution of adhesion protein. 

Briefly slides were incubated overnight at 4°C with primary antibody against Claudin-

1 (monoclonal antibody raised in mouse, Alexa Fluor 488, Invitrogen; dilution of 

1:100), Claudin-4 (monoclonal antibody raised in mouse, Alexa Fluor 594, Invitrogen; 

dilution of 1:100), Occludin (monoclonal antibody raised in mouse, Alexa Fluor 594, 

Invitrogen; dilution of 1:100), Connexin- 43 (polyclonal antibody raised in rabbit, 

Invitrogen; dilution of 1:200) and the Sex Hormone Binding Globulin (SHBG;

polyclonal antibody raised in rabbit, Santa Cruz Biotechnology Inc.; dilution of 1:50). 

After washing in PBS 1X, a second layer of fluoresceine-isothiocyanate conjugated 

gamma-globulins, goat anti-mouse (dilution of 1:100; Sigma-Aldrich) or goat anti-

rabbit (dilution of 1:100; Sigma-Aldrich) following the source of the primary antisera 

was applied for 30 min in moist chamber at room temperature. Sections were rinsed in 

PBS 1X, mounted with glycerol-PBS 1X (1:9) and examined under a Leica

epifluorescence microscope. The specificity of the immunostaining (both colorimetric 

and fluorescent) was verified by omitting primary antibody or by replacing the primary 

antiserum with nonimmune, in both cases no immunostaining was detected. 

RT-qPCR 

RNA from frozen samples was isolated by the acid phenol-chloroform procedure using 

the Trizol reagent (Sigma). Quality of isolated RNA was checked by electrophoresis on 

1.5% agarose gel. Concentrations and purities of the isolated RNA were assessed by 

absorption spectroscopy. Aliquots of 1.5 mg RNA were reverse-transcribed into cDNA 

using 200 units RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas, 

MMedical, Milan, Italy), in presence of 200 pmol of poly-T18mer (TIB Mol Biol, 

Italia), 1 mM dNTPs (Fermentas) at 42°C for 60 min in a reaction volume of 20 ml. 

The cDNA was used to amplify the genes of interest using a Chromo 4TM System real-

time PCR apparatus (Biorad Italy, Milan). Proper aliquots of the RT mixture were 

diluted to a final volume of 20 ml in presence of iTaq SYBR Green Supermix with Rox 

(Biorad) and 0.25 mM of each specific primer pairs (TibMolBiol, Genoa, Italy). The

primer pairs used are shown in Table 1. Thermal protocol consisted of 3-min initial 

denaturation at 95°C followed by 40 cycles: 5 s at 95°C and 20 s at 60°C. A melting 

curve of PCR products (55–94°C) was also performed to rule out the presence of 

artefacts. Relative quantification of each gene expression was calculated according to 

comparative Ct method using the Biorad software tool Genex-Gene Expression 
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MacroTM. Expression of the genes of interest was normalised using the expression 

levels of GAPDH as housekeeping gene and the normalised expression was then 

expressed as relative quantity of mRNA (relative expression) with respect to laboratory 

and ground control samples. 

Table 1. Primer sequences used in RT-qPCR analysis 

 

TUNEL 

Apoptosis was detected using an in situ TdT technique (In situ Cell Death Detenction 

Kit, fluorescien; Roche, Applied-Science). Three sections for each sample were 

incubated with permeabilization solution (0,1% Triton X-100, 0,1% sodium citrate) 

freshly prepared for 10 minutes at room temperature, washed with PBS 1X (pH 7.2–

7.4) and incubated at 37°C for one hour with the TUNEL reaction mixture. At the end 

of incubation slides were washed twice in PBS 1x, mounted with PBS 1x and analyzed 

under fluorescence microscope (excitation wavelength 488 nm and detection 515-565 

nm). 

RESULTS 

One out of six mice exposed to hyper-gravity deceased. The other five mice exposed to 

hyper- gravity environment resulted alive at the end of experiments; they presented 

weight loss (about 15%), probably due to higher energy expenditure during hyper-

gravity period. Any evident suffering status was observed. No weight loss or suffering 

status was observed in mice used as control. The morphological, immunohistochemical 

and molecular analysis performed on control and naïve group rats showed similar 

evidence and results. No more concerns were detailed about comparison between 

control and naïve group rats. 

Histomorphology.

The physiological microanatomy of testis showed oval elongated tubules in the bottom 

part of each testicular lodge. Here the widely convoluted seminiferous tubules show a 
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limited interstitial tissue in which can be observed the presence of endocrine Lyedig 

cells groups (Fig. 1A,C). In the upper part of the testicular lodge, the reduced 

convoluted form of seminiferous tubules displays a more roundish profile with large 

part of interstitial tissue, where can be observed Lyedig cell group (Fig. 1E,G). In both 

part of seminiferous tubules, the stratified epithelium showed well evident the 

composing two main cell types: spermatogenic cells and Sertoli cells (Fig. 1C,G). The 

spermatogenic cells appeared intact, regularly roundish and stacked along the 

epithelium thickness. The germinal layer was represented by cell line located 

immediately above the basal lamina appeared formed by small roundish cells showing 

a hypochromatic nucleus (spermatogonia cells) (Fig. 1C,G). The maturating 

spermatocytes appeared as large round cells with large nuclei and rounded outlines. 

The last layer of the epithelium was represented by small cells close to the lumen 

(spermatid cells) where tails of maturating spermatozoa were well visible. The Sertoli

cells were visible between the spermatogenic cells, showing a large, round and well

chromatic nucleus located 

mainly above the germinal line of the epithelium (Fig. 1C,G). Following exposure of 

mice to hypergravity (3g-mice), testicular morphology showed some changes. The 

seminiferous tubules in the bottom part of testicular lodge appear more convoluted and 

the interstitial tissue is extremely reduced, similarly the endocrine Lyedig cells groups 

appeared reduced (Fig. 1B,D). In the upper part tubules appear roundish and smaller, 

here more interstitial tissue can be observed, where smaller Lyedig cells groups can be 

noted (Fig. 1F,H). The epithelium of 3g-mice showed a reduction in the thickness of 

seminiferous tubules, spermatocytes showed separation between them and layering 

disorganization showing small cells adjacent to large cells. A reduced number of tails 

of maturating spermatozoa were visible (Fig. 1D,H). 
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Fig. 1. Microphotograph panel illustrating the microanatomy of testis seminiferous tubules in 
normogravity (A,C,E,G) and following 3g exposure (B,D,F,H). The tubules presented are detailed in the 
bottom part (A-D) and the upper part (E-H) of testis seminiferous tubules. Note the irregular disposition 
of spermatogonia cells and Sertoli cells, and the reduction of tubules thickness following 3g exposure. 
CTR: normogravity; 3g: hypergravity. Scale bar: 20�m 

Immunohistochemistry and Immunofluorescence 

Claudin-1, -4, and occludin are structural protein belonging to cell-cell tight junction. 

In seminiferous tubules these proteins are located in Sertoli cells, where they contribute 

to maintain the haemato-testis barrier and associative coherence of these cells disposed 

along all tubular thickness. The claudin-1 immuno-fluorescence in control mice was 

observed at basis and along all 

tubular thickness (Fig. 2A), indicating its localization along the cellular body of Sertoli 

cells, instead in 3g-mice, the claudin-1 signals have been observed only at basis of the 

tubules (Fig. 2B). The claudin-4 immuno-fluorescence in control mice was observed 

located at basis and apex of seminiferous tubules (Fig. 2C), while in the 3g-mice the 

fluorescence was observed disposed along all tubules thickness (Fig. 2D). Occludin 
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immune-fluorescence in normal mice was observed located in the basal layer of 

seminiferous tubules (Fig. 2E), while in 3g-mice immune-fluorescence was evident in 

intermediate zone of tubules (Fig. 2F). Connexin is a protein that mediate the specific 

cell-cell contact characterising the gap junction. In seminiferous tubules connexin 

realises the molecular connection that support the functional syncytium of Sertoli cells. 

In normal mice connexin is detected along the thickness of tubules, because widely it 

diffuses along the cell body of Sertoli cells (Fig. 2G). In 3g-mice the expression of 

connexin is reduced to basal part of tubules, indicating a probably functional 

disconnection of apical part of Sertoli cells (Fig. 2H). Negative immune-fluorescence 

control slides resulted completely blank (Fig. 2I,L).  

 
Fig. 2. Microphotograph panel illustrating the immunofluorescence signals of cell-cell junctional 
complex proteins occurring in the testis seminiferous tubules. A,B: Claudin-1 (Cld-1); C,D: Claudin-4 
(Cld-4); E,F: Occludin (Occ); G,H: Connexin (Cnx). I,L; control immunofluorescence images, Blank 
(blk). Note that the analysed proteins are localised along the Sertoli cells profile. The localization pattern 
of analysed proteins changes following 3G exposure. Scale bar: 20�m 
CTR: normogravity; 3g: hypergravity.  
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The detection of apoptotic cells in seminiferous tubules of control mice by TUNEL 

technique showed no evidence (Fig. 3A), instead in 3g-mice several TUNEL signal was 

detected along the basal portion of the tubules, where the large dimension of TUNEL-

positive nuclei indicates the occurrence of apoptosis in the Sertoli cells rather than in 

spermatogonia cells (Fig. 3B).  

Fig. 3. Microphotograph panel illustrating the immunofluorescence TUNEL signals occurring in the 
testis seminiferous tubules. Bote that positive signals are selectively localised on basal round and well 
evident nuclei, compatible with the localization of Sertoli cells nuclei. CTR: normogravity; 3g: 
hypergravity. Scale bar: 20 �m 

Specific immunohistochemistry for 3�-HSD and 17�-HSD showed in either case 

exclusive localization in Lyedig cells and in control group mice (Fig. 4 A,B). In 3g-

mice the 3�-HSD immunohistochemistry appeared widely reduced, whereas the 17�-

HSD immunohistochemistry was completely lacking (Fig. 4C,D). Negative 

immunohistochemistry control slides resulted completely blank (Fig. 4E,F).  
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Fig. 4 Microphotograph panel illustrating the immunohistochemistry localization and expression of 3�-
HSD (A,B) and 17�-HSD (C,D), in testis of mice exposed to normogravity (A,C) or Hypergravity (B,D). 
E,F: control immunohistochemistry images, Blank (blk). Note the specific localization of the factor in 
the endocrine Lyedig cells of the organ and the abrupt of reaction in mice exposed to hypergravity. CTR: 
normogravity; 3g: hypergravity. Scale bar: 20 �m 

SHBG is a testosterone binding protein which function is to reduce the availability of 

free circulating and active testosterone; it is present in the basal portion of Sertoli cells. 

The immunofluorescence for SHBG was faintly visible along the basal profile of Sertoli 

cells in normal mice (Fig. 5A), whereas an evident increase of immunofluorescence 

was observed along the basal profile of Sertoli cells in  3g-mice (Fig. 5B). SHBG

immunofluorescence can be observed fully expressed also in endocrine Leydig cells; 

in this case, no difference between control and 3g-mice was detected (Fig. 5A,B). 

Negative immunohistochemistry control slides resulted completely blank (Fig. 5C,D).

��



 
Fig. 5. Microphotograph panel illustrating the immunofluorescence localization and expression of 
testosterone binding protein (SHBG) in mice testis following normogravity (A) or hypergravity (B). C,D: 
control immunofluorescence images, Blank. Note the extended localization of immune SHBG on basal 
profile of Sertoli cells following hypergravity. CTR: normogravity; 3G: hypergravity. Scale bar: 20 �m 

RT-Q-PCR  

The effects of exposure to hypergravity on the expression of IL1�, FSHR, Androgen 

Receptor and, LHR were evaluated analysing mRNA expression of these factors. The 

exposure to hypergravity induces in mice testes no significative changes for IL1� and 

FSHR (Fig. 6A,B), whereas a reduction of mRNA transcript levels was detected for AR 

and LHR (Fig. 6C,D). 

 
Fig. 6. Dot blot graph illustrating the mRNA expression in testis seminiferous tubules of several receptors 
involving in the physiological response of the testis. A: IL1�; B: FSHR; C: AR; D: ICSHR. 
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DISCUSSION 

Into the seminiferous tubules, spermatogenic cells are designed to evolve in mature 

spermatozoa. Many cycles for spermatozoa differentiation occur sequentially along the 

convoluted seminiferous tubules of the testis, resulting in pulses of sperm release that 

ensure the continuous production. Sertoli cells (SC) are constitutive non spermatogonia 

cells that have supportive and trophic functions for the spermatogonia cells of the 

seminiferous epithelium. SC facilitate transport of mature spermatids towards the 

lumen of the tubules, provide secretion of androgen binding protein and molecules with 

endocrine or paracrine action for spermatogenesis. They are responsible to assure the 

function of the blood-testis barrier. Further, they interact with intertubular endocrine 

Leydig cells secreting testosterone. Overall, these tasks make SC elements of primary 

importance for the testicular function. In our study first evidence of hypergravity 

disturbance into testis environment has been obtained observing the morphology of 

germinative epithelium. We have observed that hypergravity affects the thickness and 

the general organization of germinative epithelium of seminiferous tubules, consisting 

in SC with small nuclei, presence of immature spermatogonia cells with large nuclear 

profile in the upper layer of germinative epithelium, where in control mice only cells 

with small hyperchromatic nuclei and differentiative cellular profile can be observed. 

Consequently, the maturation and production of spermatozoa can be supposed 

defective, in fact rarely spermatozoa were observable in the lumen of seminiferous 

tubules in rats exposed to hypergravity. The good physiological performance of SC 

embedded in the spermatogenic layer is widely dependent on cell-cell tight junctions 

which are made of proteins called occludins and claudin, which interact forming a 

branching network between the two opposite cells resulting in a tighter seal and 

mechanical stability. These proteins are linked to elements of cellular cytoskeleton, 

being able to transduce mechanical cues in intracellular signals. Proteins of tight 

junctions are involved in keeping polarity, in establishing organ-specific apical 

domains and participate into SC assisting function during proliferation, differentiation, 

and migration of spermatogenic cells and realise the blood-testis barrier to control 

metabolic access to seminiferous tubules environment (Heiskala et al., 2001; Mruk and 

Cheng, 2010). Hypergravity was found to alter the expression pattern of claudins and 

occludin. We hypothesise that a rearrangement of tight junction among SC has 

occurred, resulting in an efficiency loss of SC cells in supporting the steps of germ cells 

differentiation. Further, this alteration in the mechanical arrangement can be cause of 
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the visible disassembly of the spermatogenic cells disposition with larger spaces 

between cells and smaller cells closer to larger ones. 

Besides the tight junction complex, which allow stable linkage between adjacent cells, 

SC layer exhibit several gap junctions, specialised membrane areas which allow cells 

to communicate each other exchanging small solutes and ions. The gap junction is made 

up of two hemichannels, one for each cell, formed by assemblies of six channel proteins 

called Connexins. This type of junction offers a pivotal advantage in cell-cell 

communication because it makes the SC layer working as a functional syncytium, able 

to make all the together SC cells responsive, optimising in such a way the physiological 

behaviour of each tubule. Following hypergravity treatment the connexin expression 

was markedly reduced suggesting a probable decrease in cell-cell communication, 

reflecting a severe trouble in coordinating cellular response aimed to spermatozoa 

production. Thus, the occurrence of this kind of alterations has an important negative 

effect on germ cells differentiation culminating in a limited reproduction rate of 

spermatozoa. Although we do not have any direct evidence, we can suppose that that 

other epithelial layers or tissues may be subjected to intimate alterations of cell-cell 

junctions shattering the physiological performances under hypergravity conditions. 

Blood-brain barrier (BBE) destabilisation has been proved in mice following 

centrifugation treatment at 2g showing altered permeability characteristics which 

represent the main topic of the endothelial lining of the BBE to control exchanges 

between blood and brain parenchyma (Dubayle et al., 2020). Similarly, we expect that 

in the seminiferous tubules the alteration of cell-cell contact among Sertoli cells could 

induce an alteration in the blood-testis barrier, compromising the regular surveillance 

of metabolic traffic between blood and germinative epithelium. 

Another important compartment in the testis anatomo-physiology is represented by 

Leydig cells inside the interstitial stroma representing the glandular compartment 

producing the bulk quantity of testosterone.  

Testosterone biosynthesis is powered by different enzymes being the 3�-

hydroxysteroid dehydrogenase (3�-HSD) and the 17�-hydroxysteroid dehydrogenase 

(17�-HSD) the main ones involved (O’Shaughnessy et al. 2000). Our data have shown 

that hypergravity exposition reduce widely the expression of these two enzymes, 

suggesting a loss of function of the glandular compartment of the testis. Testosterone 

is a powerful hormone involved not only in spermatogenesis physiology, but in upper 

brain cognitive functions (Celec et al., 2015), bone metabolism (Sinnesael et al., 2011), 

cardiovascular parameters (Oskui et al., 2013), glucose homeostasis (Grossmann and 
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Wu, 2014). Therefore, a lack in this hormone synthesis can affects multiple 

physiological pathways. In similar case the adrenal gland can compensate for testis 

function by producing another font of testosterone.  

At the present we don’t have any evidence concerning a direct effect of hypergravity 

on other endocrine glands, however, the scientific literature reports following 

hypergravity exposure, the alteration of the adrenal gland zona reticularis representing 

the secondary font of production of testosterone (Moroz et al., 2018). Following these 

evidence hypergravity seems to decrease widely the testosterone production, and the 

hypothesis of a wider involvement of hormonal balance may be advanced. Indeed, 

recent data show that hypergravity conditions might remodel thyrocytes cell membrane 

by increasing thyrotropin-receptor (TSHR) surface protein (Albi et al., 2014), but 

further data concerning the hypergravity effects on hormone receptor expression is still 

lacking. In this view, we have analysed the receptor pattern expression for key 

hormones regulating the physiological function of the testis. We focused on androgen 

receptor (AR), interstitial cell stimulating hormone receptor (ISCHR), follicle-

stimulating hormone receptor (FSHR) and we also detected the expression level of 

interleukin-1�. AR is a nuclear receptor which reflects the cellular response to 

testosterone and, in general to androgen hormones, in supporting the normal testis 

physiology and maintaining the male sexual phenotype. ICSHR is mainly expressed in 

Leydig cell where it drives testosterone production under hypothalamic-hypophysis

axis control. FSHR regulates spermatogenesis and its main function is, upon binding of 

FSH, to increase the number of Sertoli cells by stimulation of their mitotic activity. It 

is also essential for tight junctions’ formation (Sluka et al., 2006). IL1� is a pleiotropic 

cytokine that contributes to the specific immune environment of mammalian testis and 

in regulating cell differentiation. Our data show only a significant reduction in AR and 

ICSHR expression, without changes in FSHR and IL-1� levels. These findings further 

could confirm the occurrence of a diminished release of testosterone from Leydig cells 

with the consequent reduction of AR and ICSHR expression. SC provide key signals to 

support germ cell survival proceeding through spermatogenesis, and the withdrawal of 

ICSH and/or testosterone results in the induction of apoptosis at particular stages of 

germ cell development reducing spermatogenic efficiency (Walker, 2021). Lacking the 

effects on FSHR and IL-1�, together the specific increasing of SHBG expression on 

SC, could suggest the falling down of physiological function of SC toward a quiescent 

phase, that evolve in a loss of some SC as evidenced by apoptotic signals, leading to an 

altered homeostasis of the organ and reduced formation of spermatozoa. 
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CONCLUSIONS 

The present research aimed to investigate morphological and physiological alterations 

induced by hypergravity in the testis, used as putative model of endocrine gland 

deregulation. Preliminary results show a disassembly in SC lining organization and in 

hormone responsiveness pattern pointing towards severe consequences for the 

reproductive axis. We need to perform experiments with longer time exposure in order 

to detect slower effects of hypergravity on other possible tissue targets. Further, we 

want evaluate deregulation patterns on other glands and organs which could reveal even 

strong side effects due to modified gravity conditions. 

REFERENCES 
Afshinnekoo, E., Scott, R.T., MacKay, M.J., Pariset, E., Cekanaviciute, E., Barker, R., 
Gilroy, S., Hassane, D., Smith, S.M., Zwart, S.R., et al: Fundamental Biological 
Features of Spaceflight: Advancing the Field to Enable Deep-Space Exploration. Cell 
183, 1162–1184 (2020). 
Albi, E., Curcio, F., Lazzarini, A., Floridi A., Cataldi S., Lazzarini, R., Loreti E., Ferri 
I., Ambesi- Impiombato F.: A firmer understanding of the effect of hypergravity on 
thyroid tissue: cholesterol and thyrotropin receptor. PLoS One 9, e98250 (2014). 

Albi, E., Curcio, F., Spelat, R., Lazzarini, A., Lazzarini, R., Cataldi, S., Loreti, E., Ferri, 
I., Ambesi- Impiombato, F.S.: Loss of parafollicular cells during gravitational changes 
(microgravity, hypergravity) and the secret effect of pleiotrophin. PLoS One 7, e48518 
(2012). 

Bonfiglio, T., Biggi, F., Bassi, A.B., Ferrando, S., Gallus, L., Loiacono, L., Ravera, S., 
Rottigni, M., Scarfì, S., Strollo, F., et al.: Simulated microgravity induces nuclear 
translocation of Bax and BCL-2 in glial cultured C6 cells. Heliyon 5, e01798 (2019). 

Casey, T, Zakrzewska, E.I., Maple, RL., Lintault, L., Wade, C.E., Baer, L.A., Ronca, 
A.E., Plaut K.: Hypergravity disruption of homeorhetic adaptations to lactation in rat 
dams include changes in circadian clocks. Biol. Open 1, 570–581 (2012). 

Celec, P., Ostatníková, D., Hodosy, J.: On the effects of testosterone on brain 
behavioural functions. Front. Neurosci. 9, 12 (2015). 

Clement, G., Boyle, R., and Gunga H.C.: Editorial: The Effects of Altered Gravity on 
Physiology. Front. Physiol. 10, Article 1447 (2019). 

Dubayle, D., Vanden-Bossche, A., Beraneck, M., Vico, L., Morel, J.-L.: Effects of 
centrifugation and whole-body vibrations on blood-brain barrier permeability in mice. 
N.P.J. Microgravity 6, 1 (2020). 

Frett, T., Petrat, G., van Loon, J., Hemmersbach, R., Anken, R.H.: Hypergravity 
Facilities in the ESA Ground-Based Facility Program – Current Research Activities 
and Future Tasks. Micrograv. Sci. Techn. 28, 205–214 (2016). 

Genchi, G.G., Cialdai, F., Monici, M., Mazzolai, B., Mattoli, V., Ciofani, G.: 
Hypergravity stimulation enhances PC12 neuron-like cell differentiation. Biomed. Res. 
Int. 2015, 748121 (2015) . 

Grossmann, M. and Wu, F.C.: Male androgen deficiency: a multisystem syndrome. 
Asian J. Androl. 16: 159–160 (2014). 

��



Heer, M. and Paloski, W.: Space motion sickness: Incidence, etiology, and 
countermeasures. Autonom. Neurosci. 129, 77–9 (2006).

Heiskala, M., Peterson, P.A., Yang, Y.: The roles of claudin superfamily proteins in 
paracellular transport. Traffic. 2, 93–98 (2001). 

McLachlan, R.I., O’Donnell, L., Meachem, S.J., Stanton, P.G., de Kretser, D.M., Pratis, 
K., Robertson, D.M.: Hormonal Regulation of Spermatogenesis in Primates and Man: 
Insights for Development of the Male Hormonal Contraceptive. J. Androl. 23, 149–162 
(2002). 

Mishra, B. and Luderer, U.: Reproductive hazards of space travel in women and men. 
Nature Rev. Endocrinol. 15, 713–730 (2019). 

Morita, H., Obata, K., Abe, C., Shiba, D., Shirakawa, M., Kudo, T., Takahashi, S.: 
Feasibility of a Short-Arm Centrifuge for Mouse Hypergravity Experiments. PlosOne 
10, e0133981 (2015). 

Moroz, G.A., Kriventsov, M.A., Kutia S.A.: Morphofunctional changes in the adrenal 
glands of juvenile rats systematically exposed to hypergravity. Russian Open Med. J. 
7, Article e0401 (2018). 

Mruk, D.D. and Cheng, C.Y. Tight junctions in the testis: new perspectives. Phil. Trans. 
R. Soc. B. 365, 1621–1635 (2010).

O’Shaughnessy, P.J., Baker, P.J., Heikkilä, M., Vainio S., McMahon A.P.: Localization 
of 17 � - Hydroxysteroid Dehydrogenase/17-Ketosteroid Reductase Isoform 
Expression in the Developing Mouse Testis—Androstenedione Is the Major Androgen 
Secreted by Fetal/Neonatal Leydig Cells. Endocrinology 141, 2631–2637 (2000). 

Oskui, P.M., French, W.J., Herring, M.J., Mayeda, G.S., Burstein, S., Kloner, R.A.:
Testosterone and the cardiovascular system: a comprehensive review of the clinical 
literature. J. Am. Heart Assoc. 2, e000272 (2013). 

Sapp, W.J., Philpott, D.E., Williams, C.S., Kato, K., Stevenson, J., Vasquez, M., 
Serova, L.V.: Effects of spaceflight on the spermatogonial population of rat 
seminiferous epithelium. FASEB J. 4, 101–104 (1990). 

Sharma, C.S., Sarkar S., Periyakaruppan A., Ravichandran P., Sadanandan B., Ramesh, 
V., Thomas, R., Hall, J.C., Wilson, B.L. and Ramesh G.T.: Simulated microgravity 
activates apoptosis and NF-kappaB in mice testis. Mol. Cell Biochem. 313, 71–78 
(2008) 

Sinnesael, M., Boonen, S., Claessens, .F, Gielen, E., Vanderschueren, D.: Testosterone 
and the male skeleton: a dual mode of action. J. Osteoporos. 2011, 240328 (2011). 

Sluka, P., O'Donnell, L., Bartles, J.R., Stanton, P.G.: FSH regulates the formation of 
adherens junctions and ectoplasmic specialisations between rat Sertoli cells in vitro and 
in vivo. J. Endocrinol. 189, 381–395 (2006). 

Uva, B.M., Masini, M.A., Sturla, M., Prato, P., Passalacqua, M., Giuliani, M., 
Tagliaferro, G., Strollo, F.: Clinorotation-induced weightlessness influences the 
cytoskeleton of glial cells in culture. Brain Res. 934, 132–139 (2002). 

Van Loon, J.J.W.A., Krausse, J., Cunha, H., Goncalves, J., Almeida, H., Schiller, P.: 
The Large Diameter Centrifuge, LDC, for life and physical sciences and technology. 
In: L. Ouwehand (eds) 

Life in Space for Life on Earth, ESA-SP Vol. 553. Proceedings of the conference held 
22-27 June, 2008 at Angers, France (2008). 

��



Wade, C.: Responses across the Gravity Continuum: Hypergravity to Microgravity. 
Adv. Space Biol. Med. 10, 225–245 (2005).

Walker, W.H.: Androgen Actions in the Tests and the Regulation of Spermatogenesis. 
Adv. Exp. Med. Biol. 1288, 175-203 (2021). 

��



Chapter 2 

Morphofunctional, viability and antioxidant system 
alterations on rat primary testicular cells exposed to 

simulated microgravity 

��



Abstract 

This study focused on effects induced by Short-term

Simulated Microgravity (SMG) condition on primary cell culture

from pre-pubertal Wistar rats testis. Cells were analyzed for

cytoskeletal and Sex Hormone Binding Globulin (SHBG/ABP)

changes by immunofluorescence technique, for antioxidant sys-

tem exploiting RT-PCR and cell viability. Cells were cultured for

6 and 24h on a three-dimensional clinostat, Random Positioning

Machine (RPM). At the end of each experiment, once stopped the

RPM rotation, cells were either fixed in paraformaldehyde or

lysed and RNA extracted. In cells exposed to SMG the cytoskele-

ton became disorganized, microtubules fragmented and SHBG

was already undetectable after 6h of treatment. Moreover, various

antioxidant systems significantly increased after 24h of SMG

exposure. Initially, SMG seemed to disturb antioxidant protection

strategies allowing the testes to support sperm production, thus

generating an aging-like state of oxidative stress. Studies on

changes induced by short-term altered gravity conditions, carried

out in real microgravity, could give more information on steroido-

genesis and germ cell differentiation within the testis exposed to

this condition and confirm the validity of simulation approach. 

Introduction 

Since the advent of space flights more than 530 men and

women have travelled to space, introducing the problem concern-

ing the effects of microgravity on human physiology.
1
Nowadays

it is well known that any alteration of the gravitational force caus-

es relevant physiological changes in organisms, and it may affect

their reproductive physiology and fertility.
2-4 

During spaceflight,

the astronauts experiment not only microgravity, but also hyper-

gravity, which occurs during launch and re-entry phases, that is

another interesting topic investigated by several researchers.
2,5,6

In the present study, testis has been chosen because of its rel-

evance as an endocrine organ and because of its key role in the

reproductive system. The investigation of reproductive health

requires extensive studies using animals and cell culture models,

in order to fill gaps regarding the effect of long duration space

missions on mammalian reproduction, starting from changes

induced by short-term altered gravity conditions.

Due to the limited possibilities to perform experiments in

real microgravity, several methods have been developed to

Simulate Microgravity (SMG) such as the randomization of the

direction of gravity force using a 3D-clinostat, as Random

Positioning Machine (RPM).
2,7

Studies on the effect of weight-

lessness on the reproductive system of rodent models, conducted

in real and Simulated Microgravity (SMG), showed similar mor-

pho-functional testicular alterations.
8,9 

The results obtained in

rodent studies and experiments, made by others researchers and

our group, showed an increase of physiological and morpholog-

ical changes on reproductive system using different gravity vec-

tors (0g, through 1g to 2g).
10-12

Moreover, such findings are con-

sistent with the results of cell biology studies using SMG, which

show morphological and functional changes to occur in testicu-

lar cells exposed to RPM. More in detail, these studies demon-

strates that SMG causes changes in the seminiferous tubules,

with altered tubular architecture and reduction in the number of

spermatogenic cells, in addition microgravity induce hypogo-

nadism directly rather than through stress-induced gonadal inhi-

bition.
12
On the other hand, rats under SMG showing variation in

testosterone levels demonstrated complete protection of both

muscle and bone using a combination of bisphosphonate and

testosterone, suggesting that androgen deficiency contributes at

least partially to the pathophysiology of space flight-related

muscle and bone atrophy.
10
As regard to humans, a decrease in

testosterone secretion was also observed in astronauts during

space flights.
13

Correspondence: Valentina Bonetto, DISIT, University of Eastern

Piedmont, Via T. Michel 11, 15121 Alessandria, Italy.

Tel.: +39.0131.360274 Fax: +39.0131.360390

E-mail: valentina.bonetto@uniupo.it

Key words: Testicular primary culture; simulated microgravity;

cytoskeleton; oxidative stress.

Acknowledgements: This work was supported by the Italian Space

Agency (ASI).

Contributions: VB: histology, immunohistochemistry, mitocapture,

data analysis; LS: PCR; MAM: design of the research, data analysis.

Conflict of interest: The authors have no conflict of interest to declare.

Received for publication: 24 May 2021.

Revision received: 9 October 2021.

Accepted for publication: 16 October 2021.

©
Copyright: the Author(s), 2021

Licensee PAGEPress, Italy

Journal of Biological Research 2021; 94:9875

doi:10.4081/jbr.2021.9875

This article is distributed under the terms of the Creative Commons

Attribution Noncommercial License (by-nc 4.0) which permits any

noncommercial use, distribution, and reproduction in any medium,

provided the original author(s) and source are credited.

[page 100]                                                [Journal of Biological Research 2021; 94:9875]                                       

                             Journal of Biological Research 2021; volume 94:9875

Morphofunctional, viability and antioxidant system alterations
on rat primary testicular cells exposed to simulated microgravity

Valentina Bonetto,
1
Linda Scarabelli,

2
Maria Angela Masini

1

1
DISIT, University of Eastern Piedmont, Alessandria; 

2
DIMES, University of Genoa, Genova, Italy

Non
-co

mmerc
ial

 us
e o

nly

��



At cellular level, both real and simulated microgravity has

proved to be one of the stress environmental factors that results in

severe damages to the cytoskeleton of cells kept in culture.
14-16

Results of different studies shown damages to the cytoskeleton of

Sertoli cell line and the lymphocytes’ cytoskeleton both during

spaceflight and in SMG.
12,14,17,18 

Spermatogonial cell differentia-

tion into mature spermatozoa requires Sertoli cells, which play a

crucial role in the development of germ cells and in the regulation

of spermatogenesis. In addition to its nursing function, Sertoli cells

produce a large number of proteins essential for germ cell survival

and development.
12

The aim of this study was to evaluate the influence on a pri-

mary cell culture from rat testis, at first stages of exposure to

SMG; cells were exposed for 6 and 24h to the treatment and ana-

lyzed by immunohistochemistry, molecular biology and general

chemistry techniques, in order to evaluate the cell functionality

after short-term SMG treatment. The intervals of time were cho-

sen according to previous works that demonstrate alterations in

cellular structure and functionality already after 6h and important

changes at 24h.
19,20,21

Materials and Methods

Preparation of cell culture

Cells were isolated from pre-pubertal (8 days old) Wistar rats

and grown in DMEM (Sigma, St. Louis, Missouri) with the addition

of 10% Fetal Bovine Serum, 1% L-glutamine, 1% gentamicin, strep-

tamicin and amphotericin, at 34°C in a 5% CO2 incubator. The cells

were seeded at 20,000 cells/mL using “flasks on a slide” (flasks

located onto a removable slide, 9.0 cm
2
, Thermo Scientific Nunc).

The flasks were positioned as close as possible to the center of the

platform on the RPM (Dutch Space, Leiden, The Netherlands) and

kept under rotation at 56 deg/sec, using the real random mode of the

instrument, for 6h and 24h (SMG, 10
-6 
g) (Figure 1). Static controls

(ground controls, 1g), were cultured for 24h under normal gravity

conditions onto the supporting frame of the instrument in order to

get cells to the same vibration stress conditions. 

At the end of the experiment, once stopped the RPM rotation,

some flasks were fixed with Phosphate Buffered Saline (PBS)

containing 4% paraformaldehyde. Fixed cells were submitted to

immunohistochemical techniques and to detect apoptotic cells

with Mitocapture Mitochondrial Apoptosis detection kit

(Biovision, Milpitas, CA), whereas other flasks were used to

obtain cells for RT-PCR.

Microgravity conditions were simulated using an RPM connect-

ed to a control console through standard electrical cables. The appa-

ratus is a 3D clinostat consisting of two independently rotating

frames. One frame is positioned inside the other, exerting a complex

net change in orientation on a biological sample mounted in the cen-

ter of the RPM platform.
22
The rotation of the sample induces cen-

tripetal acceleration but placing the sample in the center of the RPM

platform this effect will be negligible. Moreover, culture flasks were

completely filled with medium without gas bubbles, avoiding loss of

liquid during rotation. Gas bubbles result in unwanted fluid motion

and associated shear stress to the sample.
22

This device does not

actually eliminate gravity, but the RPM is a micro-weight simulator

based on the principle of “gravity-vector averaging”: it allows a 1 g

stimulus to be applied omnidirectionally, and the sum of the gravita-

tional force vectors tends to equal zero. The effects generated by the

RPM are comparable to the effects of real microgravity, provided

that the direction changes are faster than the response time of the

system to the gravity field. The desktop RPM used was positioned

within an incubator set at 34 °C, value close to the physiological tes-

ticular temperature, and 5% CO2 to match physiologic conditions

and to maintain a constant pH.
22

Immunohistochemical techniques 

The slides removed from the flasks, containing the cell cul-

tures, were submitted to the indirect immunofluorescence tech-

nique.
23

After permeabilization with Triton X-100 (Sigma, St.

Louis, Missouri) 01% in phosphate buffered saline (PBS, 0.01 M,

pH 7.4), PBS washing and exposure to Normal Goat Serum (dilut-

ed 1:50 in PBS; Sigma, St. Louis, Missouri) in a moist chamber at

20°C, the cells were incubated overnight at 4°C with the antisera

to α-tubulin (raised in mouse, diluted 1:500 in PBS, Sigma, St.

Louis, Missouri) or to Sex Hormones Binding Globulin

(SHBG/ABP, raised in rabbit against aminoacids 197-403 mapping

at the C-terminus of SHBG of mouse origin, diluted 1:100, Santa

Cruz Biotechnology, Inc). After PBS washing, a second layer of

fluoresceine-isothiocyanate conjugated γ-globulins (FITC), goat

anti-mouse (diluted 1:100 in PBS, Sigma, St. Louis, Missouri) and

goat anti-rabbit (diluted 1:100 in PBS, Sigma, St. Louis, Missouri)

following the specificity of the antisera for 30 min into a moist

chamber, at 20°C. The slides were rinsed in PBS, mounted with

gel-mount (Biomeda Corp., Foster City, CA). The specificity of the

immunostainings was verified by omitting one of the steps of the
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Figure 1. Random Positioning
Machine (RPM).The RPM (Dutch
Space, Leiden, Netherlands) (a) was
run in a commercially available incu-
bator at 34°C and 5% CO2 (b).
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immunohistochemical procedure, or by replacing the primary anti-

sera with non-immune rabbit serum or PBS. Immunoreactions

were visualized using a conventional epifluorescence microscope

(Leica Axiovert).

RNA isolation and real-time RT-PCR

Since cytoskeleton alterations, we investigated the level of

oxidative stress after 24h of SMG by measuring the expression

level of genes involved in ROS metabolism or antioxidant

defense mechanism. Total RNA was isolated by the acid phenol-

chloroform procedure using the Trizol reagent (Sigma, St. Louis,

Missouri) according to the manufacturers’ instructions.
24

The

purity of RNA was checked via absorption spectroscopy by

measuring the 260/280 ratio. Only high purity samples

(OD260/280> 1.8) were subjected to further manipulation. The

quality of isolated RNA was assessed by electrophoresis on 1.5%

formaldehyde-agarose gel to verify the integrity of the 18S and

28S rRNA bands. First strand cDNA was synthesized from 1 μg

of total RNA using 200 ng oligo(dT)18-primer (TIB MolBiol,

Italia), 200 units RevertAid H-Minus M-MuLV reverse transcrip-

tase (Fermentas, Hannover MD, USA), 40 units RNAsin and 1

mM dNTPs (Promega, Milan, Italy) in a final volume of 20 μL.

The reaction was performed in a Master-cycler apparatus

(Eppendorf, Milan Italy) at 42°C for 1 h after an initial denatura-

tion step at 70 °C for 5 min. The expression levels of genes were

quantified in 96-well optical reaction by using a Chromo 4
TM

System real-time PCR apparatus (Biorad, Milan, Italy). Real-

time PCR reactions were performed in quadruplicate in a final

volume of 20 μL containing 10 ng cDNA, 10 μL of iTaq SYBR

Green Supermix with ROX (Biorad, Milan, Italy), and 0.25 μM

of each primer pair (TibMolBiol, Genoa, Italy). The glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH) was used as a house-

keeping gene to normalize the expression data. The accession

numbers of the genes used in the study and the primer sequences

are given in Table 1. The thermal protocol included an enzymatic

activation step at 95°C (3 min) and 40 cycles of 95°C (15s), 60°C

(30s) and 72°C (20s). The melting curve of the PCR products

(55–94 °C) was also recorded to check the reaction specificity.

The relative gene expression of target genes in comparison of the

GAPDH reference gene was conducted following the compara-

tive CT threshold method using the Biorad software tool Genex-

Gene Expression Macro
TM

.
25,26

The normalized expression was

then expressed as the relative quantity of mRNA (fold induction)

with respect to the control sample. Data are the mean ±SD for

three experiments in quadruplicate. 

Cell viability assays

Cell death was assessed by staining with MitoCapture

(Biovision, Milpitas, CA), a fluorescent lipophilic cationic reagent

that assesses mitochondrial membrane permeability, according to

the supplier’s instructions. Briefly, cells were incubated with the

MitoCapture reagent for 15 min at 37°C and observed by fluores-

cence microscopy using a wide band pass filter. Cells with intact

mitochondria exhibited focal red cytosolic fluorescence, whereas

cells with permeabilized mitochondria exhibited diffuse green

cytosolic fluorescence. Cells lacking red fluorescence and having

green fluorescence were scored positive. Cell death was evaluated

in each experiment from control and treated cultures. Data were

expressed as Integrated Density and the corrected total cell fluores-

cence (CTCF) calculated from three fields chosen at random in

two slide preparations for each sample. 

Statistical analysis

Statistical analysis was performed by using ANOVA followed

by Bonferroni ad hoc post test, values were expressed as mean ±

standard deviation (SD; INSTAT software,GraphPad Software,

Inc., San Diego, CA 92130 USA).

Results

Effect of modeled microgravity on cytoskeleton

and Sex Hormone Binding Globulin

After 6h in modeled microgravity (Figure 2b), cells didn’t

show relevant morphological differences as compared with the

cells maintained at 1g (Figure 2a). The cytoskeleton, identified

with a specific antibody directed against α-tubulin, was well organ-

ized, with microtubules radiating in discrete filaments from the

nucleus to the plasma membrane. When the rotation was prolonged

to 24 h, the microtubular array was more disorganized and micro-

tubules appeared fragmented; as a consequence, the cells lost their

shape after 24h of SMG (Figure 2c). 

An immunoreactive signal for Sex Hormone Binding Globulin

(SHBG/ABP) was detected in the control cells, whereas is totally

absent in cells exposed to SMG (Figure 3).

Cell viability assays: MitoCapture

In healthy cells, the MitoCapture reagent remains in the mito-

chondria in form of polymers and gives off a red fluorescence;

however, in case of mitochondrial damage, the reagent leaks out

into cytoplasm as monomers that generate a green signal. As

                             Article

Table 1. Name and accession numbers of the target genes are listed together with the primer sequences used for RT-PCR analysis in the study.

Gene name                          Accession number                            Forward primer (5’-3’)                           Reverse primer (3’-5’)

MT-1                                                 NM_013602                                                       CTGCTCCACCGGCGG                                            GCCCTGGGCACATTTGG

MT-2                                                 NM_008630                                                       TCCTGTGCCACAGATGGATC                                 GTCCGAAGCCTCTTTGCAGA

p53                                                    NM_030989                                                       GGCTCCTCCCCAACATCTTATC                             TACCACCACGCTGTGCCGAAAA

PARP-1                                             NM_013063                                                       TGCAGTCACCCATGTTCGATGG                           AGAGGAGGCTAAAGCCTTG

GST                                                   NM_013541                                                       GTGCCCGGCCCAAGAT                                          TTGATGGGACGGTTCACATG

CAT                                                   NM_009804                                                       CCTGAGAGAGTGGTACATGC                                CACTGCAAACCCACGAGGG

Mn-SOD                                          NM_013671                                                       GGCTCCCGGCACAACACAGCC                             CCTCGTGGTACTTCTCCTCGGTG

GAPDH                                             NM_008084                                                       GACCCCTTCATTGACCTCAAC                               CGCTCCTGGAAGATGGTGATGGG
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demonstrated in Figure 4 the red fluorescence in the control cells

(Figure 3a) was replaced by green fluorescence under SMG treat-

ment. After 6h (Figure 4b) and 24h treatments (Figure 4c) the red

signal decreased and there is a significant difference in CTCF

value related to the red signal in samples cultured under SMG

(Figure 4d). This indicates that increasing the time of exposure to

SMG increases mitochondrial transmembrane permeability. 

Effect of microgravity on the antioxidant system

In order to investigate the role of SMG on the enzymatic con-

stituents of the antioxidant system in testis primary cells culture,

Superoxide Dismutase (SOD), Catalase (CAT) and Glutathione S-

Trasferase (GST) activities were evaluated. Metallothionein-1

(MT-1) and metallothionein-2 (MT-2) expression was also investi-

gated, as part of the array of protective stress responses. Moreover,
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Figure 2. Immunofluorescence analysis of microtubules (antis-
era to α-tubulin, green) of testis primary cell culture cultured at
1 g or on RPM. Representative immunofluorescence staining
for microtubules. Control cells (CNT) cultured for 24h in nor-
mal gravity condition (a) showed a well organized distribution
of tubulin, while in cells exposed to SMG (simulated micro-
gravity) microtubules are disorganized – 6h (b) and 24h (c).
Scale bar: 10 μm. All images were obtained with the same mag-
nification.

Figure 3. Immunofluorescence analysis for Sex Hormone Binding Globulin/Androgen-Binding Protein (SHBG/ABP). Representative
immunofluorescence staining for SHBG/ABP detected in the control cells (CNT) growth for 24h in normal gravity condition (a). In
cells exposed for 24 h to simulated microgravity (SMG) the immunostaining is very weak (b). Scale bar: 10 μm.
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the expression of poly [ADP-ribose] polymerase 1 (PARP-1), an

enzyme normally activated by oxidative stress, and the protective

role of the oncosuppressor gene p53 were also evaluated. After 24

h of rotation the expression of MT-1, p53, PARP and GST showed

a significant increase with respect to controls (Figure 5).

Discussion

Colonization of deep space poses a lot of hazards to human

reproduction, one of these is the exposure to weightlessness.

Experiments carried out with different organisms exposed to

microgravity and space flight conditions showed subtle abnormal-

ities in fertilization. Only a few studies concerned mammals, mak-

ing difficult to fill gaps in knowledge regarding the effect of space

mission on mammalian reproduction.
12

Spermatogenesis is a complex, highly ordered process of cell

division and differentiation by which spermatogonia become

mature spermatozoa. The understanding of this process in micro-

gravity condition needs to be investigated starting from firsts

responses of testes system, in order to evaluate the effects on male

fertility. Spermatogenesis depends from intratesticular and extrat-

esticular hormonal regulatory processes and functions of the inter-

tubular microvasculature, the Leydig cells and other cellular com-

ponents of the intertubular space. These signals are integrated, thus

allowing the secretion of products that control germ cell develop-

ment and modulate the function of the other testicular cells, includ-

ing their own.
9

After 6h in modeled microgravity testis cells (obtained from

pre-pubertal 8 days old Wistar rat) showed firsts signs of

cytoskeleton alterations, as reported in previous studies and in

other cell types (glial, endothelial, thyroid cells or lymphocytes),

and that increases over time.
14-16,18-20

Moreover, gravity vector

variation influenced the androgen binding protein (SHBG/ABP)

expression, absent in treated testis cells. Considering the role of

SHBG/ABP as androgen carrier, the absence of this protein, at 6h

and 24h, could significantly compromise the efficiency of sper-

matogenesis. 

During spaceflight most of physiological changes are related to

microgravity,
1,3,4 

additionally this condition has been reported to

cause cellular oxidative stress that leads to the production of

Reactive Oxygen Species (ROS) linked to cellular senescence.
27

However, the study of microgravity induced oxidative stress is not

yet completely understood.

The testes have developed a sophisticated array of antioxidant

systems which includes both enzymatic and non-enzymatic con-

stituents.
28

Our results showed a significant up-regulation of glu-

                             Article

Figure 4. Analysis of cell viability and mitochondrial integrity. Cells were incubated with the MitoCapture reagent to detect mitochon-
drial membrane integrity after microgravity treatment. The figures show representative images of cells with intact (punctate red fluores-
cence) or permeabilized (diffuse green fluorescence) mitochondria. Control cells (CNT) cultured for 24h in normal gravity condition
(a); cells after 6h under SMG (b); cells after 24h under SMG (c). Integrated Density and correct total cell fluorescence (CTCF) related
to red signal (healthy cells) graph (d). Differences among means were assessed using ANOVA test followed by Bonferroni ad hoc post
test. p≤ 0.05 was considered statistically significant. Scale bar: 10 μm. All images were obtained with the same magnification.
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tathione S-transferase, GST, active in oxidative and xenobiotic

response, that support the hypothesis of a ROS increase at intracel-

lular levels after 24h of SMG. Moreover, higher MT-1 expression

level observed could reflect a defensive response or adaptation to

the microgravity stress, suggesting an interaction with ROS scav-

enging enzymes, which agrees with the fundamental role of MTs

as maintainers of zinc pool, restoring zinc to antioxidant zinc-

dependent enzymes and proteins.
27,28

Compared to control, the expression of both p53 and PARP-1,

also named “guardians of the genome” due to their function in

maintaining genome integrity, could represent a complementary

and additional way by which testes cells may face the negative

effects of ROS accumulation.
29

PARP-1 is a zinc-finger DNA-binding enzyme able to recog-

nize DNA damages, DNA nicks and double stranded breaks, and

once activated catalyzes the synthesis of branched poly(ADP-

ribose) polymers that stabilize the surrounding chromatin and con-

verts DNA damages into intracellular signals which activate DNA

repair programs.
29
In this regard, a similar function of PARP could

be also assumed in rat testes’ cells in response to SMG-induced

oxidative stress. By the same token, the up-regulation in p53

expression, observed in the present work, is probably due to its

pivotal role in regulating cell response to multiple stress signals,

including the oxidative stress. 

Moreover, we observed mitochondrial dysregulation in treated

cells. Similar effects, although occurring in different species, sug-

gests that mitochondria changes could be a stress adaptive

response to ensure cell energy. Considering that mitochondria are

the major targets of ROS negative effects, an increase of free rad-

icals and other reactive oxygen species is able to induce a mito-

chondrial membrane permeabilization, a process that could leads

to mitopsosis and mitophagy, in order to eliminate dysfunctional

mitochondria and protect cells.
30

Taking the current data together, it seems that short-term SMG

exposure induced morphofunctional alteration and an increase in

oxidative stress response in rat primary testis culture, in agreement

with results obtained in other works.
19,20,28

Conclusions

In this study, we validated our hypothesis that short-term SMG

induces oxidative cellular stress in rat testes primary culture cells,

as demonstrated by the response of the antioxidant system and

impaired mitochondrial function. We hypothesized that the signif-

icant expression level increase of oxidative stress-induced gene, as

GST and MT1, PARP and p53 could be related to an increase in

ROS production. ROS level the observed morpho-functional, in

cytoskeleton, SHBG/ABP production, cell viability, could have a

significant inhibitory effect on germ cell differentiation which may

result in male infertility.

Our data ought to provide important insight in this topic concern-

ing the effect of short-term SMG exposure, but also in 1g condition,

because of male infertility is also a social concern, considering the

increase of life expectancy. These findings could lead the way to eval-

uate steroidogenesis, spermatogenesis and cell senescence via oxi-

dant stress mechanisms induced by microgravity, performing further

investigation during simulated or actual spaceflights.
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Abstract

Background The impact of the absence of gravity on cancer cells is of great interest, especially today that space is more 

accessible than ever. Despite advances, few and contradictory data are available mainly due to different setup, experimental 

design and time point analyzed.

Methods Exploiting a Random Positioning Machine, we dissected the effects of long-term exposure to simulated micro-

gravity (SMG) on pancreatic cancer cells performing proteomic, lipidomic and transcriptomic analysis at 1, 7 and 9 days.

Results Our results indicated that SMG affects cellular morphology through a time-dependent activation of Actin-based 

motility via Rho and Cdc42 pathways leading to actin rearrangement, formation of 3D spheroids and enhancement of 

epithelial-to-mesenchymal transition. Bioinformatic analysis reveals that SMG may activates ERK5/NF-κB/IL-8 axis that 

triggers the expansion of cancer stem cells with an increased migratory capability. These cells, to remediate energy stress and 

apoptosis activation, undergo a metabolic reprogramming orchestrated by HIF-1α and PI3K/Akt pathways that upregulate 

glycolysis and impair β-oxidation, suggesting a de novo synthesis of triglycerides for the membrane lipid bilayer formation.

Conclusions SMG revolutionizes tumor cell behavior and metabolism leading to the acquisition of an aggressive and meta-

static stem cell-like phenotype. These results dissect the time-dependent cellular alterations induced by SMG and pave the 

base for altered gravity conditions as new anti-cancer technology.

Keywords Microgravity · Cancer stem cells · Metabolism · Proteomic · Lipidomic
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FA  Fatty acid

PC  Phosphatidylcholine

PDAC  Pancreatic ductal adenocarcinoma

PE  Phosphatidylethanolamine

LPC  Lysophosphatidylcholine

LPE  Lysophosphatidylethanolamine

ROS  Reactive oxygen species

RPM  Random Positioning Machine

SMG  Simulated microgravity

TCA  Tricarboxylic acid

TG  Triglyceride/triacylglycerol

Introduction

The force of gravity affects all living beings on Earth. From 

1969, when men stepped on the moon, the importance of 

gravity was clear. During their stay in space, astronauts 

showed many physiological changes mainly impairing the 

musculoskeletal and cardiovascular system [1], due to the 

impact of reduced gravity on cellular properties including 

morphology, metabolism, and proliferation. In the last years, 

it has grown a huge interest in the effects of the absence of 

gravity on tumor cells in order to exploit microgravity for 

the development of novel anti-cancer therapies. In gravity-

altered conditions, cancer cells behave differently from 

healthy ones: some processes, including apoptosis, adhe-

sion, proliferation, and migration, are differently activated in 

cancer cells [2, 3]. Indeed, it was demonstrated that micro-

gravity induces apoptosis [3] through the up-regulation of 

the pro-apoptotic factors Bax, PARP and p53, and inhibition 

of proliferation of cancer cells, but not of healthy cells. In 

addition, tumor cells are subjected to profound morphologi-

cal rearrangement, linked to F-actin accumulation [4]. We 

and others [5, 6] proved that cytoskeleton, in particular the 

microfilamentous and microtubular components, became 

disorganized after a very short time of exposure to micro-

gravity. This alteration affected many genes involved in the 

regulation of cancer cell proliferation, susceptibility to drugs 

[7], DNA repair (e.g. PARP), cell damage and invasion [2, 

8]. However, to date the results of microgravity effects on 

cancer cells are contradictory mainly due to different setups, 

experimental designs and time points analyzed.

Given the difficulty of exposing cells and organisms to 

the real absence of gravity, many experiments are conducted 

on Earth, using tools that simulate the reduction of the grav-

ity vector. The 3-Dimensional clinostat, Random Position-

ing Machine (RPM) is one of the most useful devices in 

this perspective. It simulates some of the physical effects of 

spaceflight by providing a gravity vector average reduction 

(down to  10−6 g) of the apparent force of gravity, without 

generating significant shear forces [9].

Exploiting the RPM tool, we decided to perform a com-

prehensive analysis of the long-term effects of simulated 

microgravity (SMG) on pancreatic ductal adenocarcinoma 

(PDAC) cells. Despite its incisiveness, PDAC has not been 

examined so far in microgravity conditions. This neopla-

sia is one of the most severe malignancies, representing the 

 4th-5th cause of death from cancer in the western world. The 

therapeutic option currently available for PDAC is surgery, 

alone or in combination with radio or chemotherapy; how-

ever, only 8% of patients remain alive 5 years after diagnosis 

due to late diagnosis and/or resistance to the treatments. It is 

largely accepted that resistance to conventional anti-cancer 

treatments is due to a small cell subset called cancer stem 

cells (CSCs). CSCs are the main orchestrators of tumor 

establishment, metastatic progression and relapse. Already 

identified in most of the neoplastic tissues, differently from 

other tumor cells, CSCs are endowed with great plasticity, 

capability to enter quiescence and survive to microenviron-

ment changes adapting metabolism, energy machinery and 

proliferation.

Performing a comprehensive transcriptomic, proteomic 

and lipidomic analysis in PDAC cells exposed for differ-

ent time points to SMG, we demonstrated that microgravity 

induces cell transformation towards the acquisition of can-

cer stem cell-like features, leading to a more aggressive and 

metastatic phenotype.

Materials and methods

Cell cultures

Human ductal pancreatic adenocarcinoma cell lines PaCa-44 

and CFPAC-1 were grown in RPMI-1640 medium supple-

mented with 10% fetal bovine serum (FBS), 1% penicillin 

and streptomycin (PS). Human ductal pancreatic adenocar-

cinoma cell line AsPC-1 was grown in DMEM medium sup-

plemented with 10% fetal bovine serum (FBS), 1% penicillin 

and streptomycin (PS). Cells were plated at the final con-

centration of 5 ×  105 cells/ml on flask, Petri dish or flask on 

slide, according to the experimental design, and maintained 

at 37 °C with 5%  CO2.

For simulated microgravity (SMG) cell culture 

5 ×  105 cells/ml were seeded in slide flasks and subse-

quently fitted onto a Random Positioning Machine (RPM, 

Dutch Space, NL), where they were kept under continuous 

rotation at 56 deg/s and at the temperature of 37 °C, for 1, 

7 or 9 days. To avoid air bubbles formation and to ensure 

a minimization of turbulence and shear stress, flasks were 

completely filled with medium [9]. Flasks were placed close 

to the support center to minimize any centrifugal accelera-

tion, using “real random mode”. In this manner, speed and 
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direction of the two rotating frames, changed randomly 

under the control of a software [10].

For 3D culture, PaCa-44 cells were seeded onto U-bottom 

low adhesion 96 well-plates (Greiner Bio-One) at a concen-

tration of 5 ×  104 cells/well in 100 μl RPMI-1640 complete 

medium supplemented with 0,5% methyl-cellulose (sphe-

roid-forming medium). Spheroids were grown at 37 °C and 

5%  CO2. Cells subjected to SMG were compared to two 

different control groups: frame controls and ground controls. 

Frame control cells (F, 1xg) were placed on the frame sup-

porting the RPM in order to expose them to any vibration 

eventually produced and transmitted by the rotating machin-

ery to the supporting structure. Ground control cells (1 g) 

both in spheroid-forming culture condition (Spheroid 1 g) 

and normal adhesion (Adhesion) were kept in an incubator 

at 37 °C and 5%  CO2. Controls were analyzed at the same 

time points of SMG-cells.

Spheroid staining and immunofluorescence

Spheroids were fixed in 4% PFA, dehydrated and embed-

ded in London Resin White. Spheroids’ Sects. (1 μm thick-

ness) were stained with toluidine blue and morphologically 

analyzed using an optic microscope (Zeiss Axiovert 100 M, 

Oberkochen, Germany).

For Calcein/PI staining, unfixed spheroids were stained 

with Calcein-AM (1 mM) for 20 min, followed by staining 

with PI (0.4 mg/ml) for 5 min. Then, spheroids were washed 

twice in PBS solution (0.1 M, pH 7.2) and observed at a 

fluorescent microscope (Axiovert 100 M, Zeiss). Fluores-

cent images were captured using AxioObserver Z2 inverted 

microscope (Zeiss), with Apotome2 system (Zeiss) and ZEN 

Blue 2.6 image acquisition software (Zeiss).

Proteomic analysis

At different time points (according to the experimental set-

ting), the cells were collected, washed in PBS and resus-

pended in RIPA buffer (Thermo Fisher Scientific, Waltham, 

MA, USA) supplemented with protease inhibitors cocktail 

1X (Roche, Basilea, Switzerland). To increase yields, cells 

were sonicated twice for 10 min; the lysate was gently mixed 

for 15 min on ice and then centrifuge at 14,000×g for 15 min 

at 4 °C to pellet the cell debris. Protein concentration was 

measured with BCA Protein Assay (Thermo Fisher Scien-

tific) using bovine serum albumin as a standard. The cell 

lysates were reduced using 2.5 μL of dithiothreitol (200 mM 

DTT stock solution) (Sigma-Aldrich, St.Louis, MO, USA) 

at 90 °C for 20 min, and alkylated with 10 μl of Cysteine 

Blocking Reagent (Iodoacetamide, IAM, 200 mM Sigma-

Aldrich) for 1 h at room temperature in the dark. Trypsin 

(Promega, Sequence Grade) was added and digestion was 

performed overnight at 37 °C. Then, the peptides digests 

were desalinated on the Discovery® DSC-18 solid phase 

extraction (SPE) 96-well Plate (25 mg/well) (Sigma-Aldrich) 

and the samples were ready for the analysis.

LC–MS/MS analyses were performed using a micro-LC 

Eksigent Technologies (Dublin, CA, USA) system with a 

stationary phase of a Halo Fused C18 column (0.5 × 100 mm, 

2.7 μm; Eksigent Technologies). The mobile phase was a 

mixture of 0.1% (v/v) formic acid in water (A) and 0.1% 

(v/v) formic acid in acetonitrile (B), eluting at a flow-rate 

of 15.0μL min − 1 at an increasing concentration of solvent 

B from 2 to 40% in 30 min. The samples used to gener-

ate the SWATH-MS (Sequential window acquisition of all 

theoretical mass spectra) spectral library were subjected to 

the traditional data-dependent acquisition (DDA): the mass 

spectrometer analysis was performed using a mass range 

of 100–1500 Da (TOF scan with an accumulation time of 

0.25 s), followed by a MS/MS product ion scan from 200 to 

1250 Da (accumulation time of 5.0 ms) with the abundance 

threshold set at 30 cps (35 candidate ions can be monitored 

during every cycle). Samples were then subjected to cyclic 

data independent analysis (DIA) of the mass spectra, using 

a 25-Da window. A 50-ms survey scan (TOF–MS) was per-

formed, followed by MS/MS experiments on all precursors. 

These MS/MS experiments were performed in a cyclic man-

ner using an accumulation time of 40 ms per 25-Da swath 

(36 swaths in total) for a total cycle time of 1.5408 s. The 

ions were fragmented for each MS/MS experiment in the 

collision cell using the rolling collision energy. The MS data 

were acquired with Analyst TF 1.7 (AB SCIEX, Concord, 

Canada). Three instrumental replicates for each sample were 

subjected to the DIA analysis.

The mass spectrometry files were searched using Protein 

Pilot (AB SCIEX) and Mascot (Matrix Science Inc., Boston, 

USA). Samples were input in the Protein Pilot software v. 

4.2 (AB SCIEX), with the following parameters: cysteine 

alkylation, digestion by trypsin, no special factors and False 

Discovery Rate at 1%. The UniProt Swiss-Prot reviewed 

database containing human proteins (version 12/10/2018, 

containing 48,561 sequence entries). The Mascot search was 

performed on Mascot v. 2.4, the digestion enzyme selected 

was trypsin, with 2 missed cleavages and a search toler-

ance of 50 ppm was specified for the peptide mass tolerance, 

and 0.1 Da for the MS/MS tolerance. The charges of the 

peptides to search for were set to 2 + , 3 + and 4 + , and the 

search was set on monoisotopic mass. The instrument was 

set to ESI-QUAD-TOF and the following modifications were 

specified for the search: carbamidomethyl cysteine as fixed 

modification and oxidized methionine as variable modifica-

tion [11, 12].

The quantification was performed by integrating the 

extracted ion chromatogram of all the unique ions for a given 

peptide. The quantification was carried out with PeakView 

2.0 and MarkerView 1.2. (AB SCIEX). Six peptides per 
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protein and six transitions per peptide were extracted from 

the SWATH files. Shared peptides were excluded as well as 

peptides with modifications. Peptides with FDR lower than 

1.0% were exported in MarkerView for the t-test.

Ingenuity Pathways Analysis (IPA) software (Qiagen, 

Redwood City, CA, USA) and STRING software (www. 

strin gdb. org), were used for bioinformatics analysis [13].

Lipidomic analysis

Cells were extracted using a solution 75:15 IPA/H2O, after 

the addition of 100μL of MeOH 5% deuterated standard 

(Splash Lipidomix®). Then the samples were vortexed for 

30 s, sonicated for 2 min and vortexed again for 30 s and 

then they were incubated for 30 min at 4 °C, under a gen-

tle, constant shaking. Another 30 min were used to keep 

the sample rest in ice. To remove debris and other impuri-

ties, the samples were centrifuged for 10 min at 3500g at 

4 °C. 1 mL of supernatant was collected and dried using a 

SpeedVac. The dried samples were reconstituted in 100μL 

of MeOH containing the internal standard CUDA (12.5 ng/

mL).

For the analysis of the reconstituted lipids a UHPLC 

Vanquish system (Thermo Scientific, Rodano, Italy) cou-

pled with an Orbitrap Q-Exactive Plus (Thermo Scientific) 

was used. A reverse phase column was used for the sepa-

ration of lipids (Hypersil Gold™ 150 × 2.1 mm, particle 

size 1.9 µm), the column was maintained at 45 °C at a flow 

rate of 0.260 mL/min. Mobile phase A for the ESI positive 

mode consisted of acetonitrile/water 60:40 (v/v) while B 

was isopropanol/acetonitrile 90:10 (v/v) both modified with 

ammonium formate (10 mM) and 0.1% formic acid while in 

the negative ESI mode the same organic solvents and same 

proportioning were used, except for the use of ammonium 

acetate (10 mM) as mobile-phase modifier instead of ammo-

nium formate. The gradient used was as follows: 0–2 min 

from 30 to 43% B, 2–2.1 min from 43 to 55% B, 2.1–12 min 

from 55 to 65% B, 12–18 min from 65 to 85% B, 18–20 min 

from 85 to 100% B; 100% B was kept for 5 min and then the 

column was allowed to re-equilibrate at 30% B for another 

5 min. The total run time was 30 min.

Mass spectrometry analysis was performed in both posi-

tive and negative ion mode. The source voltage was main-

tained at 3.5 kV in the positive ion mode and 2.8 kV in the 

negative ion mode. All other interface settings were identi-

cal for the two types of analysis. The capillary temperature, 

sheath gas flow, and auxiliary gas flow were set at 320 °C, 

40 arb, and 3 arb respectively. S-lens was settled at 50 rf. 

Data were collected in a data-dependent (ddMS2) top 10 

scan mode. Survey full-scan MS spectra (mass range m/z 

80 to 1200) were acquired with resolution R = 70,000 and 

AGC target 1 × 106. MS/MS fragmentation was performed 

using high-energy c-trap dissociation (HCD) with resolution 

R = 17,500 and AGC target 1 × 105. The stepped normalized 

collision energy (NCE) was set to 15, 30, and 45, respec-

tively. The injection volume was 3µL. Lockmass and regu-

lar inter-run calibrations were used for accurate mass-based 

analysis. An exclusion list for background ions was gener-

ated analysing the same procedural blank sample, both for 

the positive and negative ESI mode.

The acquired raw data from the untargeted analysis 

were processed using MSDIAL software (Yokohama City, 

Kanagawa, Japan), version 4.24. This included the detection 

of peaks, MS2 data deconvolution, compound identification, 

and the alignment of peaks through all the samples.

For identification a cut off value of 85% was selected: this 

value is based on 6 different similarity scores: 1 for reten-

tion time, 1 for m/z 1 for isotopic pattern, and 3 for MS/

MS (dot product, dot product reversed and presence). The 

dataset containing m/z values, retention time, peak area, and 

annotation from the aligned files were exported as an Excel 

file and manually checked in order to eliminate signals from 

blanks or wrong records.

For quantification, the peak area for different detected 

molecular species for each particular lipid was combined 

(e.g., [M + NH4] + & [M + Na] + for TG) followed by nor-

malization using the deuterated internal standard for each 

lipid class. In order to obtain an estimated concentration 

expressed in ug/mL the normalized areas were multiplied 

by the concentration of the internal standard. An in-house 

library of standards was also used for lipids identification. 

MetaboAnalyst 4.0 software (www. metab oanal yst. org) was 

used for statistical analysis [14].

Spheroid migration assay

96-well flat-bottomed plates were coated with 50ul/well of 

gelatin 0.1% (v/v) in sterile ddH2O. The plate was incubated 

at room temperature for 2 h; then the residual of gelatin 

was aspirated. The wells were washed twice with PBS and 

100ul of 1% (w/v) BSA (Sigma Aldrich) in PBS was added 

for 1 h at room temperature. Residual BSA was aspirate 

and one single spheroid was plated in each well in 200ul of 

complete culture medium (RPMI-1640). The plate was then 

transferred for 30 min in the incubator to allow spheroids 

to adhere to the coated surface before imaging for the t = 0 

time point. Pictures were analyzed using Image-Pro premier 

software and the migration capability was evaluated as the 

delta volume compared to the spheroid at T0.

FACS sorting

PaCa-44 cells were stained with Live/Dead fixable dye 

(1:1000; ThermoFisher) and anti-human EpCAM (1:100, 

BD, Franklin Lakes, NJ, USA) for 30 min at + 4 °C. After 

washed in MACS buffer, cells were FACS-sorted with a 
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MoFlo Astrios Cell Sorter (Beckman Coulter, Brea, CA); 

the purity of the sorted populations always exceeded 90%.

Lactate dehydrogenase (LDH) assay

To evaluate LDH enzyme activity the CyQUANT™ LDH 

cytotoxicity assay kit (Invitrogen, Thermo Fisher Scientific) 

was used according to the manufacturer’s instructions. 50 µL 

of supernatant was collected from cells cultured in the dif-

ferent culture conditions (normal adhesion, spheroid at 1 g 

and simulated microgravity, SMG) at the end of each experi-

ment and dispensed into a new 96-well plate (Thermo Fisher 

Scientific). LDH activity was quantified with Tecan Infinite 

F200Pro plate reader (Tecan, Austria) at 490 nm absorption.

Cell proliferation MTT assay

105 cells were seeded in 100ul of complete culture medium 

(RPMI-1640) in 96 well flat-bottomed plates. For prolif-

eration analysis in PaCa-44 cells grown in adhesion culture 

condition, the cells were allowed to adhere to the plate o/n 

in the incubator. 10 μl of MTT solution (final concentra-

tion 0.5 mg/ml) was added to each well and the plate trans-

ferred for 4 h in the incubator. The reaction was then stopped 

adding 100 μl/well of solubilization solution (12 M HCl, 

isopropanol and TritonX 10%). After 15 min in the incuba-

tor, the absorbance of the samples was measured using a 

microplate reader at the wavelength of 570 nm. Results were 

presented as delta absorbance between the samples and the 

blank condition.

TUNEL assay

Apoptosis was evaluated using the In Situ Cell Death Detec-

tion Kit, Fluorescein (Roche, Lewes, UK) in the spheroids 

obtained in SMG. Spheroids were fixed in PFA 4%, embed-

ded in Technovit 8100 resin (BioOptica, Milan, Italy) and 

sectioned. Sections were permeabilized with 0.1% Triton 

X-100 in 0.1% sodium citrate and exposed to TUNEL reac-

tion mixture for 1 h at 37 °C, in a humidified atmosphere, 

protected from light. After PBS washes, sections were ana-

lyzed with AxioObserver Z2 inverted microscope (Zeiss), 

with Apotome2 system (Zeiss) and ZEN Blue 2.6 image 

acquisition software (Zeiss).

Western Blot analysis

After 9 days of maintenance in the different culture con-

ditions (adhesion, spheroid at 1 g and simulated micro-

gravity), cells were collected and lysed with RIPA buffer 

supplemented with protease and phosphatase inhibitors 

(PPC1010, Sigma-Aldrich, Milan, Italy). The protein con-

centration was determined using BCA protein assay (71,285, 

Sigma-Aldrich, Milan, Italy) and equal amounts of protein 

were loaded on NuPAGE™ 4–12% Bis–Tris protein precast 

polyacrylamide gels (Invitrogen, Thermo Fisher Scientific) 

in denaturing and reducing conditions. After transfection 

into nitrocellulose membranes (Perkin Elmer), membranes 

were saturated with 5% non-fat milk in TBS- 0.1% Tween 

20 buffer, and hybridized overnight at 4 °C with the fol-

lowing primary anti-human antibodies: rabbit anti-N-cad-

herin (1:3000, Genetex, Irvine, CA), rabbit anti-E-cadherin 

(1:3000, Genetex), rabbit anti-NF-kB p50 (1:1000, Santa 

Cruz), rabbit anti-NF-kB p65 (1:1000, Santa Cruz), rabbit 

anti-phopsho-NF-kB p65 (Ser536, 1:1000, Cell Signaling, 

Boston, MD), mouse anti-Epcam (1:1000, Cell Signaling), 

mouse anti-GAPDH (1:1000, Santa Cruz), mouse anti-α-

Tubulin (1:1000, Merckmillipore), mouse anti-β-Actin 

(1:1000, Cell Signaling), rabbit anti-LDHA (1:2000, Cell 

signaling) and mouse anti-Nanog (1:1000, Biorbyt, Cam-

bridge, UK). Membranes were then washed and probed for 

1 h at room temperature with HRP-conjugated secondary 

antibodies and developed using chemiluminescence rea-

gents (SuperSignal™ West Pico PLUS Chemiluminescent 

Substrate, 34,580, Thermo Fisher Scientific). Membranes 

were scanned using a ChemiDoc™ XRS Imaging System 

(Bio-Rad, Hercules, CA) and bands were quantified using 

NIH Image J software (Version 1.53f51, National Institutes 

of Health (NIH), Bethesda, MA, USA).

RNA extraction and qRT‑PCR

Total RNA was extracted, using TRIzol Reagent (Thermo 

Fisher Scientific), from PaCa-44 cells cultured under all 

the different culture conditions. 1 μg of RNA was reverse 

transcribed using first-strand cDNA synthesis. Real-time 

qPCR quantification was performed in triplicate samples by 

SYBR-Green detection chemistry with GoTaq qPCR Master 

Mix (Promega, Madison, WI, USA) with a QuantStudio 3 

Real-Time PCR System (Thermo Fisher Scientific, USA). 

The primers used are listed in Table 1. The cycling condi-

tions used were: 95 °C for 10 min, 40 cycles at 95 °C for 

15 s, 60 °C for 1 min, 95 °C for 15 s, and 60 °C for 15 s. 

The average of the cycle threshold of each triplicate was 

analyzed according to the  2−ΔΔCt method. 18S gene expres-

sion was used as endogenous control to standardize mRNA 

expression.

Statistical analysis

Values were expressed as mean ± s.e.m. Either one-way 

ANOVA or two-tailed, unpaired Student’s t-test was used 

to compare unmatched groups with Gaussian distribution. 

A Mann–Whitney U-test was used in cases of non-Gauss-

ian distribution. Two-way ANOVA corrected for multiple 

comparison tests was used to take into account multiple 
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comparisons. P ≤ 0.05 was considered statistically signifi-

cant. Statistical analyses were performed with GraphPad 

Prism v.7 GraphPad Software.

Results

Simulated microgravity alters the proteomic profile 
of PaCa‑44 cells in a time‑dependent manner

To investigate the effects of microgravity on PDAC, PaCa-44 

cells were plated in complete medium in uncoated flasks and 

cultured at 1 g (as control, Adhesion) or in RPM (SMG); in 

parallel some cells were plated in spheroid-forming medium 

in u-bottom low adhesion 96 well-plates at 1 g (Spheroids 

1 g, Fig. 1A). While in Adhesion the cells maintained their 

shape along all the evaluated time points, after 24 h (T1), 

both in 1 g spheroid-forming and SMG conditions, the cells 

underwent spontaneous aggregation forming small and loose 

tridimensional structures (Fig. 1A). These aggregates began 

to form spherical-like structures with a diameter around 

100 µm that grew over 1 mm from the 7th to the 9th day (T7 

and T9 respectively; Fig. 1A) in SMG, whereas in normal 

gravity they remained around 100 µm of diameter over time 

(Fig. 1A). When stained with Calcein-PI, spheroids obtained 

from SMG culture condition revealed an inner necrotic core 

of dead cells surrounded by vital cells accumulated in the 

outer layer (Fig. 1B). Similar results were obtained in other 

two pancreatic cancer cell lines, CFPAC-1 and AsPC-1, 

maintained in the same culture conditions: 9 days of SMG 

exposure was associated with a morphological rearrange-

ment of the cells that grown as compact and large 3D spheres 

(Suppl. Fig S1, panel A and D).

To investigate the biological alterations induced by SMG 

exposure, PaCa-44 cells were cultured in RPM or in normal 

culture conditions (Adhesion 1 g, as control) in the same 

plastic supports, same medium, and at the same concen-

tration (as detailed in the Methods section). At different 

time points (1, 7 and 9 days) a large proteomic analysis was 

performed with SWATH-MS using a statistical cut-off of 

p-value < 0.05 and fold change > 1.3. Results showed that 

24 h of SMG induced the modulation of 360 proteins (206 

up and 154 downregulated, compared to control culture 

condition). On the 7th day in SMG condition, cells upregu-

lated 128 proteins and downregulated 111 (for a total of 

239 proteins), whereas on the 9th day in SMG 335 pro-

teins were modulated, of whom 208 upregulated and 127 

downregulated.

The proteomic data set, including UniProt code and fold 

changes, was then uploaded to Ingenuity Pathway Analysis 

(IPA) bioinformatics tool, to identify the canonical pathways 

significantly modulated. After 24 h in SMG, 34 canonical 

pathways were upregulated (z-score > 0) and 21 downregu-

lated (z-score < 0; Fig. 1C, T1 SMG); 10 pathways, instead, 

presented a modulation of protein expression but the final 

z-score was 0. After 7 days, 27 pathways were upregulated 

(z-score > 0), 18 downregulated (z-score < 0) and 5 pre-

sented z-score = 0 (Fig. 1C, T7 SMG). On the day 9 in SMG, 

59 pathways were upregulated (z-score > 0), 14 downregu-

lated (z-score < 0) and 6 presented a z-score = 0 (Fig. 1C, T9 

SMG). Evaluating only the pathways enriched at all the three 

time points, we discovered that most of the upregulated path-

ways were involved in cell cytoskeletal modification such 

as Integrin signaling, ILK signaling, Regulation of actin-

based motility by Rho, RhoA signaling, Signaling by Rho 

Family GTPase and Actin cytoskeleton signaling (Fig. 1D). 

Table 1  Sequences of primers used for qPCR analysis

GENES FORWARD PRIMER SEQUENCE REVERSE PRIMER SEQUENCE

CDH1 5�-GAC ACC AAC GAT AAT CCT CCGA-3� 5’-GGC ACC TGA CCC TTG TAC GT-3’

ZEB1 5�-GTT ACC AGG GAG GAG CAG TGAAA-3� 5�-GAC AGC AGT GTC TTG TTG TTG TAG AAA-3�
EpCAM 5'-CCG CTG CGA GGA CGT AGA -3' 5'-TGT TGG CTG CGT CTC ATC AAACC-3'

CASP 3 5’-CTG GTT TTC GGT GGG TGT -3’ 5’-CAC TGA GTT TTC AGT GTT CTCCA-3’

CASP 8 5’-CAG CAG CCT TGA AGG AAG TC-3’ 5’-CGA GAT TGT CAT TAC CCC ACA-3’

CASP 9 5’-CCCAAG CTC TTT TTC ATC CA-3’ 5’-AGT GGA GGC CAC CTC AAA C-3’

BAD 5’-ACCAGC AGC AGC CAT CAT -3’ 5’-GGT AGG AGC TGT GGC GAC T-3’

TRAIL 5’-CCT CAG AGA GTA GCA GCT CACA-3’ 5’-CAG AGC CTT TTC ATT CTT GGA-3’

BAX 5’-CAA GAC CAG GGT GGT TGG -3’ 5’-CAC TCC CGC CAC AAA GAT -3’

N-CDH 5’-CCT CCA GAG TTT ACT GCC ATGAC-3’ 5’-GTA GGA TCT CCG CCA CTG ATTC-3’

OCT4 5�-GACAG GGG GAG GGG AGG AGC TAG G-3� 5�-CTT CCC TCC AAC CAG TTG CCC CAA AC-3

NANOG 5�-AGT CCC AAA GGC AAA CAA CCC ACT TC-3� 5�-TGC TGG AGG CTG AGG TAT TTC TGT CTC-3�
SOX2 5�-GGG AAA TGG GAG GGG TGC AAA AGA GG-3� 5�-TTGCGT GAG TGT GGA TGG GAT TGG TG-3�
18S 5’-ACT TTC GAT GGT AGT CGC CGT-3’ 5’-CCT TGG ATG TGG TAG CCG TTT-3’

GAPDH 5�-ATC AGC AAT GCC TCC TGC AC-3� 5�-TGG TCA TGA GTC CTT CCA CG-3�
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These results clearly support the effect of SMG in cellular 

reorganization.

Exposure to simulated microgravity is associated 
with cytoskeletal reorganization and increased 
migration capability

One of the protein pathways most altered by SMG exposure 

is the “Regulation of actin-based motility by Rho”. RhoA 

signaling is involved in cytoskeleton reorganization, which 

induces actin migration toward the external plasma mem-

brane where it participates in the formation of membrane 

blebs, thus promoting cell migration [15]. Proteomic analy-

sis indicated a time-dependent upregulation of the pathway, 

from 24 h up to 9 days in SMG (Fig. 2A). Cdc42 signaling, 

which belongs to the Rho family of GTPase, contributes 

to the cytoskeletal organization throughout the perturba-

tion of actin polymerization, as well as in the formation of 

actin bundle-containing filopodia at the cellular surface. 

Our results indicated that, as for RhoA, Cdc42 pathway 

was upregulated by SMG at all the 3 time points evaluated 

(Fig. 2B).

After 24 h in SMG, tubulin expression was upregulated 

(Fig. 2C); actin upregulation, instead, was evident only at 

longer exposure time, from 7 up to 9 days, when keratin's 

upregulation was massive (Fig. 2D, E). Interestingly, lamin 

A and B (LMNA and LMNB2, respectively), involved in 

oxidative stress resistance [16], were downregulated by 

SMG already after 24 h up to 9 days (Fig. 2C–E). In addi-

tion, 9 days of SMG exposure was associated with upregula-

tion of E-cadherin (CDH1) and integrins (ITGA3, ITGB1 

and ITGA6) that play a key role in cell adhesion to the 

extracellular matrix (substrate). In line, at the same time 

point (T9), we observed an increment of cell migration from 

the spheroidal structures to the flask where cells adhere to 

the surface (data not shown). The over time upregulation of 

keratins and integrins could be associated with increased cell 

aggregation and spheroid formation. Indeed, while after 24 h 

cells were mainly organized in weakened aggregates, after 

7 days in SMG cells formed spheroidal structures already 

compact that progressively grew (up to 9 days) as demon-

strated by blue toluidine staining (Fig. 2F). The spheroids 

appeared to be constituted by an outer shell of cells exhibit-

ing extensive cell-to-cell adhesion, and an inner necrotic 

core (Fig. 2F). Such morphological changes are crucial for 

cell migration and metastatic potential. In line, “Leukocytes 

extravasation signaling” was altered in all the evaluated time 

points. Interestingly, on the 1st day in SMG the pathway 

was inhibited (Fig. 2G, T1 SMG) while after 7 days it was 

activated and remained active up to the 9th day (Fig. 2G). 

The upregulation of “Actin-based motility by RhoA signal-

ing”, “Leukocytes extravasation signaling” and “ILK signal-

ing” at all the analyzed time points (Fig. 2H) suggests the 

capability of PaCa-44 cells to adhere to the endothelium and 

migrate in SMG conditions. To confirm the impact of SMG 

on cell migration, we analyzed the expression levels of genes 

regulating the epithelial-to-mesenchymal transition (EMT) 

process at 1, 7 and 9 days of SMG exposure. EMT regulates 

morphological changes in tumor cells inducing the acquisi-

tion of a mesenchymal phenotype, rather than epithelial, thus 

supporting migration and spreading of cancer cells. qRT-

PCR analysis indicated increased expression of N-cadherin 

(N-CDH), Vimentin and Zeb1 (mesenchymal markers), and 

matrix-metallopeptidase-7 (MMP-7) in PaCa-44 cells under 

SMG, particularly evident on the 9th day (Fig. 2I), compared 

to cells maintained in normal gravity adhesion condition. 

Modulation of E-cadherin (CDH-1) and N-CDH1 expression 

in PaCA-44 cells after 9 days of exposure to SMG was also 

confirmed by Western blot analysis (Fig. 2L). Similar results 

were obtained in CFPAC-1 and AsPC-1 cells: both lines 

showed downregulation of CDH-1 (Suppl. Fig. S1, panel B 

and E) and upregulation of Zeb-1 and N-CDH after 9 days 

in SMG (Suppl. Fig. S1, panel B, C, E, F). In addition, we 

performed a spheroid-migration assay comparing spheroids 

obtained from PaCa-44 cells maintained in SMG or sphe-

roid-culture condition at 1 g (Spheroid 1 g) for 9 days. The 

results showed higher migration capability of tumor cells 

exposed to SMG (Fig. 2M) confirming the regulation of cell 

mobilization mediated by altered gravity.

Simulated microgravity triggers cancer stem cell 
selection

It has been largely demonstrated that the ability to form 

spheroids and migrate is related to the acquisition of a 

stemness phenotype. To further confirm that SMG exposure 

induces stemness enrichment, we evaluated the expression 

of specific stemness-related master genes (Nanog, Sox2 and 

Oct4) in PaCa-44 cells maintained in the different culture 

conditions. As shown in Fig. 3A, 9 days in SMG induced 

a significantly increased expression of all the evaluated 

genes. These results suggest a key role of microgravity in 

time-dependent stemness regulation. In support, proteomic 

analysis indicated that IL-8 signaling, which is involved 

in stemness, neo-angiogenesis and EMT process regula-

tion [17], was upregulated after 9 days in SMG (Fig. 3B). 

ERK5 signaling, instead, was upregulated already after 24 h 

in SMG (Fig. 3C). Interestingly, it has been reported that 

the activation of ERK5 pathway triggers the upregulation 

of IL-8 signaling and NF-κB transcriptional activity, sug-

gesting an ERK5/NF-κB/IL-8 signaling axis involved in the 

regulation of stem cell malignancy [18]. Proteomic analysis 

indicated that NF-κB signaling was upregulated on the 9th 

day in SMG (whereas after 1 and 7 days in SMG the path-

way has a z -score = 0; Fig. 3D). In line, western blot evalu-

ation of p50 and p65 NF-kB family members in PaCa-44 
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cells showed an evident induction of p65 expression and a 

concomitant inhibition of p50 expression after 9 days SMG, 

compared to cells maintained in normal adhesion culture 

condition (Adhesion) or spheroid-forming culture condition 

(Suppl. Fig. S2).

At this time point (T9) stemness-related proteins such 

as EpCAM, ALDH1A3, ALDHA3A2, S100A4, ROHA, 

and ITGA3 (Fig. 3F) were upregulated, indicating a cel-

lular reprogramming towards a more stem and aggressive 

phenotype. It has been demonstrated [19] that EpCAM is 

a reliable marker for the identification of CSCs in various 

tumor types including pancreatic cancer. Indeed, when 

PaCa-44 cells were FACS sorted according to the expres-

sion of EpCAM, we observed a significantly higher expres-

sion of stemness-associated master genes (Nanog, Sox2 and 

Oct4) in  EpCAMpos compared to  EpCAMneg cells (Fig. 3G). 

Analysis of expression levels of EpCAM in PaCa-44 cells 

subjected to SMG indicated an over time increase of this 

marker, supporting our findings of a CSC enrichment medi-

ated by altered gravity force (Fig. 3H).

Simulated microgravity strongly edits cell 
metabolism

The morphological rearrangement (3D spheroids) induced 

by SMG also affected cellular nutrition and metabolism. 

From the proteomic analysis, it has emerged that eIF2 sign-

aling was the most enriched pathway modulated by SMG 

(Fig. 4A-C). Compared to the control, the pathway was 

inhibited already after 24 h (Fig. 4A) and it was maintained 

downregulated up to 9 days in SMG (Fig. 4B, C). eIF2 is a 

component of the translational machinery and plays a key 

role in the orchestration of protein synthesis. Repression of 

global protein synthesis (as in the case of eIF2 signaling 

inhibition) allows cells to conserve nutrients and energy 

for stress remediation. Indeed, it has been demonstrated 

that eIF2 signaling regulates autophagy and metabolism in 

order to maintain an energy balance in cancer cells. In line, 

our proteomic data revealed that glycolysis was downregu-

lated after 24 h in SMG (as indicated by negative logFC of 

SLC2A1, LDH and ENO1; Fig. 4D, T1 SMG), but after 

7 days was upregulated (positive logFC of ENO1, GAPDH, 

ALDOA, PGAM1, TPI1 and PKMI proteins; Fig. 4D, T7 

SMG). The pathway remained upregulated on the 9th day 

(positive logFC of LDHA, GAPDH, PKM and SLC2A1 pro-

teins; Fig. 4D, T9 SMG). In parallel, the analysis of extra-

cellular lactate dehydrogenase (LDH) indicated a reduction 

of LDH levels after 1 day in SMG (compared to normal 

adhesion culture condition) and an increase on the 7th and 

9th day in SMG (Fig. 4E) suggesting a metabolic switch 

of PaCa-44 cells under reduced gravity culture condition. 

Similar results were obtained in CFPAC-1 and AsPC-1 cells 

exposed to SMG. After 9 days both cell lines presented an 

upregulation of GAPDH and LDHA at mRNA and protein 

level compared to the same cells maintained in normal adhe-

sion or spheroid-forming culturing condition in normal grav-

ity (Suppl. Fig. S1, panel B, C, E and F).

HIF-1α, is a key regulator of cancer-related metabolic 

pathways, including glycolysis, gluconeogenesis, the Tri-

carboxylic acid (TCA) cycle, as well as metabolism of 

nucleotides, amino acids and lipids. According to oxygen 

availability, HIF-1α dynamically regulates glucose metab-

olism in order to reduce reactive oxygen species (ROS) 

accumulation, maintain redox homeostasis and sustain cell 

survival. Proteomic analysis indicated an inhibition of the 

HIF-1α signaling at 24 h and 7 days in SMG (Fig. 4F); at 

9 days instead, the pathway was upregulated, in line with 

the over time increased dimension (and necrotic core) 

of spheroids. HIF activation regulates the fate of pyru-

vate produced by glycolysis, triggering the production of 

Acetyl-CoA to provide cells with substrates involved in the 

membrane biogenesis, orchestrated by fatty acid (FA) and 

phospholipids synthesis, energy production by TCA cycle 

and post-translational modification, such as protein acetyla-

tion. To better clarify the alteration in lipid catabolism and 

synthesis, lipidomic analysis was performed at the three time 

points of SMG exposure. 447 lipids belonging to 18 differ-

ent lipid classes were identified in PaCa-44 cells (Fig. 4G), 

with Triacylglycerols (TGs) as the most abundant lipid 

class. Monoacylglycerols were not identified whereas only 

few diacylglycerols were detected, most likely for their re-

esterification in TGs (Jones et al., 2019). The hierarchical 

clustering heat-map analysis (Fig. 4H) highlighted specific 

SMG-induced lipidomic profiles for each time point. Total 

TG levels decreased at 1 and 7 days in SMG, while increased 

at 9 days (Fig. 4I). On the contrary, both total lysophos-

phatidylcholines (LPCs), lysophosphatidylethanolamine 

(LPEs) and polyunsaturated FAs increased at 1 and 7 days 

in SMG to then shrank at 9 days (Fig. 4I). Interestingly, 

almost all the modulated FAs (FA 20:3, FA 20:4, FA 20:5, 

FA22:5 and FA 22:6) were polyunsaturated (Fig. 4L) that 

Fig. 1  Simulated microgravity (SMG) alters the proteomic profile 
of PaCa-44 cells in a time-dependent manner. A PaCa-44 cells were 
cultured in adhesion condition at 1 g (Adhesion) or in SMG, and in 
spheroid-forming culture condition at normal gravity (Spheroid 1 g). 
Representative pictures acquired at 1, 7 and 9  days of culture (T1, 
T7 and T9, respectively); scale bar 400 μm for Adhesion, 200 μm for 
Spheroids 1 g and SMG pictures. B Calcein/PI staining on spheroids 
obtained after 1, 7 and 9 days in SMG culture conditions (T1, T7 and 
T9 SMG, respectively). Scale bar 100  μm. C Canonical pathways 
modulated by differentially expressed proteins after 1, 7 or 9 days of 
SMG (T1, T7 and T9 SMG respectively). The pathways are indicated 
in the y-axis. On the x-axis, the z-score for each pathway calculated 
in comparison to the adhesion culture condition. Orange bars predict 
an overall increase in the pathway activity, while blue bars predict a 
decrease. D Heat-map of z-score of the canonical pathways modu-
lated in all of the three different time points presented in panel C (1, 7 
and 9 days in SMG)
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may potentially be used as signaling molecules or as sub-

strates for obtaining energy through β-oxidation. Concomi-

tantly, the lysophospholipids increase, at 7 days, may sustain 

a deep membrane phospholipid remodeling as revealed by 

the increment of TGs together with the reduction of LPCs, 

LPsE and FAs (on the 9th day). These results suggest the 

synthesis of novel TGs and phosphatidylcholines (PCs) at 

prolonged exposure to SMG (9 days), probably to sustain the 

request of membrane lipids. In particular, we observed an 

increase of PC 18:1_20:4; PC 18:0_20:4, PC O-18:1_20:4 

and PE 16:0_18:0 (Fig. 4M), supporting the hypothesis of 

a remodeling of the cellular membrane. Furthermore, at the 

same time point (9 days) the marked TG increase may be 

explained with their packaging into lipid droplets, which 

have been shown to accumulate in hypoxic conditions and to 

be associated with higher tumor aggressiveness [20].

Concerning polyunsaturated FAs including arachidonic 

acid (FA 20:4) released on the  9th day, we speculate a role for 

arachidonic acid and its bioactive derivatives in inflamma-

tion and in local signaling of CSCs. Indeed, the high degree 

of unsaturation makes these metabolites reactive and sus-

ceptible to oxygenation and hydrogenation reactions, sug-

gesting metabolic flexibility that allows cells to adapt their 

metabolism to survive in hostile conditions, typical of CSCs 

[21]. Moreover, we investigated whether free FAs may be 

coupled with CoA to form acyl-CoA moieties that are then 

transferred to carnitine to generate acylcarnitine, which sub-

sequently enters the mitochondrial matrix via the carnitine 

shuttle [22]. In order to understand if there is an impair-

ment of the β-oxidation over time, we focused our attention 

on the acylcarnitine class. The acylcarnitine to L-carnitine 

ratio is recognized as a marker of carnitine deficiency and 

is associated with mitochondrial β-oxidation [23]. In addi-

tion, the trend of this ratio is also maintained between long-

intermediate-chain acylcarnitines (C16-20) compared to 

short-chain ones (C4). Our data showed an increased (C16-

20)/(C4) ratio over time, suggesting an impairment of the 

β-oxidation (Fig. 4N) [24].

At 9 days of SMG exposure, we observed upregulation of 

several proteins involved in metabolic-related pathways such 

as autophagy (LAMP1, SQSTM1), mitochondrial activity 

(ATP5B, ATP5A1, ATP5P0, VDAC2, ATP6V1A, COX4I1, 

HSD17B10, HADHA, PRDX5), TCA cycle (DLST) and 

Pentose phosphate pathway (PGLS, Fig. 5A). Other path-

ways are involved in the glucose fate decision, including 

the phosphatidylinositol�3�kinase/Akt (PI3k/Akt) pathway, 

which is also a key regulator of apoptosis and cell prolif-

eration. In our setting, we observed upregulation of PI3K/

Akt signaling already on the  1st and the  7th day of expo-

sure to SMG (Fig. 5B). Interestingly, after 9 days in SMG 

the pathway was downregulated (Fig. 5B, T9 SMG). These 

results, together with the upregulation of proteins involved 

in autophagy, suggest the cell capability of activating alter-

native survival mechanisms. The crosstalk between apop-

tosis, which invariably leads to cell death, and autophagy, 

which has pro-survival functions is complex. To clarify this 

aspect, we evaluated, at the different time points of SMG 

exposure, key genes of the apoptotic signaling. qRT-PCR 

analysis indicated a higher expression after 9 days of all 

the pro-apoptotic genes evaluated (i.e. Caspase 9,8,3, Bax, 

Bad and Trail, Fig. 5C). Tunel staining on spheroids col-

lected on the 9th day in SMG showed apoptotic signals on 

the outer membrane of the structure (Fig. 5D) suggesting an 

external layer of apoptotic cells. Accordingly, MTT assay 

demonstrated a lower signal on cells maintained for 9 days in 

spheroid-forming culture condition both at 1 g and in SMG, 

compared to adhesion condition (Fig. 5E).

Discussion

Understanding the impact of altered gravity on tumor cells 

represents the starting point for the development of novel 

anti-cancer therapies. We evaluated the impact of SMG to 

PDAC cells (PaCa-44) performing a comprehensive prot-

eomic, lipidomic and transcriptomic analysis at different 

time points (1, 7 and 9 days); the major results have been 

confirmed in other two PDAC cell lines: CFPAC-1 and 

Fig. 2  Exposure to simulated microgravity (SMG) is associated with 
cytoskeletal reorganization and increased migration capability. A–B 
Average logarithmic fold change of proteins involved in the Actin-
based motility by Rho signaling (A) and Cdc42 signaling (B) evalu-
ated in PaCa-44 cells maintained in SMG for 1, 7 or 9 days (T1, T7 
and T9 SMG, respectively); in green proteins downregulated while 
in red proteins upregulated compared to adhesion culture conditions. 
C–E Average logarithmic fold change of proteins involved in the 
cytoskeletal and nuclear reorganization, evaluated in PaCa-44 cells 
maintained in SMG for 1 (C), 7 (D) or 9 (E) days; in green proteins 
downregulated while in red proteins upregulated compared to adhe-
sion culture conditions at 1  g. F Representative pictures of Tolui-
dine blue staining in semithin sections of spheroids obtained after 7 
or 9 days in simulated microgravity (SMG); scale bar 10  μm. G–H 
Average logarithmic fold change of proteins involved in the leuko-
cyte extravasation (G) and ILK (H) signaling evaluated in PaCa-44 
cells maintained in SMG for 1 (A), 7 (B) or 9 (C) days (T1, T7 and 
T9 SMG, respectively); in green proteins downregulated while in 
red proteins upregulated compared to adhesion culture conditions. 
I qRT-PCR analysis of EMT-associated markers in PaCa-44 cells 
maintained in normal culture condition (Adhesion) or in simulated 
microgravity (SMG) for 1, 7 or 9 days (T1, T7 and T9 SMG, respec-
tively). Data are expressed as mean ± sem of n = 3 replicates. *0.05, 
***0.0002 and **** < 0.0001. L Western blot analysis of CDH-1 
and N-CDH1 on PaCa-44 cells maintained in normal culture condi-
tion (Adhesion), spheroid-forming condition at 1  g (Spheroid 1  g) 
or in simulated microgravity (SMG) for 9  days; Tubulin is used as 
housekeeping. M Migration capability of spheroids collected on the 
9th day from SMG culture or 1 g spheroid culture (Spheroid 1 g). On 
the left representative pictures of spheres at the different time points 
after seeding; on the right the graph with the mean ± sem migration 
calculated as spheres’ circumference at each time point compared to 
T0 (Delta)
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Fig. 3  Simulated microgravity (SMG) triggers cancer stem cell selec-
tion. A qRT-PCR analysis of stemness-associated genes in PaCa-
44 cells maintained in adhesion culture condition at normal gravity 
(Adhesion), altered gravity (SMG), or in spheroid-forming culture 
condition at normal gravity (Spheroid 1  g) for 1, 7 or 9  days. Data 
are expressed as mean ± sem of n = 3 replicates. * 0.05, ***0.0002 
and **** < 0.0001. B–C Average logarithmic fold change of proteins 
involved in IL-8 (B) and ERK5 signalings (C) evaluated in PaCa-44 
cells maintained in SMG for 1, 7 or 9  days (T1, T7 and T9 SMG, 
respectively); in green proteins downregulated while in red proteins 
upregulated, compared to adhesion culture conditions. D Z-score of 

NF-κB pathway evaluated in PaCa-44 cells exposed to SMG for 1, 
7 or 9  days. E Average logarithmic fold change of proteins related 
to stemness and epithelial-to-mesenchymal transition signaling in 
PaCa-44 cells maintained in SMG for 9 days. F qRT-PCR analysis of 
stemness genes in PaCa-44 cells grown in normal culture condition 
and FACS separated according to the expression of EpCAM. G qRT-
PCR analysis of EpCAM expression in PaCa-44 cells maintained in 
Adhesion culture condition at 1 g or in SMG for 1, 7 or 9 days (T1, 
T7 and T9 SMG, respectively). Data are expressed as mean ± sem of 
n = 3 replicates. *0.05; **** < 0.0001
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AsPC-1. Our aim was to elucidate the time-dependent modi-

fication induced by the alteration of the gravity force. Our 

data clearly indicated that SMG impacts in a time-dependent 

manner on the structural, metabolic and migratory profile 

of tumor cells selecting an aggressive subset endowed with 

stem-like features.

Dissecting cell alterations induced by SMG, we specu-

late that in the first 24 h, to survive SMG exposure, cells 

collect energy in form of ATP activating the degradation 

of long FAs through β-oxidation in the peroxisome. This is 

suggested by acylcarnitine decrease and consequent impair-

ment of mitochondrial β-oxidation together with the upreg-

ulation of acyl-CoA dehydrogenase very long (ACADV). 

Altogether these observations, and the fact that FAs may 

enter the peroxisome via ABC carrier system rather than 

the carnitine shuttle, suggest that there is involvement of 

peroxisomes in very long FA degradation rather than the 

classical mitochondrial β-oxidation pathway in the early 

days of SMG exposure. In this way, the acetyl-CoA pro-

duced by peroxisomes is used by the mitochondrial TCA 

cycle to support energy consumption due to cell respira-

tion. Indeed, at this time point, the spheroids present small 

dimensions and are mainly composed of aggregated cells. 

The upregulation at 1 day of RhoA and Cdc42 signaling con-

tributes to dynamic actin rearrangements required for cell 

migration which became more evident at longer time points 

of SMG exposure. Indeed, Cdc42 promotes cell protrusion 

with formation of a leading edge where a localized actin 

polymerization moves forward to the membrane in filopo-

dia and lamellipodia, generating the locomotive force. On 

the other hand, RhoA regulates the assembly of actomyosin 

filaments whose contractile force induces the retraction of 

the cell tail [25]. The prolonged exposure (7 days) to SMG 

triggers actin upregulation, cytoskeleton rearrangement and 

deep cellular metabolic alterations to overcome the hypoxic-

core formation within the spheroidal structure. Cells upregu-

late glycolytic enzymes (GAPDH, ENO and PKM) in order 

to use glucose as energy substrate in an anaerobic manner 

(Fig. 6). The cellular machinery is involved in the synthesis 

of new phospholipids (as indicated by the increase in total 

LPCs, LPEs and in particular species of PCs and PEs) and 

FAs, to sustain the formation of novel membrane lipids. We 

observed an increase in total FAs, comprising arachidonic 

acid. It has been demonstrated that PI3K/mTOR/PKC axis 

induces calcium-dependent phospholipase A2 (cPLA2) 

involved in the release of arachidonic acid, oleic acid (FA 

18:1) and other bioactive lipids (such as eicosanoids) [26]. 

Remarkably, arachidonic acid and derived eicosanoids 

may have a role in CSC proliferation and be involved in 

the aggressive phenotype of CSCs [27, 28]. However, both 

the pathways sustaining stemness (i.e. IL-8 and NF-κB) and 

the CSC markers are not upregulated. Only at a longer time 

point, the selection of a stem-enriched and more aggressive 

subset of cells is significant. Indeed, after 9 days of SMG 

exposure we observed upregulation of IL-8 and NF-κB path-

ways that promoted expression of cell adhesion molecules 

and proteins involved in the invasion process (e.g. matrix 

metalloproteinases), characteristic of cancer stemness [29]. 

Moreover, NF-κB is an upstream modulator of cyclooxy-

genase-2 (COX-2) acting as a procarcinogenenic enzyme. 

COX-2 can promote tumor growth and progression activat-

ing mechanisms including immune evasion and increased 

invasiveness through EMT processes [29]. Indeed, on the 

9th day we observed higher expression of all the evaluated 

mesenchymal markers and higher cell migration capabil-

ity, suggesting the complete transformation towards a more 

stem and aggressive phenotype induced by SMG exposure, 

as indicated also by upregulation of EpCAM and other 

stemness-associated markers (Nanog, Sox2 and Oct4). 

NF-kB regulation is integrated in a very complex network 

of molecular and metabolic pathways [30, 31]. Indeed, CSCs 

are endowed with a more active glycolysis that leads to a 

higher pyruvate production, which in turn fuels ATP synthe-

sis involved in the regulation of metastasizing and aggres-

siveness. In line, 9 days after SMG exposure, cells undergo 

a profound membrane remodeling through the synthesis of 

PCs from LPCs and FAs. It has been shown that PCs work 

as oncogenic signals [32] triggering cell proliferation and 

tumor growth. At this time point, we observed a reduction 

Fig. 4  Simulated microgravity (SMG) exposure edits tumor cell 
metabolism. A–C Heat map of eiF2-related protein fold change 
expression, evaluated in PaCa-44 cells maintained in SMG for 1 (A), 
7 (B) or 9 (C) days; D Average logarithmic fold change of proteins 
involved in glycolysis evaluated in PaCa-44 cells maintained in SMG 
for 1, 7 or 9 days; in green proteins downregulated while in red pro-
teins upregulated compared to adhesion culture conditions. E Extra-
cellular levels of LDH evaluated at 1, 7 and 9 days (T1, T7 and T9, 
respectively) in PaCa-44 cells maintained in adhesion or spheroid-
forming culture condition at normal gravity (Adhesion or Spheroid 
1  g, respectively) and in SMG. F Average logarithmic fold change 
of proteins involved in HIF-1α signaling evaluated in PaCa-44 cells 
maintained in SMG for 1, 7 or 9 days; in green proteins downregu-
lated while in red proteins upregulated compared to adhesion culture 
conditions. G Donut chart of the number of identified lipids for each 
class. H Hierarchical clustering heat-map of lipid expression evalu-
ated in PaCa-44 cells maintained in Adhesion culture condition at 1 g 
or in SMG for 1, 7 or 9 days. I Total lipid concentration for triacyl-
glycerols (TGs), lysophosphatidylcholine (LPCs), lysophosphatidyle-
thanolamine (LPEs) and fatty acids (FAs) evaluated in PaCa-44 cells 
maintained in Adhesion culture condition at 1 g or in SMG for 1, 7 
or 9  days. J–K Lipid concentration of unsaturated fatty acids (Fas, 
D), phosphatidylcholines (PC) and phosphatidylethanolamines (PE, 
E) evaluated in PaCa-44 cells maintained in Adhesion culture condi-
tion at 1 g or in SMG. L Ratio of long-intermediate-chain acylcarni-
tines (C16-C20) to short-chain ones (C4) evaluated in PaCa-44 cells 
maintained in Adhesion culture condition at 1 g or in SMG for 1, 7 or 
9 days. All data are expressed as mean ± sd of 3 different replicates.  
* 0.05, ** < 0.005; *** < 0.0005. For all the panels T1, T7 and T9 
represent 1, 7 or 9  days in simulated microgravity (SMG, respec-
tively)
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in total LPCs and LPEs as well as FsA. The LPCs produced 

at 7 days could be used together with neosynthesized FAs 

(such as palmitate) as supported by FASN upregulation and 

ECHS1 downregulation. In addition, to synthetize FAs, 

cells could use acetyl-CoA produced by glycolysis (GLUT1 

and the other glycolytic enzyme are upregulated at this 

time point) and by glutamine metabolism (upregulation of 

SLC1A5). The surplus of pyruvate produced by glycolysis 

is extruded from the cells through LDHA transporter in the 

form of lactate favoring the acidification of the extracellular 

milieu, supporting the aggressive and migratory phenotype 

of the cells. Moreover, enhanced glucose uptake may also 

sustain the production of NADPH by the pentose phosphate 

pathway, a glycolytic flux shunt, as indicated by upregulation 

of PGLS. In turn, NADPH is the essential coenzyme for FAs 

neosynthesis and consequent formation of TGs, which may 

Fig. 5  Simulated microgravity-mediated tumor cell reprogramming. 
A Average logarithmic fold change of proteins involved in metabolic-
related pathways evaluated in PaCa-44 cells maintained in SMG for 
9 days; in green proteins downregulated while in red proteins upregu-
lated compared to adhesion culture conditions. B Average logarith-
mic fold change of proteins involved in PI3K/Akt signaling evaluated 
in PaCa-44 cells maintained in SMG for 1, 7 or 9 days (T1, T7 and 
T9 SMG, respectively); in green proteins downregulated while in 
red proteins upregulated compared to adhesion culture conditions. C 
qRT-PCR analysis of pro and anti-apoptotic genes in PaCa-44 cells 

maintained in normal culture condition (Adhesion) or in SMG for 1, 
7 or 9 days (T1, T7 and T9 SMG, respectively). Data are expressed 
as mean ± sem of n = 3 replicates. *0.05; ***0.0002; **** < 0.0001. 
D One representative picture of immunofluorescence analysis for 
apoptosis (Tunel expression) on spheroids obtained on the 9th day in 
SMG. Scale bar 50  μm. E MTT assay in PaCa-44 cells maintained 
in normal adhesion culture condition (Adhesion), spheroid-forming 
condition (T9 Spheroid 1 g) or SMG (T9 SMG) for 9 days. Data are 
expressed as mean ± sem of n = 6 replicates
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be used for either energy starvation (lipid droplets) or for 

membrane biosynthesis.

All together, these results describe time by time cell 

transformation toward a more stem and aggressive pheno-

type induced by SMG exposure. This cell rearrangement 

may also affect tumour cells susceptibility to drugs, thus 

future works will focus on the evaluation of pancreatic can-

cer cells response to anti neoplastic drugs under simulated 

microgravity.
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Fig. 6  Schematic illustration of the effects of simulated microgravity 
(SMG) on PaCa-44 cells. Under SMG, the cells leave their adhesion 
elongated shape and aggregate in 3D spheroidal structures. Indeed, 
SMG impacts on cellular morphology through the modulation of 
proteins involved in Cdc42 and RhoA signaling that in turn affect 
cytoskeletal organization, neo-angiogenesis and stemness. Cytoskel-
etal reorganization impairs cell biological processes and induces can-
cer cells to activate survival mechanisms, among which the unfolded 
protein response (UPR) pathway, which supports autophagy to pre-
vent cell death. The morphological rearrangement occurring during 

SMG additionally induces metabolic reprogramming orchestrated by 
the activation of HIF-1α and PI3K/Akt pathways, which pave the way 
for glucose metabolism upregulation. A more active glycolysis, com-
pared to adhesion condition, is involved in the regulation of prolifera-
tion, metastasization, and aggressiveness. These metabolic changes, 
together with activation of PI3K/Akt/NF-κB/ERK5/IL-8 signaling 
axis induce the upregulation of stem-associated proteins and expan-
sion of the CSC subset that supports neoplastic progression through 
EMT
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SUPPLEMENTARY INFORMATION 
 

 
 
 
Supplementary Figure S1: Simulated microgravity exposure induces morphological 
rearrangement, promotes stemness and migratory capability, and impairs cell metabolism in 
CFPAC-1 and AsPC-1 cells. 
A) CFPAC-1 cells were maintained for 9 days in normal adhesion culture condition (Adhesion), 
spheroid-forming at normal gravity (Spheroid 1 g) or simulated microgravity (SMG). One 
representative picture for each condition (Magnification 5x). B) qRT-PCR analysis of stemness 

markers (Nanog, Sox2 and Oct4), EMT-associated markers (E-cadherin and Zeb-1) and GAPDH in 

CFPAC-1 cells maintained in normal culture condition (Adhesion), spheroid-forming at normal 
gravity (Spheroid 1 g) or in simulated microgravity (SMG) for 9 days. Data are expressed as mean±sd 

of n=2 replicates. C) Western blot analysis of stemness markers (EpCAM and Nanog), EMT-

associated markers E-cadherin (CDH-1) and N-cadherin (N-CDH), metabolic components (GAPDH 

and LDHA) and Actin in CFPAC-1 cells maintained in normal culture condition (Adhesion), 
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spheroid-forming culture condition at normal gravity (Spheroid 1 g) or in simulated microgravity 
(SMG) for 9 days.  
D) Representative picture of AsPC-1 cells maintained for 9 days in normal adhesion culture condition 
(Adhesion), spheroid-forming at normal gravity (Spheroid 1 g) or simulated microgravity (SMG). 
Magnification 5x. E) qRT-PCR analysis of stemness markers (Nanog, Sox2 and Oct4), EMT-
associated markers (E-cadherin and Zeb-1) and GAPDH in AsPC-1 cells maintained in normal 
culture condition (Adhesion), spheroid-forming at normal gravity (Spheroid 1 g) or in simulated 
microgravity (SMG) for 9 days. Data are expressed as mean±sd of n=2 replicates. F) Western blot 
analysis of stemness markers (EpCAM and Nanog), EMT-associated markers E-cadherin (CDH-1) 
and N-cadherin (N-CDH), metabolic components (GAPDH and LDHA) and Actin in AsPC-1 cells 
maintained in normal culture condition (Adhesion), spheroid-forming culture condition at normal 
gravity (Spheroid 1 g) or in simulated microgravity (SMG) for 9 days.  
 
 
 

 
 
Supplementary Figure S2. Simulated microgravity exposure triggers NF-kB pathway 
activation. 
Western blot analysis of p50, p65 and phospo-p65 in PaCa-44 cells maintained in normal culture 
condition (Adhesion), spheroid-forming condition at 1g (Spheroid 1g) or in simulated microgravity 
(SMG) for 9 days; Tubulin is used as housekeeping 
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Growth rate and morphology of Penicillium chrysogenum exposed to long-term 

simulated microgravity 

INTRODUCTION 

Fungi exist in all shapes and sizes, contributing to their astounding evolutionary 

success. Most fungi exist as networks of filamentous cells (hyphae) able to grow

indefinitely and in intricate patterns to explore and exploit their territory, a complex 

task at which they are extremely proficient (Naranjo and Gabaldón, 2020). The 

structure of this network is typically highly dynamic and responds to fluctuations in 

environmental parameters and/ or biotic interactions (Simonin et al., 2012). The hypha 

is a walled cylindrical multinucleated cell that is highly polarised, and cell polarisation 

is necessary for hyphal growth. The hyphal tip is able to exert physical force, as shown 

by Kirtzel et al. (2020), on rock particles in which broader and pre-existing cracks might

be enlarged due to the effect of fungal turgor pressure. Such pressure reached from 4 

to18 bar causing a breaking up of the black slate into smaller pieces. The hyphal tip can 

grow through solid substrates also by extracellular digestion, using exoenzymes to 

break down carbohydrates, organic phosphates, protein, or other recalcitrant polymers. 

At the same time, most microorganisms can access only the surface of such resources. 

Nutrient transport is performed through cytoplasmic waves and cytoskeleton-based

movement, which can also transport cellular components, including new nuclei for 

growing hyphal tips (Tlalka et al., 2007; Fricker et al., 2008, 2017; Lew, 2011; Simonin 

et al., 2012). This flexible flux allows fungi to allocate different limiting nutrients from

distant sources across heterogeneous environments (Fricker et al., 2008, 2017; Simonin 

et al., 2012; Boberg et al., 2014). Nowadays, hyphal morphogenesis and tip growth 

mechanisms are not completely understood as of the environmental factors that rule

these processes. The hypha of most filamentous fungi show an organelle called the 

Spitzenkörper (SPK), involved in the organisation of vesicle traffic for hyphal 

elongation. The SPK is composed of a collection of vesicles originating in the Golgi 

apparatus containing the enzymes, lipids, and polysaccharides required to synthesise 

membranes and cell walls (Fisher and Roberson, 2016). Although the exact function of 

the SPK has not been completely established, there is a solid reason to believe, because 

of its position and behaviour, that it also plays a role in gravity perception. 
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Fungi are ubiquitous organisms and are found both on Earth and on the International 

Space Station (ISS), where they can survive and reproduce (Novikova et al., 2006). 

Penicillium is one of the main fungal genera detected onboard the Russian Space 

Station (MIR) and on the ISS, demonstrating its ability to grow on the space stations’ 

surfaces. Moreover, this genus can form biofilms associated with higher tolerance and 

resistance to adverse conditions (Novikova et al., 2004; Harding et al., 2009; Chechiska 

et al., 2015). Current studies concerning the responses of microorganisms to real and 

modelled microgravity are relative to short time (from hours to a few days) exposures 

to weightlessness (Sathishkumar et al., 2014; Chunmei et al., 2019). To date, little 

information is available on how fungi are affected and changed due to growth under 

reduced gravity conditions and, in particular, once returned to Earth. 

In the present work, we evaluated the effect of simulated microgravity conditions on 

fungal and hyphal tip growth from a particular perspective. To verify fungal adaptation 

capacity, we assessed the behaviour of hyphae developed under simulated microgravity 

or terrestrial gravity conditions. The conidia collected from colonies constantly kept 

under simulated microgravity (long-term exposure) were cultured under both gravity 

conditions. The same has been done for conidia collected from colonies constantly kept 

under terrestrial gravity.                                                                                                    

MATERIALS AND METHODS 

Biological Material 

Penicillium chrysogenum Thom (P28, isolate from dust in Mycology Laboratory, 

DiSIT, UPO) inocula were prepared as a spore suspension, collecting spores from the 

surface of one-week-old Petri dish culture on MEA (Malt Extract Agar, Oxoid) using 

sterile physiological solution (NaCl, 0,9%). The suspension was adjusted to a

concentration of 106 spores/ml.  

Simulated microgravity condition 

Microgravity conditions were simulated using a Random Positioning Machine (RPM) 

connected to a control console through standard electrical cables (Dutch Space, Leiden, 

The Netherlands). The apparatus is a 3D clinostat consisting of two independently 

rotating frames. This device does not eliminate gravity, but the RPM is a micro-weight
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simulator based on the principle of “gravity-vector averaging”: it allows a 1�g stimulus 

to be applied omnidirectionally rather than unidirectionally, and the sum of the 

gravitational force vectors tends to equal zero (1x10-6 g). The effects generated by the 

RPM are comparable to the impact of real microgravity, provided that the direction 

changes are faster than the system's response time to the gravity field. The desktop 

RPM used was positioned within an incubator to maintain the temperature. 

Simulated Microgravity Experimental Setup 

 

Fig. 1 Workflow of experimental setup. 60-days plates exposure: conidia suspension was inoculated on 
5 cm diameter MEA-plates kept for 60-days under simulated or terrestrial gravity conditions. Spore 
collected from 60-days plates has been used to prepare a spore suspension (106 spores/ml) inoculated on 
MEA-plates and kept for short-time (4 days and 10 days) in different gravity conditions (ClCl, CoCl, 
ClCo, CoCo). 
Inoculated plates were placed on the RPM inner frame for 60 days-culture in simulated 

microgravity. Controls were cultured in the same conditions without rotation (terrestrial 

gravity condition). All incubations were carried out at 25°C. The conidia from colonies 

constantly kept under simulated microgravity (long-term exposure) were collected. The 

suspension of 106 spores/ml was prepared and a 5µl aliquot of spore suspension was

inoculated on 5 cm diameter MEA-plates. Plates inoculated were cultured under both 

gravity conditions, static (CoCl) and simulated microgravity (ClCl) conditions. The 

same has been done for conidia collected from colonies constantly kept under terrestrial 

gravity (ClCo and CoCo). These tests were performed in triplicate to evaluate fungal

P.chrysogenum
suspension

60 days 
simulated 

microgravity

Simulated 
microgravity 

(ClCl)
Terrestrial 

gravity (CoCl)

60 days 
terrestrial 

gravity

Simulated 
microgravity 
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Terrestrial 

gravity (CoCo)

4 and 10 days 4 and 10 days 
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growth and morphological changes using live imaging techniques at different time 

points (4 and 10 days; fig.1). Plates were placed on the RPM inner frame for culture in 

simulated microgravity. Controls for all tests were cultured in the same conditions

without rotation. All incubations were carried out at 25°C. 

Colony growth  

No data have been collected from colonies kept for 60-days under simulated 

microgravity conditions. For each short-term experiment colonies’ diameters were 

recorded until 10 days, to obtain growth curves, and at 4 and 10 days to evaluate the 

growth rate. Data were reported as mean ± standard error. 

Morphological analysis 

Optical Microscopy 

Microscopy studies were performed on colonies grown for 4 days under simulated 

microgravity conditions (Cl) and on 4 days old static control (Co) colonies. Microscopy 

imaging was performed on samples taken from the margins of the cultures, where 

growth takes place, using the inverted agar block technique (Lichius et al., 2019) 

observed with Axiovert 100M inverted optical microscope (Zeiss) with an image 

acquisition system consisting of a 1.4-megapixel AxioCam high-resolution 

monochrome digital camera MR3 (Zeiss) connected to a computer equipped with the 

AxioVision program, version 4.8.2 SP3, used for image processing.  All images were 

acquired with a 40x NA 0.75 objective.  All the images obtained were saved in .tif

format, 1338 x 1040 pixels, in B/W (transmitted light only) and analysed with ImageJ 

freeware software (Schneider et al., 2012). For each image, measure the hyphal 

diameters related to the apex of the dominant hypha, the apex of the lateral hyphae 

(ramifications of the main hypha) and the main hypha before the apical ramifications 

were acquired.  

Live-imaging analysis 

Live-cell imaging has been performed to observe morphological variation and vesicle 

traffic by simulated microgravity by confocal live image. Fluorescent dyes used are FM 

4-64 lipophilic styryl dyes (2 mM, Molecular probes) to track plasma membrane, endo-

/exocytosis and organelle dynamics, including Spitzenkorper, apical body involved in 
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fungal tip growth. Samples from fungal colonies were prepared by the inverted agar 

block method and analysed using a confocal system on an AxioObserver Z1 + LSM 

800 (Zeiss) inverted optical microscope with a dual spectral channel, two lasers (488 

nm and 561 nm solid-state), managed by the proprietary software ZEN Blue 2.6 (Zeiss). 

40x, NA 0.75, and 63x, NA 1.40 Oil objectives were used. The images were saved in

.tif format, 2048x2048 pixels, in the 488 nm or 561 nm channel or both in multitracking 

mode. 

Germination rate  

Penicillium chrysogenum inocula were prepared as previously reported in “Simulated 

Microgravity Experimental Setup”. The suspension was adjusted to a concentration of 

105 spores/ml and a 100µl aliquot of spore suspension was inoculated on 5 cm diameter 

MEA-plates. Inoculated plates were placed on the RPM inner frame for culture in 

simulated microgravity. Controls for all tests were cultured in the same conditions 

without rotation. All incubations were carried out at 25°C. The germination rate of P. 

chrysogenum conidia was evaluated at 3 different time-points:  8h, 12h, 16h. At least 3 

samples with 1 cm2 area for each plate were collected. Samples were evaluated using 

the inverted agar block technique (Lichius et al., 2019) and observed with Axiovert 

100M inverted optical microscope (Zeiss). 

Statistical analysis 

Statistical analyses were performed with one-way ANOVA using STATVIEW

statistical software. For growth and germination rate results were analysed by one-way 

ANOVA and Fisher PLSD post-hoc testing (STATVIEW statistical software SAS 

institute, Inc.) to compare different groups. Differences with p<0.05 were considered 

significant.

RESULTS 

Colonies kept for 60-days under simulated microgravity and terrestrial conditions did’t 

show differeces in macroscopic morphology or radial growth beacause all colonies 

reached plate edge. Data are relative to experiments performed on 4- and 10-days old 

colonies obtained from 60-days colony conidia. 
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Colony growth 

Colony diameters of P. chrysogenum were recorded daily and were plotted in fig. 2a. 

The growth plot shows that fungal growth slowed down either early on in P. 

chrysogenum plates being in microgravity for two months and returned in static 

condition (CoCl) compared to static control (CoCo).  

Radial growth measures revealed that both time points investigated (4 and 10 days) 

(fig.2 b, c) have significant differences in growth between colonies cultured in static 

condition after two months under microgravity (CoCl) compared to control (CoCo). In 

particular, at ten days, there are significant differences in diameters of colonies 

constantly kept in simulated microgravity (ClCl and CoCl). The short exposure to 

simulated microgravity doesn’t seem to influence the fungal colony growth that comes 

from static conditions (ClCo). 

 

Fig.2 Growth of P. chrysogenum colonies under simulated microgravity (ClCl and ClCo) and static 
conditions (CoCo and CoCl). Growth curves (a); growth rate after 4-days exposure to SMG (b); growth 
rate after 10-days exposure to SMG (c). Letters indicate statistically significant differences between 
samples (p<0.05); error bars correspond to the standard errors.  
The microgravity environment allows the growth of these filamentous fungi; however, 

the total length of the mycelium is always shorter in colonies that come from conidia
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collected from colonies exposed for two months to simulated microgravity conditions 

(ClCl and CoCl) compared to static control plates (CoCo) at the same time.  

Plates inoculated were cultured under both gravity conditions, static (CoCl) and 

simulated microgravity (ClCl) conditions. The same has been done for conidia collected 

from colonies constantly kept under terrestrial gravity (ClCo and CoCo).  

Colonies cultured in static condition after two months under microgravity (CoCl) 

compared to control (CoCo). In particular, at ten days, there are significant differences 

in diameters of colonies constantly kept in simulated microgravity (ClCl and CoCl). 

The short exposure to simulated microgravity doesn’t seem to influence the fungal 

colony growth that comes from static conditions (ClCo). 

Morphology 

Hyphae morphologies and apical diameters were evaluated on 4-days colonies from 

plates kept in static (CoCo) and simulated microgravity (ClCo) conditions. Microscopic 

analysis showed changes in hyphae morphology, tip shape and lateral hyphae formation 

(fig.3). Colonies grown under microgravity conditions produced hyphae with irregular 

diameters and symmetrical enlargements (sausage-like) (fig.3c, d, f).  
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Fig.3 Hyphae morphologies evaluated on 4-days colonies from plates kept in static (CoCo; a, c) and 
simulated microgravity (ClCo; b, d, e) conditions. Canonical apical branching (a), hyphae with regular 
septa before branch (b), symmetrical enlargements “sausage-like” (c, d), narrowing of main tip (e) and 
aberrant branching close to the tip. Scale bar: 20 µm.  
The diameter of the hyphal apexes in colonies grown in simulated microgravity 

conditions is always significantly thinner than those grown in normal gravity. 

Interestingly, dominant hyphae diameter before apical branches is significantly 

increased in microgravity conditions than those grown under static conditions (fig.4). 
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Fig.4 Apical diameters evaluated on 4-days colonies from plates kept in static (CoCo) and simulated 
microgravity (ClCo) conditions. Asterisks (*) indicate statistically significant differences between 
samples (*p<0.05, significant differences; **p<0.01, high significant differences); error bars correspond 
to the standard errors. 

On the fourth day, a confocal microscope analysis confirmed morphological changes 

under microgravity and static conditions. Using laser confocal microscopy, we tracked 

plasma membrane and apical body with FM4-64 (red). The most conspicuous FM4-64 

patches are located predominantly at the hyphal apex, but the patterns changed when 

the fungus grew in microgravity. In static samples, the patches are mainly concentrated 

in the apex, where we can find the Spitzenkörper (fig.5a). This type of organisation 

seems to be lost when the fungus is under microgravity, as shown by the photos

obtained analysing samples of colonies that have experienced microgravity, even for a 

few days (fig.5b, c, d).  Besides, in microgravity samples, there is a reorganisation of 

vesicle traffic in the hyphal tip where we observe a lateral accumulation of vesicles that 

move up apical branches, or we did not see the collection at all vesicles that had to 

make up Spitzenkörper (fig.5d). 

a   b  

��



c   d   
Fig.3 Confocal images of the hyphal tip in P. chrysogenum stained with FM4-64 (red, excitation 
wavelength at 488 nm) and vesicle traffic (green, excitation wavelength at 561 nm). CoCo (a), ClCo (b), 
CoCl (c) and ClCl (d). The Spitzenkörper is located at the foremost point of the apical dome. Scale bar: 
10 �m. 

Germination rate 

Conidia germination was evaluated at different time points in samples kept under 

simulated microgravity and static conditions. At 8 hour the germination speed was 

significant higher in samples always exposed to simulated microgravity (ClCl) than 

those germinated in static conditions (CoCo and CoCl). Conidia collected from 

colonies always kept in terrestrial gravity and exposed to simulated microgravity for a 

few hours (ClCo) showed no significant difference in germination rate (fig.6).  

 

Fig.6 Germination rate at 8h of P. chrysogenum conidia exposed to simulated microgravity (ClCl and 
ClCo) and static conditions (CoCo and CoCl). Letters indicate statistically significant differences 
between samples (p<0.05); error bars correspond to the standard errors.  
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Fig.7 Mean value in % of germination rates (a) and germ tube formation of P. chrysogenum conidia 
never exposed to simulated microgravity for few hours (CoCo) and of conidia exposed to simulated 
microgravity for two month (ClCl) at different time points (b). Scale bar: 20 �m. 

Conidia maintained for long periods in simulated microgravity (ClCl and CoCl) have 

higher germination rates than those of the spores with terrestrial gravity (CoCo). In tests 

carried out in simulated microgravity irregular morphologies of germ tubes have been 

observed with the formation of multiple germinative tubes (double, triple, quadruple). 

Already at 12 hours three germ tubes appear in conidia exposed to simulated 

microgravity over a long time (fig. 7). Moreover, development of four germ tubes has 
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been noted only in conidia exposed to simulated microgravity over a long time apart 

from gravity environment where germination takes place (figg. 7 and 8). 

 

 

 

 
 
 

Fig.8 Mean value in % of germination rates and germ tube formation of P. chrysogenum conidia exposed 
to terrestrial gravity after a long-simulated microgravity exposure (CoCl) and of conidia exposed to 
simulated microgravity for the first time (ClCo) at different time points. Scale bar: 20 �m. 

The change in the conditions of gravity implies a slowdown in germination rate. 

Conidia returned to terrestrial gravity after a long-term exposure to simulated 

microgravity (CoCl) show germination rate reduction starting from 12 hours. A 

decrease in germination rate was observed also in conidia collected from colonies 
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always kept in terrestrial gravity and exposed to simulated microgravity for a few hours 

(ClCo), compared to those that have never been subjected to microgravity (fig. 8). 

DISCUSSION

Filamentous fungi may threaten long-duration space missions, such as a 500-day human 

mission to Mars or the Moon colonisation, on human physiology and spacecraft 

materials (Novikova, 2006; Cortesao et al., 2020). To evaluate biodeterioration activity, 

infections and pathogenicity by fungi developed under microgravity conditions, it is 

necessary to understand and predict the growth in this environment and how fungal 

characteristics can change in space. We investigated the effect of simulated 

microgravity on microscopic morphology, growth and germination rate of Penicillium 

chrysogenum. Little information is available on how fungi are affected and on changes 

due to growth under reduced gravity conditions and, in particular, once returned to 

Earth. In this work colonies of P. chrysogenum, which were kept in microgravity 

conditions for 60 days, were used to inoculate malt agar plates. These plates were again 

subjected to microgravity conditions in order to understand fungal adaptation capacity. 

In this way it is possible to observe the effects of long-term simulated microgravity 

exposure both on colonies constantly kept under simulated microgravity (ClCl) and on 

colonies returned in static condition for a few days (CoCl). These data were compared 

with those from colonies kept always in static conditions (CoCo) and colonies that have 

experienced simulated microgravity for a few days (ClCo).   

Penicillium chrysogenum colonies aspect suggests that the growth conditions did not 

influence the morphology of the colonies, in contrast to what is observed by Gomoiu et 

al. (2013) and Jiang et al. (2019) for Ulocladium chartarum and Aspergillus

carbonarius, respectively. Regardless, simulated microgravity influenced the growth 

of filamentous fungi over time. Romsdhal et al. (2019) reported an increase in growth 

rate for the colonies of Aspergillus niger exposed to real microgravity. Fungi exposed 

to stress conditions probably activate molecular pathways involved in the interruption 

of dormancy and fungal growth (Romsdal et al., 2018). Moreover, other studies 

highlight that microgravity induces a pathway regulation that leads to a more active 

metabolism, which could play an essential role in adaptation under these conditions 

(Taheri-Talesh et al. 2008; Takeshita et al. 2014; Wosten et al. 1991). Until today, no 
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more specific information was available in the literature about germination and growth 

behaviour regulation under altered gravity conditions. 

Usually, colony growth is typically sigmoidal, with a lag phase at lower growth rates, 

followed by an exponential growth phase and a stationary phase, after which the fungus 

dies (Deacon, 2006). Our data showed the most significant slow-down in growth rate, 

probably due to increased gravity force (from 10-6g in the RPM to 1g on the ground). 

The short exposure to simulated microgravity doesn’t seem to influence the fungal 

colony growth that comes from static conditions (ClCo). The microgravity environment 

allows the growth of these filamentous fungi; however, the total length of the mycelium 

is always shorter in colonies that come from microgravity conditions (ClCl and CoCl) 

compared to static control plates (CoCo) at the same time. Indeed, in simulated 

microgravity conditions, it was possible to observe that fungi maintained growth more 

than when returned in normal gravity conditions, almost indicating a possible

environmental adaptation. Data indicate that simulated microgravity reduces fungal 

growth, and this effect increases when P. chrysogenum returns at a static condition.  

The growth slowdown observed for colonies in RPM and ground seems to be preceded 

by hyphal branching and loss of the dominance of the main hyphae, leading to apical 

branching and chaotic lateral branching. Several enzymes involved in chitin recognition 

and degradation were found up-regulated in fungi exposed to simulated Mars

conditions, and this could allow morphological changes during germination and growth 

(Blachiwicz et al., 2019). Under normal gravity conditions, lateral branching takes 

place behind the apex of main hypha, which maintains its growth. Therefore, the

diameter at the base of the branch does not show broadness. What causes branching is 

one of the fascinating questions in fungal biology. Katz et al. (1972) concluded that ‘‘a

new branch is formed when the capacity of the hypha to elongate exceeds that of the

existing tips.’’ Previous studies showed that the position and behaviour of the 

Spitzenkörper determine the growth, morphology, and direction of growth in fungal 

hyphae (Bartnicki-García, 2002). Our static samples show a canonical pattern of lateral 

branching with a new Spitzenkörper formed without affecting the primary 

Spitzenkörper; the elongation rate of the dominant hypha continued undisturbed while 

the branch emerged and developed. The most evident differences between RPM and 
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control samples in static condition is the presence of chaotic lateral branching and an 

apical growth interruption of the main hypha with lateral branching formation. These 

lateral branchings emerge close to the arrested tip attempting to restore the apical 

dominance. The increase in branching formation was also described in Ulocladium

chartarum (Gomoiu et al., 2013) after short-term exposure to real microgravity. In 

Neurospora crassa (Riquelme et al., 2004), in terrestrial condition, were described the 

presence of some apical ramifications besides to the usual lateral ramifications. In our 

experiments the main tips stopped growing and produced two lateral branching, really 

close to the main tip, that carried on the growth. Moreover, main tips often swelled into 

an enlarged and rounded shape probably due to mechanical unloading. New branches 

followed an interruption of apical growth of the main hypha. In particular, it seems that 

this process is characterised by a retraction and disappearance of the Spitzenkörper, 

during which the elongation rate dropped sharply. In some cases, the main hypha 

doesn’t stop the growth but it gets narrower in the apical zone or swells up in an 

irregular way sausage-like. This feature could be related to an aberrant cytoskeletal 

organisation strictly involved in apical growth in a simulated reduced gravity 

environment. The Spitzenkörper’s formation is a mechanism largely unknown but is

well known that is deeply tied with cytoskeleton components (Bartnicki-García, 2002).

Therefore, morphological alterations, such as growth rate and germination pattern, 

could be influenced by septins, evolutionarily conserved GTP binding proteins, and 

cytoskeleton elements. The septins are involved in various cellular processes, including 

cytokinesis, vesicular trafficking, cytoskeleton organisation, polarity and formation of 

diffusion barriers. Given their role, swings in septins may cause abnormal 

morphologies in hyphae and aberrant germination patterns, such as increasing 

germinative tubes and branches (Hernández-Rodríguez et al., 2022).  

The germination tests showed a higher number of germinative tubes in conidia exposed 

to simulated microgravity for a long time (ClCl and ClCo) than in conidia in static 

condition (CoCo) at the same time-point. First stages of germination rate seems to be 

enhanced by simulated microgravity exposure, with significant differences at 8h 

between conidia collected from colonies always grew under terrestrial condition 

(CoCo) and colonies kept for two months under simulated microgravity. However, in 

samples exposed in a new gravity condition (simulated microgravity, ClCo, or returned 
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in terrestrial gravity, CoCl) a slow down over-time is observed, mainly in conidia 

returned to terrestrial condition after a long period of simulated microgravity (CoCl). 

Changes in germination rate and germ-tube production can be related to different 

growth rates. Taking the current data together, P. chrysogenum exposed to long-term

simulated microgravity revealed changes in germination rate, growth rate and hyphal

tip organisation, compared to static controls. The germination rate increases with 

branching formation, while the radial growth rate decreases after long-term simulated 

microgravity exposure. Moreover, the longer the colonies are grown in simulated 

microgravity conditions, more significant are the differences with the colonies 

constantly kept under static or microgravity conditions.  

CONCLUSION  

The fungi have developed an extraordinary ability to adapt to changing environments 

and thrive under a wide range of conditions. The adaptation mechanism of filamentous 

fungi to spacecraft environments isn’t completely understood. Different fungal species 

exposed to real or simulated microgravity show different behaviours (Gomiou et al., 

2013; Blachowicz et al., 2018; Jiang et al., 2019; Tesei et al., 2021). Data collected up 

to now suggest that some fungal species, as P. chrysogenum, respond to adverse 

environmental conditions altering their growth and development. One common theme 

is that the ability to grow in extreme environments involves the adaptation of the whole 

organism. Clearly, integration with morpho-physiological data is needed with the 

growing number of molecular and cytologic findings associated with the onset of 

hyphal morphogenesis and branching under simulated microgravity conditions. In this 

work it was shown that long-term exposure to simulated microgravity can induce 

important differences when the fungi returned to terrestrial condition.

Data obtained in this work evaluated the response of P. chrysogenum conidia, collected 

from colonies previously exposed to static and simulated microgravity conditions for 

60 days, to short-term (4 and 10 days) gravity vector changes. Results suggest that fungi 

exposed to long-term simulated microgravity adapt themselves to this condition and 

show disruption in colony growth when they experience terrestrial conditions once 

again. Colonies exposed for short-term (4 or 10 days) to simulated microgravity 

conditions (ClCo), by contrast, don’t seem to show alteration in parameters evaluated. 
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Gravity vector changes adaptation mechanism is probably strictly related to 

cytoskeletal organisation, as shown by apical dominance drop and by irregular lateral 

branching. Germination tests highlight changes in germinative tube production that 

increase in conidia subjected to simulated microgravity conditions. A major challenge 

could be to discern cause-effect hierarchy in this complex phenomenology to elucidate 

the origin and the sequence of events triggering gravity response. 
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Effect of long-term simulated microgravity on Penicillium chrysogenum: 

deterioration activity of technopolymers employed on International Space Station

INTRODUCTION 

Life on Earth in its present biodiversity and complexity has developed under constant 
changing environmental conditions. The gravitational force, however, is one of the 

most constant factors guiding and affecting the evolution of all organisms (Volkmann 
and Baluska, 2006).  

Interest in long-term effects of altered gravity on living organisms and cells has also 
intensified in recent years due to the increase in interplanetary travels. Planets suitable 
to inhibition by Earth-based life are of actual interest, and most of them are predicted 
to have variable gravitational forces (Kalb and Solomon, 2007; Horneck, 2008;
Oczypok et al., 2012). Additionally, astronauts and biological samples sent into space 
are routinely subjected to microgravity once in orbit and reaching the Space Station 
(Hu et al., 2008). 

Fungi are sensitive to changes in the direction of the gravity vector (gravitropism). 
However, there is limited information available on the effect of simulated microgravity 
conditions on fungal species responses. The relationship of a fungus with its immediate 
environment is defined by an array of secreted proteins and metabolites. When 
microorganisms are involved in the degradation of synthetic polymers, they form a 
surface coating to attach hyphae to hydrophobic substrates, and to enhance their cellular 
ability to penetrate three dimensional substrates. The release of digestive enzymes by 
exocytosis outside of their hyphae, induces a breakdown of macromolecules and 
organic molecules into smaller organic compound in order to absorb them back up, 

releasing CO2 and H2O, under aerobic conditions, and CH4, under anaerobic conditions, 
if mineralization of the substrate occurs (Pathak and Navneet, 2017). Synthetic
polymeric materials are often denoted as ‘‘non-degradable’’ or ‘‘bioresistant’’. 
However, highly stable polymeric materials such as PE, nylon and PVC have been 
shown to be degradable by free radicals or enzyme (Deguchi et al., 1997) The degraded 
polymer chains can then be used by the microorganism community as a source of 
nutrients. Furthermore, production of these enzymes is tightly regulated and localised 
within the mycelial network, which saves resources, protects the fungus from damage 
from highly toxic intermediate metabolites and opens up a wide array of phenotypes in 
their interactions with other organisms. Several studies conducted with different strains 
of imperfecti fungi coming from Penicillium genus have demonstrated their ability to 
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degrade different xenobiotic compounds with low co-substrate requirements (Leitão, 
2009). Penicillium chrysogenum, in particular, is one of the species found on board the 
ISS (Novikova et al., 2004). Moreover, it exhibited important activities in recalcitrant 
compound degradation (e.g. lignin, carbon nanotubes.). The aim of this study is to 
understand how low gravity environments could affect fungal behaviour and how fungi 
interact with materials employed in spacecraft development. Ground-based methods
have been developed to simulate microgravity conditions. One of these methods is the 
one that simulates microgravity by the random orientation of objects relative to the 
gravity’s vector is Random Positioning Machine (RPM) and it is utilised in this 

research. The gravitational vector present in the bioreactor is averaged over time near 
zero (van Loon). Findings obtained could be potentially interesting to assure biosafety 
of the astronauts preventing biodegradation of spacecraft materials and provide new 
insights for sustainable solutions for plastic pollution and pollutant transformation 
challenge. 

MATERIALS AND METHODS 

Biological Material 

Penicillium chrysogenum Thom (P28, isolate from dust in Mycology Laboratory, 
DiSIT, UPO) inocula were prepared as a spore suspension, collecting spores from the 
surface of one-week-old Petri dish culture on MEA (Malt Extract Agar, Oxoid) using 
sterile physiological solution (NaCl, 0,9%). The suspension was adjusted to a 
concentration of 106 spores/ml.  

Materials samples 

Materials samples were selected among those employed on the ISS. These materials 
were supplied by Etan Laboratory (Engineering Technological Area for 
Nanotechnologies for Space; Thales Alenia Space, Turin). The samples were classified 
as technopolymers according to their chemical nature, their types of processing, and 
their practical applications. Technopolymers characteristics are listed, as below. 

Technopolymer (PU) is a polyurethane ethylene-vinyl acetate polymer with two 
different sides, the blue one (rough) and the grey one (smooth).  

PU + PES + EVOH + PU 
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   + + +        

Technopolymer (PA) is a poli-para-fenileneterephatalamide, an heat-resistant synthetic 
para-aramid fibre with numerous inter-chain bonds that increase the resistance.  

 

In particular, the network of hydrogen bonds provides a tensile strength 10 times greater 
than steel for the same weight. Known for its use in bulletproof vests, it also lends itself 
to numerous other applications thanks to its high tensile strength to weight ratio. 
Provides a strong protective barrier against rips, cuts and punctures. It is intrinsically 
flame resistant, the fibres do not melt, do not drip and do not favour combustion, 
protecting against thermal risks up to 426.667. 

Technopolymer (PI) is a polyimide film obtained from the polycondensation of an 

aromatic acid and an aromatic diamine; the resulting structure gives the material
excellent physical, chemical and electrical properties. It has an aluminium coating.  

 

It has excellent mechanical strength and excellent thermal resistance (from -269 ° C to 

+400 °C). It is used in all electrical equipment that requires excellent electrical 

insulation and as a pipe insulator. 

Technopolymers samples were cut into small pieces of 6*1 cm and autoclaved at 120°C 

for 5 minutes (PU and PI) or sterilised in 100% EtOH for 10 minutes (PA) and washed 

twice with sterile deionized water for 10 minutes. The initial study was completed along 

with a morphological examination.  
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Simulated microgravity condition 

Microgravity conditions were simulated using an RPM connected to a control console 

through standard electrical cables (Dutch Space, Leiden, The Netherlands). The 

apparatus is a 3D clinostat consisting of two independently rotating frames. This device

does not eliminate gravity, but the RPM is a micro-weight simulator based on the 

principle of “gravity-vector averaging”: it allows a 1�g stimulus to be applied 

omnidirectionally rather than unidirectionally, and the sum of the gravitational force 

vectors tends to equal zero (1x10-6 G). The effects generated by the RPM are 

comparable to the impact of real microgravity, provided that the direction changes are 

faster than the system's response time to the gravity field. The desktop RPM used was 

positioned within an incubator to maintain the temperature. 

Experimental Setup  

The technopolymers were placed in 6 cm in diameter plates ts with low glucose (10 g/l) 

Potato Dextrose Agar medium (PDA, Oxoid). Three replicates for each material were 

inoculated with 5µl of 106 spores/ml of P. chrysogenum suspension and placed into the 

3D-RPM inner frame. The same has been done for plates with materials without 

inocula. Controls for all tests were cultured in the same conditions without rotation. All 

incubations were carried out at 24±2°C for 60 days. 

Mycodegradation Analysis 

Mycodegradation analysis was performed on 9 points for each side of materials.  The 

samples used were washed, to remove both the culture medium and the fungus, dried 

carefully (4h at 37 °C).  If the materials had two sides with different composition and/or 

morphology, the analyses were carried out on both sides (PU and PA). The 

technopolymer samples were processed with CA (optical Contact Angle), SEM

(Scanning Electron Microscopy) and ATR (Attenuated Total Reflectance). 

CA measurements 

The wettability of the material surface was obtained by measuring the optical contact 

angles (CA) that was performed on materials before and after biotic exposure.

Wettability of each surface was determined by drop measurements of the advancing 

water contact angle (�) using a CAM 200 from KSV Instruments. The analyses involve
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one drop of 4µl of Millipore grade distilled water on the surface of the material. 

Advanced contact angles are presented as mean ± standard deviation. The 

measurements were made at 20 ± 2 °C. The average of these points will give the final

contact angle that will allow to define material as hydrophobic or hydrophilic. For 

tissues materials, it was not possible to perform the CA test, given the presence of empty 

spaces. 

Scanning electron microscopy (FE-SEM) analysis  

The surface morphology before and after biotic exposure was investigated using 
Keysight U9320B. The samples were coated with a gold thin layer (10-20 nm) after 
passing the pure and dry argon gas in the coating chamber, under vacuum for a 
sputtering time of 30s. The plate voltage was 2000 V and the current passed was 25 

mA. The samples were settled on carbonious stabs.  

Scanning electron microscopy (ESEM-EDX) analysis 

Element analyses to detect the presence of aluminium were carried out on 
technopolymers before and after biotic exposure and also on mycelia far from the 
material samples. The analyses were carried out with 10KeV EDS landing energy using 
a FE-SEM Keysight U9320B.

Fourier transform infrared (FTIR) spectroscopy combined with attenuated total

reflectance (ATR) analysis 

Sample analyses are performed directly using ATR-FTIR (Thermo Fisher Nicolet 
iS50); there is no preparation of samples. The analyses are superficial and the depth 
corresponding to the spectral region covered is less than 4 �m.  

RESULTS 

PU is a polyurethane ethylene-vinyl acetate polymer with two different sides, the blue 
one (rough) and the grey one (smooth); analyses were performed on both sides. CA
values were evaluated for both sides of PU before sterilisation (with autoclave), before 
inoculation and after inoculation. Each of these experimental replicates was performed 
in terrestrial gravity and simulated microgravity conditions. The rough surface of PU
had a contact angle of �L 89° and �R 90° which did not change after autoclaving 
(fig.1a). In the culture medium-only samples, a slight decrease in angle (�L: 75° and -
�R: 76°) was observed. However, the decrease in presence of the fungus in terrestrial 
gravity was higher (�L 62° and �R 62°; fig.1b) than under simulated microgravity (�L 
69° and �R 71°). In conjunction with the reduction of the angle, the reduction of the 
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roughness of the material was also noted macroscopically. The CA of the smooth 
surface did’n show any differences in all conditions tested (fig.1c, d).  

a   b  

c   d  

Fig.1 Comparison of PU blue (a and b) and grey (c and d) before any treatment (a and c), after the fungal 
inoculum (b and d). Contact angle measurement and roughness are reduced on the blue side inoculated 
with P. chrysogenum.  

Physical alterations, such as roughness of the surface and the formation of holes, cracks, 
and crumbling were performed by scanning electron microscopy (SEM). Changes on 
the PU surface were visible both on the rough side (blue; fig.1c, d) and on the smooth 
side (grey; fig.1e, f) in the samples where the fungus was developed. The surfaces 
appeared to be corroded on samples inoculated with P. chrysogenum kept both under 
static conditions and in simulated microgravity. 
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a b 

c d 

e f 

Fig.2 SEM micrograph of blue side (a, c, e) and grey side (b, d, f) of PU. Analyses have been performed 
on samples before the fungal inoculum (a, b), used as controls, and on samples inoculated and kept under 
terrestrial gravity (c, d) or under simulated microgravity (e, f). Scale bar: 2 �m. 

Chemical changes induced by fungal activity were evaluated by Fourier transform 
infrared spectroscopy (FTIR) coupled with ATR were determined (fig.3). These 
alterations were a reduction at 3325,97 cm-1 (blue side, fig.3b) and at 3332,25 cm-1

(grey side, fig.3c) which could correspond to an N-H stretching of a secondary amine 
(Silverstein, 2005). The newly appearing peaks at 1472.42 cm-1 (blue side, fig.3b) and 
1471.98 cm-1 (grey side, fig.3c) wavenumbers could be traced back to a primary amine 
(Silverstein, 2005) and CH2 bending (Hu et al., 2008). In addition, following the fungal 
inoculum, it was possible to observe the disappearance of the peak at 1729.13 cm-1, 

attributed to the stretching of the carbonyl, both in the spectrum relative to the blue side 
and that close to the grey side (Russel et al., 2011). In both spectra (blue and grey, fig. 
3b, c), the absence of the peak at 1529.06 cm-1 suggests a N-H bending vibration 
attributable to a secondary amine (Silverstein, 2005). Spectra of samples inoculated 
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with P. chrysogenum suspension and kept under simulated microgravity showed no 
difference compared to control growth under static condition.  

a  

b  

c  

Fig.3 ATR-FTIR spectra of PU samples before (a) and after fungal inoculation: blue side (b) and grey 
side (c) inoculated with P. chrysogenum 

PI is a two-sided material: an aluminium coated side and an orange one with polyimides 
exposed.  The values of the angles measured with the CA analyses of PI shown 
differences between the surface covered by a layer of aluminium (�L: 76° and �R: 
76°; fig.4) and the polymer surface (�L: 67° and �R: 67°). The surface covered by a 
layer of aluminium has undergone variations involved the aluminised surface of both 
samples placed in medium without the fungus (�L:84° and �R: 84°; fig.4b) and the 
samples inoculated with the fungus not exposed to microgravity (�L:87° and �R: 87°). 
PI has been altered after sterilisation in autoclave, so the experiments were carried out 
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by sterilising the material with ethanol. The values of the contact angles were also 
carried out after sterilisation with ethanol, and there was a decrease on the metal surface 
to �L: 60° and �R: 61° (fig.4b), but not on the polymer surface (�L: 65° and �R: 65°).

Samples subjected to simulated microgravity did not have the metallic layer, so it was 
impossible to measure the CA of the metallic layer altered by the presence of the 
fungus. However, it was possible to obtain the value corresponding to the contact angle 
of the eroded surface, which is varied concerning the unaltered polymeric surface, 
showing values of �L: 47° and �R: 47° for the samples inoculated with the fungus
exposed to simulated microgravity and of �L: 46° and �R: 46° with the fungus not 

exposed to microgravity (fig.4c).  

a   b   c  
Fig.4 Comparison of PI aluminized side before any treatment (a), after the sterilisation in ethanol (b), 
and after P. chrysogenum inoculum cultured in static condition (c). Contact angle measurements are 
reduced on inoculated samples. 

By scanning electron microscopy (SEM) coupled with X-ray diffraction physical 
alterations such as stripings were analysed on the aluminised surface of PI before any 
treatments (fig.5). After inoculum with Penicillium chrysogenum, there were numerous 
cracks and crumbling only on the aluminised surface. The surfaces appear to be more 
corroded under simulated microgravity (aluminised surface of PI was completely 
absent in larges area) than in static conditions.  
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a   b  

c  d  
Fig. 5 SEM micrograph of aluminized side (a, c, d) and polymeric orange side (b) of PI. Analyses have 
been performed on samples before the fungal inoculum (a, b), used as controls, and on samples inoculated 
kept under terrestrial gravity (c) and under simulated microgravity (d). Scale bar: 10�m. 

The analysis of the mycelium that was far from the PI sample by X-ray diffraction also 
showed Aluminium presence in hyphae of Penicillium chrysogenum (fig.6a, b). EDX 
analyses were performed on mycelia samples on nine random areas of 581µm2 (fig.6c). 

a  

b   
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c  
Fig.6 EDX spectra to detect aluminium presence in P. chrysogenum mycelium (a, b). Random areas of 
581µm2 analysed in 9 different fields of view (c). 

Considering results collected with previous analyses, FTIR-ATR was performed in 
order to evaluate PI chemical changes. Based on the data reported by Corregidor et al. 
(2019), it was possible to allocate the peaks of the spectrum of the aluminium side. 
Analyses performed on the aluminized side highlight more changes in samples 
inoculated with fungus. The aluminium layer in some cases completely disappears and 
the characteristic polyamide peaks (similar to those found on the orange side) appear. 
No significant variations of the orange side spectra are observed, except for strong 
attenuation of the peak at 2923.32 cm-1 attributed to C-H asymmetric stretching (Zieba-
Palus et al., 2017) in simulated microgravity condition. 

 

a  

b  
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c     

d 

e   

f  
Fig.7 ATR-FTIR spectra of PI aluminized side (a, c, e) and polymeric orange side (b, d, f). Analyses 
have been performed on samples before (a and b) and after the P. chrysogenum inocula kept in terrestrial 
condition (c and d, red line) or in simulated microgravity condition (e, violet and pink line, and f, red 
line). Analyses on the aluminized side in degraded areas were performed on samples inoculated with P.
chrysogenum and kept under simulated microgravity conditions (e, green line). 

PA is a para-aramid, aromatic polyamide. It is a tissue and was not possible to perform
the CA test, given the presence of empty spaces. PA control samples observed by 
scanning electron microscopy (SEM, fig.8) show fibres of different sizes; in particular, 

the largest fibres have a smooth surface before the fungal inoculum. Alterations of the 
largest fibres have been observed in samples tested with the fungus. Areas of erosion, 
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holes and cracks due to fungal development appeared both in conditions of terrestrial 
gravity and in simulated microgravity, even thought with different pattern of erosions.  

a   b   c  
Fig.8 SEM micrograph of PA before (a) and after fungal inocula developed under terrestrial (b) and 
simulated microgravity condition (c). Scale bar: 10�m. 
Following the fungal inoculum, FTIR-ATR analysis shows no significant variations in 
spectra (fig.9), except for the disappearance of the peak at 2921.17 cm-1 attributed to 
C-H synthetic polymers asymmetric stretching (Zieba-Palus, 2017) in spectra related 
to both terrestrial gravity and simulated microgravity tests. 

a  

b  
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c  
Fig.9 ATR-FTIR spectra of PA samples before (a, red line) and after P. chrysogenum inocula kept in 
terrestrial (b, violet line) and in simulated microgravity conditions (c, green and violet line). 

DISCUSSION 

The Russian experience with the Mir orbiting station (1986-2001) has shown that long-

duration space missions present a series of problems related to the health of the crew 
and the integrity of the materials constituting the station. Among these problems, those
associated with the microbial communities present on board have particular 
implications (Mishra et al., 1992; Pierson et al., 1994; Novikova, 2004). Direct damage 
occurs when the material is used as a nutritional source by the microorganism growing 
on the surface; indirect damage results from the production of various enzymes and 
organic acids resulting from the metabolism of microorganisms and fungi (Klintworth 
et al., 1999). Although procedures aimed at minimising the microbial load are applied 
to each ISS module and to all cargo spacecraft, during production and shipping to orbit, 
bacterial and fungal colonies are still present and capable of surviving and reproducing 
in the space environment. In orbit, corrosion induced by biological agents pose a very 
significant risk factor, especially in long-term missions (Klintworth et al., 1999). It has 
been seen that both fungi and bacteria are capable of colonising a wide range of high-
strength polymeric materials. These materials have an important structural function for 
spacecraft, moreover some of these polymers, used as electrical insulators, are 
fundamental in flight control operating systems (Gu et al., 2007). A well documented 
example of microorganism’s ability to colonise spacecraft materials was the
progressive degradation of a window in quartz of Mir station module. This event was 

largely due to the growth of Bacillus polymira, Penicillium chrysogenum and several 
species of Aspergillus (Pierson et al., 1994; Zaloguyev et al., 1985). Fungal species
identified as responsible for the deterioration materials employed on Mir Station are the 
same isolated from ISS and belong to the genera Penicillium, Aspergillus and 
Cladosporium (Alekhova et al., 2005). Penicillium chrysogenum, with its degradation 
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activity, has been selected for tests carried out in this work under terrestrial and 
simulated microgravity conditions, exploiting Random Positioning Machine (RPM). 
Analyses performed on technopolymers inoculated with P. chrysogenum suspension 
indicate that some technopolymers can be altered by fungal metabolic activities, which 
can be influenced by simulated microgravity.  

Based on their chemical structure, composition synthetic polymers can be potential 
substrates for the growth of heterotrophic microorganisms. The biodegradability of 
polymers also depends on their molecular weight, their crystalline structure and their 
physical characteristics. Moreover, the initial adhesion of bacteria and fungi to the 

material could be mediated by some characteristics of the material surface, such as 
texture, hydrophobicity and smoothness (Gu et al., 2007). The analysed polymers, 
especially those that appear as fabrics, were found to be susceptible to fungal attack 
due to the easy adhesion of the hyphae to the material. Polymers mycodegradation was 
evaluated through physical and chemical testing methods. In some cases, such as that
of PU, the observation of the surface before and after the development of P. 

chrysogenum through the CA analysis revealed differences in surfaces hydrophobicity 
attributable to fungal development in terrestrial gravity and simulated microgravity 
conditions on the rough side. PU appears to be modified by the development of P. 

chrysogenum under both gravity conditions.  Indeed, SEM analysis performed on 
inoculated PU samples kept for 60 days at 25 °C in conditions of terrestrial gravity and 
simulated microgravity, showed considerable differences in surfaces attributable to 
fungal development on materials. The ATR spectra confirmed alteration observed and 
revealed evident attenuations of the peaks at 3325.97 cm-1 (blue side) and at 3332.25 
cm-1 (grey side) that probably correspond to N-H stretching. Related to this 
phenomenon is the appearance of new peaks at 1576.77 cm-1 (blue side), at 1576.80 
cm-1 (grey side) and at 1472.42 cm-1 (blue side) and at 1471.98 cm-1 (grey side). 
According to the information reported by Silverstein (2005), the peak attenuation could 

correspond to a secondary amine, while the new peaks could correspond to an N-H 
bending vibration of a primary amine and to the scissoring mode of –CH2 (Garidel et 
al., 1999). These results suggest that urethane bond degradation could have occurred. 
According to Malikova et al. (2010) this dissociation mechanism could be explained by 
the reaction that determines the dissociation of the polyurethane bond into primary 
amine, carbon dioxide and alkene: 
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-R-CH2-NH-CO-O-CH2-CH2-R’ � -R- CH2-NH2 + CO2 +CH2=CH-R’ 

Malikova et al. (2010) reported that this reaction occurs in an acidic environment and 
begins with ester or ether oxygen attacked by hydrogen ions. In an advanced stage of 
degradation, the unsaturated group CH2=CH- could become an oxidation site by free 
radicals. An acid environment is in agreement with mycelial development and ROS 
could be produced by fungi under stress situations, such as simulated microgravity. 
Moreover, Chunmei and collaborators (2019) showed that the concentration of organic 
acids, in particular the intermediate products of the TCA cycle, such as citric acid and 
isocitric acid, is greatly increased in the colonies exposed to simulated microgravity. 
The observed decrease of the secondary amine could be explained by assuming that the 
hydrolysis of the urethane bond took place by proteases, able to break the urethane 
group amide bond (Magnin, 2020). Mccarthy et al. (1997) also report the appearance

of a minor peak relative to the absorbance of N-H stretching close to 3300 cm-1 as an 
index of material degradation. The PU spectrum obtained with ATR-FTIR analyses
shows also the disappearance of the peak at 1729 cm-1 attributable to the stretching of 
the carbonyl. A progressive reduction in the relative intensity of this peak, up to its 
complete loss, is associated with the hydrolysis of the ester bond in the urethane 
connection. This phenomenon was reported by Russel et al. (2011) who identified the 
Pestalotiopsis microspora as species able to synthesise serine-hydrolase enzymes for 
PUR degradation, in order to exploit the polymer as a carbon source in anaerobic 
conditions. Biodegradation could induce variation in molecular structure of materials 
evaluated by FTIR spectroscopic analysis. Alvarez-Berragàn et al. (2016) showed a 
loss of carbonyl groups (C=O) (1,729 cm-1) and bonds C-N-H (1,540 e 1,261 cm-1) 
performing FTIR and gas chromatography (GC-MS) analysis on degraded impranil by 
Cladosporium spp., Aspergillus fumigatus and Penicillium chrysogenum. Results
collected showed a decrease in ester compounds and an increase in alcohols and di-
isocyanate, suggesting hydrolysis of ester and urethane bonds. The degradation of the 
ether bond described in the literature could be related to monooxygenases, identified as 
enzymes able to break this bond in polyurethane polymer. Other studies on fungal 
degradative activity on polymers, highlight fungal production of extracellular 

proteolytic enzymes, such as urease, papain and subtilisin (Schink et al., 1992; Howard, 
2002). On this material no differences in mycodegradation related to gravity condition 
were observed. 
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The mycodegradation was visible also for PI. Samples inoculated with the P. 

chrysogenum show altered FTIR-ATR spectra on the aluminium-coated side; in 
particular fungal development alters the aluminium layer until it disappears, under 
simulated microgravity conditions. In some cases, the characteristic peaks of the 
polyimide, similar to those found on the orange side (without aluminium coating). It is 
known that fungi are able, through normal growth processes, to acidify the medium. 
Moreover, the clinostat rotation results in an increase in the accumulation of organic 
acids and in lower levels of transport of metabolites from the cell to the surrounding 
substrate. The ESEM analyses carried out in the areas of mycelium developed in the 

plates containing PI which showed altered areas of the aluminium coating show the 
presence of aluminium in the fungal mycelium. P. chrysogenum is able to move
aluminium from the polyimide coating to hyphae far from the PI sample. Jiròn-Lazos
et al. (2018) described a mechanism involved in aluminium consumption by fungi. 
They observed the aluminium alloy AA 6061 break down in correspondence of anodic
zones (generating Al3+ ions), the resulting electrons are transferred to cathode zones to 
be used by protons through the fungal activity, reaching a final acceptor, the oxygen. 
This mechanism supports fungal metabolism and provides energy for growth and 
synthesis of metabolites. Electron transport maximises the oxygen reduction, improves 
cellular respiration and accelerates the corrosion process tied to fungal enzymes 
involved in the synthesis of acids. The acids produced by the fungus can generate 
protons which maintain the cathodic reaction. Fungal growth and oxygen consumption 
make the environment microaerobic in different points causing localised corrosion, that 
seems to be enhanced under simulated microgravity. 

These results, together with those of Huang et al. (2018), demonstrate that simulated 
microgravity through the use of the clinostat has an important effect on the metabolism
of microorganisms; furthermore, the analysis of the metabolic pathways has shown that 
the simulated microgravity has an effect mainly on the metabolism of amino acids and 

on the pathways associated with the production of energy in A. carbonarius (Chunmei
et al., 2019). The ability of fungi to solubilize insoluble metals depends on the excretion 
of organic acids such as oxalic acid and citric acid which not only lower the pH of the 
medium but are also able to complex the metals making them more soluble (Gadd, 
2017). 

PA is a para-aramid, aromatic polyamide. This is an intertwined tissue and it does not 
present a surface due to this peculiar characteristic it was not possible to assess the 
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hygroscopicity with CA. SEM images confirm that the fungus has been able to break 
down the complex polymer, as observed for PU and PI.  The observed grooves and 
cracks highlight the low resistance of these two materials to fungal activity. In particular 
PA observed with SEM shows fibres of different sizes, the larger ones exhibit a smooth 
surface before the fungal inoculum. The analysed tissue presented fibres with different 
dimensions, the larger ones were those that showed greater alterations in the samples 
inoculated with fungi. Alteration of fibres surfaces caused by fungal development 
occurred in all samples inoculated with P. chrysogenum, cultured in terrestrial gravity 
and in simulated microgravity. Except for the disappearance of the peak at 2921.17 cm-

1 attributed to C-H2 asymmetric stretching in spectra related to fungal inoculated 
samples in both terrestrial gravity and microgravity conditions, FTIR-ATR analysis on 
PA materials shows a slight general decrease in the intensity of all peaks, compared to 
control samples (Zieba-Palus, 2017). Spectra explanations are difficult because of a 
high background noise due to the nature of this material, which, being a woven fabric
made of fibres, presents discontinuities that could cause light to pass through and 
disturb the recording of the spectrum. 
Molecular analyses performed on P. chrysogenum growth on technopolymers and kept 
under microgravity conditions can help to identify enzymes and pathways involved in 
materials degradation, allowing to better explain results obtained. 

CONCLUSION 

The gravitational force is one of the most constant factors guiding and affecting the 
evolution of all organisms. Fungi are sensitive to changes in direction of the gravity 
vector (gravitropism). Nowadays there is limited information available on the effect of 
simulated microgravity conditions on fungal species responses. In the present study, P. 

chrysogenum inoculated on different technopolymers, employed on ISS, was kept on 
simulated microgravity for a long time (60 days) in order to evaluate its deterioration 
activity on technopolymers. To assess mycodegradation we evaluated physical and 

chemical changes in synthetic polymers induced by fungal activities. The materials 
analysed appear to be susceptible to Penicillium chrysogenum degradation activity 
under terrestrials and simulated microgravity conditions.  
These data suggest an influence of simulated microgravity on fungal metabolic 
activities, that seems enhanced on PI samples. However, results collected lead the way 
to in-depth analyses in order to identify the production of enzymes and better 
characterise mycodegradation processes under simulated microgravity. 
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Micodegradetion of multilayer polyurethane: could long-term simulated 

microgravity affect this process? 

INTRODUCTION 

Fungi are ubiquitous microorganisms able to colonise different closed environments, 
such as the International Space Station (ISS). Human space exploration is envisioning 
long-term spaceflight missions. In this scenario it becomes really important to know
the effects of long-term microgravity conditions on microorganisms, able to grow in 
Space, to preserve crewed spacecraft safety and to prevent biodegradation of spacecraft 
materials. More than 126 species of fungi belonging to the genera Penicillium, 

Aspergillus, Cladosporium and Candida have been isolated on Space Station (Sielaff 
et al., 2019). Previous works reported that some fungi proliferate more rapidly under 
microgravity conditions, increasing their pathogenicity (Rosenzweig et al, 2010; Wang 
et al. 2020). Altered physiology and virulence could be not only a potential threat to 
astronauts’ health, but also for the Space Station materials integrity. Moreover, 
opportunistic pathogens and species involved in biodeterioration of structural materials
have been identified in food and waste storage and recycling systems (Novikova et al., 
2004).  

Thanks to the notable enzyme set, fungi are able to germinate and develop on different 

substrates (e.g. life support systems, windows, control panel, etc.) changing their 

structural properties (Klintworth et al., 1999; Checinska et al., 2015). Their growth is 

usually associated with materials degradation due to the biofilms formation and with 

direct and indirect damages, causing ageing of material and alterations in the 

functioning of technical systems and equipment. Direct damage occurs when the 

material is used as a nutritional source by the microorganism growing on the surface;

indirect damage results from the production of various enzymes and organic acids 

resulting from the metabolism of fungi (Klintworth et al., 1999). As a result of 

biological damage, some characteristics such as colour, strength, resistance and 

structure of the materials can change thus resulting in the formation of leaks and 

perforations. In the recycling pipes of life support systems, biofilms and aggregates of 

microorganisms have been described, this resulted in a blockage of water filtering and 

ventilation systems (Klintworth et al., 1999). 
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Nowadays, polymers are very popular and widely available materials. The main reasons 

for their popularity are the great diversity of synthetic polymers available, the variety 

of processing techniques that can be applied to them, and the possibility of adding 

substances to them as they are manufactured. There are currently a wide variety of 

synthetic materials on the market. The chemical composition of the polymer is 

responsible for its properties. However, the chemical nature of the polymer is not the 

only factor that influences its properties and its long-term behaviour. Various 

processing methods can lead to films, fibres, foams, corrugated plastics, sheets, 

multilayers, composites, blends, and reinforcing materials (Chércoles et al., 2009). 

Multilayer polyurethane (PU) is a technopolymer widely used also in aerospace 

engineering because of its ability to provide high bending stiffness coupled with light 

weight (Vijay Kumar, Bhimasen Soragaon, 2014). In the present study we evaluated 

the effect of simulated microgravity on degradative activity of Cladosporium

cladosporioides, Aspergillus niger and Mucor plumbeus on PU samples. The purpose

of this research is to investigate how simulated low gravity environments could affect 

fungal behaviour and how fungi interact with materials employed in spacecraft 

development. 

MATERIALS AND METHODS 

Biological Material 

Aspergillus niger van Tieghem, Cladosporium cladosporioides de Vries and Mucor

plumbeus Bonorden (isolates from dust in Mycology Laboratory, DiSIT, UPO and 
indentified throught morphological characteristics) inocula were prepared as a spore 
suspension, collecting spores from the surface of one-week-old Petri dish culture on 
MEA (Malt Extract Agar, Oxoid) using sterile physiological solution (NaCl, 0,9%). 
The suspension was adjusted to a concentration of 106 spores/ml.  

Materials samples 

Multilayer polyurethan samples employed on the ISS were supplied by Etan Laboratory 
(Engineering Technological Area for Nanotechnologies for Space; Thales Alenia 
Space, Turin). The material was classified as technopolymers according to its chemical 
nature, its types of processing, and its practical applications. Technopolymer 
characteristics of polyurethane ethylene-vinyl acetate polymer are the presence of two 
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different sides, the blue one (rough) and the grey one (smooth). The technopolymer is 
a four-layer material composed as follow: 

PU + PES + EVOH + PU 

   + + +       

Technopolymers samples were cut into small pieces of 6 x 1cm and autoclaved at 120°C 

for 5 minutes. The evaluation of micodegradation has been performed with 

morphological analysis of samples surfaces. 

Simulated microgravity condition 

Microgravity conditions were simulated using the RPM connected to a control console 

through standard electrical cables (Dutch Space, Leiden, The Netherlands). The

apparatus is a 3D clinostat consisting of two independently rotating frames. This device 

does not eliminate gravity, but the RPM is a micro-weight simulator based on the 

principle of “gravity-vector averaging”: it allows a 1�g stimulus to be applied 

omnidirectionally rather than unidirectionally, and the sum of the gravitational force 

vectors tends to equal zero (1x10-6 g). The effects generated by the RPM are comparable 

to the impact of real microgravity, provided that the direction changes are faster than 

the system's response time to the gravity field. The desktop RPM used was positioned 

within an incubator to maintain the temperature. 

Experimental Setup  

The PU samples were placed in 6cm in diameter plates with low glucose (10 g/l) Potato 

Dextrose Agar medium (PDA, Oxoid). Three replicates for each experimental 

condition were inoculated with 5µl  of 106 spores/ml of fungal  suspension and placed 

into the 3D-RPM inner frame. The same has been done for plates with material without 

inocula. Controls for all tests were cultured in the same conditions without rotation. All 

incubations were carried out at 24±2°C for 60 days. 

Mycodegradation Analysis 
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Mycodegradation analysis will be performed on 9 points for each side of materials. The 

samples used were washed with distilled water to remove both the culture medium and 

the fungus, dried carefully (4h at 37 °C). The material examined has two sides with 

different colour and morphology, the analyses were carried out on both sides. The 

technopolymer samples were processed to asses mycodegradation with CA (Contact 

Angle) measurements and Scanning Electron Microscopy (SEM) observations. 

CA measurements 

The wettability of the material surface has been assessed by measuring the contact 

angles (CA) on each surface material before and after biotic exposure through drop 

water contact angle (�) measurements using a CAM 200 from KSV Instruments. The 

analyses involve one 4µl drop of Millipore grade distilled water on the material surface. 

Advanced contact angles (CA) are presented as mean ± standard deviation. The 

measurements were made at 20 ± 2°C. The average of these points will give the final 

contact angle that will allow to define material as hydrophobic or hydrophilic.  

Scanning electron microscopy (SEM) analysis  

The surface morphology before and after biotic exposure were investigated using 

Keysight U9320B. The samples were coated with a gold thin layer (10-20 nm) after 

passing the pure and dry argon gas in the coating chamber, under vacuum for a 

sputtering time of 30s. The plate voltage was 2000 V and the current passed was 25 

mA. The samples were settled on carbonious stabs and analysed. 

RESULTS 

Mycodegradation Analysis 

All fungi inoculated on PU were developed on almost the entire surface of both blue 

and grey side. Mycelia and reproductive structures were present already after 7 days in 
all samples. 

CA measurements 

First of all, analyses on PU samples without fungal inoculum were carried out with the 
CA detector and these values have been used as controls. Subsequently measures were 
taken on nine different points for each material side and for all points evaluated a drop 
image has been taken (fig.1). In figure 1, the blue and grey sides show respectively their 
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characteristic roughness (fig.1a) and smoothness (fig.1b). The CA values are different 
for the two material sides, in particular the blue side roughness entails higher CA values 
than those grey sides (the grey smooth surface has a contact angle of �L 76,44° and 
�R 77,13°, while the blue rough surface has a contact angle of �L 83,03° and �R 
81,07°). Gravitational conditions don’t impact on materials wettability without fungal
inocula.  

 
Fig 1. Control PU contact angle measurement, (a) blue side and (b) grey side. 

SEM analysis 

Surface morphology has been observed through Scanning Electron Microscope (SEM). 

Each side of multilayer PU without fungal inocula in order to obtain images used as

controls (fig.2). 

 
Fig.2 SEM micrograph of blue side (a) and grey side (b) of PU before the fungal inoculum used as 
controls. Scale bar: 10 �m. 

Analyses of PU samples inoculated with Aspergillus niger 

CA measurements 

The CA data and images (Tab.1 and fig.3) show very different contact angle values in 
comparison to those measured on the control surfaces without the fungus. The values 
of samples inoculated with Aspergillus niger decrease more in samples placed in 
simulated microgravity than those cultured in terrestrial gravity condition. In addition, 
the grey side registers values lower than those of the blue side.  
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Table 1 
CA values of the water drop on the PU surface inoculated with Aspergillus niger grown in terrestrial 
gravity conditions and in simulated microgravity conditions 

Polyurethane (PU) 

A. niger 
Blue side Grey side 

Left � Right � Left � Right � 

Terrestrial gravity 70,05±1,27 70,09±1,72 58,7±3,65 58,8±3,43 

Simulated 
microgravity

67,96± 68,76±3,59 54,49±3,43 54,82±6,99 

 

Fig. 3 Comparison of PU blue side (a,c) and grey side (b,d) inoculated with Aspergillus niger and cultured 
in terrestrial condition (a, b) and in simulated microgravity (c, d) conditions. 

SEM analysis 

The images obtained at SEM show the surfaces of PU samples. Surface cracks are 
visible on blue side samples inoculated with Aspergillus niger and subjected to 
simulated microgravity (fig. 4 c), while on grey sides there are discontinuities and 

morphological irregularities in some areas of surface in both growth conditions 
(terrestrial and simulated microgravity conditions). 

 

Fig. 4 SEM micrograph of blue side (a, c) and grey side (b, d) of PU. Analyses have been performed on 
samples inoculated with A. niger kept under terrestrial gravity (a, b) or under simulated microgravity 
(c,d). Scale bar: 10�m. 

Analyses of PU samples inoculated with Cladosporium cladosporioides 

CA measurements 

The CA measures, as images (Tab.2 and fig.5), showed how PU samples inoculated 
with the Cladosporium cladosporioides exhibit interesting reduction of drop contact 

angle values compared to control samples. In particular, grey side inoculated with C. 
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cladosporioides and exposed to long term simulated microgravity has the biggest 
difference compared to the control.  

Table 2 
CA values of the water drops on Cladosporium cladosporioides PU inoculated surfaces under earth 
terrestrial condition and simulated microgravity. 

Polyurethane (PU) 

C. 
cladosporioides. 

Blue side  Grey side 

Left � Right � Left � Right �

Terrestrial gravity 69,24±3,18 69,6±3,18 69,20±4,09 69,10±3,70 

Simulated 
microgravity 

74,82±5,38 74,18±4,71 66,78±2,90 66,5±2,02 

a   b  

c   d  

Fig. 5 Comparison of PU blue side (a,c) and grey side (b,d) inoculated with Cladosporium 
cladosporioides  and cultured in terrestrial condition (a, b) and in simulated microgravity (c, d) 
conditions. 

SEM analysis 

The SEM images (fig.6) also show in general how the fungus changed the morphology 

of the surface. Simulated microgravity exposure induces cracks and pits formation on 

the PU blue side inoculated with C. cladosporioides (fig.6c). The grey side inoculated 

with C. cladosporioides show surface abrasions in both gravity conditions. 
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a   b  

c   d  

Fig. 6 SEM micrograph of blue side (a, c) and grey side (b, d) of PU. Analyses have been performed on 
samples inoculated with C. cladosporioides kept under terrestrial gravity (a, b), or under simulated 
microgravity (c, d) Scale bar: 10 �m. 

Analyses of PU samples inoculated with Mucor plumbeus 

CA measurements 

With the data and images obtained from and images obtained by CA measurement (Tab. 
4 and fig.7) of the PU inoculated with Mucor plumbeus we were able to highlight some 
differences in PU outcomes to fungal exposure between blue and grey side. In fact, the 

grey side data show the highest increase in material hydrophobicity ever. On the other 
hand, the blue side data show a slight decrease in CA values compared to the control 
sample. 

Table 4 
Water drop CA values on the PU surface inoculated with Mucor plumbeus under terrestrial gravity
condition and simulated microgravity. 

Polyurethane (PU) 

M. plumbeus 
Blue side  Grey side 

Left � Right � Left � Right � 

Terrestrial gravity 73,84±6,47 74,20±6,35 83,00±4,43 83,3±5,35 

Simulated 
microgravity 

76,97±6,17 76,79±7,76 83,13±7,32 83,48±6,72 
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a   b    

c   d  

Fig. 7 Comparison of PU blue side (a,c) and grey side (b,d) inoculated with Mucor plumbeus  and 
cultured in terrestrial condition (a, b) and in simulated microgravity (c, d) conditions. 

SEM analysis 

SEM images (Fig. 8) of the surfaces of samples inoculated with Mucor plumbeus

present in all the experimental conditions (blue side, grey side, terrestrial gravity and 

simulated microgravity) a marked smoothing of the surface with the almost total loss 

of the morphological roughness characteristics of the surfaces of the material.  

a   b  

c   d  
Fig.8 SEM micrograph of blue side (a, c) and grey side (b, d) of PU. Analyses have been performed on 
samples inoculated with M. plumbeus kept under terrestrial gravity (a, b), or under simulated 
microgravity (c, d) Scale bar: 10 �m. 

DISCUSSION 

Biodegradation and biodeterioration are common phenomena in nature. The fungi are 
responsible for many damages on both natural and synthetic materials. The release of 
digestive enzymes by exocytosis outside of their hyphae, induces the breakdown of 
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macromolecules into smaller organic compounds the fungus is able to absorb, releasing 
CO2 and H2O (Pathak, 2017). This process allows fungi to extend hyphae and form
complex filamentous networks in order to reach recalcitrant nutrient sources often 
unavailable for other microorganisms. Their powerful enzymatic system, together with 
the ability of adsorption and the production of natural biosurfactants (e.g. 
hydrophobins) enables them to use polymers (i.e. plastics) as a source of carbon and 
electrons, providing them an energy source (Sànchez, 2020). The multilayer PU used 
in this work is a technopolymer widely used on Earth but also employed for Space 
applications (Vijay Kumar, Bhimasen Soragaon, 2014). Preserving Space Station 

materials integrity is essential for envisioning human interplanetary Space exploration 
advances, as long-term space missions to reach Mars and the Moon. However, based 
on their chemical structure and composition, synthetic polymers, as multilayer PU, can 
be a possible substrate for heterotrophic microorganisms growth. Filamentous fungi 
represent a potential risk for biodeterioration of these materials as shown by analyses
performed in this research. El-Morsy et al. (2017) reported the pool of enzymes
involved in polyurethane biodegradation carried out by Monascus sp. (i.e. protease, 
esterase and lipase). Polyester polyurethane (impranil) micodegradation has been 
reported by Pestalotiopsis microspore serine hydrolase synthesis enhanced when 
impranil was the sole carbon source (Russell et al., 2011). In addition, the ascomycetes 
Zalerion maritimum and Gloeophyllum trabeum were able to degrade microplastics 
(Krueger et al. 2015; Paço et al. 2017). Aspergillus and Cladosporium species are 
known to participate in aliphatic hydrocarbon degradation while Mucor spp. have been 
shown to be able to deteriorate some recalcitrant aromatic hydrocarbons (Amend et al., 
2019). Moreover, these genera have been commonly found as a part of the ISS 
microbial community (Grizzaffi et al., 2011; Vesper et al., 2008). 

In the present work degradative activity of A. niger, C. cladosporioides and 
M.plumbeus has been evaluated. Degraded polymer samples are explained by changes 

in wettability and surface fractures and such alterations examined by analysing contact 
angle � (CA), formed between the sample surface and the tangent of micro-droplet on 
it, and scanning electron microscopy (SEM). Degraded polymer shows conformational 
changes in its texture. 

The CA measures indicate that the values of samples inoculated with different fungi 
decrease more when exposed to simulated microgravity than those cultivated in 
terrestrial conditions. Aspergillus niger, in particular, displays a remarkable lowering 
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of the CA values on the grey side compared to the other fungi. The surface 
hygroscopicity increase is probably due to the degradative fungal activity. A. niger

produces a pool of enzymes involved in polymer degradation as acetyl xylan esterase 
efficient for xylan degradation and proteolytic enzymes for polyurethane degradation 
(Pathak and Navneet, 2017). The images obtained with SEM showed numerous cracks 
and surface discontinuities on PU samples inoculated with fungi, compatible with the 
enzymatic action of the fungi. As for A. niger, samples inoculated with Cladosporium

cladosporioides present an alteration in the wettability of the material. SEM 
micrographs confirmed surface alteration with cracks and pits formation, more 

emphasised in samples kept under simulated microgravity. Cladosporium spp. have
been isolated by polyethylene materials and different plastics suggesting to be involved 
in pollutant degradation (Pathak and Navneet, 2017; Spina et al., 2021).  

For samples inoculated with Mucor plumbeus we have observed different behaviours 
in mycodegradation between the blue and the grey side. In fact, the M. plumbeus

inoculated grey side data present an increase in the hydrophobicity of the material that 
has never been observed for the other fungal strains tested. CA values of blue side 
showed a mild decrease in both clinostat and terrestrial conditions if compared to 
control samples, as observed in experiments with the other fungal strains. SEM images
of the surfaces of samples inoculated with M. plumbus presented, in all the experimental 
conditions (blue side, grey side, simulated microgravity and terrestrial gravity), a 
marked smoothing of the surfaces with losing almost total roughness of the material 
surfaces. The species of the genus Mucor constitute a group of microorganisms 
characterised by a high production of extracellular enzymes (Alves et al., 2002). 
Several studies described Mucor spp. degradative activities on plastic materials as 
surface fractures, bond scratching and other changes like colour and texture of materials 
(Mahalakshmi et al. 2012; Eubeler et al. 2009).  

In the course of our experiments we observed the ability of all strains tested to 

deteriorate the PU surfaces.  Despite the degradation activity was observed in both the 
experimental conditions, the long term microgravity exposure (60 days) seemed to have 
enhanced the degradation process of both the surfaces. Current studies concerning the 
metabolic responses of microorganisms exposed to real and modelled microgravity 
concern only short time (from hours to a few days) exposure to weightlessness 
(Sathishkumar et al., 2014; Chunmei et al., 2019). It is well known that fungi are 
sensible to changes in direction of the gravity vector (Chunmei et al., 2019). Until now
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limited information is available on the effect of simulated microgravity cellular and 
metabolic responses of fungal species. The relationship of a fungus with its immediate 
environment is defined by an array of secreted proteins and metabolites. Molecules 
secreted form a surface coating in order to attach hyphae to hydrophobic substrates and
enhance their cellular ability to penetrate three dimensional substrates. Therefore, these 
secreted molecules form a biofilm that can exert a potential risk for the  materials 
onboard of the ISS (Harding et al., 2009; Ammala et al. 2011).  

CONCLUSION 

Data collected in the present work indicate that fungal activities affect the surface of 
the PU, the fungus development modifies the material surface and can make it more 
absorbent. PU degradation could lead to changes in mechanical properties, as reduction 
in tensile strength. Earth-based experiments show us that fungi are producers, 
decomposers and recyclers. Fungi take part in the deterioration process via modification 
of their metabolic functional pathways in order to utilise xenobiotic compounds, 
according to environmental conditions.  In fact, our results indicate that fungi growth 
on PU in simulated microgravity conditions exhibit a different degradative behaviour. 
Further analyses focused on metabolic activity and enzymes production can discern the 
sequence of events triggering long-term simulated microgravity impact. 
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Conclusion and Final Remarks 

This thesis collects different research projects conducted during my PhD program 
which evaluated the impact of gravity vector changes in eukaryotic organisms and cells. 

Living organisms are subjected to constant gravitational force; this is presumed to play 
a crucial role in regulating organisms, tissues and cell homeostasis by inducing 
mechanical stresses experienced at the cellular level. Thus, mechanical overloading, 
associated with hypergravity experienced during space launch and reentry or unloading 
associated with the weightlessness of Space are supposed be able to shift the balance 
between physiology and pathophysiology, inducing morphofunctional changes at 
cellular, tissue and organism level, that can lead or accelerate the development and the 
progression of some disease states.  

The increasing number of long-term space missions emphasize the importance to 
elucidate the role and outcomes of variable gravitational force on biological systems.  

Nowadays, it is well known that spaceflight has an enormous influence on space 
voyagers due to the combined effects of hypergravity (during launch and reentry), 

microgravity (once they reach outer Space) and cosmic radiation (Nargund, 2015;
Mishra and Luderer, 2019). Despite their frequencies, access to spaceflight 
opportunities continues to be difficult and expensive, for these reasons experiments 
under real microgravity are limited. However, studies on the effect of gravity variation 
can be carried out using devices able to simulate microgravity, like Random Positioning 
Machine (RPM), or hypergravity, as Large Diameter Centrifuge (LDC) (Van Loon, 
2001; 2007; 2008). Furthermore, facilities for ground-based research are excellent and 
reliable tools to identify possible effects of gravity changes before performing costly 
and time-consuming real microgravity experiments, throughout the Space Shuttle or 
Space Station (Morita et al., 2015; Frett et al., 2016; Bonnefoy et al., 2021).  

Space travels are associated with a set of changes in male reproductive physiology and 
function, significant body fluid shift causing facial edema, cardiovascular responses 
and disturbance in hormones and reproductive organs (Merill et al., 1992). Therefore,
the plan to establish a colony and pursue normal life in Space has to include a 
mechanism that preserves and enables the correct reproductive function. In Chapter 1 
and Chapter 2 the effects of hypergravity and microgravity were investigated on the 
mammalian male reproductive system. Since testis is a basic organ of the male 
reproductive system it is important to evaluate the possibility of spermatogenesis failure 
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in the space environment. Hypergravity is usually experienced by astronauts during a 
rocket launch, with a maximum g-force of around 3g. Moreover, increased gravity 
vector is used for a long time as training for pilots and astronauts, and is proposed as a 
countermeasure for microgravity disruptions, such as a loss of muscle mass and bone 
density, impaired vision, decreased kidney function, diminished neurological responses 
and compromised immune system (Strollo et al., 2000; Monici et al., 2006; Tominari 
et al., 2019).  However, alteration on testes physiology and function induced by high-
gravity exposure have been described on mice kept for 14 days under 3g conditions 
using LDC. In particular, a lack in FSHR and IL-1� expression, together with the 

specific increase of SHBG expression on Sertoli Cells (SC) was observed. These results 
could suggest the falling down of physiological function of SC toward a quiescent 
phase. SC disassembly lining organisation and hormone responsiveness pattern point 
towards severe consequences for the reproductive axis. This quiescent phase probably 
evolved in a loss of some SC as evidenced by apoptotic signals, leading to an altered 
homeostasis of the organ and reduced formation of spermatozoa. Moreover, we observe 
that hypergravity exposition reduces the expression of enzymes involved in 
testosterone biosynthesis, suggesting a loss of function of the glandular compartment 
of the testis. Compared to hypergravity, effects of microgravity on male reproductive 
system have been better characterised. However, little is known about first responses
induced by simulated microgravity exposure at cellular level. For this reason, exploiting 
RPM, the first stages were evaluated on primary cell culture from rat testis. In this
study, we validated our hypothesis that short-term simulated microgravity induces 
oxidative cellular stress in rat testes primary culture cells, as demonstrated by the 
response of the antioxidant system and impaired mitochondrial function. Additionally, 
we found an increase in SHBG/ABP production that together with increase in ROS, 
morpho-functional and cytoskeletal alteration could have a significant inhibitory effect
on germ cell differentiation which may result in male infertility.  

Our data on the mammalian male reproductive system ought to provide some insight 
on mechanisms involved in male infertility, a social concern also on our planet. In 
addition, testes can be used as a putative model of endocrine gland. Considering data 
obtained, it could be possible that gravity vector changes could cause deregulation 
patterns on other glands and organs, revealing strong side effects due to modified 
gravity conditions. 
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Interest in the long-term effects of altered gravity on cells and organisms is not only 
important for preparing humans for longer-term space exploration but may also 
highlight opportunities to manipulate, correct and improve treatment of certain 
diseases. Cancer remains one of the most significant diseases worldwide. Despite 
advances in medical science, no definitive strategies have been found for the prevention 
of cancer formation or to inform treatment. Pancreatic cancer, in particular pancreatic 
ductal adenocarcinoma (PDAC) is one of the most severe malignancies, characterised 
by late diagnosis and/or resistance to the treatments (Konstantinidis et al., 2013). 
Microgravity revolutionises tumour cell behaviour and metabolism leading to the 

acquisition of an aggressive and metastatic stem cell-like phenotype, as described in 
Chapter 3. Results collected describe cell rearrangement dissecting time by time cell 
transformation toward a more stem and aggressive phenotype induced by simulated 
microgravity exposure. Information gained improves knowledge in cancer studies in 
this new dimension and paves the base for altered gravity conditions as new anti-cancer 
technology. Thus, future works will focus on the evaluation of pancreatic cancer cells' 
response to anti neoplastic drugs under simulated microgravity.  

In this thesis, the effects of long-term simulated microgravity were evaluated on another 
biological system, that is filamentous fungi. In particular, we evaluated fungal response 
to simulated microgravity and fungal interaction with materials employed on ISS. The
results from these studies are reported in three different chapters (Chapter 4, 5 and 6) 
confirm that fungi respond to mechanical unloading and should be considered as a 
possible forward contamination source.  

Filamentous fungi such as P. chrysogenum are naturally and commonly found as part 
of microbiota of spacecraft environments (Alekhova et al., 2005). Characterization of 
P. chrysogenum, revealed that gravity vector changes after a long-term exposure to 
simulated microgravity conditions (60 days) induce modifications in growth rate, 
germination rate and differences in hyphal tip organisation and branching. In particular 

P. chrysogenum exposed to long-term simulated microgravity conditions develops 
morphological alteration in hyphae structure with asymmetrical enlargement “sausage-
like” and interruption in tip growth, probably related to cytoskeletal reorganisation as 
demonstrated by vesicle traffic changes. These observations, together with different 
growth rate slow-down, were enhanced in colonies returned on static condition after a 
long incubation period under simulated microgravity, if compared with colonies always 
grown under static or simulated microgravity condition. Changes in growth rate could 
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be related to germination rate, which is enhanced by exposure to simulated 
microgravity also if experienced for a few hours. However, going on in the germination 
process we observed a slowdown in conidia come back to terrestrial gravity and an 
increase in the number of germ tube formation from conidia exposed to simulated 
microgravity for a long-time. These data suggest that fungi exposed to long-term
simulated microgravity adapt themselves to simulated microgravity and show 
disruption in colony growth when they experience terrestrial conditions once again.  

As reported in literature and in Chapter 4, P. chrysogenum, together with other fungi, 
is able to grow under microgravity environment (Grizzaffi et al., 2011). Considering 

their ubiquity on board the ISS and their ability to adapt and develop under altered 
gravity conditions, they could also impair the technological characteristics and 
completeness of spacecraft materials in long-term missions, causing deterioration in 
manufactured materials and components (Grizzaffi et al., 2011, Sànchez, 2020).  

Materials employed for Space launch vehicles, satellites and spacecraft instruments are
technopolymer characterised by high thermal and mechanical performance, used 
instead of aluminium, base metals and other alloys. Polyesters, reinforced polyamides, 
acetal resins, polyphenylsulfones, polyurethanes, polyimides and polyetherimides are 
all defined as technoploymers. Based on their chemical structure and composition 
synthetic polymers can be potential substrates for the growth of heterotrophic 
microorganisms (Sànchez, 2020). The heterotrophic nutrition mode, the secretion of 
extracellular enzymes, the absorption of nutrients through the cell wall and the apical 
growth are characteristics that demand the fungi to keep close contact with the 
substrate. Experiments performed under simulated microgravity conditions with P. 

chrysogenum on three different materials employed on ISS (polyurethane, polyimide 
and para-aramid) might indicate a susceptibility to fungal activity, in addition 
mycodegradation of synthetic polymers is increased in simulated microgravity 
conditions. Chemical and physical analyses (CA, FTIR-ATR, SEM) were performed to 

verify technopolymers deterioration. The data collected highlights the changes in 
surface hydrophobicity, number of cracks, surface discontinuities shown and chemical 
changes in synthetic polymer molecules. In particular, micodegradation activity has 
been further investigated testing other fungal species common on ISS environments (A.

niger, Mucor sp., Cladosporium sp.) on multilayer polyurethane (PU) technomaterials 
with carrying out morphological analysis (CA and SEM). Results obtained confirmed 
degradative action of PU caused by fungal activities.  Fungal development modifies 
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material surface and makes it more absorbent with cracks and abrasion compatible with 
the enzymatic action of the fungus that is probably enhanced under simulated 
microgravity. Stress conditions and lack of nutrients could modulate enzymatic activity 
in order to obtain nutrients by polymeric substrate. However, how low gravity affects
fungal behaviour and physiology is still unknown. Future omics-based technologies 
will be employed to investigate fungal gene expression and metabolic pathways 
variations in order to provide more information about adaptive changes triggered by
microgravity. The information gained can be applicable to the safety and preservation 
of spacecraft crews, and last but not least can provide new and sustainable solutions for 

the plastic pollution challenges. 

As a general conclusion, it is possible to state that the results obtained in the framework 
of the present PhD thesis provide insight on biological systems response, 
acclimatisation and adaptation mechanisms in altered gravity force environments. The 
future holds exciting prospects for modern Space capabilities to improve life on Earth. 
Developing integrated physiological models for biology in Space will lead to a better 
understanding of life on Earth and identify the underlying mechanisms and networks 
that govern biological processes both in Space and in the terrestrial environment. 
Moreover, all this knowledge can help to develop new understanding and technology 
to support human and Earth health. 
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