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The invisible force shaping biology

Gravity is the constant mechanical cue that 
has guided the evolution of life.

Its intensity depends on each planet’s mass and 
radius, determining the gravitational acceleration 

that sets the mechanical environment for every 
living organism.



• Microgravity does not mean zero gravity. It refers to
environments where gravity is drastically reduced
(~10⁻³–10⁻⁶ g).

• Occurs aboard the International Space Station
(ISS).

• The station’s orbital velocity keeps it in a state of
continuous free fall, creating the condition of
microgravity.

What is microgravity?



Do we adapt? Do we recover?

1. Does the human body truly adapt to prolonged microgravity?

2.  Once we return to Earth, do those altered physiological functions recover completely?



Effects of permanence in the space

Chris Cassidy and Samantha Cristoforetti returning from their expedition 



The NASA Twins Study

NASA’s astronauts Marc (Ground) and Scott Kelly (Flight)



The NASA Twins Study: the experimental approach

(340 days aboard the ISS)

(50 years of age at the time of study initiation)



The NASA Twins Study: key findings

Mild / Adaptive Physiological 
Effects

1. Reduction in body mass
2. Elongation of average telomere 

length
3. Transient alterations of the 

microbiome
4. Changes in blood volume and 

water–salt balance

Moderate Physiological Effects / 
Compensatory Responses

1. Immune and inflammatory 
alterations (transient activation)

2. Regulation of water–salt balance 
and diuresis

3. Telomere shortening upon return
4. Pressure and cardiovascular 

variations (↓ plasma volume, ↓ 
MAP)

Significant Clinical or Structural 
Effects

1. Spaceflight-Associated Neuro-
Ocular Syndrome (SANS)

2. Increased arterial wall thickness 
(↑ cIMT)

3. Persistence of gene expression 
alterations (~7%)

4. Temporary post-flight cognitive 
decline



Simulated microgravity

Simulated microgravity on Earth

• Tries to simulate the condition astronauts lives 
during their missions 

Scientific relevance

• Allows us to study how cells, tissues, and organs 
behave when the mechanical load of gravity is 
almost eliminated.



Weightlessness on Earth (in vivo)

Water immersion (WI) Dry water immersion (DWI)6° head-down bed rest (HDBR)

Ferranti et al., Appl. Sci. (2021) 11:68. 



Weightlessness on Earth (in vitro)

Rotating wall vessel (RWV) Three-dimensional clinostat

Parabolic flight

Modular magnetic suspension

Drop tower Suborbital flight

Ferranti et al., Appl. Sci. (2021) 11:68. 



Systemic effects of microgravity

Overview of the main physiological systems affected by microgravity
Siddiqui et al., Life 11(10):1008 (2021). 



• Loss of gravitational 
reference disrupts vestibular 
inputs, causing disorientation 
and motion sickness.

• Oxidative and mitochondrial 
stress may accelerate 
neurodegeneration during 
long missions.

• Emotional and behavioral changes during 
long-term adaptation.

• Stress, isolation, and disrupted circadian 
rhythm.

• Sleep disturbances and reduced cognitive 
performance.

These alterations bring cortical and subcortical reorganization 
within days called 'space-induced neuroplasticity’

Yin et al., Transl Psychiatry 13, 342 (2023). 

Siddiqui et al., Life 11(10):1008 (2021). 



Systemic effects of microgravity

Overview of the main physiological systems affected by microgravity
Siddiqui et al., Life 11(10):1008 (2021). 



NASA — Space Station Research: Cardiovascular HealthMircogravity and Human Physiology

«Puffy face», «stuffed nose» and «bird legs»

Siddiqui et al., Life 11(10):1008 (2021). 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fnasa.tumblr.com%2Fpost%2F139791744099%2Fspace-station-research-cardiovascular-health&psig=AOvVaw3nM6FZwU3_4r1KTWKntmWn&ust=1699352989531000&source=images&cd=vfe&opi=89978449&ved=0CA8QjRxqFwoTCND_prWVr4IDFQAAAAAdAAAAABAH
https://www.google.com/url?sa=i&url=https%3A%2F%2Fpitatoran.github.io%2FAerospace%2Fmircogravity_and_human_physiology.html&psig=AOvVaw3nM6FZwU3_4r1KTWKntmWn&ust=1699352989531000&source=images&cd=vfe&opi=89978449&ved=0CA8QjRxqFwoTCND_prWVr4IDFQAAAAAdAAAAABAc


Systemic effects of microgravity

Overview of the main physiological systems affected by microgravity
Siddiqui et al., Life 11(10):1008 (2021). 



A summary of spaceflight-induced cardiovascular diseases. Abbreviations: cardiac output (CO); stroke 
volume (SV); mean arterial pressure (MAP); systolic blood pressure (SBP); diastolic blood pressure 
(DBP); orthostatic intolerance (OI); increase (↑); decrease (↓).
Spaceflight-associated neuro-ocular syndrome (SANS)

SANS

↑ diuresis
=



Composition of skeletal muscle:
Slow (type I), Intermediate (type IIa) and Fast (type IIb) muscular fibers

FAST 
FIBERS

INTERMEDIATE 
FIBERS

SLOW
FIBERS

ENERGETIC 
METABOLISM

ANAEROBIC ANAEROBIC
AEROBIC

AEROBIC

MITOCHONDRIA FEW MEDIUM MANY

CAPILLARY 
DENSITY

LOW MEDIUM HIGH

FATIGUE FAST MEDIUM SLOW

FIBER DIAMETER BIG MEDIUM SMALL

CONTRACTION 
SPEED

FAST MEDIUM SLOW

Lieber RL. Skeletal Muscle Structure, Function, and Plasticity: The Physiological Basis 
of Rehabilitation. (2010) 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins.



Postural (or antigravitary) muscles: enriched in type I fiber

POSTURAL PHASIC

Gastrocnemius
Soleus
Sartorius
Hamstrings
Iliopsoas
Rectus femoris
Tensor fasciae latae (TFL)
Adductors
Piriformis
Erector spinae (quadratus 
lumborum region)
Scalenes
Pectoralis major
Levator scapulae
Upper trapezius
Biceps brachii

Tibialis anterior
Vastus medialis
Vastus lateralis
Gluteus medius / gluteus 
maximus / gluteus 
minimus
Perineal muscles
Erector spinae (thoracic 
level)
Rhomboids
Lower trapezius
Triceps brachii

Page, P., Frank, C., & Lardner, R. (2010). Assessment and Treatment of Muscle Imbalance: The Janda Approach. PA: Human Kinetics.



Cellular effects of microgravity on the skeletal muscle: 
disuse atrophy



Molecular mechanisms of muscle atrophy under microgravity

• ↓ IGF-1 / BMP-2 → reduced Akt–mTOR signaling → ↓ protein synthesis

• ↑ Myostatin → activation of catabolic pathways (autophagy)

• Reduction of satellite cells activity  (↓ Pax7) → ↓ muscle regeneration

• The muscle enters a metabolic “energy-saving” state, losing mass and repair capacity
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From muscle atrophy to synapse instability

The figure summarizes the bidirectional communication between motor
neurons and muscle fibers: (A) regular activity preserves NMJ stability, (B)
neuronal deterioration causes muscle atrophy, and (C) inactivity or
unloading leads to atrophy first, followed by denervation.

AChR 
stabilization

AChR 
Destabilization

Agrin–MuSK–Lrp4 cascade permits 
nAChR stabilization

DePew et al., Journal of Developmental Biology 9(1):9 (2021).



Calcium microdomains and IP₃R1 signaling

Representation of the E–C and E–T coupling
mechanisms. Local IP₃R1-dependent Ca²⁺ release
regulates transcription of synaptic genes at the NMJ

Co-localization of nAChRs (green) and IP₃R1 (red) in muscle
fibers.
Reduced expression and clustering are observed in in vitro
denervated models
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Mechanotransduction:  cells feel force

Mechanical stimulation/Piezo activation → Ca²⁺ influx → cellular response

(Microgravity, aging, disuse)

Coste et al., Science, 330(6000):55-60 (2010). 



Immobilization and denervation effects on Piezo1 expression

Quantitative RT-PCR analysis of Piezo1 mRNA in gastrocnemius
of control or cast-immobilized mice (n = 10 mice) (A) or of
control or denervated mice (n = 6 mice) (B).

Hirata et al., J Clin Invest. 2022;132(10):e154611

(3d) (2d)



Piezo1 expression at the NMJ 

nAChR Piezo1 Merge

Maximal projection in confocal microscopy of muscle fibers ex vivo (rat).

In our lab: 

Bosutti et al., Acta Physiol (Oxf) (2021) 
Ongoing project



Physical countermeasures: exercise and stimulation

ARED system NMES system

Bonanni et al., Life. (2023) 13:1423. 



Pharmacological and nutritional approaches

Coste et al., Science, 330(6000):55-60 (2010). 



From space to Earth: translational implications

Aging (sarcopenia)Neuromuscular disorders 
(disuse atrophy)



Thanks for attention
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