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Spacefl ight osteoporosis: current state and future perspective
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Osteoporosis is one of the established major consequences of long-duration spacefl ights in astro-
nauts seriously undermining their health aft er their returning on Earth. Indeed, astronauts typically 
lose more bone mass during one month than postmenopausal women on Earth lose in one year. To 
date, countermeasures mainly consist in exercise and supplementation while pharmacological treat-
ment as those used in postmenopausal women are not routine. However, it is evident that exercise 
and supplementation alone are not enough to maintain bone homeostasis. In this paper we describe 
the current countermeasures for bone loss during long-term spacefl ight, review the modern treat-
ment which are successfully employed to prevent osteoporosis on Earth and that could be quickly 
used also for astronauts and fi nally focus on the recent cellular and molecular understanding of 
bone homeostasis which might provide the basis for the development of future targeted therapies.
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It is well known that the exposure to microgravity in-
duces signifi cant changes in multiple biological systems, 
mainly in muscle-skeletal, because of removing gravita-
tional loading (Hawkey 2003). Since the fi rst long-duration 
space missions, a signifi cant loss of calcium and bone was 
reported in astronauts for whom this still represent a major 
health danger in particular for increased risk of fracture 
and premature osteoporosis in later life (Droppert 1990; 
Cavanagh et al. 2005; Hughes-Fulford 2011). Indeed, the 
human skeleton develops on Earth under the gravity force 
that leads to the maintenance of balance in the calcium 
metabolism and the normal mechanical loading environ-
ment of bone (Keller et al. 1993). Th erefore, the exposition 
to a new environment with low gravity during long-term 
spacefl ight disrupts bone homeostasis in the skeleton 
causing a remodeling of bone structure and a release of 
calcium at a rate that is almost 10 times greater than that 
in a postmenopausal woman (Iki et al. 1996; Sirola et al. 
2003). Th is adaptation to microgravity leads to skeleton 

weakness, with higher risk of fracture and potential long-
term health risks for astronauts on their return on Earth 
(Droppert 1990; Cavanagh et al. 2005; Hughes-Fulford 
2011). For these reasons, the physiologic changes in bone 
in astronauts during spacefl ight and the eff ect of exercise, 
the supplementation of calcium and vitamin D, and the 
effi  cacy of hormone and antiresorptive therapies on bone 
metabolism and bone mass have been extensively studied 
(Parfi tt 1981; Heer 2002; Cavanagh et al. 2005; Baecker et 
al. 2010). However, recent insights into the genes involved 
in osteoporosis and into the molecular regulation of bone 
mass in human provide the basis for the development of 
new preventional/therapeutical strategies for astronauts 
(Lei et al. 2011; Oganov et al. 2011; Sibonga 2013).

In this article, we review the evidence for loss of 
bone mass during long-term spacefl ight, the mecha-
nisms of microgravity-related osteoporosis, the current 
countermeasures (i.e. exercise, supplementation, drug 
therapies), and the future perspectives.
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Loss of bone mass in the space

Since Apollo and Skylab missions, spacefl ights were 
used to study the eff ect of microgravity on human body 
and physiology. Th ese missions led to the fi rst evidences 
of signifi cant osteoporosis in spacefl ight (Vogel 1975) In-
deed, during exposure to microgravity; calcium and bone 
mass are continuously and progressively lost (Hughes-
Fulford 2011). Despite the short duration (only 9 to 12 
days) of the Apollo missions XIV-XVI, the reported loss 
of bone was almost 2% (Vogel 1975). During longer (1 to 
3 months) spacefl ights in the Skylab era, the loss of bone 
appeared considerable (Vogel 1975). Peripheral quantita-
tive computed tomography (CT) analysis of distal tibia 
in astronauts aft er six months of spacefl ights showed up 
to 24% of trabecular bone lost and aft er six months from 
the return on Earth the recovery of bone mineral density 
(BMD) was not complete (Vico et al. 2000). Indeed, the 
recovery of skeletal density aft er long-duration space 
missions was estimated to exceed one year (Sibonga et al. 
2007). Th ese data have suggested that i) mechanical stress, 
as that induced by Earth’s gravity, was a crucial underly-
ing factor for normal bone homeostasis; ii) exposure to 
weightlessness was a causal factor of osteoporosis; iii) the 
loss of bone mass was more quick in astronauts than post-
menopausal women; and iv) the severity of osteoporosis 
was proportional to the length of exposure to micrograv-
ity (Vogel 1975; Hughes-Fulford 2011). Moreover, it has 
been demonstrated that microgravity environment is 
able to induce a plethora of detrimental eff ects to the 
osteoblasts/osteoclasts equilibrium culminating in a more 
intense activity of osteoclast (Nabavi et al. 2011).

Th e application of dual X-ray absorptiometry (DXA) 
techniques to detect bone changes during spacefl ight 
provided new information about the localization of the 
osteoporosis (LeBlanc et al. 1998; 2000). Of interest, 
this method highlighted regional losses during space-
fl ight of 1.06-1.56% per month in the spine, pelvis, and 
proximal femur. No signifi cant changes were found in 
the upper extremities (LeBlanc et al. 1998; 2000). Th is 
was the fi rst evidence of a distribution pattern of bone 
mass loss, which was higher in the lower than the upper 
extremity (LeBlanc et al. 1998; 2000).

Bone physiology

Th e homeostasis of bone formation and function is 
regulated by both, osteoblasts, which synthesize type 
I collagen and other proteins that combine to form os-
teoid, and osteoclasts that excavate the calcifi ed matrix 

(Canalis et al. 1988). When bone is formed, only few 
osteocytes die and their viability is maintained by me-
chanical stimulation, which if lacking causes, on the one 
hand osteocytes apoptosis and on the other osteoclasts 
recruitment (Canalis et al. 1988). Bone belongs to most 
complex organs and tissues and its remodeling process 
is regulated by systemic infl uences (hormones), stress 
action on trabecular and cortical systems (physical 
activity/weight bearing), growth factors and cytokines 
produced by the bone cells which act locally and on the 
other bone cell types (Baron et al. 1984). Th ere are many 
causes that may upset this delicate balance: some are 
physiological like aging that without prevention, induces 
osteoporosis which the most dramatic consequence are 
fractures, other causes can be identifi ed in genetic, oth-
ers in feeding (malnutrition or defi ciency in micro- and 
macronutrients) and more in case of bed-rest and the 
absence of gravity (Riggs et al. 1969; Yamaguchi et al. 
1987; 1998; Yamaguchi 2006; Nabavi et al. 2011). All 
agree that no matter what the cause is, the most eff ective 
forms of prevention and treatment must to identify to 
ensure optimal bone functionality.

Exercise

Th e fi rst countermeasure adopted aft er the discovery 
of bone loss during spacefl ights was exercise. Astronauts 
were (and to this day are) required to perform exercise 
up to three hours per day on machine which should 
reproduce Earth’s gravity eff ect (Nicogossian et al. 1995). 
Such device consisted in passive treadmill, cycle ergom-
eter, and bicycle ergometer complemented with bungees 
tethering the subjects in place and acting as resistance 
(Nicogossian et al. 1995; Schneider et al. 2003). How-
ever, none of these machines presented a force measure-
ment capability and recent studies demonstrated that 
this practice during long-term spacefl ights is not an 
eff ective countermeasure for bone loss (LeBlanc et al. 
2000; Lang et al. 2004; Ohshima et al. 2012).

Th ere are several reasons why exercise alone is inad-
equate to prevent osteoporosis in astronauts. Indeed, it 
is not yet clear if i) the load applied to the body of the 
subjects by the machines in space is enough to achieve 
a force similar to Earth’s gravity or higher; ii) the dura-
tion of exercise programmed is suffi  cient to maintain 
bone homeostasis; and iii) the single dose per day of 
exercise is the optimal management to substitute the 
eff ect of the “all day dose” of gravity on Earth. Until 
these issues will not be deeply and carefully examined, 
the real weight of exercise as a countermeasure to 
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weightlessness-related osteoporosis cannot be deter-
mined. However, it seems already likely that also in the 
future exercise alone will not be suffi  cient to stop bone 
loss during spacefl ights and that a pharmacological 
treatment is needed to prevent osteoporosis.

Supplementation

The inadequate sunlight exposure during space 
fl ights, justify calcium and vitamin D supplementation 
to contrast the lowering of their serum level and the 
subsequent development of osteoporosis. However, this 
preventive measure seems to be not suffi  cient to prevent 
osteoporosis because cannot counteract the increase in 
bone resorption and the decrease in bone formation 
(Holick 1998; Caillot-Augusseau et al. 2000; Zittermann 
et al. 2000). A solution regarding this latter aspect could 
be provided by an active form of vitamin D analog, the 
eldecalcitol. In fact, this molecule showed an improve-
ment of bone biomechanical properties by normalizing 
bone turnover and in some countries in which it has just 
been approved for osteoporosis treatment (Smith et al. 
2013). Moreover, even the vitamin K is well known to 
have a role in calcium balance and bone metabolism and 
its supplementation seems to be useful to counteract 
the reduction on bone formation (Vermeer et al. 1998; 
Shiraki et al. 2000). Several studies have demonstrated 
the basic role of zinc for the bone growth and the content 
of a large proportion of body zinc in skeleton (Ronaghy 
et al. 1974; Herzberg et al. 1990). On the other hand, zinc 
defi ciency is a common fi nding in case of bone growth 
retardation and during fetal and postnatal period of 
skeletal abnormalities (Hurley et al. 1972; Masters et al. 
1986). In short, the recommendation of zinc supplemen-
tation stems from its several functions: nutrition during 
bone growth, stimulation osteoblastic bone formation, 
inhibition osteoclastic bone resorption, and promotion 
of fracture healing (Yamaguchi et al. 1992; Yamaguchi 
et al. 1997; Igarashi et al. 2001). Another factor, which 
plays a role very similar to zinc, is genistein (Yamaguchi 
et al. 1997; 1998). Furthermore, zinc and genistein have 
been demonstrated to have a synergistic eff ect though 
the mechanism has not been completely understood 
(Yamaguchi et al. 1998).

Drug therapies

To date, in literature are available well-written guide-
lines about pharmacological treatment of osteoporosis, 
which consider effi  cacy, safety, cost, convenience, and 

other benefi ts. However, if on the one hand they identify 
the range of patients to be treated, on the other hand 
there are no specifi c recommendations that what type 
of drug use in diff erent cases (Kanis et al. 2008). Assum-
ing that therapy should be prescribed individualized for 
each patient in order to increase adherence and optimize 
the results, we summarize briefl y below the main char-
acteristics of the osteoporosis drugs available today.

Various bisphosphonate formulations, oral and intra-
venous, have been demonstrated to reduce signifi cantly 
vertebral, non-vertebral, and hip fracture (Chesnut et al. 
2004; Wells et al. 2008). In contrast, their use have been 
associated with acute phase reaction as fever, myalgia, 
arthralgia and acute renal failure, and long term con-
sequences as atypical fracture and osteonecrosis of the 
jaw (Strampel et al. 2007, Schneider 2009). Moreover, 
oral bisphosphonates may produce gastrointestinal 
tolerability and esophageal ulcerations (MacLean et 
al. 2008).

As bisphosphonates, hormone therapy (estrogen or 
combined estrogen/progestogen) seems to reduce ver-
tebral, non-vertebral, and hip fracture and it is designed 
primarily for women in menopause. However, it may 
represent a cardiac, thromboembolic, and breast cancer 
risk (Rossouw et al. 2002; Beral et al. 2003; Cauley et al. 
2003). In this regard, a novel selective estrogen recep-
tor modulator (bazedoxifene) is going to be developed. 
Th e preliminary experimental studies indicate that they 
seem to be well tolerated with no evidence of uthero-
trophic activity and no adverse eff ects on plasma lipids 
(Smith et al. 2015).

Th e use of calcitonin, has minor side eff ects and it 
has been demonstrated an ability to reduce vertebral 
fracture risk (Chesnut et al. 2000). Parathyroid hormone 
(teriparatide) has been shown to reduce vertebral and 
non-vertebral fractures and apart from minor side ef-
fects such as headache, nausea, and dizziness, osteosa-
rcoma has been observed only in rats (Vahle et al. 2002; 
Hodsman et al. 2005). Strontium ranelate has a dual 
eff ect of reducing bone resorption and increasing bone 
formation and thus is eff ective in reducing of vertebral 
and non vertebral fracture risk, but on the other side, 
its use is associated with nausea and diarrhea, especially 
during fi rst three months and vascular and neurological 
side eff ects (Meunier et al. 2004; Reginster et al. 2005). 
Selective estrogen receptor modulators (SERMs) may 
reduce vertebral fracture risk, but they have side eff ects 
such as hot fl ushes and thromboembolism (Ettinger et 
al. 1999; Barrett-Connor et al. 2006). SERMs, with tissue 
selective estrogen complex and Denosumab represent 
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the emerging osteoporosis therapies (Lindsay et al. 2009; 
Waugh et al. 2011; Bolognese et al. 2013). In particular, 
the last one is a monoclonal antibody approved for os-
teoporosis treatment in both the Europe Union and the 
United States (Waugh et al. 2011; Bolognese et al. 2013). 
Denosumab has been demonstrated eff ective in reduc-
ing vertebral, non-vertebral, and hip fracture risk, but 
they observed a high incidence of eczema, dermatitis, 
rash, and cellulitis (Cummings et al. 2009; Waugh et al. 
2011; Bolognese et al. 2013). It is evident in the light of 
all the treatments available, how it is important to know 
all the eff ects, desired, and side of drugs, but even more 
the characteristics of the patient requiring the treatment. 
Moreover, as recently demonstrated, improved knowl-
edge and patient engagement is necessary not only from 
an ethic point of view, but it can also increase treatment 
adherence and compliance (LeBlanc et al. 2015).

Future perspective

It is very interesting that osteoporosis occurs in 
subjects exposed to microgravity despite daily exercise. 
Th is suggests the presence of underlying cellular and 
molecular mechanisms responsible for bone loss which 
understanding might lead to identify new therapeutic 
targets. Several authors have reported that gravity is 
necessary for cytoskeleton integrity of osteoblast-like 
cells and many other cell types (Hughes-Fulford et 
al. 1996; Acuto et al. 2000; Lewis et al. 2001; Schatten 
et al. 2001; Vassy et al. 2001; Hughes-Fulford et al. 
2003). Moreover, it has been demonstrated that oste-
oblasts exposed to microgravity present reduced gene 
expression of transforming growth factor-β (TGF-β), 
fi broblast growth factor-2 (FGF-2), osteocalcin (OC), 
proliferating cell nuclear antigen (PCNA), c-myc, and 
cyclooxygenase-2 (Cox-2) when compared to normal 
gravity (Hughes-Fulford et al. 2006). Of interest, the 
gene of low-density lipoprotein receptor-related protein 
5 (LRP5) plays a pivotal role in bone mass accrual while 
Wnt-mediated signaling via LRP5 aff ects bone accrual 
during growth and peak bone mass (Gong et al. 2001). 
Moreover, the mutation of LRP5 gene has been associ-
ated with diseases in which there was high bone mass 
(Boyden et al. 2002; Little et al. 2002). Due to its inhibi-
tory action on the Wnt signaling pathway, the protein 
Dkk-1 has been suggested as a potential therapeutic 
target for modulating bone mass.

Cells perceive their microenvironment not only 
through soluble signals but also through physical and 
mechanical stimuli, such as gravity, extracellular matrix 

stiff ness, and confi ned adhesiveness. Indeed, by mech-
anotransduction systems, cells translate these cues into 
biochemical signals controlling multiple aspects of cell 
behavior and function, including growth and diff eren-
tiation (Dupont et al. 2011). Th ere are evidences that 
mechanical loading is responsible of the activation of 
the Wnt signaling pathway and that could be involved in 
the mechanotransduction (Johnson et al. 2004). Another 
pathway involved could be the Hippo pathway through 
the overexpression of the nuclear factors Yes-associated 
protein (YAP) and transcriptional coactivator with 
PDZ-binding motif (TAZ, also known as WWTR1) 
(Dupont et al. 2011).

MicroRNAs (or miRNAs) are a class of short 
non-coding RNAs that regulate gene expression in 
several physiological and pathological cellular proc-
esses (Fassina et al. 2012). Recently, miR-2861 has 
been identifi ed as a promoter of osteoblast diff eren-
tiation in primary mouse osteoblasts by repressing 
histone deacetylase 5 (HDAC5) expressions (Li et al. 
2009). Notably, miR-2861 is transcribed in stromal 
cells during bone morphogenetic protein 2-induced 
(BMP2-induced) osteogenesis and its overexpression 
enhanced BMP2-induced osteoblastogenesis (Li et al. 
2009). Contrariwise, the inhibition of the expression of 
this miRNA reduced such osteoblastogenesis (Li et al. 
2009). Of interest, miR-2861 was found to be conserved 
in humans and a blocking mutation in this gene has 
been reported to cause primary osteoporosis (Li et al. 
2009). Another miRNA (i.e. miR-34) has been dem-
onstrated to be induced by BMP2 during osteoblast 
diff erentiation and to be critical during osteoblastogen-
esis by regulating Notch signaling pathway in bone 
homeostasis (Bae et al. 2012). Th is is very fascinating 
because preclinical models consistently underlined the 
feasibility and effi  cacy of miRNA-based therapies and 
recently a so-called “locked nucleic acid (LNA) anti-
miR” construct has been successfully used to knock 
down a specifi c miRNA expression in a phase II clinical 
trial (Garzon et al. 2010; Lanford et al. 2010).

Conclusion

Th e data here reviewed indicate that our knowledge 
about bone mass loss due to long-duration spacefl ights 
is limited. To date, countermeasures mainly consist in 
exercise and supplementation, which are inadequate. 
Additional and accurate data are needed to determine 
the real weight of exercise as countermeasure of oste-
oporosis. However, it seems likely to be insuffi  cient to 
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prevent bone loss. Th e considerable experience with 
pharmacological treatment of osteoporosis on Earth, 
despite the diff erences of the environment, should be 
quickly transferred to astronauts during spacefl ights 

and the eff ects controlled. Moreover, the recent under-
standing of cellular and molecular regulation of bone 
homeostasis can provide a consistent scientifi c basis for 
the development of new-targeted therapies.
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