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ABSTRACT 
 

The multifaceted adverse effects of reduced gravity on the skeletal system 

pose a significant challenge to human spaceflight. There is an interest in 

investigating any hypothetical differences between partial gravity and 

microgravity, and in the unmet need to identify countermeasures to both. A 

hypothesis to be tested is that reduced gravity impairs a variety of osteogenic cell 

functions, such as proliferation and differentiation, and that these inhibitory 

effects can be mitigated by nutritional countermeasures or by interrupting 

signaling pathways that drive undesired osteogenic remodeling. Utilizing the 

Random Positioning Machine, it is possible to simulate a variety of reduced 

gravity levels relevant to future manned space missions: Mars, Moon, and 

Microgravity of the Low Earth Orbit (LEO) environment. 

In this study, the effects of altered gravity on the physiology and 

morphology of cultured osteoblasts were investigated, specifically on their 

proliferation, osteogenic differentiation, and matrix mineralization. In assessing 

the role of mechanotransduction in microgravity-induced cytoskeletal 

dysfunction, this thesis also explored whether selective inhibition of specific 

signaling steps within the Rho-ROCK pathway can be used to modulate the 

effects of microgravity on osteoblast differentiation and function. Finally, in 

developing new countermeasures, an investigation was made into the 

effectiveness of curcumin and carnosic acid, two nutritional antioxidants with 

pro-osteogenic properties, contrasted with the trace element zinc, as potential 

alimentary supplements that may mitigate or alleviate the deleterious effects of 

microgravity.  
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Results showed that short-term (6 days) culture yielded a dose-dependent 

reduction in proliferation and the enzymatic activity of alkaline phosphatase 

(ALP), while long-term studies (21 days) showed a distinct dose-dependent 

inhibition of mineralization. By contrast, expression levels of key osteogenic 

genes (Alkaline phosphatase, Runt-related Transcription Factor 2, 

Sparc/osteonectin) exhibited a threshold behavior: gene expression was 

significantly inhibited when the cells were exposed to Mars-simulating partial 

gravity, and this was not reduced further when the cells were cultured under 

simulated Moon or microgravity conditions. My data suggests that impairment of 

cell function with decreasing simulated gravity levels is graded and that the 

threshold profile observed for reduced gene expression is distinct from the dose 

dependence observed for cell proliferation, ALP activity, and mineral deposition. 

My studies into the gravity-induced re-organization of the cytoskeleton indicate 

that selective interruption of the Rho-ROCK pathway at ROCK can prevent 

morphological changes that result in impaired differentiation and mineralization. 

Further, I found that nutraceuticals partially reversed the inhibitory effects of 

SMG on ALP activity and promoted osteoblast proliferation and differentiation in 

the absence of traditional osteogenic media. I further observed a synergistic effect 

of the intermix of the phytonutrients on ALP activity. Intermixes of 

phytonutrients may serve as convenient and effective nutritional countermeasures 

against bone loss in space. 
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INTRODUCTION 
 
1.1 Mineralized Tissues 
 

The skeletal system has several essential functions, foremost among them 

the structural support of the body and the protection of internal organs, notably 

the cranium around the brain, the vertebral column supporting the spinal cord, and 

the ribcage enclosing the heart and lungs. The skeleton also functions as a storage 

system for minerals maintaining homeostasis: 99% of the body’s calcium, 85% of 

phosphate, and 50% magnesium are held in reserve within the skeletal system (1). 

Hormones, such as parathyroid hormone, regulate the storage of these minerals to 

maintain homeostasis, growth, and general health in response to environmental 

conditions or external stimuli. Mechanically and kinematically, bones function as 

a framework for movement, as attachment points for ligaments and tendons, and 

as levers for muscles.  

The human body is composed of 206 bones in the typical adult skeleton, 

though there may be some variability in ribs, vertebrae, and digits. Not all are 

load-bearing, but the skeleton is divided into two parts: the axial skeleton, 

composed of bones oriented along the vertical axis of the body in humans or the 

horizontal in quadrupedal animals, including the skull, vertebral column, and 

ribcage, and the appendicular skeleton, including various appendages, notably the 

limbs, and the pelvic and shoulder girdle. (Figure 1A)  Mineralized tissues such 

as teeth (an ectodermal organ, like skin) are also included, though they are not 

technically bones, serving more specialized roles (mastication, in the example of 

teeth). A mineralized connective tissue, bone is deposited by osteoblasts and 

resorbed by osteoclasts. The equilibrium between osteoblasts and osteoclasts 
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regulates bone remodeling and bone growth (or loss). Osteoblasts secrete the 

collagenous and non-collagenous material that constitutes mineralized tissue. 

Calcium, magnesium, and phosphate ions combine to form the salt hydroxyapatite 

(HA) within a network of collagen fibers, primarily collagen-I. The resulting 

material is both hard and flexible, per ounce, it is stronger than steel (this is also 

because steel weighs five times as much as bone), and it is not static: it is a 

dynamic organ that can degrade or strengthen depending on stimuli, like age, 

exercise, or mechanical load.  

1.1.1 Load Bearing Bones 

Bone tissues are adapted to function according to function and come in a 

variety of shapes and configurations. Flat plates, the most obvious of which is the 

scapula or shoulder-blade, serve as anchors for large muscles. Hollow tubes, 

exemplified by the femur, are load-bearing and both support the weight of the 

body and act as a lever arm for muscle movement. Though different in shape and 

function, the morphology is similar. Two types of structural bone tissue serve as 

components to fully-formed bones themselves: cortical or compact bone is dense 

and hard and forms the outermost layer of most bones, while cancellous or 

trabecular bone (also called “spongy”) is porous and consists of a network of thin 

rods (trabeculae) (see Figure 1B). 
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Figure 1 – The Hierarchal Structure of Bone and the Skeleton.  
(A) Adult human skeleton, displayed in red are the areas particularly vulnerable to 
mechanical unloading and loss of mineral mass, particularly in space (spine, pelvis, 
proximal femur). (B) The hierarchical structure of cortical bone at different size scales. 
[Redrawn from Ritchie, 2010] (2) 
 

The external outermost layer of mineralized bone is smooth, highly 

compact (non-porous), and continuous. The interior of bone is a less compact 

network of trabeculae that allow for and support vascularization, blood flow, and 

marrow. The alignment of trabeculae within the bones are parallel to the axis of 

application of compressive or tensile force, providing support while reducing 

weight. The ratio of cortical to trabecular bone varies. In healthy adults, vertebra 
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are approximately 25:75 cortical to trabecular bone, while the femoral head of 

approximately 50:50 and the diaphysis (or shaft) of the femur can be as much at 

95:5. Typically the human skeleton is 20% trabecular (3).  

Bones that are primarily subjected to compressive forces usually have thin 

cortical bone and rely on the rigid network of trabeculae to provide structural 

support, an example of this is the vertebrae. Bones that are subjected to non-

compressive forces, like bending or torsional stress, have thicker cortices and a 

tubular shape or medullary cavity, which also supports a large marrow reservoir. 

This arrangement transfers loads from the epiphysis, the region at the end of the 

bone, typically covered by articular cartilage, to the metaphysis, which consists of 

a dense cortical wall, along the diaphysis (the shaft of the long bone), then to the 

metaphysis and epiphysis on the other end. A growth plate, the epiphyseal, 

separates the metaphysis from the epiphysis and is a site for elongation of the 

bones. An additional membranous layer, the periosteum, rests on the surface of 

bones, except where those bones connect to tendons, ligaments, or cartilage. The 

periosteum is not mineralized tissue but supports cortical osteoblasts and blood 

supply. As it directly hosts and supports osteoblast populations, it is particularly 

vital during periods of growth (fetal development and childhood) but also 

important during bone remodeling in adults, and bone repair, wherein the 

periosteum supports rapidly expanding osteoblast populations and helps to form 

bridges between the fragmented bone in fractures. 
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1.1.2 Bone Development  

Three behaviors describe how bone forms: the first is endochondral, the 

replacement of cartilage by bone, the second is intramembranous, which occurs in 

condensing mesenchyme, and the third, sutural, which is the special case of bone 

formation along sutural margins. During endochondral bone formation, 

mesenchymal cells aggregate to define the future shape and location of future 

mineralized tissue. These cells differentiate and the resulting hypertrophic 

chondrocytes secrete a matrix that attracts blood vessels and encourages 

mineralization, with growth factors like vascular endothelial growth factor 

playing a major role (4). Following the induction of blood vessels, the existing 

periosteum becomes increasingly mineralized by intramembranous bone 

formation and the promotion and migration of osteoblasts, arriving through blood 

vessels. Mineralized cartilage is continuously replaced with bone formed by 

osteoblasts, expanding towards the epiphysis, resulting in a progressive 

lengthening of the tissue.  

Intramembranous bone formation, previously mentioned occurring as part 

of endochondral bone formation, can occur by itself as well. This form of 

ossification occurs directly within the connective tissue. Osteoblast differentiation 

occurs at the site of the condensed mesenchyme resulting in de novo synthesis of 

bone matrix. Bone formation and deposition occur at numerous sites and 

accumulate, eventually merging to form a final structure. The periosteum 

functions as the primary driver of new bone formation. The initiation of bone 

formation without an intermediate cartilage precursor step is achieved by 
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signaling and the expression of bone morphogenic proteins (BMPs). Cells are 

instructed to differentiate into mature osteoblasts directly by the upregulation of 

runt-related transcription factor-2 (Runx-2) (5). 

1.1.3 Osteoblasts, Osteoclasts, And Alkaline Phosphatase (ALP) 

Bone remodeling is a dynamic process with a balanced equilibrium 

involving the removal of old bone by osteoclasts and the deposition of new bone 

by osteoblasts. A third cell, osteocytes, are the result of a terminal phase of 

differentiation by embedded osteoblasts within the bone matrix, involved in the 

sensing and signaling of mechanical stresses (6). 

Osteoclasts are bone-resorbing cells derived from hematopoietic stem cells 

of the monocyte/macrophage lineage. Multinucleated osteoclasts are formed by 

the fusion of multiple mononuclear precursor cells. The process of their 

formation, osteoclastogenesis, is regulated by cytokines such as IL-6, and 

parathyroid hormone (PTH) (7, 8) while also being sensitive to environmental 

factors like hypoxia (9-11) and microgravity.(12-14) Signaling and regulation 

between osteoclasts and osteoblasts occur primarily through the receptor activator 

of NF-κB ligand (RANKL), which is actively secreted by osteoblasts and their 

precursors.(13, 15, 16) RANKL binds to the RANK receptor on osteoclast 

precursors, stimulating differentiation. Conversely, osteoprotegerin (OPG) acts as 

a decoy ligand, inhibiting the effects of RANKL and suppressing osteoclast 

differentiation.  

Bone resorption occurs when osteoblasts bind to the existing bone matrix 

via integrin receptors on their membranes, primarily αvβ3 integrin, which binds to 

osteopontin and bone sialoprotein (17). This binding site forms a 
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microenvironment beneath the osteoclast known as the sealing zone. The 

formation of the sealing zone is enabled by the reorganization of the osteoclast 

cytoskeleton, wherein the fibrillar actin forms into an actin ring. Vesicles 

containing matrix degradation enzymes, like cathepsin-K, are released into the 

sealing zone and the osteoclast acidifies the microenvironment to achieve a pH of 

approximately 4.5 (18). This acidic microenvironment dissolves bone-mineral 

while the organic matrix is cleaved by enzymes, an example being the above 

cathepsin-K.  

 

Figure 2 – The Three Phases of Osteoblast Differentiation and Commitment. 
Included are the stage-specific markers for each step. Excluded are the mesenchymal 
cells that precede the osteoprogenitors and the apoptosis pathway that exists as an 
alternative to maturation into an osteocyte. Modified from Collins et al. (19)  
 

Osteoblasts are the drivers behind bone mineralization and the synthesis of 

bone and mineralized tissue. Bone marrow contains a self-renewing population of 

pluripotent cells capable of differentiating into a variety of different cell lineages; 

these are mesenchymal stem cells (MSCs), the name derived from their origin in 

the embryonic mesoderm. Pluripotent MSCs have the potential to differentiate 

into a variety of cell types, and this includes osteoblasts (bone) and chondrocytes 

(cartilage), along with other non-skeletal cells like myoblasts and adipocytes. In 

vitro, the presence of L-ascorbic acid (AA) and β–glycerophosphate (BGP) is 
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sufficient to initiate differentiation into the osteoblast lineage (20, 21). Osteoblasts 

are derived from mesenchymal stem cells either directly or via an 

osteochondroprogenitor. Regardless of pathway, they merge at the level of 

preosteoblast. The key molecular switch in the commitment of mesenchymal 

progenitors is the transcription factor cbfa/runx2, while recruitment and 

differentiation are mediated by cytokines, including BMP, TGF-β, and IL-6 (20, 

22), and by environmental factors including microgravity and other forms of 

unloading (12, 23, 24). Regulation via physical or mechanical stimuli ensures the 

formation of mineralized tissue adequate and appropriate for structural support of 

the body (23). A few paracrine and endocrine factors serve as coactivators, in 

particular, bone morphogenetic proteins and parathyroid hormone (23).  

Differentiation in osteoblasts occurs in several morphologically and 

functionally distinct developmental stages: proliferation, matrix maturation, and 

mineralization. (Figure 2). Mesenchymal differentiation is initiated by the 

upregulation of the transcription factor Runx-2, and this is essential to the lineage, 

as gene knockout in mice results in an absence of osteoblasts and mineralized 

tissue (25). This is followed by the proliferation of preosteoblasts at the sites of 

bone formation, and then by the maturation of preosteoblasts of immature 

osteoblasts. Following initial differentiation from pre-osteoblasts, immature 

osteoblasts form a tight layer, secreting collagen and other ECM necessary for 

bone synthesis, including proteoglycans, sialoproteins, phosphoproteins, and 

matrix metalloproteinases (MMPs) (23). Mature osteoblasts are fully committed 

to this lineage and deposit mineralized tissue in a process outlined below (Figure 

3). In a matrix vesicle, inorganic phosphate with calcium forms hydroxyapatite 
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(HA). HA then penetrates the matrix vesicle membrane and elongates with 

extracellular phosphate and calcium. This process is inhibited by pyrophosphate 

(PPi), but alkaline phosphatase (ALP) hydrolyzes PPi into Pi (inorganic 

phosphate), allowing for mineralization. ALP is thus a useful cytochemical 

marker for distinguishing osteoblasts from other cells like fibroblasts, being 

expressed at the cell surface, allowing for staining, and intracellularly for lysing 

assays. Specifically, ALP as a phenotypical marker of osteoblast differentiation is 

widespread in the literature, both in gene expression and enzymatic activity (21). 

 

Figure 3 - Schematic representation of the counterregulatory functions of tissue 
non-specific alkaline phosphatase (TNAP) in modulating extracellular 
pyrophosphate (Ppi) concentrations.  
Plasma cell membrane glycoprotein-1 (PC-1) is a major contributor to the extracellular 
PPi pool, which in turn has an inhibitory effect on hydroxyapatite deposition. TNAP has 
a positive influence on mineralization primarily by controlling the size of the inhibitory 
pool of PPi through its inorganic pyrophosphatase activity. TNAP also generates Pi by 
using nucleoside triphosphates (NTPs) and PPi as substrates. From Hessle et al. (26)  

 

Mature osteoblasts can also terminally differentiate into osteocytes, which 

are stellate cells populating narrow interconnecting passages within the bone 

matrix, form quiescent bone lining cells, or those undergo apoptosis. As bone is 

laid down, residual osteoblasts become flattened, low-activity lining cells over a 

collagen matrix. The primary function of these cells then becomes general 
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maintenance. However, during the formation of bone osteoblasts may become 

entrapped within the forming matrix and mature further into osteocytes. Each 

osteocyte occupies a single lacuna, and a lacuna never has more than one 

osteocyte in it. The osteocytes form a network via channels in the bone matrix, 

canaliculi, that allow for signaling between osteocytes across the filopodia that 

occupy the canaliculi, terminating in gap junctions. Osteocytes serve a 

mechanosensory role, detect microfractures in the bone structure, and help to 

regulate bone remodeling by communicating with osteoblasts and osteoclasts (23, 

27). 

1.2 Reduced Gravity 

Loss of structural skeletal mineral is a serious health complication facing 

any human presence in space or, to a yet unknown degree, on other telluric bodies 

with reduced gravity, like the Moon (~ 0.16 G) or Mars (~ 0.38 G). The 

detrimental effects of microgravity, during spaceflight and of simulated 

microgravity on Earth,  on the musculoskeletal system, have been known, albeit 

not fully understood, since the onset of manned space flight. The effect was 

confirmed as astronauts and cosmonauts began to spend increasingly more time in 

space (28). In studies conducted on the International Space Station (ISS), 

significant trabecular volumetric bone mineral density (vBMD) losses in the spine 

and hip were noted with femoral vBMD showing an average loss of 2.7%/month 

and losses at the trabecular hip of 2.3%/month (29). Although the rate of bone 

loss varies depending on the anatomical location (Figure 1), the net result is 

substantial bone loss, particularly in load-bearing bones (30, 31).  

If not mitigated by proper countermeasures, and given the average length 
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of non-tourist space missions of 3-6 months, the loss of bone mass poses an 

increased risk of fracture in the workplace (space) and negatively impacts quality-

of-life on return to Earth. This, in turn, poses a significant long-term challenge to 

human spaceflight, notably orbital excursions into microgravity (absent gravity 

simulation, for example, by habitat rotation) and any-and-all manned expeditions. 

Although microgravity affects other areas of human health, e.g. it compromises 

the immune systems and circulation, disrupts sleep cycles, and pools blood in the 

chest rather than the legs, the adverse effects of microgravity on the skeleton are 

among the most serious and difficult to ameliorate (32),(29). 

 

Figure 4 – Telluric Gravities and Cost of Lift.  
(A) The range of telluric gravities of interest to manned space exploration and planets 
roughly at scale in size. The gravity of a planet depends not on the size but on the mass. 
Absent are dwarf planets like 1-Ceres and asteroids of interest like 3-Juno. (B) Lift to 
space remains expensive, this is the dollar amount per kilogram to reach the ISS, though 
it has decreased significantly compared to the Shuttle-era. The variation is due to 
different rockets operating at different costs. The expense involved, along with the 
currently limited space in space, has encouraged the development and use of simulated 
gravity approaches on Earth. 
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1.2.1 Simulated Reduced Gravity  

While experiments on the physical and biological effects of reduced 

gravity are necessary, conducting these studies in actual non-terrestrial 

environments like the International Space Station (ISS) or the moon, which has 

not been visited in decades, are logistically and financially challenging. The 

availability of spaceflight opportunities or space-lift capacity can be scarce and 

the costs are prohibitively high (Figure 4). Experimentation in partial gravities 

runs into even greater challenges, as we have no presence, yet,  on Mars or the 

Moon to conduct experiments in the actual partial-Earth gravity of those bodies. 

Methods have been developed to simulate artificial gravity via centrifugation in 

space (Figure 5) and there are centrifuges on the ISS capable of in vitro and in 

vivo experiments in artificial or simulated partial gravity (33).  

In these centrifuges, by altering either or both the rotation speed and/or the 

distance from the axis of rotation, a range of gravities can be produced, including 

hypergravity (2G). This provides the highest quality of gravity simulation we can 

currently achieve, but still requires access to microgravity and space-lift to orbit. 

Simulation of microgravity or partial gravity on the ground, Earth-side, is 

attractive because it avoids the expense and difficulty of space-based research (34, 

35). Methods have been developed to experimentally simulate/mimic/model 

microgravity conditions here on Earth. Simulated microgravity (SMG) 

approaches include parabolic flights that simulate orbital freefall (for several 

minutes) and drop towers (for several seconds), though both approaches are 

accompanied by large changes in acceleration which can confound the 

experimental results. SMG can also be induced by magnetic levitation, i.e., 
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placing a biological sample in a strong magnetic field that keeps the samples 

suspended (36, 37). 

 

Figure 5 – Space-based approaches to simulated gravity.  
(A) "NanoRacks Astrium Centrifuge" with static and centrifuge slots (38), designed for 
use on the ISS. Plates are slotted into the centrifuge with the bottom facing outwards, and 
the rack can hold up to eight plates. (B) Artificial gravity can be simulated in space by 
using a rotating cylinder and by inducing centrifugal force. A rotating object produces 
centrifugal force in an outwards direction. The speed of rotation along with the distance 
from the axis of rotation changes the centrifugal force, allowing for control over the 
magnitude of artificial or simulated gravity. However, this only works on a solid surface, 
like the outwards-facing “floor” of the rotating cylinder. (C) The centrifuge-equipped 
“Biological Experiment Facility” (CBEF) onboard the ISS has two compartments: the 
micro-g section and the artificial-g section with a centrifuge. (D) The artificial gravity 
section. The centrifuge accommodates six habitat units and the rotation radius where it 
contacts the floor is 0.15 m. The habitat units enable the CBEF to conduct in vivo mouse 
or plant experiments in a range of artificial gravities, up to 2G hypogravity (39). 
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Figure 6 – Earth-based approaches to simulated hypogravity. 
(A) The rotary cell culture system (RCCS) is a type of rotating wall vessel (RWV) from 
Synthecon (Synthecon, Houston, TX). (B) A Bubble-Isolating RWV Bioreactor 
developed for organoid formation, capable of microgravity simulation as a 2D Clinostat 
(40). (C) The desktop random-positioning machine (RPM), plus a COBRA fluid 
managing system with a standard 12-well tissue culture plate (Dutch Space, Leiden, The 
Netherlands). (D) The RPM mounting T-12.5 flasks and cage, as developed for this 
thesis, within an incubator. (E) Vector averaging of a 2D Clinostat (or a 3D Clinostat in 
2D mode) produces a spheroid, simulating near-zero microgravity (10-3 g). (F) Vector 
averaging of a 3D Clinostat can have a more complex path, resulting in a prolate spheroid 
with a slight bias along an axis, downward, resulting in partial gravity (41, 42). Images C 
and A courtesy of Gimm et al. (43) 
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The experimental gold standards for simulating microgravity on Earth are 

rotating clinostats (15) or microgravity-simulating bioreactors (44) (45) like the 

Rotating Wall Vessel (RWV) and bioreactors the 3D random positioning machine 

(RPM) (Figure 6). Both microgravity analogs randomize over time a cell’s 

orientation with respect to Earth’s gravitation field so that a sample’s gravity 

vector averages out to close to zero, providing a state of simulated microgravity 

(46). The RPM contains outer and inner frames which are fixed to two axes 

separately that can rotate independently and simulate “microgravity” (10-2 – 10-4 

G) or partial gravities like Moon or Mars. This is an advantage the RPM has over 

the two-dimensional rotation of the (RWV) or 2D clinostat. However, in both 2D 

“rotating wall” (RWV) and 3D RPM clinostats cells can be exposed to fluid shear 

which can obscure results as to whether a cell is responding to the randomized 

gravity vector or fluid effects in the media (36). These effects can be minimized, 

however, by making the clinostat system “zero-headspace” (filled with media not 

circulating) and by keeping surfaces as close to the center of the rack as possible 

(on the RPM specifically). The RPM is the only ground-based system available 

that can also reliably simulate altered/reduced gravity on the Moon and on Mars, 

which are the prime targets of future space missions.  

There is ample evidence in the literature suggesting that the results of 

ground-based modeled microgravity studies mimic some aspects of real space 

conditions (35, 43, 47). In comparative studies, similar degrees of inhibition of 

proliferation and differentiation have been observed both in osteoblast-like cells 

cultured in true microgravity in space and in experiments carried out in simulated 

microgravity using clinostats (48). In vitro studies, carried out in the RPM, have 
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yielded results similar to those performed in actual (orbital) microgravity in bone 

marrow-derived mesenchymal stem cells (MSCs)  (49) and 2T3 preosteoblasts 

(50). An alternative gravity-simulation approach to the operation of a 

conventional, first-generation RPM in the “random movement mode” (RPMHW, 

or hardware configuration) is to control the range of a second-generation RPM 

clinostat (RPMSW or software configuration) motion through the use of specific 

path files that move the arms of the device through pre-determined paths (Figure 

7). These paths are not random, rather they are set for every iteration of the 

experiment, allowing for the simulation of distinct partial gravities: in my case 

simulating the reduced gravity levels encountered for Mars, Moon, and 

Microgravity (41, 42, 51). This was the approach we used for our studies, and you 

can see comparisons between configurations in Figure 15 (RPM Validation).  

1.2.2 Effects Of Reduced Gravity On Osteoblasts  

The effects of hypogravity on osteoblasts have been studied both using 

simulated microgravity and “real” orbital microgravity. Orbital effects have been 

replicated when osteoblasts and pre-osteoblasts were cultured on Earth in 

microgravity analogs (rotating wall vessel (RWV) bioreactors and clinostats) that 

recapitulate certain aspects of microgravity. These experiments demonstrated that 

simulated microgravity (Micro) conditions (equivalent to~10-3 G),  suppress 

osteoblast differentiation (45) (52) and alter osteoclast function and survival (12), 

similar to the effects observed in orbital microgravity.  
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Figure 7 - The two motion modes are available for the RPM.  
Motion (A) requires the input of pre-determined path-files, available from Airbus 
NL/Yuri GmbH (https://www.yurigravity.com). These can be viewed or edited using 
Notepad++ source code editor (freeware, developer Don Ho (https://notepad-plus-
plus.org/author)). Motion (B) independently and randomly runs, resulting in a net-zero 
simulation with additional options for control over rotation speed not available when 
using path files. 

 

The primary cause of bone loss in microgravity (and presumably also 

under the partial gravity conditions found on Mars or Moon) is believed to be the 

inhibition of osteoblast activity, resulting in decreased bone mineralization (53), 

concomitant with elevated osteoclast resorption. The upset equilibrium results in a 

substantial loss of bone mass over time. The effects of microgravity on 

osteoblasts have been previously explored: in experiments carried out in orbital 

microgravity ( at ~10-4 – 10-6 G) (34) osteoblast proliferation was inhibited, 

osteogenic differentiation was delayed, and the expression of genes controlling 
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bone differentiation was reduced (54) (55) (56),  while the bone resorption by 

osteoclasts increased aggressively (57) (14). The result is an overall loss of bone 

mineral density, wherein load-bearing bones are prone to atrophy, (31) although 

one study reports a small increase in skull bone mineral density (30). 

It had been demonstrated in previous studies that osteoblast proliferation 

was inhibited in space, differentiation was delayed, and the expression of genes 

controlling differentiation was reduced (56, 58-62). The same trend was also seen 

in simulated microgravity experiments (12, 13, 52, 63). Microgravity both 

suppressed osteoblast differentiation and altered osteoblast function and survival 

(45, 52). Pre-osteoblasts cultured in space followed a similar degraded 

progression (ex: slower differentiation and less differentiation) toward a 

differentiated mature morphology (64). 

1.2.3 Gravity And The Cytoskeleton 

As the cell cycle is dependent on the cytoskeleton, alterations in 

cytoskeletal structure can disrupt cell growth either in the G1 (F-actin 

microfilament collapse), or G2/M (inhibition of microtubule polymerization)  

phase. Gravitational forces influence the cellular cytoskeleton, but it is difficult to 

quantitatively illustrate cytoskeletal rearrangement due to the complexity of 

cytoskeletal structure, leading most assessments of morphological changes to be 

descriptive (37). While the underlying mechanisms are not entirely clear, 

morphological changes adaptive to reduced load are visible and quantifiable on  

the cell level. In microgravity, osteoblasts have been observed to decrease in size 

as the cytoplasm retracts, though their nuclei elongate (62), resulting in a rounder 

cell shape covered with microvilli (65). Alterations of both the cytoskeleton and 
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focal adhesion points, two major mechanosensitive structures, do occur in terms 

of a reduction  in both number and size (66). It has been previously observed that 

microgravity has deleterious effects on the cell cytoskeleton, for example, shorter 

microtubules and thinner stress fibers (57). Cytoskeletal integrity is essential for a 

variety of cell processes, including proliferation, migration, signal transduction, 

apoptosis, fibrillogenesis, and differentiation (67) and changes in cell shape may 

account for decreases in the expression of type I collagen, alkaline phosphatase, 

osteocalcin, reduced proliferative activity and cell motility (66, 68-72). 

Focal adhesion points serve as anchors for the cytoskeleton, enabling a 

physical connection to the extracellular matrix. These signaling complexes of 

transmembrane integrins are further linked to structural and signaling molecules 

within the cell (vinculin, zyxin, FAK, and Src). These structures are controlled by 

small GTPases of the Ras homology (Rho) family. Most, if not all, of the 

structural changes observed on cells flown in space can be explained by the 

modulation of RhoGTPases, which are mechanosensitive switches (73). During 

short-term exposure to microgravity, RhoA might   be inhibited, allowing 

cytoskeleton reorganization and reducing cell tension; Rac1 is then activated to 

control peripheral actin polymerization in the short-term, whereas both are 

strongly inhibited in the long term (74). It is also possible that the cytoskeleton 

plays a critical role in gravity-sensing, as these structures are able to sense 

constraints and deformations caused either by a gravitational or mechanical field, 

converting this signal into intracellular messengers, which then give rise to a 

cellular response to the changes in gravity (59, 66, 72). A potential avenue for 

mitigating microgravity-induced dysfunction, a result of a loss of tension leading 
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to remodeling, may be to interrupt the Rho-ROCK pathway, blinding the mature 

cell’s gravity-sensing mechanisms or preventing it from remodeling.  

Cytoskeletal integrity, associated fibronectin fibrillogenesis, and focal 

adhesion points are regulated by small GTPases of the Ras homology (Rho) 

family. The Rho family of small (~21 kDa) signaling G proteins is a subfamily of 

the Ras superfamily, ubiquitous in eukaryotes and regulating intracellular actin 

dynamics; the archetypes RhoA, Rac1, and Cdc42 are the most extensively 

studied (75, 76). RhoA, Rac1, and Cdc42 elicit distinct effects on actin 

cytoskeleton dynamics. RhoA is known to be responsible for internal cellular 

tension, believed to be associated with healthy focal adhesion points (according to 

tensegrity theory). Rac1 and Cdc42 are responsible for peripheral actin 

polymerization, initiation of migration, and formation of small peripheral focal 

complexes that may be stabilized into focal contacts as tension increases.34 Rho 

GTPases are molecular switches known principally for regulating the actin 

cytoskeleton, but also have an influence on cell polarity, microtubule dynamics, 

and membrane transport pathways; there is evidence that actin polymerization can 

be controlled using members of the Rho family of small GTPases.35 

Pharmacological manipulation of this Rho-ROCK pathway may yield results in 

counteracting gravity-induced cytoskeletal dysfunction (Figure 8). 
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Figure 8 - Proposed models describing the regulations of RhoA and Rac1 activities 
in space-related conditions (adapted from Louis 2015 (73)). 
(A) Under Earth gravity, cells are spread out and exhibit a tensed cytoskeleton with 
microtubules, intermediate filaments, and actin stress fibers associated with stable focal 
adhesions within the extracellular matrix. These elements are controlled by GTPases 
RhoA and Rac1. (B) Microgravity results in cytoskeletal dysfunction. Louis et al 
speculate that the inhibition of RhoA permits cytoskeletal reorganization with respect to 
the new unloaded mechanical status (change in gravity). Rac1 may be concurrently 
activated to control peripheral actin polymerization and induce ROS production. The 
result is a rounder cell shape with disorganization of microtubules, stress fibers, 
intermediate filaments, and focal adhesions. Transcription may be also altered as the 
nucleus’ shape is changed.  
 
1.2.4 Gravity And ROS  

One of the mechanisms by which microgravity can affect tissue function is 

by promoting the generation of reactive oxygen species (ROS), including free 

radicals like peroxide and superoxide (77). Past studies have found elevated levels 

of oxidative stress during space flight, as microgravity conditions create 

inflammatory-like responses and lead to the activation of specific stress responses 

(78). Conventional dietary antioxidants, such as vitamins E and C, have 

previously been shown to mitigate oxidative damage caused by free-radicals (79). 

Recently, Morabito et al. observed that a dedicated antioxidant, Trolox, 

counteracted SMG-induced damage in MC3T3 osteoblasts, restoring intracellular 
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ROS and Ca2+ levels, mitochondrial membrane potential, and actin filament 

length but not nuclear circularity (80). Nutraceuticals, such as the phytochemicals 

curcumin and carnosic acid, or trace elements, like zinc, also have significant 

antioxidant properties and may thus be efficient in mitigating some of the adverse 

effects of space flight (81, 82). 

1.3 Nutraceuticals 

Plant-derived phenolic drugs have been considered for counteractive, 

osteoinductive effects. One such compound curcumin (diferuloylmethane or 

(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a 

phenolic compound isolated from the rhizomes of the turmeric plant, Curcuma 

longa. Historically, it has been used as a dietary spice, particularly in Asia. It has 

been used in traditional Indian medicine to treat inflammation, hepatic disorders, 

and sinusitis (83). Curcumin has anti-inflammatory and antioxidant properties 

(84), including regulation of endoplasmic reticulum (ER) stress (85) and 

inhibition of diverse transcription factors, such as nuclear factor κB (NF-κB) in 

cancer cells (86, 87). Curcumin affects osteoblast differentiation in mesenchymal 

stem cells by increasing the expression of genes related to osteogenesis, like runt-

related transcription factor 2 (Runx2) and alkaline phosphatase (ALPl), and by 

increasing ALP enzymatic activity and mineralization through the mediation of 

ER-stress (88). Although the hydrophobicity of curcumin limits its activity by 

reducing bioavailability, phytochemical plant extracts like curcumin are attractive 

targets for inclusion in regenerative medicine although to date, only a few 

attempts have been reported in bone (89). 

Carnosic acid (CA), like curcumin, is a plant-derived phenolic (catecholic) 
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diterpene with antioxidative and antimicrobial properties. It is extracted from sage 

(Salvia carnosa) or rosemary (Rosmarinus officinalis) and utilized commercially 

in the food, nutritional health, and cosmetics industries (90). Carnosic acid and an 

oxidized derivative, carnosol, protect lipids from oxidation, and function as a 

quencher for reactive oxygen species (ROS) (91). In addition to decreasing the 

expression of molecules contributing to ROS, CA inhibits osteoclastic markers in 

bone and suppresses the Receptor Activator for Nuclear Factor-κB Ligand 

(RANKL) activity in vitro (92). Furthermore, CA inhibited osteoclastogenesis and 

bone resorption and protected against joint destruction in vivo (93). It is believed 

that CA shows some promise as a potential in-vivo osteogenic agent due to its 

known action inhibiting the formation of multi-nucleated osteoclasts (16), while 

in osteoblasts, it has proven to be an antioxidant, significantly attenuating H2O2 

(ROS) levels in MC3T3 cells in a concentration range of 1 to 10 μM but also 

decreasing day-10 ALP activity and day-12 mineralization at a higher 

concentration of 3 to 10 μM (16). It has been used to treat collagen-induced 

arthritis (CIA)-induced in db/db mice to counteract induced bone loss, reduce pro- 

inflammatory cytokines and reduce reactive oxygen species (ROS) (92). These 

two phenolic drugs are contrasted with zinc sulfate. Although zinc is a trace 

element, it is a constituent of numerous enzymes and proteins that perform 

multiple biological functions. Zinc is a critical catalyst in numerous enzymes and 

proteins, and is essential for health and regulatory functions in the body. Zinc 

deficiency results in the retardation of bone growth (94). Osteoporosis in human 

patients (95, 96) and in aging rats (97) is accompanied by decreased levels of 

skeletal zinc, while zinc supplements have preventive and therapeutic effects, 
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counteracting bone loss (98). Skeletal unloading, a ground-based model for 

microgravity, also affects the levels of zinc in rats (99) and humans (100). On a 

molecular level, zinc has been observed to promote phospho-CREB translocation 

into the nucleus by increasing PKA activity during osteogenesis in hBMSCs, and 

the expression of Runx-2 likely then activated osteoblast differentiation (101). 
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HYPOTHESIS AND SPECIFIC AIMS 
 

The overall aim of this thesis was to investigate the effects of simulated 

micro and partial gravities on the viability of osteoblasts and the efficacy of 

osteoblast activity in producing mineralized tissue using the RPM. Of particular 

interest were three metrics related to the three progressive phases of the osteoblast 

lineage: a) proliferation, specific to the immature phase, b) enzymatic alkaline 

phosphatase expression, a marker for the differentiation phase, and c) 

mineralization, occurring only in the mature phase. We were also interested in any 

changes in gene expression that could be observed with respect to the expression 

of osteogenic markers: Runx-2, ALPl, and Sparc/ON, and in any changes to the 

cell cytoskeleton and remodeling due to microgravity that could be mitigated by 

pharmacological interference with the  Rho-ROCK pathway. My hypothesis was 

broadly that we would observe distinct differences between microgravity and 

partial gravity, and that we could, at least in part, mediate gravitational inhibition 

with pharmacological intervention with osteogenic nutraceuticals. To test my 

hypothesis/hypotheses we pursued the following specific aims:  

(1) Develop improved cell culture techniques for the Random Positioning 

Machine.  

(2) Characterize the effect of varied micro and partial gravity on the 

efficacy (mineralization and the differentiation preceding it) of osteoblasts, and 

the effect of microgravity on morphology via abrogation of Rho-ROCK. 

(3) Investigate the potential use of osteogenic nutraceuticals as a 

counteragent against microgravity-induced dysfunction in osteoblasts. 
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METHODOLOGIES 
 

 

Figure 9 – Experimental Timeline encompassing the three progressive stages of 
osteoblast development. 
Except where specifically otherwise specified as part of proliferation experiments under 
simulated microgravity, experiments occurred after cells had reached confluence in 
monolayer, allowing for a smooth transition from proliferating to differentiating cells 
with reduced time overlap. This Overall Day-6 then became Experimental Day-1. 
Longest-term experiments continued for three weeks out to Experimental Day-21. 

 

3.1 Materials 
 

Alpha-Minimum Essential Medium (a-MEM) and Fetal Bovine Serum 

(FBS) were purchased from Gibco Life Technologies (Carlsbad, CA, USA). L-

ascorbic acid (AA), β–glycerophosphate (β-GP), para-Nitrophenylphosphate 

(pNPP), Alizarin Red, zinc sulfate, and Tri Reagent® for processing tissues were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Quant-iT™ PicoGreen™ 

dsDNA Assay Kit was purchased from Invitrogen Molecular Probes (Eugene, 

OR, USA) via Thermo Fisher Scientific. TaqMan Fast Universal PCR Master Mix 

(2X) and Taqman primers were purchased through Applied Biosystems (Foster 

City, CA, USA). RNeasy Protect Mini Kits were purchased from Qiagen (Hilden, 

GER). Crystalline curcumin (>95%) was purchased from Cayman Chemicals 

(Ann Arbor, MI, USA) and carnosic acid (93–97%) from Alexis Biochemicals 

(San Diego, CA, USA). For Rho-ROCK experiments, ROCK signaling was 
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inhibited using Y-27632 (Cayman Chemical, Ann Arbor, MI, USA). Y-27632 

was reconstituted in dimethyl sulfoxide (DMSO) and used at a final concentration 

of 5 mM. GGTI-2133 (Sigma-Aldrich, St. Louis, MO, USA) was used to inhibit 

RhoA and used at a concentration of 5mM. 10 μM GGOH (Sigma-Aldrich, St. 

Louis, MO, USA) was used to increase the amount of substrate available to 

geranylgeranylate Rho GTPases.  

 

 

Figure 10 – Methods Overview 
Indicating where methodologies and assays were applied along the experimental timeline. 
Proliferation was assayed using PICO green, differentiation via enzymatic ALP activity, 
mineralization by the commercial TECO kit, a calcium assay, in combination with HCl to 
dissolve the nodules. PCR analysis was conducted at varying time points, but primarily 
within the 6-day differentiation window, but also 6 days afterward, straddling both 
developmental stages.  
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3.2 Cell Culture Techniques:  
 

7F2 murine preosteoblasts (American Type Culture Collection, Manassas, 

VA, USA, CRL-12557) were cultured in α-MEM media supplemented with 10 

mM HEPES, 10 % FBS, 1 % streptomycin and penicillin and maintained in a 

humidified, 37°C, 5 % CO2/air incubator (maintenance medium). For osteogenic 

induction, the cells were cultured in osteogenic media containing the above 

complete alpha-MEM culture medium supplemented with 10 mM β-

glycerophosphate and 10 µg/ml ascorbic acid (differentiation medium). In 

preliminary studies, we optimized the initial seeding density to yield a robust 

monolayer of approximately 100k cells per flask at the time of collection (day 6 

experimental). The media was refreshed by gentle manual aspiration of 50% 

existing media (21ml volume) and application of fresh media on the following 

schedule: 2 days, 2 days, 3 days, thus generating a weekly cycle. Short-term 

experiments were collected after 6 days. Long-term experiments ended after 21 

days of experimental conditions. For the Rho-ROCK experiments on “matured” 

cells, osteoblasts were cultured in osteogenic media at 1G for 9 days to 

differentiate and then transferred to experimental conditions for 6 days. In 

addition to frequent equilibrated media changes, oxygenation was maintained by 

using modified culture flasks utilizing silicon caps in place of ventilated caps, and 

shear stress was minimized by having the flask completely filled with culture 

medium and devoid of air bubbles, which are notoriously detrimental to 

maintaining the slow-shear, simulated microgravity conditions,(40) thus 

maintaining the concept of the near-solid body (“zero headspace”). Cells were 

cultured as 2D monolayers in T-12.5 Falcon™ Tissue Culture Treated Flasks 



 
29  

(Fisher Scientific, Waltham, MA, USA) retrofitted with Fischer-brand Silicone 

Recessed Septum Stoppers (internal diameter: 14.5 to 15.5 mm) for enhanced gas 

exchange. The accessories used are shown in Figure 11 and expounded upon in 

Specific Aim 1, including the 3D printed mounting cage for loading and 

unloading flasks and the perfusion system used to eliminate bubbles and change 

media.  

3.3  Random Positioning Machine:  
 

To simulate reduced gravity, all experiments were carried out in the 

second generation of the software-driven Random Positioning Machine (RPMSW 

2.0) (originally DutchSpace Airbus, Leiden, Netherlands, now Yuri GmbH, 

Meckenbeuren, Germany). The Mode of operation of this RPM differs from that 

of the earlier generation, which was developed for generating completely random 

paths, thus creating a simulated microgravity condition and has been used for 

years in the research community(35, 43, 47). 

The “mode of operation” of the RPMSW for simulating micro-and partial 

gravity ( see Figure 7) was described by Benavides Damm, et al. (2014) (102) 

and was previously used to test the effects of modeled Mars gravity in plants (42, 

103). To simulate partial gravity the RPM utilizes pre-determined path-files, 

developed and validated by the manufacturer (Dutch Airbus), in which the 

software directs the motion of the RPM arms in a non-random fashion. These 

paths will have a degree of preference along the Earth gravity vector, and the 

result is a net positive gravity that is greater than net-zero but less than 1G 

normal. The motion of the RPM in random mode over time can be visualized as a 

sphere while the motion over time of a path file can be visualized as a prolate 
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spheroid. In the center of this spheroid, a sample is not weightless, as with a net-

zero sphere, but instead experiences partial gravity, where the larger the 

eccentricity of the spheroid the higher the level of gravity. Additional validation 

of the simulation of partial gravity via vector averaging was achieved through 

maintenance software of the RPM, which converts feedback from the frames into 

a real-time vector average (Figure 15). For modeling microgravity, we used the 

“p0b” path file, which generates SMG of ~ 10-3 x g.  

To be compatible with the RPM hardware, the cells were cultured as 2D 

monolayers in T-12.5 Falcon™ Tissue Culture Treated Flasks, retrofitted with 

Fischer-brand Silicone Recessed Septum Stoppers (internal diameter: 14.5 to 15.5 

mm) for enhanced gas exchange. Protocols and devices for flask-mounting, 

maintenance of the flasks under “zero-headspace” conditions, (to minimize fluid 

shear stress) and bubble-free media change were as detailed previously. After 

preliminary studies using static controls, the 1G controls were maintained on a 

dynamic orbital platform within the same incubator at close to 10rpm cyclical, 

analogous to the motion setting (2-10rpm) of the RPM in “random mode.” 

3.4 Alkaline Phosphatase (ALP) Activity Assay:  
 

Alkaline Phosphatase (ALP) enzymatic activity was used as a marker for 

osteoblastic differentiation and quantitated spectrophotometrically. Following a 

room-temperature PBS wash, cell monolayers were scraped in 250µl PBS and 

transferred into 1ml microcentrifuge tubes. The cells were then lysed with 250µl 

0.2% Triton in PBS, to a final concentration of 0.1 % (v/v) Triton X-100 (500ul), 

followed by one freeze-thawing cycle (-80°C/RT). After thawing and 

centrifugation (2,000 x g, 1 min), the supernatants were used to determine ALP 
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activity according to the protocol of Lin et al. (104) with some modifications: the 

buffer used was 10mM MgCl2, 0.5M AMP (2-Amino-2-Methyl-1-Propanol), 

supplemented with 9 mM of the ALP substrate, p nitrophenyl-phosphate (pNPP). 

The lysate was diluted 10x. Color development was read in situ in an Infinite 200 

PRO multimode plate reader (Tecan Group Ltd., Switzerland) every two minutes 

for fourteen minutes at 405 nm. Readings were converted to concentration (nM) 

with a standard curve based on 4-Nitrophenol. ALP results are presented as 

enzyme activity over time (the rate of p-nitrophenol production from the p-

nitrophenyl phosphate substrate) and normalized to cell number as calculated 

from DNA content, using PICO green. The normalized results are expressed as 

the amount of substrate converted (ng) over time per number of cells (ng/min/10k 

cells). 

3.5 Short Term Cytotoxicity/Cell Viability Assay:  
 

The viability of the cells in the presence of the various nutraceuticals was 

measured in 48-well microplates using an Infinite 200 PRO multimode plate 

reader (Tecan Group Ltd., Switzerland). Cells were seeded in maintenance media 

(see above) in 48 wells at an initial density of 20,000 cells/well. Once the cells 

reached 50% confluence, the old media was aspirated and replaced with the same 

media supplemented with test compounds (nutraceuticals) at varying 

concentrations. To assess the potential cytotoxicity of the compounds, cells were 

incubated with this media for 6 hours (one-fourth of their normal replication 

time). Cell viability was tested using the Live/Dead Viability/Cytotoxicity Kit for 

mammalian cells (Molecular Probes, Eugene, OR), according to the 

manufacturer’s protocols. Fifteen minutes before the assay, the media of the 
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negative controls was gently aspirated, and the cells were treated with 70% 

methanol in DPBS (Dulbecco's phosphate-buffered saline). Positive controls 

(untreated live cells), negative controls (70% methanol treated dead cells), and 

background fluorescence (no cells) were all tested concomitantly with 

experimental wells after fifteen-minute incubation. Using the plate-reader, the 

wells were excited at 485 nm to visualize viable cells stained with calcein-AM 

and at 530 nm to visualize dead cells with stained ethidium homodimer-1 dye. 

Fluorescence emissions were acquired at 530 nm and 645 nm respectively. 

3.6 PICO Green Assay For Cell Proliferation:  
 

PicoGreen dsDNA Quantitation Reagent (Invitrogen, Eugene OR, USA) 

was supplied as a 1-ml concentrated dye solution in anhydrous dimethylsulfoxide 

(DMSO) and used following the manufacturer’s protocol, with precedent in 

osteoblast studies (63). 100µl of the 0.1% Triton monolayer lysate supernatant 

(see above) was removed, diluted 400x, and added to a 96 well plate. 100µl of the 

combined PicoGreen Reagent (1:200 PicoGreen diluted in the TE buffer supplied 

with the kit) was added to each sample. After mixing and incubation for 5 minutes 

at room temperature, protected from light, fluorescence was measured on an 

Infinite 200 PRO multimode plate reader (Tecan Group Ltd., Switzerland) at 

485nm excitation, 535nm emission. Standard curves were constructed from 

known cell numbers (counted in triplicate). 

3.7 Alizarin Red And Dissolved TECO Assay For Mineralization: 
 

Mineralization of the cultures was assessed qualitatively by Alizarin Red 

staining, essentially as previously described in the literature (105). In brief, 

following washing with PBS and fixation with 10% neutral buffered formalin for 
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15min, the cultures were stained using 0.5% Alizarin Red S (pH 4.2). Alizarin 

Red mixture was pre-made and stored at room temperature in the dark, though the 

pH could require minor adjustment after long-term storage. Following gentle 

aspiration and washing with 1X PBS the monolayer and the cells were fixed: the 

flask was transferred to a fume hood and sufficient 10% neutral buffered formalin 

was added to cover the monolayer. After 30 minutes, the formalin was aspirated, 

and the monolayer was gently washed with distilled water, which was quickly 

aspirated. The cells were then stained: prepared alizarin red solution was used to 

cover the monolayer. In a T-12 flask, this could be as little as 500 μl of solution. 

The flask was then incubated at room temperature in the dark for at least 45 

minutes. Finally, the monolayer was washed: the alizarin red solution was 

carefully aspirated, and the cell layer was washed  repeatedly with distilled water, 

at least four times. As necessary, the stained monolayer could be preserved and 

kept moist in PBS, and the flask sealed first with paraffin wax and then with a 

normal filter cap. Digital images of the stained calcified nodules were evaluated 

using ImageJ software (National Institutes of Health, NIH). Mineralization was 

also quantified using a commercially available, colorimetric calcium 

quantification kit (Teco Diagnostics, Anaheim CA), following destructive 

decalcification of the cultures in 0.6 N HCl and analyzing the supernatant 

according to the manufacturer's instructions.  Total calcium was calculated from 

the absorbance at 570 nm while standard curves were established for each 

experiment from stock solutions. For TECO analysis, the monolayer was washed 

twice with 500μl of PBS and decalcified with 500 μl of 0.6 N HCl for a minimum 

of 20 min. At low concentrations of alizarin red (1% w/v)    there was no 
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significant interference allowing for both protocols to be performed in sequence. 

3.8 RNA Extraction And Real-Time PCR For Osteogenic Marker Gene Expression 
(ALPL, RUN, ON):  
 

The expression of select osteogenic marker genes was determined by 

quantitative PCR (qPCR) essentially as previously described, with some minor 

modifications (105). In brief: Total RNA was extracted from 7F2 cells using a 

modified version of a hybrid Tri Reagent (Sigma Aldrich, USA) / RNEasy® 

protocol. RNA was quantified using a NanoDrop Spectrophotometer (Thermo 

Scientific, Waltham MA), and concentrations were brought to a uniform level 

using additional RNase-free water. RNA was reverse transcribed to cDNA using 

the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster 

City, CA) according to the manufacturer’s instructions. The cDNA was amplified 

in TaqMan Fast universal PCR master mix with TaqMan assay primers and 

probes according to the manufacturer’s instruction. Genes of interest were: ALPL 

(Mm00475834_m1), RUNx2 (Mm00501584_m1) and Sparc/osteonectin/BM40 

(Mm00486332_m1). Quantitative PCR (qPCR) was performed in a RealPlex 

Real-Time PCR System (Eppendorf, Enfield, CT) with fast thermal cycling as 

described by Taqman (Applied Biosystems).  The level of expression of each 

gene was normalized to the level of expression of a common standard 

housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to 

determine the fold change in up/downregulation of the genes of interest using the 

comparative CT method (2-ΔΔCT) (106).  

3.9 Morphological Analysis, Staining, And Coverslip Mounting: 
 

Cytoskeletal staining was performed on gel-treated coverslips (Thermo 

Scientific, Waltham MA), after immersion in 0.1% Gelatin Solution (Millipore 
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Sigma, MI, USA) for an hour. Coverslips were either mounted within acrylic 

fabricated flasks or inserted into T-12 flasks. Using tweezers, sterile coverslips, 

slightly bent, were inserted into a flask through the neck and affixed to the bottom 

of the flask with a droplet of sterile silicone, holding the coverslip in place and 

fixing it to the movement of the flask. The silicone droplet is sufficiently strong to 

resist stresses within the flask but not strong enough to resist being removed 

manually with tweezers. As osteoblasts in a confluent monolayer are difficult to 

distinguish individually regarding cell size and shape, seeding is limited in 

volume. The seeding population for this experiment was approximately 8 

cells/mm2 or 5000 per coverslip. After at least an hour, cells are adherent to the 

coverslip and the flask can be filled with media, following appropriate cell culture 

protocols as in the above methodologies. 

Collection of the coverslip from within the flask requires several steps. 

Media must be aspirated and the flask gently washed with PBS twice. Cells are 

then fixed with 4% paraformaldehyde for at least 10 minutes at RT. After 

fixation, the coverslip can be removed by partial disassembly of the flask. A 

commercial hot knife is used to heat and cut through the polystyrene of the flask 

while under a fume hood, producing an aperture opposite to the cell culture 

surface (the top of the flask). The coverslip is then carefully removed intact and 

without bending or damage to the cells or the monolayer. The coverslip is then 

transferred to a 6-well plate with fine-point tweezers and stained consecutively 

with 300 nM DAPI (Sigma-Aldrich, St. Louis, MO, USA) in PBS (5 minutes, RT, 

in the dark), washed twice with PBS, and then stained with VECTASHIELD® 

HardSet™ Antifade Mounting Medium with TRITC-phalloidin (Vector 
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Laboratories, Burlingame, CA, USA) in accordance with the manufacturer’s 

recommended protocols. In brief: small drop volumes of approximately 20 ul are 

sufficient for a 25 mm x 25 mm coverslip. A droplet is placed on a microscope 

slide (Fisher Scientific, Waltham, MA, USA) and the coverslip is inverted and 

very gently allowed to settle onto the droplet, allowing the Vectashield medium to 

disperse over the entire section without bubbles. After approximately 15 minutes 

at RT, the coverslip is effectively immobilized and can be imaged or stored at 4 

°C. 

Two-dimensional images of stained cells were examined using a confocal 

laser scanning microscope (Olympus FV1200MPE; Scientific Solutions Business 

Group, Center Valley, PA, USA) with settings: Alexa Fluorescence 405 at 15% 

intensity (DAPI) and Alexa Fluorescence 546 at 57% intensity (Phalloidin) using 

the UPLSAPO30XS oil-immersion objective. Images were taken from different 

areas of each of the three independent samples. Cells not in contact with other 

cells were imaged preferentially. Morphological changes were assessed using 

ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

Cytoskeletal protein expression was analyzed by using relative fluorescence 

intensity (CTCF) normalized by cell number. Cell contour was identified by the 

stained actin. Cell morphology was then determined: cell projected area, cell 

circularity (from the isolated phalloidin stain), nuclear circularity (from the DAPI 

stain).  

3.10 Western Blot 
 

After washing with 1x PBS, osteoblasts in the monolayer were lysed in 

RIPA buffer (Tris-HCl 50 mM, NaCl 150 mM, 1% Triton X-100, Sodium 
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Deoxycholate 1%, SDS 0.1%, EDTA 2 mM), pH 7.5 (Teknova, Hollister, CA, 

USA) and the lysate collected on ice. Buffer was supplemented with a freshly 

added Protease Inhibitor Cocktail (Sigma Aldrich, St. Louis, MO, USA) and 

Phosphatase Inhibitors (Millipore Sigma, MI, USA). 

For western blotting, samples were centrifuged for 5 minutes at 14,000 

rpm at 4°C and tested to BCA standards, after which 20 μg of protein were treated 

50:50 with 2X Laemmli sample buffer (Bio-Rand, Hercules, CA, USA) for 2 min 

in boiling water. Western blotting was performed with anti-TNAP (anti-ALP) and 

anti-β-actin antibodies using an enhanced chemiluminescence (ECL) Western 

blotting kit (Amersham Bioscience Corp., Piscataway, NJ, USA). 

3.10 Statistical Analysis 
 

Statistical differences between the samples were assessed by ANOVA and 

post hoc analysis using Tukey's HSD (honestly significant difference) unless 

otherwise specified. Mean Absolute Error (MAE) was used to determine the 

difference between modeled projections (trendlines). Results were plotted using 

either Excel or JMP Pro. Data are presented as means ± standard deviation. 

P<0.05 was considered significant and noted as “*”, P<0.01, and P<0.001 were 

noted as “**” and “***” respectively. 
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RESULTS 
 
 

4.1 Specific Aim (1) Develop Improved Cell Culture Techniques For The Random 
Positioning Machine 
 

While the Random Positioning Machine is a valuable tool for testing 

simulated microgravity, it poses challenges and limitations when compared to 

traditional in vitro cell culture. Throughput is a major concern for RPM 

experiments, given the unfeasibility of running multiple RPMs in parallel. The 

desktop version of the DutchSpace/Airbus RPM has a small surface area (approx. 

620cm2) and limited safe load weight; furthermore, it can only run a single 

partial-gravity at a time. Unlike HARVs or RWVs (rotating wall vessels), the base 

of the RPM and the two independently rotating frames take up a great deal of 

incubator space. Improving the throughput of experiments and maximizing data 

output for given experimental input is essential to optimizing the use of this 

technology. Non-standard methodologies are required to use the RPM effectively, 

as the operation of the device poses challenges to traditional cell culture. The use 

of normal flasks or wells is complicated by the persistent concern for a bubble-

free environment that would create unacceptable shear stresses, particularly in 

adherent cell culture. The isolation of cells in a bubble-free environment also 

creates challenges with respect to oxygenation and gas exchange or lack thereof. 

The lack of gas exchange and the effect this has on cell culture, unavoidable given 

the mechanical necessities of the RPM, can be partly mitigated by creative 

approaches to non-standard cell culture. 
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4.1.1 3D Printing A Mounting Cage:  
 

The rotation of the RPM presents a certain challenge to otherwise static 

cell cultures. One issue is bubbles, which can destroy cell monolayers and disrupt 

cells with sheer stress. Another issue is that the flasks or dishes used for cell 

culture will be under constant rotation and must be secured in place on the RPM’s 

experimental platform. A typical arrangement for this involves extensive 

wrapping in paraffin wax to secure samples, but this potentially interferes with 

gas exchange and makes changing flasks difficult, for example during media 

changes. A “cage” was printed to attempt to solve this problem (Figure 11A). It 

accommodates several forms of flask mounting but is optimized for holding T-

12.5 flasks in sets of four, up to a normal maximum of sixteen. Flasks are held 

securely in place by grooves in the cage, with necks pointed outward; this   

eliminates the need for cutting and re-wrapping samples, reduces jostling or 

shifting on the platform to zero, and minimizes time spent at 1G while doing cell 

culture work like media changes. 

4.1.2 Reusable Perfusion System:  
 

Experiments on the RPM require that cells be cultured in a bubble-free 

environment incompatible with normal traditional cell culture techniques. 

Additional engineering challenges were focused on enforcing a bubble-free in 

vitro cell culture environment while retaining reusability and flexibility with 

respect to changes in media or the introduction of experimental variables at any 

point in the research cycle. A Reusable Perfusion System was developed to this 

end: (Figure 11C) it takes advantage of negative pressure inside the flask to 

aspirate and remove bubbles drawn upwards and into a corner, the pressure inside 
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created by this action sucks media up to fill the voids left by the bubbles. Media 

flow and pressure are controlled by a manual syringe and by disposable sterile 

stopcocks. The needles used are 4 inches long, 22 gauge, 3 inches long, 18 gauge, 

and 1.5 inch, 20 gauge (Fisher Scientific, Waltham, MA, USA). The rest of the 

apparatus is made of silicone, reusable, and can be sterilized by autoclave. The 

development of this apparatus dramatically eased the challenges of creating a 

closed bubble-free environment in normal Corning or Falcon brand flasks. This 

Perfusion System has also been tested and used as a bioreactor equivalent to 

impose in-flask hypoxia via active bubbling, maintaining desired oxygenation 

levels with minimal human input and without opening, moving, or compromising 

an experimental flask. 
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Figure 11 – RPM Cell Culture Devices.  
(A) 3D CAD model of the RPM mounting cage base, minus the cap. T-12 and T-25 
flasks can be fitted to grooves in the design and stacked. (B) Velcro straps used in 
combination with the 3D cage keep flasks secured but not entangled. Media changes of 
caged flasks could be concluded within ten minutes, extracting the cells in pairs after 
briefly pausing the clinostat, thus minimizing the time cells spent outside experimental 
specific partial gravity. (C) The reusable perfusion apparatus consists of three disposable 
needles, leur-lok mounts, silicone tubing, a syringe, and a three-way stopcock. The tubing 
and luer-loks can be autoclaved and reused. (D) The reverse perfusion system is 
assembled and ready to use. (E) The horizontal (lengthways) flask partition platform 
allows for marking and cutting down the middle and side-to-side. (F) AutoCAD design 
for the platform. (G) A series of T-12 flasks with equal quarter-divisions. 
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4.1.3 Flask Sectioning:  
 

Given the limited space available on the RPM, and the fact that only one 

partial gravity can be run at a time, there is a limited experimental throughput. 

Optimizing the space used on the RPM was insufficient if experiments were 

inefficient in the use of that space. Conflicting methodologies and assays 

compounded this issue, which was solved through the fabrication of a “quartering 

platform”  that could be used to reliably and efficiently divide flasks for multiple 

assays. A longitudinal divider was developed (Figure 11E) that held the flask 

securely for partitioning. Transverse marking was typically applied to produce 

even quarters but other subdivisions were also possible, particularly on longer 

flasks like T-25s. This partitioning can either be executed through scraping and 

the use of different quarters for different assays or through the physical 

destructive cutting of the flask. This development improved throughput by 

minimizing repeat experiments due to assay incompatibility. 

4.1.4 Modified And Fabricated Flasks:  
 

Initial research and testing in 1G identified inhibition of osteoblast activity 

(particularly mineralization) before partial gravity testing was underway. This was 

observed to be due to the change from traditional cell culture to filled-flask 

culture and the reduction in gas exchange that was a result of creating a bubble-

free environment. Two solutions were investigated. The first was the adaptation 

of existing flasks to facilitate gas exchange while maintaining a “zero-headroom” 

bubble-free environment. The second was to develop a novel hybrid silicone flask 

that was assembled entirely in-house. Progress towards the first approach 

prompted a transition from large flasks with vented caps sealed with paraffin wax 
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(Figure 12A) or rubber caps (Figure 12B) to a smaller T-12.5 cm2 flask using 

silicone septum stoppers sized to fit tightly into the neck of the flask (Silicone 

Recessed Septum Stoppers, Diameter Inside: 14.50 to 15.50mm) (Figure 12D). 

These formed a watertight seal, resealed after puncturing with needles, and 

permitted gas exchange through the silicone. Inhibition of mineralization due to 

hypoxia decreased significantly (Figure 12E) and experiments went forward 

using silicone. 

The Modified and Fabricated Flask approaches were developed to answer 

the challenges posed by a lack of gas exchange and may, with further 

development, lead to disposable flasks with easily customizable gas permeability 

as an alternative to expensive bioreactors with similar capability. Modified Flasks 

were produced from a base T-12 flask and a hot knife or knife attachment was 

used to punch, cut or carve a gap in the polyethylene allowing for gas exchange 

through a silicone layer that covers the gap. Different arrangements were tested, 

starting with “windows” (that tended to bulge and become a structural weakness) 

to “slits” or “grilles” and then to holes. Punched holes were eventually adopted as 

standard, due to the rapidity of their application, the minimal damage done to the 

flask, and the ability to readily control the amount of surface area exposed as 

every hole was of uniformly the same size and could be blocked or utilized as 

needed. Varying numbers and arrangements of punched holes were tested (Figure 

14), either along the sides of the flask or the top. 
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Figure 12 – Bubbleless cell culture and Filled Flasks.  
(A) Early-model “filled” flasks utilizing wax-sealed ventilated caps. (B) Rubber stoppers 
could also function as caps but degraded quickly, could not be reused, did not survive 
repeat punctures, and sterilization was difficult. (C) T-12.5 flasks are half the size of 
more typical T-25 cell culture flasks. (D) Silicone septum stoppers of the appropriate 
diameter were compatible with flask apertures and were durable, autoclavable, functional 
after repeated punctures, and permitted gas exchange. (E) Traditional cell culture uses a 
combination of a gas-liquid layer and a ventilated filter cap over the neck of the flask to 
provide gas exchange. Neither are compatible with RPM cell culture. The transition from 
traditional partial-fill culture to bubbleless-fill culture inhibits mineralization; all forms of 
filled cell culture are inhibited versus control; silicone caps help mitigate these effects 
and allow limited gas exchange, notably in filled bubbleless cell cultures. (*) p<0.05 
(images B, C, D altered from Thermo Fischer) 
  



 
45  

 

 

Figure 13 – Modified and Fabricated Flasks. (A) Early “modified flasks” used 
medical-grade silicone bandages but adhered poorly to the flask’s polyethylene, resulting 
in frequent leakage. As the interior had to remain bubble-free, the silicone seals needed to 
be robust, exchanging gas but not leaking media. (B) Platinum cured silicone sheets were 
effective in gas exchange but did not come with an adhesive backing. Gas exchange often 
caused bubbling localized in the holes punched into the flask, where it interfaced directly 
with the media. (C) Tegaderm wound dressings (3M St. Paul, MN, USA) came with 
adhesive and were thinner than platinum cursed silicone sheets but less prone to 
bubbling. Given the thinness and transparency, interface points (holes) are highlighted 
here in red. (D) Fabricated Flasks cut from acrylic and plasma treated. This version of the 
design is intended to maximize the amount of surface area available for gas exchange and 
has a top-down aperture. (E) A “fabricated flask” fully assembled with Tegaderm lining 
and a silicone septum cap (Silicone Recessed Septum Stoppers: 9.25 to 9.75mm). The 
bottom plate is plasma treated for cell attachment and the flask is functional and capable 
of being used in cell culture. (F) AutoCAD schematic of the standard final fabricated 
flask design with top-mounted gas exchange area. 
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Figure 14 – Flask Ventilation effects Osteoblast Proliferation and Mineralization. 
(A) Modified flasks rescue cell proliferation. Control here is a sealed flask with no gas-
permeable silicone interface. (B) Ventilation significantly increased mineralization at 14-
days. (C) Arrangement of ventilation interfaces on the Top rather than Side produces a 
similar intermediate result. Student’s T-test was used for this analysis.  
 

Fabricated flasks were printed out of acrylic sheets, laser-cut into plates 

that are designed to fit snugly together into a box shape (Figure 13F), and 

assembled using methylene chloride solvent as a binding agent. Platinum cured 

silicone was originally tested as a  medium for gas exchange, and then cheaper 

and thinner Tegaderm-silicone was adopted for ease of application. As can be 

seen (Figure 12E) the increased gas exchange due to a change in the cap for the 

flask, to silicone, provided some mitigation of the gas exchange challenge, while 

the use of fully modified flasks had an even greater effect (Figure 14). Fabricated 

flasks are smaller than modified flasks, however, allowing for a greater number of 
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parallel experiments, and for specialized experiments, (an example is hosting a 

coverslip for staining or IHC as a fabricated flask is more readily disassembled), 

and experiments that would necessitate regulation of the medium’s level of 

dissolved gases. Unlike modified flasks with large silicone caps, fabricated flasks 

can have their silicone interfaces blocked, as the Tegaderm layer is inside the 

flask (using positive pressure to remain tightly sealed) rather than outside, as with 

a modified flask. Producing the fabricated flask is straightforward though 

requiring some manual labor: the flask is laser cut from acrylic and designed to 

slot together firmly. Prior to assembly (in a sterile environment) the bottom plate 

should be plasma treated and Tegaderm should be layered on the inside-facing 

side of the top-mounted plate. The assembled flask is then sealed with an 

industrial Methylene Chloride solution (WELD-ON® IPS Corporation, Compton 

CA, USA) 
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Figure 15 - Validation of the RPM 
(a) The software calculated vector-averaged simulated gravity (Fg) after 5 minutes for 
Random-motion mode and three path files: Zero Gravity, Mars Gravity, Moon Gravity. 
Also visible: frame paths, average path, and final vector average over time (gravity 
history). (b) Time-course plot of averaged simulated gravity level through the initial 
fifteen minutes beginning simulation in the RPMSW using conventional random-motion 
(Random) to yield 0G and the following path-files: p0b.txt (Micro) (microgravity), 
mars.txt (Mars), moon.txt (Moon). While for Micro, Moon, and Mars the path files 
reached the desired gravity levels and stabilized in 3 to 5 minutes, it took more than an 
hour for Random Mode to reach 0.006G. These are original observations from our 
experiments, loaded with four T12 cell culture flasks. 
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4.2 Specific Aim (2A) Characterize The Effect Of Partial Gravity On The Efficacy 
Of Osteoblasts  
 

In this study,  we cultured murine preosteoblasts (7F2 cells) in the RPM 

under conditions that simulate microgravity (10-3 G), and the partial gravities on 

Moon (0.16 G), and Mars (0.38 G).  Specifically, we mostly focused on the 

effects of altered simulated gravity conditions on several distinct stages of initial 

osteoblastic cell functions, such as proliferation and osteogenic differentiation 

(25). In addition, we also evaluated the effects of these simulated partial gravity 

conditions on later-stage matrix mineralization. We hypothesized that the 

inhibition of these stage-specific osteoblast functions would depend on the 

simulated partial gravity levels. In testing this hypothesis, we observed that the 

inhibition of two of these osteoblast functions, proliferation, and maturation 

(ALP-enzymatic activity and mineral deposition) was dose-dependent. By 

contrast, we found a distinct threshold profile for the inhibition of osteogenic 

marker gene expression.  

4.2.1 Inhibition Of 7F2 Cell Proliferation In Simulated Micro-And Partial Gravity  
 

Simulated microgravity, such as in the RPM (~10-3 x G) (45)  inhibits 

cell proliferation in numerous cell types, including in bone marrow-derived 

adult stem cells (BMSCs) (107). The proliferation of i7F2 preosteoblasts was 

significantly inhibited in a dose-dependent manner on days 4 and 6 for the 

simulated partial gravity (SPG) of Moon and Mars and simulated microgravity 

(Micro) (Figure 16a). The time between days 2 and 4 represented a window in 

which the cells actively proliferated under all gravity conditions; Between days 

4 and 6 the cells actively proliferated under Mars and Moon conditions but 

reached confluence in Earth gravity. Cell seeding was weighed between being 
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Figure 16. Inhibition of 7F2 cell proliferation in simulated partial gravity.  
(a) Increase in cell numbers on days 2 and 4 of culture in 1 G (Earth) and under the 
various altered simulated partial gravity conditions (Mars, Moon, Micro) (N = 3)  (b) 
Specific partial population doubling times between days 2 and 4 and taking into account 
the Mean Absolute Error (MAE). The average population doubling times were calculated 
as 0.96 days ± 0.14 for Earth (1G), 1.4 days ±0.08 for Mars, 1.5 days ±0.30 for Moon and 
2.95 days (± .17) for simulated microgravity (Micro). (c) Semi-logarithmic plot of the 
specific Population Doubling Times vs. simulated partial gravity (R2 = 0.9919) for that 
48-hour window of time. Asterisk (*) shows p<0.05, (**) shows p<0.01, (***) p<0.001 
 

too low, prompting cell senescence and inhibiting layer formation, and being too 

high (rapid confluence). During the 2-to-4 day window for 7F2s in these 

conditions, we observed statistically significant differences in the population 

doubling times (PDTs) between Earth, Mars/Moon, and Micro (Figure 16b). In 

Micro, the PDTs, specific for that 2-4 day time period, increased three-fold over 

Earth controls (2.95 ± 0.16 days (Micro) vs 0.96 ± 0.15 days (Earth)). The PDTs 
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for Mars and Moon conditions were 1.4 ±0.08 days and 1.5 ±0.30 days, 

respectively (Figure 16b). Compared to the specific PDT values of cells cultured 

in Earth gravity, exposure to Micro slowed proliferation and resulted in a relative 

increase in the doubling time by 307% (P < 0.001), by 156% in Moon (P < 0.001), 

and by 146% for Mars (P < 0.001). A semi-logarithmic plot of PDTs against 

nominal gravity values on Earth, Mars, Moon, and microgravity showed a very 

good fit (R2 = 0.9919). (Figure 16c).  

4.2.2 Alkaline Phosphatase Enzymatic Activity Is Inhibited By Partial Gravity 
 

Alkaline phosphatase is a widely used marker for osteoblast maturation 

and an important regulator of osteoblast mineralization (8, 21, 108, 109). To 

quantify the impairment of osteogenic differentiation by SPG, we measured ALP 

activity in 7F2 pre-osteoblasts, cultured for up to 6 days in osteogenic media in 

Earth (control) and SPG conditions (Mars, Moon, Micro). ALP activity was 

normalized to cell numbers as determined via the PICO-green assay. As seen in 

Figure 17a, all simulated non-Earth gravities resulted in a time-and dose-

dependent reduction in ALP activity in comparison to the Earth control. For 

example, on day-6, ALP activity was reduced by 27 ± 7% (p< 0.0001), 40 ± 5% 

(p< 0.0001) and 58 ± 9% (p<0.0001) for Mars, Moon and Micro respectively 

(Figure 17b). Plotting ALP activity on day 6, the time point of maximal signal, 

against altered gravity levels gives a linear trend (Figure 17c) with a correlation 

coefficient of 0.967.  
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Figure 17. Simulated partial gravity inhibits osteogenic differentiation in 7F2 
osteoblasts. 
(a) ALP activity as a result of exposure to different simulated partial gravity conditions at 
different time points. (N = 3)  (b) ALP activity as a function of time between day 2 and 
day 6. (c) ALP activity as a function of altered simulated partial gravities at day 6. 
Asterisk (*) shows p<0.05, (**) shows p<0.01, (***) p<0.001 

 

4.2.3 Simulated Partial Gravity Downregulates Expression Of Osteogenic Genes 
 

Next, we evaluated the effects of the three SPG conditions (Mars, Moon, 

Micro) on the early expression of select osteogenic marker genes, Runt-related 

Transcription Factor 2 (RUN), Alkaline Phosphatase (ALPL), and Osteonectin 

(ON), using quantitative RT-PCR. Expression levels of these osteogenic markers 

were measured every two days for 10-days. Qualitatively, the pattern of 

expression of all these genes followed a similar time- and dose/gravity-dependent 

profile. For example, the transient expression of ALPL peaked at day 6 under 1 G 

conditions (Figure 18a). At its peak, ALPL expression was downregulated under 
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all levels of SPG, with no significant difference between Mars, Moon, or 

microgravity (Figure 18b). 

By comparison to their expression levels on earth, all marker genes 

studied were suppressed by SPG. Specifically, on day 6, ALPL gene levels were 

reduced 3.86-fold in simulated microgravity, 3.58-fold under Moon conditions, 

and 3.63-fold under Mars conditions. Similarly, the expression of the RUN was 

reduced 2.93-fold (simulated microgravity), 3.3-fold (Moon), 2.65-fold (Mars), 

respectively, and ON by 3.43-fold (microgravity), 3.224-fold (Moon), 3.226-fold 

(Mars) (p < 0.0001) for all stated values). The expression levels of the individual 

genes at days 2,6, 8, and 14 can be found in Figure 19. 
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Figure 18. Effects of simulated partial gravities on osteogenic marker gene 
expression. 
(a) Time course of ALPL gene expression for multiple simulated gravity conditions, 
following exposure of confluent 7F2 osteoblasts to osteogenic media. Relative expression 
was analyzed by real-time PCR and normalized to the levels of a housekeeping gene 
(GAPDH), with 1G confluent cell culture (prior to osteogenic induction) as control. The 
relative expression of each gene to control is presented as a fold-change expression for 
each transcript. (b) Inhibition by simulated partial gravity of the three osteogenic marker 
genes is best discernable at the peak of their expression at Day-6 Alkaline phosphatase 
(ALPL), Runt-related Transcription Factor 2 (RUN), Sparc/osteonectin (ON). Values are 
Means +/- SD of three independent cultures. 
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Figure 19. Relative mRNA expression of osteogenic genes up to day-14 
(ALP RUN and ON) in response to partial gravity, across multiple select days. Non-
uniform boxed Y-axis values are to highlight differences in scale on the day-6 peak of 
expression. Values are Means +/- SD of three cultures 
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Figure 20. Effect of simulated partial gravity on long-term mineralization.  
(a) Alizarin red-stained mineralized nodules after 18 days on Earth (1G) and in the RPM 
exposed to simulated partial -gravities of Moon and Mars. Images are representative 
micrographs of 1x1 cm2 areas from the bottom of T-12.5 Falcon™ Tissue Culture 
Treated Flasks. (b) Long-term mineralization under variable simulated gravity 
conditions, quantified as micrograms of calcium per square centimeter (µg/cm2). (c) 
Percentage inhibition of mineralization normalized versus Earth controls with modeled 
trendlines for various days: 14-days (R² = 0.8708), 16-days (R² = 0.92), 18-days (R² = 
0.9735), 21-days (R² = 0.9308) (d) Three-dimensional surface plot and heatmap of the 
interplay between simulated gravity levels and mineralization over time. (N = 3) Asterisk 
(*) shows p<0.05, (**) shows p<0.01, (***) p<0.001   
 

 

 
4.2.4 Simulated Partial Gravity Conditions Reduce Long-Term Mineralization 
 

Mineral nodule formation was initially assessed qualitatively by visual 

inspection following alizarin red staining (Figs. 20a). Quantitative analysis of the 
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differences in mineralization between the various simulated partial gravity culture 

conditions (Mars, Moon, Micro) was assessed using the TECO mineralization 

assay. Differences in calcium deposition between the various simulated gravities 

became first noticeable by day 14 of RPM culture and were studied through day 

21. (Figure 20b). Relative to the 1G controls, mineralization was significantly 

decreased by all SPG conditions. Inhibition due to Mars gravity was significantly 

different from Moon and Micro (P<0.001), while Moon and Micro were not 

significantly different from each other.  

Percentage inhibition was calculated with 1G (Earth) as the control. Five 

models were constructed to best fit the data for various days of SPG (plus Earth), 

and also for an aggregate of all days (R2 = 0.8972). SPG inhibited osteoblast 

mineralization along a linear gradient, with mineralization under Mars conditions 

being significantly different from that under Moon or Micro conditions, as 

illustrated in (Figure 20c). The effects of simulated altered gravity over time on 

mineralization are shown in a three-dimensional surface plot and heatmap (Figure 

20d). The surface plot was derived from equation [1], where (t) is time (days), (g) 

is gravity, and (mineral) is mineralization in µg/cm2.   
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Figure 21. Metabolic activity in profile, as a function of glucose consumption. 
The solid line represents the fluctuating average on that day, and the thickness of the line 
in transparent represents the deviation. Statistically significant differences were not 
detected between gravities on similar days. This indicates that different partial gravities 
have no impact on osteoblast metabolism, even as ongoing mineralization is inhibited. 

 

4.2.5 Simulated Partial Gravity, And Inhibition Of Osteoblastic Function, Does Not 
Reduce Glucose Consumption (Metabolic Activity) 
 

Interestingly, the study no significant variance in metabolic activity 

between the different simulated gravity conditions. During the mineralized 

experiments out to 21 days, media was tested for glucose concentration, and 

glucose was added to supplement media changes and maintain an aggregate (fresh 

media plus old media was mixed, 50/50) level close to that of fresh alpha-MEM. 

Surprisingly, glucose was consumed at a similar rate across all gravities, despite 

osteoblasts mineralizing significantly less in partial gravity than in Earth-control. 
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4.3 Specific Aim (2B) Investigate The Effect Of Cytoskeletal And Morphological 
Changes On Osteoblasts In SMG Via Abrogation Of Rho-ROCK 

 

 

Figure 22. Effect of simulated microgravity and Rho-ROCK inhibition on the 
cytoskeleton in osteoblasts.  
Phalloidin staining (IHC) of differentiating osteoblasts, acted on by one of three 
pharmaceutical agents with influence on the Rho-ROCK pathway. These are: Y-27632 
(ROCK inhibitor), GGTI-2133 (Rho inhibitor), and GGOH (geranylgeraniol) (pathway 
antagonist). Left side: osteoblasts cultured under Earth gravity (1G) conditions. Right: 
osteoblasts cultured in simulated microgravity (0G). Images obtained via Laser Confocal 
Microscopy. White scale bar is 100µm. 
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Figure 23. Quantitative effects of simulated microgravity on the cell shape and the 
cytoskeleton in osteoblasts. Analysis of the cells imaged for 1G and 0G control. Metrics 
are (from left to right) actin fiber intensity (CTCF Inten) normalized by cell number, 
nuclear and cellular circularity, average cell surface area, and average nuclear size. 
Finally, a metric was applied compounding two previous metrics, measuring the ratio of 
nucleus to cell size. Asterisks (*) not mounted on a bar are designating significant 
differences from the 1G Control. 

 

In my experiments, osteoblasts exposed to microgravity (Figure 23) 

exhibited a reduction in CTCF (stress fibers) to 64% ±9% of 1G control, though 

there is likely to be some additional variability in this metric due to the need for 

near-identical confocal settings (see: settings in Methods), indicating a general 

reduction in actin fiber density: the amount of actin over a given area, either in 

the number of fibers or thickness of individual fibers. In SMG, cells had a 

significantly reduced surface area (to 60% ±22%) and were more elongated 

(fusiform), in both the nuclear shape and the cell shape overall. 1G cells were 

more closely packed and there was less visible cell debris. The nuclear surface 

area was not significantly reduced in contrast to cell size. The result was an 

increase in the ratio of nuclear-to-cell size by over 50% ±25%. ROCK inhibition 

via Y-27632 was observed to decrease relative stress fiber density, as measured 

by CTCF intensity, in 1G (83% ±25%) while increasing it significantly relative 

to untreated SMG (30% ± 7%) (Figure 24B, C). 
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Figure 24. ROCK inhibition counteracts SMG effects on osteoblast morphology.  
(A) A comparative representative series of images, of osteoblasts under experimental 
conditions. Effects of interruption of the Rho-ROCK pathway for osteoblasts in 1G, for 
stress fiber density (B), in 0G for stress fiber density (C), for surface area in 1G (D), and 
surface area in 0G (E). Asterisks (*) not mounted on a bar are designating significant 
differences from the 1G Control. 
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Figure 25. Rho-ROCK inhibition alters cellular and nuclear circularity in 1G and 
SMG. 
(A) Inhibitors of Rho-ROCK effects on nuclear circularity in 1G, and (B) in 0G (SMG). 
(C) Inhibitors of Rho-ROCK effects on cellular circularity in 1G, and (D) in 0G (SMG). 
Asterisks (*) not mounted on a bar are designating significant differences from the 1G 
Control. 
 

ROCK inhibition also significantly increased cell surface area (Figure 

24D, E) in both 1G (69% ±6% over 1G control) and SMG (232% ±7% over 0G 

control). Significant effects in cell circularity were also observed when ROCK 

was inhibited, as circularity increased 89% ±16% in 1G, while the nuclear size 

was not significantly altered (Figure 25). Cell circularity was more significantly 

increased relative to 0G, as treated-SMG cells were 127% ±22% more circular 

than untreated 0G controls. 
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Figure 26. Effect of Rho-ROCK inhibitors and SMG on the differentiation and 
mineralization of osteoblastic 7F2 cells:  
(A) The effect of inhibitors on ALP activity in differentiating osteoblasts after six days, 
in 1G and SMG. (B) The effect of inhibitors on ALP activity in mature differentiated 
osteoblasts (9 days maturation at 1G, 6 days experimental SMG). (C) Inhibitors of Rho-
ROCK and the effects on mineralization after 15 days. (D) Protein expression in mouse 
bone ALP and β-actin, above: representative blots, below: relative protein to 1G control, 
net protein normalized by actin. Asterisks (*) not mounted on a bar are designating 
significant differences from the 1G Control. 

 

Nuclear circularity was significantly increased by both Y-27632 and 

GGOH, in particular, ROCK inhibition increased the nuclear circularity to 1G 

control levels (23% ±32% of 1G control). Cellular circularity (31% ±22%) was 

also increased to a level not significantly different from 1G control. Inhibition of 

Rho had no significant effect except for a reduction in average nuclear size at 1G 
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(77% ±15%) similar to untreated SMG (87% ±11%) and an increase in cellular 

circularity versus SMG (from 58% ±24% to 100% ± 1% of 1G control). GGOH 

excitation of the pathway resulted in an increase in cell circularity and size in 1G 

and an increase in nuclear circularity in SMG. Nucleus size was not significantly 

changed in simulated microgravity by any of the interventions. 

Effects of inhibitors on osteogenic markers were significant: ALP activity 

increased from 59% ±10% to 90% ±9% of 1G in differentiating cells under SMG 

treated by Y-27632 (Figure 26A). In mature cells (between days 9 and 15) ROCK 

inhibition via Y-27632 increased ALP activity from 27% ±3% to 70% ±18% of 

1G (Figure 26B). Relative protein expression of ALP also increased from 73% 

±2% to 89% ±2% (Figure 26D). Mineralization increased from 2 ±0.2 µg/cm2 

(untreated 0G) to 3 ±0.3 µg/cm2 (Y-27632 treated 0G) versus 2.8 ±0.2 µg/cm2 

(1G control) (Figure 26C). 
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4.4 Specific Aim (3) Investigate The Potential Use Of Osteogenic Nutraceuticals As 
A Counteragent Against Microgravity Induced Dysfunction In Osteoblasts 

 

As skeletal unloading and osteoporosis have similar effects on bone mass 

loss as gravitational unloading (50, 110) we hypothesized that curcumin and 

carnosic acid, along with zinc, may provide nutritional countermeasures against 

the detrimental effects of reduced gravity. In testing my hypothesis, we aimed to 

characterize the effects of curcumin, carnosic acid, and zinc on osteoblast 

differentiation in murine osteoblasts using the 7F2 cell line cultured in SMG 

(~10−3 × G) in the Random Position Machine. The effects of these three 

nutritional supplements on gene expression, enzymatic activity, and long-term 

mineralization in osteoblastic cells in SMG have not yet been investigated. To 

determine the effects of nutraceuticals on 7F2 osteoblasts on Earth (1G control) 

and in SMG (~10−3 × G), the cells were first grown to confluence under 1G 

conditions in maintenance media (MM). Confluent monolayers were then exposed 

to SMG (experimental) or 1G normal (control) conditions and cultured for six 

additional days in keeping with previous experiments that identified a peak of 

gene expression and ALP activity at day 6 under these experimental conditions 

(111). In some experiments, assessing the effects of long-term culture, the cells 

were maintained for 21 days after being transferred into SMG. 

4.3.1 Nutraceuticals Affect Cell Viability And Increase Cell Numbers 
 

Previous studies have explored the potential cytotoxicity of curcumin (88), 

carnosic acid (112), and zinc (113) for osteogenic cells, using several different 

viability assays. A fluorescent live/dead stain (calcein-AM ethidium homodimer-

1, see Methods) was used to experimentally evaluate the effects of these  
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Table 1. Effects of nutraceutical concentrations on relative cell viability.  
After the initial 6-h exposure, viability relative to untreated control. Data depicted as 
average ± standard deviation. sterisk (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 for a 
given concentration and nutraceutical. 

 

Figure 27. Effects of optimal nutraceutical concentrations on relative cell density 
per flask. Cell numbers after 6 days’ DM cell culture in 1G or SMG were quantified 
using the PICO green fluorometric assay and normalized to the 1 G controls. Error bars 
indicate standard deviations. (~*) p ≈ 0.05; (*) p < 0.05; (**) p < 0.01; (***) p < 0.001. 
The results reflect means ±SD from three independent experiments (n=3 biological 
replicates). 
 

 

nutraceuticals on the initial viability for 7F2 cells. In preliminary studies, and in 

line with prior results in other cell lines (85, 114-116), we established that all 

nutraceuticals reduced short-term cell viability by ≤25% (Table 1), a “shock 

Curcumin Carnosic Acid Zinc 
2.5 µM 89.7 ±2.4 * 5 µM 85.1 ±1.2 50 µM 88.2 ±3.5 

5 µM 71.6 ±2.5 
*** 

10 µM 82.3 ±2.1 100 
µM 

79.7 ±2.5 
* 

7.5 µM 65.3 ±4.5 
*** 

25 µM 65.8 ±0.8 * 250 
µM 

71.7 ±8.3 
* 

15 µM 42.9 ±1.5 
*** 

50 µM 48.9 ±13.2 
** 

500 
µM 

67.3 ±9.3 
* 
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effect” distinct from longer-term effects on cell proliferation. A similar effect has 

been described before in the literature for low levels of carnosic acid (6 µg/mL) in 

various cell lines (112).  

To assess the effects of SMG on cell numbers in differentiating 7F2 

monolayers, all samples were initially seeded at the same density in MM, brought 

to similar levels of confluence, and then cultured in DM for another six days, 

either at 1G or in SMG in the presence or absence of the nutraceuticals. In these 

longer-term cultures, reflecting the subsequent enzymatic and gene expression 

studies (six days, see below), the presence of the nutraceuticals had a biphasic 

effect on cell numbers in 1G, with cell counts peaking at low concentrations (2.5 

μM curcumin, 5.0 μM carnosic acid, 50 μM zinc), then diminishing with 

increasing concentrations (Figure 25). By contrast, in SMG, low concentrations 

of nutraceuticals did not affect cells numbers. Hence, the maximal “safe” 

concentrations used for subsequent studies (both short- and long-term) were 5 μM 

for curcumin, 10 μM for carnosic acid, and 50 μM for zinc.  

As seen in Figure 27, in the absence of nutraceuticals, the cell numbers 

in SMG increased by ~190% over the 1G controls. Furthermore, also in 1G, the 

addition of nutraceuticals led to an increase in the cell numbers by ~145% for 

the concentrations of the phytonutrients listed and an approximate doubling of 

cell numbers for zinc. In SMG, the nutraceuticals did not cause a significant 

increase cell numbers, in contrast to their effect in 1G. 
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Figure 28. Effects of nutraceuticals on total cell numbers  
As quantified by PICO green after 6 days (n = 3) in a T-12 flask with an assayed surface 
area of 6.25 cm2 (half of the flask). (a) 1G (Earth) profiles; (b) SMG (simulated 
microgravity) profiles. Cross (†) indicates a significant difference p < 0.05 versus 0 µM 
control. The results reflect means ±S.D from three independent experiments (n = 3 
biological replicates). Statistical analysis was conducted using ANOVA followed by 
Tukey’s post-hoc test. 

 

4.2.2 Nutraceuticals Modulate Short-Term ALP Activity 
 

Alkaline phosphatase is an established primary marker for osteoblast 

maturation and mineralization (117, 118). Here, we tested the effects of the 

nutraceuticals on ALP activity in 7F2 cells cultured in an osteogenic medium in 

both 1G and SMG following six days’ culture in the absence and presence of 
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various concentrations of nutraceuticals (for details see the Methods section). As 

seen in Figure 26, the culture of control/untreated cells in SMG reduced ALP 

activity by 42 ± 9%, similar to the reduction seen in my previous studies (111). 

Under 1G conditions, all three nutraceuticals tested caused significant increases in 

enzymatic ALP when the cells were cultured in osteogenic medium. For example, 

in the presence of curcumin (7.5 μM), ALP activity increased on average by 38 ± 

6%, while it increased by 59 ± 16% for carnosic acid (10 μM) and 61 ± 27% for 

zinc (50 μM). 

In SMG, this increase was even more pronounced: ALP activity was 

elevated 140± 13% for (7.5 μM) curcumin, 113 ± 25% for (10 μM) carnosic 

acid, and 160 ± 20% for (50 μM) zinc versus the untreated SMG controls at 

these same concentrations. Thus, the nutraceuticals tested essentially abrogated 

the inhibitory effects of SMG. The reversal of the SMG-induced inhibition of 

ALP activity by the nutraceuticals was dose-dependent, yielding increases of 

23%, 25%, and 35% at the medium concentrations (5.0 μM curcumin, 10 μM 

carnosic acid, and 100 μM zinc) and 40%, 81%, and 30% at the maximal 

concentrations (7.5 μM Cur, 25 μM CA, and 250 μM Zn) (Figure 26). Unlike 

the two phytonutrients, zinc produced the strongest increase in ALP activity at 

the lowest concentration of 50 μM, with increasing dosages having no 

significant additional effect in 1G and decreasing effectiveness in SMG. 

  



 
70  

 

Figure 29. Effects of nutraceuticals on ALP activity of 7F2 cells after 6 days  
Culture (n = 3) in 1G and SMG in osteogenic medium. Confluent cell cultures were 
treated with different concentrations of the nutraceuticals and ALP activity was assessed 
as described in Materials and Methods. (a) Curcumin; (b) carnosic acid; and (c) zinc 
sulfate. (*) p < 0.05; (**) p < 0.01. † (inside the bars) indicates a significant difference 
from control. The results reflect means ±SD from three independent experiments (n=3 
biological replicates). Statistical analysis was conducted using ANOVA followed by 
Tukey’s post-hoc test. 
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Figure 30. Effects of nutraceuticals on the expression of osteogenic marker genes 
ALPl, RUN, and ON. 7F2 cells were cultured for six days in 1G and SMG, respectively, 
in non-osteogenic maintenance media (MM) and osteogenic differentiation media (DM). 
Gene expression was analyzed by real-time PCR and normalized to the levels of a 
housekeeping gene (GAPDH), with 1G MM as control. The expression of each gene to 
internal control is presented as fold-change expression for each transcript, with control as 
1-fold expression. For details, see Materials and Methods. Nutraceutical concentrations 
were 7.5 µM curcumin, 10 µM carnosic acid, 50 µM zinc. Values are Means +/− SD of n 
= 3. Versus 1G-MM-Control, Asterisk (*) p < 0.05, (**) p < 0.01, (***) p < 0.001. The 
results reflect means ± SD from three independent experiments (n = 3 biological 
replicates). 
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4.2.3 Nutraceuticals Induce Osteogenic Marker Gene Expression In Non-Osteogenic 
Medium 
 

The expression and upregulation of osteogenic marker genes, together 

with the increase in ALP activity, confirm osteogenic differentiation. The effect 

of the nutraceuticals on the mRNA expression of three distinct osteogenic genes 

(ALPl, Runx2, and ON) was determined using quantitative RT-PCR. Following 

six days of culture in osteogenic differentiation media, osteogenic markers were 

studied in both 1G and SMG (Figure 30).  

In line with my previous results (111), SMG, in general, suppressed the 

expression of all three genes tested by approximately 60%. Surprisingly, while the 

nutraceuticals did not significantly alter gene expression in osteogenic 

differentiation media, the nutraceuticals did significantly induce the expression of 

all osteogenic genes in non-osteogenic maintenance media (Figure 30). As an 

example, in SMG, in the presence of all nutraceuticals, ALPl expression in non-

osteogenic maintenance media (SMG MM) was elevated to levels statistically 

similar to that seen in SMG osteogenic media (SMG DM). This contrasts with 

osteogenic differentiation media (DM), where the nutraceuticals did not change 

the expression of ALPI, Runx2, or ON. While the nutraceuticals did not 

effectively counteract the inhibition of osteogenic marker gene expression in 

SMG, supplementation with the nutraceuticals raised the expression levels of 1G 

MM to 1G DM control and SMG MM to SMG DM control. Using ALPI as an 

example, the increases observed for cells cultured in MM-media were 160% for 

curcumin, 130% for carnosic acid, and 170% for zinc, respectively. 
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4.2.4 Phytonutrients Display Synergistic Effects In Intermixtures Independent Of 
Zinc 

 

To explore the previously described synergistic effects of adding diverse 

phytonutrients together, we evaluated ALP activity in the osteogenic monolayers 

(cultured in DM) in the presence of a combination of the nutraceuticals, 

specifically when the phytonutrients curcumin and carnosic acid were tested 

together (“intermix”). When curcumin and carnosic acid were mixed (3.75 µM 

curcumin + 12.5 µM carnosic acid), the resulting ALP activities were 

significantly greater than the effects of the individual nutraceuticals when factored 

additively (Figure 31), suggesting synergy between these two phytonutrients. 

The intermix of curcumin and carnosic acid increased ALP activity 

approximately two-fold, 113 ± 37% in 1G and by 90 ± 33% in SMG, compared to 

the hypothetical additive of curcumin and carnosic acid individually. By contrast, 

when either phytonutrient was mixed with zinc (3.75 µM curcumin + 25 µM zinc 

or 12.5 µM carnosic acid + 25 µM zinc) additive effects were observed, where the 

total ALP activity was statistically not different from the (theoretical) sum of the 

individual nutraceuticals in both in 1G and SMG. The triple intermix of all three 

nutraceuticals also displayed a synergistic reaction, especially in SMG, due to the 

presence of the phytonutrients within the mixture.  
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Figure 31. ALP activity normalized by cell number  
With ALP activity hypothetically stacked additively versus observed in intermixes. 
Intermixes are 3.75µM curcumin + 12.5µM carnosic acid, 3.75µM curcumin + 25µM 
zinc, 12.5µM carnosic acid + 25µM zinc, and 3.75µM curcumin + 12.5µM carnosic Acid 
+ 25µM zinc. (a) 1G; (b) SMG. The dotted lines represent the levels of normal ALP 
activity in either 1G (a) or SMG (b). Asterisk (*) p < 0.05, (**) p < 0.01; Cross (†) p < 
0.05, (††) p < 0.01, versus 1G controls. The results reflect means ±SD from three 
independent experiments (n=3 biological replicates). 
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4.2.5 Long-Term Application Of Nutraceuticals Partly Mitigated Inhibition Of ALP 
Activity And Mineralization By SMG 

 

To simulate the potential effects of nutraceuticals on the long-term 

osteogenic behavior of mature mineralizing osteoblasts, 7F2 cells were plated as 

before in 1G MM, grown for about six days to near confluence (see Methods), 

and then cultured for another 21 days (instead of six days) in DM under SMG 

conditions or in 1G. Experiments were performed in osteogenic media and 

nutraceuticals were replenished during periodic media changes following a 

cycle of two days, two days, and three days. We focused on assessing long-term 

ALP activity, as it persists during the mature mineralizing phase and is essential 

in the production of hydroxyapatite. As seen in Figure 32, SMG strongly 

inhibited ALP activity under nutraceutical-free conditions, reducing activity to 

28 ± 7% (p < 0.0001) of 1G control.  

Nutraceuticals counteracted this inhibitory effect to differing degrees, 

resulting in 40 ± 12% of 1G control (p < 0.0001) in the presence of zinc, and 61 

± 24% of 1G control (p < .0001) for the phytonutrient mix (Figure 32a). 

Expression relative to 1G nutraceutical was 68 ± 15% for zinc (p < 0.05) and 

108 ± 29% for the intermix (not significantly different). Mineralization was 

analyzed in parallel to determine amounts of calcium deposited on the flask 

surface area after 21 days. SMG reduced mineralization to 70 ± 6% of 1G 

control. Zinc significantly (p < 0.05) recovered mineralization in SMG, resulting 

in 82.5 ± 15% of 1G control (Figure 29b). Interestingly, though the 

phytonutrient intermix increased ALP activity more than zinc (Figure 29a), it 

did not significantly (p = 0.9985) increase mineralization.  
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Figure 32. Effects of nutraceuticals on long-term ALP activity and mineral 
deposition. Long-term SMG experiments were conducted over 21 days in DM to assess 
enzymatic ALP and mineral deposition using “optimal” nutraceutical mixes: 
(“phytonutrients”) 3.75 µM curcumin + 12.5 µM carnosic acid and (“zinc”) 25 µM zinc. 
(a) ALP activity normalized by cell number. (b) mineralization quantified as micrograms 
of calcium per square centimeter (ug/cm2). Asterisk (*) p < 0.05, (**) p < 0.01, (***) p < 
0.001. The results reflect means ±SD from three independent experiments (n = 3 
biological replicates). 
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Figure 33. Nutraceutical induced osteogenic differentiation in maintenance media 
(MM). The concentrations of individual nutraceuticals used were based on earlier data: 
7.5µM curcumin, 10µM carnosic acid, and 50µM zinc. Lines are imposed are for 
comparative purposes: osteogenic differentiation media (DM) controls, for 1G and 
Microgravity. Asterisk (*) p < 0.05, (**) p < 0.01, (***) p < 0.001. The results reflect 
means ±SD from three independent experiments (n = 3 biological replicates). Statistical 
analysis was conducted using ANOVA followed by Tukey’s post-hoc test. 
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CONCLUSIONS 
 

From the results of the studies performed for this dissertation, I could 

draw the following general conclusions: 

1. I compared the inhibitory effects of simulated microgravity and non-

terrestrial simulated partial gravity (on Mars and Moon) on key 

physiological parameters of 7F2 osteoblasts cultured in the new 

generation of the software-driven Random Positioning Machine 

(RPMSW) that can reliably simulate conditions of extraterrestrial partial 

gravity. When exposed to various levels of simulated partial gravity 

(equivalent to  ~ 0.6 – 10-3 G), I observed a significant, gravity-

dependent inhibition of ALP activity in the short-term (six days) and 

mineralization in the long term (twenty-one days). Proliferation was also 

inhibited, with decreasing gravity significantly lengthening population 

doubling times. Gradients for inhibition exhibited slightly different 

patterns: While in most cases inhibition was maximal in simulated 

microgravity conditions, the pattern of inhibition of cell proliferation and 

ALP activity was 1G>Mars=Moon>Micro, while the pattern of 

inhibition of matrix mineralization was 1G>Mars>Moon=Micro. 

Modulation of gene expression by reductions in simulated gravity levels 

exhibited a threshold-like behavior, with all partial gravity states and 

Micro resulting in similar levels of downregulation. Describing, for the 

first time, dose-dependent osteogenic responses to reductions in 

simulated partial gravity, my comparative study is timely and relevant 

for forthcoming space explorations, specifically for predicting the effects 
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of the reduced gravity on Moon and Mars.   

2. I used the osteoblastic cell line 7F2 to test the hypothesis that several 

antioxidant nutraceuticals might promote osteoblast differentiation and 

function and thus potentially mitigate inhibition due to reduced gravity. I 

demonstrated that the phytochemical derivatives curcumin and carnosic 

acid and the trace element zinc can promote osteoblastic cell growth in 

the absence of traditional osteogenic media. All three nutraceuticals 

stimulated osteogenic differentiation, as assessed by elevated enzymatic 

ALP activity and changes in the expression of osteogenic marker genes. 

The osteogenic effects of the plant-derived nutraceuticals were identified 

as synergistic. Cells treated with the nutraceuticals, especially with the 

synergistic intermix, were able to counteract simulated microgravity-

based inhibition primarily through heightened levels of tissue-

nonspecific alkaline phosphatase. I surmise that intermixes of 

phytonutrients may serve as convenient and effective nutritional 

countermeasures against bone loss in space. 
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Discussion: Partial Gravity 
 

One of the most significant and novel findings in this work is the 

uncovering of differential partial-gravity dependencies of the parameters studied: 

dose-dependence versus step-function. While most ground-based studies using the 

RWV or the RPM bioreactors have focused on the effects of “simulated 

microgravity” (Micro, ~10-3 G), there are a few studies (42, 103) that compare 

the effects of Micro and non-terrestrial simulated partial gravities (Moon, Mars). 

Given the preparations for upcoming manned space flights to Moon and Mars, 

there is a need for increased studies of partial-gravity research. Amongst the 

research priorities between 2018 and 2024, recent NASA workshops and 

international committees have emphasized studies of “G-dose response in cell 

cultures using RPM” on Earth, as well as ISS-based counter-experiments (119). 

In the past, earth-based simulation of partial gravity has been challenging. 

Some of the previous approaches for generating micro-and/or partial gravity, such 

as drop towers (seconds of weightlessness), parabolic flights (approximately 10–

20 seconds), sounding rockets (3-8 minutes in free-fall phase), and commercial 

sub-orbital rockets (minutes to hours) have significant drawbacks and pitfalls, 

such as short duration and fluctuation of the gravitational load and intrinsic 

experimental challenges (120). The system we used to simulate the extraterrestrial 

partial gravities of Moon and Mars in addition to simulating microgravity, the 

new software-driven RPMSW, has been described previously (42, 103, 121)  The 

RPMSW is the advanced version of the original “Random Positioning Machine”, 

which has been widely used to simulate microgravity (35, 43). However, instead 

of leveraging the random motion of the original RPM, the RPMSW employs 
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specific RPM path files, as described in great detail in the supplementary 

information (42) of Manzano et al., briefly explained in the Methods section of 

this paper, and also illustrated in Figures 7 and 15. To the best of my knowledge 

only the RPMSW (and similar devices), or a centrifuge in orbit can provide long-

term simulated partial gravity of this quality and duration.   

Regarding the functioning of the RPM and the simulation of microgravity 

in more detail: within the context of this thesis, the term Simulated Partial Gravity 

(SPG) refers specifically to the simulated condition of vector averaged motion 

due to the 3D clinostat or RPM. This is an environmental simulation of partial 

gravity akin to free-fall, replicating aspects of a change in actual telluric gravity. 

Specifically, the use of the terms “Mars” and “Moon” in this context does not 

indicate that we actually recreated the respective extraterrestrial partial gravity 

conditions, rather operating the RPM in the specific files paths generates an earth-

based analog environments that simulate many of the environmental conditions 

expected at 0.38 G and 0.16 G respectively. As noted in Methods, the simulation 

of gravity is time-averaged (see Figure 15) and most simply visualized as a 2D 

rotation. The rotation over time produces the free-fall effect. Partial validation via 

direct experimental comparison can be achieved using simulation of partial 

gravity in orbital microgravity using a centrifuge, and full validation by 

comparison to samples in true partial gravity, the most convenient being the 

Moon. 

My results and those of others using clinostats as earth-based analogs for 

simulating microgravity and partial gravity conditions suggest that the observed 

effects are primarily due to alterations in the modeled reduced gravity conditions. 



 
82  

However, for the sake of scientific rigor, we would like to acknowledge the 

possibility that some of the phenomena observed in clinostats and the RPM could 

also be (in part) due to indirect effects in the environment (e.g., changes in fluid 

shear or mass transfer) (122-124). Moreover, while differences in vibration, fluid 

shear, or mass transfer may occur between different path-files in the RPMSW, 

these have yet to be quantified or identified as significant (42, 103) . 

The decreased mineralization function of osteoblasts is a relevant and 

essential area of investigation; however, experiments are not wholly in agreement 

and there are some conflicting results. RWV cultured MC3T3-E1 osteoblasts 

were observed not to experience increased apoptosis due to vector averaged 

microgravity (63) while osteoblast-like ROS 17/2.8 cells showed increased 

apoptotic death associated with the perinuclear distribution of cell-surface integrin 

beta-1 and disorganization of actin cytoskeleton (37). During the space shuttle 

Endeavor’s STS-59 mission, primary osteoblast cell cultures derived from normal 

embryonic chicken calvaria saw down-regulation in type I collagen and 

osteocalcin gene expression (64), a similar response was observed in human 

osteosarcoma cell line MG-63 also in real spaceflight (125). This effect was 

replicated in SMG using MC3T3-E1 cells (63) but this is contradicted by human 

fetal osteoblastic (hFOB) cells cultured on STS-80 (real microgravity), where 

levels of type I collagen in the flight and control conditioned media were 

indistinguishable and levels of osteonectin, alkaline phosphatase, and osteocalcin 

messenger RNA (mRNA) were not significantly changed (126). In those same 

experiments, authors observed reduced mRNA alkaline phosphatase expression 

(125) contradicted by experiments where that activity did not change (61, 126) or 
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where it was enhanced twofold after six days of real space flight (65). A decrease 

in the expression of mRNA alkaline phosphatase has been observed (63) but an 

opposite reaction has also been seen, as osteoblasts cultured in the RWV have 

shown high levels of alkaline phosphatase expression and activity, and elevated 

expression of osteopontin, osteocalcin, and bone morphogenetic protein 4 (BMP-

4) (52). 

Despite some contradictory data regarding the gene expression and 

secretory activity of osteoblasts (70), typically with studies using differences in 

cell culture methodology, the proliferation and adhesive ability of osteoblasts in 

real or simulated microgravity is reliably reduced. Upregulation of interleukin-6 

(IL-6) stimulates osteoclast formation and resorption activity while cells express 

decreased differentiation and maturation-related substances, most prominently 

alkaline phosphatase, osteocalcin, and type I collagen; (7, 70) similar decreases 

are observed under the influence of microgravity (60, 64, 125). Additionally, an 

increase in the release of the osteoblast autocrine factor PGE2 and a decrease in 

TGF beta were demonstrated to occur as a result of microgravity (59, 126, 127). It 

may be that quiescent osteoblasts are slower to enter the cell cycle in 

microgravity, or that microgravity inhibits growth in either G1, or G2/M of the 

cell cycle. 

The gravity-dependent, graded inhibition of cell proliferation and ALP 

activity (Figure 16 & 17) can be taken as an indirect validation of the ability of 

my system to simulate different magnitudes of partial gravity. My identification 

of graded, step and threshold inhibition due to partial gravitational unloading has 

some precedence: for example, using the RPM to simulate partial gravity, Kamal 
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et al observed a gradient in morphofunctional types of nucleoli between Earth, 

Mars, and Micro after 24 hour as well as in Histone H4 acetylation (103). 

Manzano et al, reported that cell proliferation of Arabidopsis thaliana plants at 

simulated Mars gravity was essentially identical to that on Earth, while it was 

significantly accelerated under Micro conditions, with Moon inhibition being 

between Mars and Micro (42). The authors speculate that there is a likely 

threshold to gravity sensitivity intermediate between Moon and Mars. Swift et al 

used a weight-bearing suspension device to investigate musculoskeletal losses 

following full and partial hindlimb unloading, akin to modeled partial gravity on 

Moon, Mars, and in simulated microgravity (128). Close inspection of the data 

indicated different graded responses depending on the anatomical location of the 

individual plantar-flexor muscles. For example, loss of vBMD (bone mineral 

density) of the proximal tibia was similar for Moon and Mars, just as we found for 

my data on ALP activity and osteoblast proliferation (Figures 16 & 17). While 

different from my system in the details, the results of these studies do show both 

gradients and thresholds in terms of gravity dependence, just like my data. 

My findings confirm the results of previous studies indicating the 

inhibitory effect of SMG on osteoblast function(44, 45, 63, 107, 117, 125, 129). 

In expanding those studies, my data indicate a significant inhibitory effect of 

simulated partial gravity (SPG) on both proliferation, enzymatic activity, and gene 

expression in the short-term experiments (six days), as well as on mineralization 

in the long-term studies (twenty-one days). From my results we found three 

different patterns of inhibition: (Pattern I) in this pattern, inhibition of 

proliferation between days 2 and 4 and enzymatic activity by Moon and Mars 
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gravity levels were statistically indistinguishable (Figs. 16b and 17a). A different 

gradient was observed in inhibition of mineralization (Pattern II) that displayed 

similarity between Moon and Micro (Figure 20). By contrast to the functional 

studies, inhibition of the expression of the three osteogenic marker genes studied 

exhibited a threshold effect (Pattern III, Figure 18): gene expression levels in 

cells exposed to Mars, Moon, and Micro were all similar to each other but 

significantly different from gene expression in 1 G.  ALP activity illustrates the 

contrast: inhibition of ALP enzymatic activity was greater in Micro than on Mars, 

while expression of the ALPL gene was similar between Mars, Moon, and Micro 

(Figure 18). To the best of my knowledge, this study provides a first comparative 

analysis of the effects of non-terrestrial gravities (Mars, Moon) versus Earth and 

microgravity conditions on cultured mammalian cells. Based on the predictive 

character of my mineralization model (Figure 20e), we can make predictions 

about conditions based on other gravity wells, like Europa (0.134 G).   

My in vitro results are in line with previous space-based studies in orbital 

microgravity. For example, using the osteosarcoma MG-63 cell line, Carmeliet et 

al. examined the effects of “real” microgravity in space on matrix formation and 

maturation, both at the protein and mRNA levels. Cells were cultured for nine 

days under orbital microgravity conditions aboard a Foton-10 satellite. Alkaline 

phosphatase activity in microgravity increased by only a factor of 1.8 over the 

culture period, compared to the 3.8-fold increase in the ground-based 1 g controls 

(p < 0.01). Similarly, gene expression for ALPL in microgravity was decreased, 

producing a fold-change of 0.6 (p < 0.02) (125). These results are qualitatively 

similar to my results in simulated microgravity: we observed a 2.5-fold reduction 
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of ALP enzymatic activity between Micro and Earth and a fold-change of 0.8 in 

ALPL gene expression (Figure 18). 

While ALP activity plays a key role in the mineralization and maintenance 

of bone, the exact mechanisms of action are unclear (117). Sugawara et al. 

demonstrated that while the enzymatic activity of ALP is necessary for 

mineralization in MC3T3 cells, but does not require the anchoring of ALP to the 

external surfaces of plasma membranes, as ALP is released by osteoblasts and 

steadily accumulates in the media (118). Elevated levels of ALP do not 

necessarily correlate with increased mineralization; for example, mechanical 

stimulation of osteoblasts via pulsatile flow elicited an increase in ALP activity 

but did not result in a significant difference in matrix mineralization (130). The 

decrease in the expression and activity of alkaline phosphatase and the inhibition 

of genes related to matrix proteins, like osteopontin and osteocalcin, which are 

characteristic of mature mineralizing osteoblasts, can indicate that osteogenic 

cells are sensitive to mechanical stimuli – in my case partial gravity - in both their 

mature and immature phases.  

While one study found no effects of SMG on the proliferation of 2T3 cells 

cultured in the RPM (50), most others have observed a significant inhibition of 

cell proliferation. For example, Dai et al. reported that the proliferation of rat 

bone marrow mesenchymal stem cells was inhibited by SMG, with cells arrested 

in the G0/G1 phase of the cell cycle (107). Similarly, skeletal unloading, a 

ground-based analog to SMG, has been shown to decrease the proliferation of 

osteoblast precursor cells (131). My study suggests, for the first time, a dose-

dependent reduction of proliferation in osteoblasts by simulated partial gravity. A 
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plot of the calculated doubling times vs the distinct gravity levels suggests a 

semilogarithmic relationship (Figure 16c). By contrast, the gravity-dependence of 

the inhibition of enzymatic ALP activity (Figure 17) or matrix mineralization 

(Figure 20) appears to be linear.  

There is a consensus that ALPL mRNA levels are inhibited by 

microgravity over time, though there have been exceptions observed. Many 

studies have observed downregulation of ALPL in both real and simulated 

microgravity versus Earth controls (50, 63, 132, 133), for example in 2T3 cells 

after 3-days in the RPM 19. A smaller number of studies have reported ALPL 

upregulation in microgravity versus Earth gravity, for example in cultured 

osteoblasts recovered after 10 days in space (52, 70, 134) or in rats that were 

flown in space for 6-days 37. Explaining this upregulation in Kapitonova et al, 

speculated that this unexpected upregulation may be due to the change in the 

window of matrix maturation as microgravity inhibits osteoblasts.  As noted by 

Landis et al. pre-osteoblasts cultured in space experienced a delayed progression 

into a mature mineralizing state, as microgravity reduced the expression of 

osteocalcin and type-I collagen (64). Finally, at least one study that lasted one day 

only showed no difference in ALPL expression (15). My studies confirm and 

build on the majority of prior publications indicating that microgravity inhibited 

the initiation of mineralization in osteoblasts and downregulated genes related to 

osteoblast mineralization. An example of a similar outcome is MC3T3-E1 cells in 

Hu et al (44).  

In addition to ALPL, my study also focused on Runx2 and osteonectin. 

Runx2 (or RUN), a member of the runt homology domain transcription factor 
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family, is a transcription factor essential for osteoblast differentiation and 

mineralization (15), and for regulating osteocalcin expression (50). Decreased 

expression of ALPL and RUN is consistently observed in most orbital 

experiments and SMG cultures using calvaria, MSCs, and cell lines (44, 50, 135). 

Peak RUN expression occurs at the end of the proliferative phase and the 

beginning of mature mineralization and matrix deposition. ALPL and RUN are 

often profiled in parallel. For example, Pardo et al. (2005), while finding no 

change in 2T3 cell proliferation, reported that after 3 days of culture in the RPM 

under Micro conditions, ALPL gene expression was reduced five-fold while RUN 

was reduced 1.88-fold when compared to 1 G Earth controls (50). Hu et al. 

observed a significant (~ 2 fold) reduction in the expression of the genes for 

ALPL and RUN in 7-day differentiated MC3T3 cells after 24 hours in SMG (44). 

By comparison, the expression of the osteogenic genes in my experiments was 

downregulated (day-6, Micro) as follows: ALPL was inhibited 3.85-fold and 

RUN 2.93-fold.  

In vitro confluence and osteogenic differentiation resulted in the 

downregulation of proliferation and the transient expression of ALPL and RunX2. 

Both these genes are associated with osteogenic differentiation, reaching a 

maximal expression on day 6, similar to the expression profile in Choi et al, using 

periodontal ligament cells (20), or Bikle et al in hindlimb elevation (134), or 

Guillot et al in adult bone-marrow MSCs (136). The maximal expression 

followed by a decline may indicate the initiation of differentiation and the 

transition of a majority of the cells from a proliferating to a more mature matrix-

mineralizing phenotype, making this time point (or transition point) of particular 
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interest when investigating either the inhibition or delay of differentiation. Stein et 

al. refer to this pattern as “stage-specific” or transient expression (25).  

Osteonectin(ON), also known as Secreted Protein Acidic and Rich in 

Cysteine (SPARC),  is one of the most abundant non-collagenous bone proteins 

(137).  The effects of (simulated) microgravity on ON expression are 

controversial. While some studies show a significant reduction of ON expression 

in cells exposed to Micro conditions (24), just as we have demonstrated in this 

work (Figure 18b), others have seen no significant reduction in expression due to 

microgravity (52, 70). By contrast, Kumei et al. (2006) reported a small increase 

in osteonectin under microgravity (space shuttle) conditions (138), while 

Kapitonova et al (2013) reported a non-significant difference(70). My results 

(Figure 18) demonstrate a transient peak expression of osteogenic genes (e.g., 

ALPL, RANKL, BMP-4, Collagen-I, osteocalcin), a profile seen previously in 

other mineralizing cells, like periodontal cells differentiating into osteoblasts (20). 

Buravkova et al. have speculated that these mechanically sensitive 

markers of osteoblast differentiation are most vulnerable to changes in the 

gravitational field at the peak of expression (117). Importantly, we did not 

observe statistically significant differences in gene expression between the 

simulated partial gravities: Mars, Moon, and microgravity. Thus, we presume that 

the inhibition of gene expression exhibits a threshold or step-function behavior, 

with the threshold itself somewhere between Mars gravity (0.38G) and Earth 

(1G). This is different from the dose-responses observed in differentiation, 

mineralization, or proliferation and novel in terms of observation of osteoblast 

functionality and bone health. The threshold between Earth and Mars in terms of 
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modulation of gene expression by SPG suggests a sensitivity of gene expression 

to the initial changes in gravitational load not shared by other processes.  

There is an intense interest in space biology regarding thresholding, 

particularly for gravity sensing (120) and biological impairment. Studies at 

simulated partial gravity can contribute to the determination of thresholds for 

various biological responses to gravitational alterations. For example, the effects 

of partial gravity on critical physiological factors like the cell cycle are 

understudied (103). It is important to determine how exposure to distinct 

magnitudes of gravity interacts with time (effects after 6 hours, 24 hours, weeks). 

Other papers, like Kamal et al. (2018) have, in plants, observed threshold effects 

related to exposure time and, for example, ribosome biogenesis, where the effects 

are similarly inhibited by simulated Mars gravity and Microgravity in comparison 

to Earth gravity, suggesting a threshold between 1 g and 0.38 g, (103) similar to 

my finding for the inhibition of gene expression in 7F2 osteoblasts (Figure 3b).   

While there are several hypotheses for gravity sensing mechanisms, 

epigenetic triggers, and potential feedback loops in mammalian cells, that 

exacerbates inhibition over time (139), the dependence of these mechanisms 

across a range of simulated gravities has not yet been elucidated and warrants 

further investigation in future spaceflights to Moon and Mars. In the meantime, a 

reasonable validation of these results, and other partial gravity simulations on 

Earth, could also be done in orbital microgravity on the ISS, using a variable 

counterweight centrifuge(120). In the past, centrifuges have been tested in space 

to simulated Earth gravity, though challenges persist in replicating methodologies 

and experiments that require intervention or attention from astronauts. 
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Discussion: Rho-ROCK Inhibition 
 

Cytoskeletal integrity is essential for a variety of cell processes, such as 

proliferation, migration, signal transduction, apoptosis, matrix deposition, and 

differentiation. The cytoskeleton is responsive to changes in the environment 

through physical contact with surfaces using focal adhesion points. These anchor 

points are signaling complexes composed of transmembrane integrins linked to a 

variety of structural and signaling molecules, such as vinculin, zyxin, FAK, and 

Src (63). These integrins control actin polymerization via small GTPases of the 

Ras homology, of which the family has ~20 identified members, RhoA, Rac1, and 

Cdc42 being the most well studied. Louis et al have speculated that Rho-GTPases 

act as key sensors in cell adaptation to microgravity and that the pathway 

mediates the reorganization of the actin cytoskeleton under microgravity (73). 

Donald Ingber’s theory of tensegrity implies that, in a dynamic and reciprocal 

way, the external mechanical forces (or a lack thereof in microgravity) acting on a 

cell are balanced by the generation of an intracellular tension through the 

actin/myosin machinery. Microgravity dysfunction in adherent osteoblasts is 

broadly similar to down-regulation of RhoA, resulting in a reduced number of 

focal adhesion points, reduction in actin stress fibers, reduced fibronectin 

fibrillogenesis, and impaired osteoblast differentiation. Indeed, microgravity 

reduces Rho expression phosphorylation of cofilin; when RhoA is forcibly 

overexpressed, leaving the Rho- ROCK pathway intact, this effect is reduced 

(127). When MSC's were Rho-silenced via transfection sensitivity to microgravity 

was not changed (63).  
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The contributions of other Rho members, like RhoB and RhoC, are not 

well understood. Nonetheless, the expression of Rho appears essential to 

counteracting microgravity, but it is also the pathway through which 

dysfunctional remodeling occurs. Further downstream of Rho is Rho-associated 

kinase (ROCK). Throughout the life cycle of the cell, the reorganization of the 

actin cytoskeleton is continuously mediated by Rho-associated kinase (ROCK), a 

major downstream target of Rho. ROCK phosphorylates LIM-kinase, which then 

phosphorylates confilin, resulting in actin cytoskeleton stabilization. Mao et al 

have suggested that SMG inhibited the migration capacity of BMSCs primarily 

via the ROCK-F-actin pathway and not specifically through Rho (71). 

Guignandon et al have also speculated that, in the absence of mechanical 

challenge, Rho GTPase signaling pathways can bypass the absence of RhoA (67). 

In topographic mechano-transduction experiments (in earth gravity), selective 

ROCK inhibition in osteoblasts increased Run2x expression and osteocalcin (PT 

and SLA), bone sialoprotein (SLA) expression at 1 week, and biomineralization at 

4 weeks (74). Microgravity reduces Rho expression as noted above, however, the 

pathway continues to remodel the cytoskeleton contributing to dysfunction. If this 

is the case, then inhibition of Rho-associated kinase (ROCK) may prevent 

degenerative remodeling without impacting Rho expression. 

In my experiments, I observed a significant effect in osteoblasts versus 

SMG-mediated inhibition. This effect was exclusive to downstream ROCK 

inhibition rather than upstream Rho inhibition. Recovery of morphology was 

observed in cell size, stress fiber density (Figure 24), and cell shape (circularity) 

(Figure 25), as all three metrics were elevated from being inhibited in SMG (60% 
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±22%, 64% ±9%, 58% ±24% respectively) to being closer to 1G control (82% 

±7%, 100% ±1% for fiber density and circularity respectively) or elevated above 

1G control (194% ±8%, for cell size). Along with changes to morphology to bring 

SMG-mediated osteoblasts closer to 1G control baseline, ROCK inhibition 

significantly increased ALP activity (a marker for osteogenic differentiation and 

activity used throughout this thesis) in both differentiating (90% ±9% of 1G) and 

mineralizing (70% ±18%) cells and increased mineralization in the same. ROCK 

inhibition and preservation of osteogenic morphology acted to counter several 

markers of microgravity-induced dysfunction, recovering functionality 

downstream, primarily mineralization. Average cell size in microgravity with 

ROCK inhibited increased above Earth-normal, and circularity was restored to 

levels not significantly different from Earth-normal. Interestingly, GGOH both 

increased cellular circularity in 1G and nuclear circularity in 0G. Rho inhibition 

via GGTI restored some functions (cell and nuclear circularity) to near Earth-

normal (Figure 25), but could not preserve actin fiber intensity or cell size, or 

restore ALP activity or mineralization versus SMG.  

ROCK inhibition is known to modulate cytoskeletal tension, particularly 

via Wnt-signaling on rough-textured surfaces; Wnt-signaling, in turn, controls the 

expression of important osteoblastic genes such as alkaline phosphatase and 

osteoprotegerin (74, 140). ROCK inhibition versus SMG may be acting similarly, 

as osteoblasts have a mechanotransductive sensitivity to both gravitational and 

topographical stresses. Reduced cell stiffness due to ROCK-inhibition, and the 

prevention of reorganization of F-actin by SMG (the Rock-Factin-cell stiffness 

pathway) may also have a downstream effect on cell functionality as observed in 
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this study: ALP activity, ALP protein, and mineralization. While there are several 

targets downstream of ROCK that may warrant further examination, prevention of 

cytoskeletal remodeling via ROCK inhibition demonstrates a potential target to 

retain functionality in osteoblasts under microgravity. 

Discussion: Nutraceutical Countermeasures 
 

Reductions in bone mass and loss of skeletal mineral, particularly in load-

bearing bones, remain a serious health complication associated with space travel. 

Microarchitectural deterioration occurs due to increased resorption and decreased 

mineralization, resulting in lower bone mass and leading to an elevated risk of 

fracture (53). There is an urgent, unmet need for (nutritional) countermeasures 

that could mitigate the detrimental effects of space flight on bone health. In this 

study, we demonstrated that the polyphenol derivatives curcumin and carnosic 

acid and the trace element zinc can promote osteoblastic cell growth over six days 

and, importantly, that all three nutraceuticals stimulated osteogenic differentiation 

in the absence of traditional osteogenic media, as assessed by elevated enzymatic 

ALP activity (Figure 28) and changes in the expression of osteogenic marker 

genes (Figure 29). The osteogenic effects of the plant-derived nutraceuticals were 

identified as synergistic (Figure 30). Cells treated with the nutraceuticals were 

able to counteract inhibition due to SMG by increasing the enzymatic activity of 

tissue-nonspecific alkaline phosphatase without elevating its mRNA expression 

levels (141).  

Plant phytochemical derivatives, such as curcumin or carnosic acid, are 

well-known nutritional supplements with anti-oxidative properties and have been 

widely studied, e.g., for use as anti-cancer agents. The beneficial effects of these 
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nutraceuticals on bone health are believed to stem from either a protective effect 

against osteoclastic bone resorption or a direct augmenting effect on osteoblastic 

bone formation [24,25,36,39]. Carnosic acid and phenolic extracts are known to 

have anti-microbial properties (142) and inhibit inflammation (93). CA acts as a 

protective compound by activating signaling pathways associated with cell 

survival (143) by promoting mitochondrial protection (144, 145). To the best of 

my knowledge, there are few, if any, studies that have been published on 

osteoblasts and carnosic acid. By contrast, curcumin has shown osteogenic effects 

in prior studies (88).  

Zinc is likewise known to be essential to bone health and to have 

osteogenic properties (113, 146-148) but is structurally and functionally distinct 

from phytonutrients derived from plants. Zinc has been shown to have anabolic 

effects on osteoblastic MC3T3-E1 cells, stimulating protein and DNA synthesis 

[30,51,52], while zinc deficiency can inhibit osteogenic gene expression (149). 

Zinc increases alkaline phosphatase activity (146, 150) in osteoblastic MC3T3-E1 

cells and enhances collagen synthesis during bone formation (151). It also 

stimulates osteoblastic bone formation (148, 152). The consensus in the literature 

is that zinc likely plays an important role in the signaling pathways of 

osteogenesis and that dietary zinc supplements can alleviate the deleterious effects 

of skeletal unloading (99, 153) and osteoporosis (95). 

In this study, we used the murine osteoblastic cell line 7F2 to test the 

hypothesis that antioxidant nutraceuticals, specifically the phytonutrients 

curcumin and carnosic acid, might promote osteoblast differentiation and function 

and thus potentially mitigate inhibition of osteogenic differentiation in 
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microgravity. We used zinc as a positive osteogenic control, one that would 

operate distinctly from the phytonutrients. 

In this paper, we observed a short-term “shock effect”: exposure for 6 h to 

the nutraceuticals impacted cell viability in a dose-dependent fashion (Table 1). 

This finding is in line with some prior publications. For example, previous studies 

have shown inhibition of proliferation of rat calvarial osteoblasts (ROB cells) by 

curcumin (89, 154). Pesakhov et al. observed a 10% drop in peripheral blood 

mononuclear cell viability by 5 µM curcumin and 10 µM carnosic acid from 0 to 

72 h; while combinations of the two phytochemicals at these concentrations did 

not significantly reduce the viability of peripheral blood monocytes (PBMCs), 

they reduced the viability of HL-60 cells by more than 40% (115). However, in 

the longer-term (six days) studies (Figure 27), exposure to the “safe doses” of 

nutraceuticals resulted in an increase in the cell numbers. Taken together, these 

studies indicate that the cytotoxicity of these phytochemicals can be cell-type 

specific and needs to be established on a case-by-case basis (116).  

Proliferation, as observed in this study, is quite different from the 

conventional cytotoxicity/proliferation data from most other studies in that my 

cell cultures prior to exposure to nutraceuticals were already confluent. Thus, 

exposure to either osteogenic media or the nutraceuticals themselves pushed the 

cells from a quasi-quiescent /confluent phenotype into a 

differentiating/proliferative one. Untreated control cell populations showed no 

significant change from confluence, whereas in nutraceutical-treated samples, the 

cell numbers per unit area were elevated in both 1G and SMG (Figure 27). 

Preliminary studies suggest that the transfer of the confluent monolayers from 1G 
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to SMG caused a significant decrease in cell size/ surfaced area, thus permitting a 

more tightly packed monolayer (155). Antioxidants have been shown to restore 

some proliferation inhibition due to SMG and, in this same study, counteract 

some changes in cell morphology (filament length) though not in others 

(circularity) (80). We speculate that the increase in cell numbers upon exposure to 

DM and SMG may be related to this decrease in cell surface area (155). 

Compared to the copious literature describing the cytotoxic effects of 

curcumin and its use as an anti-cancer agent [36,58,59], there is less information 

available about the effects of curcumin on osteoblasts. There are divergent 

opinions/findings of curcumin either inhibiting or promoting osteogenesis. For 

example, curcumin has been shown to decrease mineralization in rat calvarial 

osteoblastic cells out to 14 days in a time-dependent manner (154). In line with 

this observation, we noted a consistent decrease in long-term 1G mineralization 

and ALP activity (Figure 31).  

On the other hand, there is precedent for nutraceuticals like curcumin 

being osteoinductive, even in the absence of osteogenic media (89). In line with 

this notion, in my short-term studies (six days), we observed significantly 

elevated levels of ALP in both osteogenic media and non-osteogenic media as 

well as the transient activation of gene markers for differentiation in 

nutraceutical-supplemented samples, which is not sustained over time and with 

the maturation of the osteoblasts. Due to its antioxidant and anti-inflammatory 

properties, curcumin has also been previously investigated as a component of 

biomaterials and scaffolds for regenerative medicine and bone repair (89).  

Alkaline phosphatase is an essential component for the formation of 
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hydroxyapatite and the maintenance and mineralization of bones; it facilitates the 

deposition of inorganic phosphate (Pi) by catalyzing the conversion of 

pyrophosphate (PPi). Osteoblasts secrete ALP enzymes during the matrix 

maturation and early-mineralization phases of their life cycle although not during 

their proliferative phase. In osteoblastic cell lines, like 7F2s, MC3T3-E1s, either 

the expression/upregulation of ALP genes or the enzymatic activity of ALP gene 

products serve as a strong indicator for osteogenic differentiation. ALP activity 

plays a key role in the mineralization and maintenance of bone. However, as 

demonstrated by Sugawara et al. (2002), while the enzymatic activity of ALP is 

necessary for mineralization in MC3T3 cells, elevated levels of expression or 

activity do not necessarily result in increased mineralization (118). My results 

showed that ALP expression was highest in the short-term, within six days, and 

that within at least this window of phytonutrient concentrations (1 µM to 5 µM 

curcumin, 1 µM to 10 µM carnosic acid), 7F2 differentiation was increased 

significantly in both osteogenic media (Figure 28) and maintenance media 

(Figure 32). However, this nutraceutical advantage was lost over the longer term, 

suggesting a time-sensitive component to exposure or a decrease in the excitatory 

sensitivity of mature mineralizing cells versus immature cells in the matrix 

maturation stage. 

To the best of my knowledge, no prior studies have investigated the 

interaction between mechanical unloading (e.g., gravitational unloading) and the 

effects of these specific nutraceuticals on osteoblasts. In both short- and long-term 

studies, nutraceuticals counteracted the SMG-mediated inhibition of 

mineralization and differentiation. In the short term, after the initial six days, ALP 
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activity was elevated to levels equal to or greater than 1G controls. In the long 

term, after 21 days, while at 1G, ALP activity in the nutraceutical-treated samples 

remained below the control, it was significantly elevated in SMG upon 

nutraceutical supplementation versus untreated SMG controls (Figure 31). 

Mineralization, while also decreased from 1G, was either partly recovered or 

unchanged in the samples maintained in SMG, unlike in 1G.  

The lack of changes in gene expression in both treated and untreated SMG 

samples (Figure 29) suggests that the observed elevation of ALP activity and 

mineralization may be a nutri-epigenetic effect. Similar effects, i.e., enhanced 

mineralization and ALP activity with minimal (<50%) or no significant changes 

in osteogenic gene expression, have been previously reported in MC3T3-E1 

osteoblasts treated with zinc and genistein (156). Furthermore, curcumin appears 

to play a role as an epigenetic modulator in general (141) and specifically as an 

epigenetic modulator of miRNAs involved in the osteogenic differentiation of 

dental pulp stem cells (141, 157). Going forward, we suggest focusing on the 

mechanisms by which the three nutraceuticals studied can improve bone health in 

microgravity, for example, by altering post-translational regulation of the 

transcriptional activity of osteogenic genes or serving as modulators of the 

epigenetics of osteogenic miRNAs.  

We further identified a synergistic increase in ALP activity although not 

gene expression in the cells concomitantly treated with both phytochemicals, 

curcumin, and carnosic acid, and observed osteogenic differentiation stimulated 

by all three nutraceuticals (Figure 30). In the case of synergy under 1G 

conditions, the curcumin-carnosic-zinc intermix may have reached the effective 
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ceiling of ALP activity in these cells under these conditions due to a limited 

supply of substrate or a maximal activity of the enzyme. Maximal ALP activity in 

SMG, akin to that in 1G, was obtained in the triple mix of the nutraceuticals and 

might reflect the above-mentioned plateau. A similar plateau of ALP activity was 

also found in other papers testing additive effects of nutraceutical trace elements, 

like Zn2+ and strontium (158). Due to this plateau effect at 1G, inhibition by 

SMG allowed the synergistic amplification to be more acute in the SMG sample 

than in the 1G.  

In my hands, zinc appeared to act on an unrelated pathway that did not 

synergize with the phytochemicals. However, zinc was effective in stimulating 

osteogenic differentiation (Figure 32) and gene expression (Figure 29) in 

maintenance media. Zinc was also effective in counteracting gravitational 

inhibition of ALP activity in the short term (Figure 28) and in partially increasing 

mineralization in the long term (Figure 31b). 

These nutraceuticals may be useful as potential candidates for nutritional 

countermeasures to health challenges due to spaceflight, specifically alleviating 

skeletal damage caused by exposure to microgravity. As these nutraceuticals seem 

to at least partly mitigate the effects of gravitational unloading, future research 

may be warranted to investigate these compounds for osteo-assistive effects in 

situations involving mechanical unloading here on Earth, such as extended bed 

rest. 
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