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Abstract: Background: Aerospace microgravity (AMG) poses a major threat during spaceflight, 

impairing osteoblast differentiation (OBD) and causing bone loss. To replicate AMG conditions for 

ground-based experimental procedures, simulated microgravity (SMG) has been implemented to 

explore the molecular mechanisms of AMG-induced alterations in osteoblast differentiation. However, 

SMG’s metabolic implications contributing to defective osteoblast differentiation remain unexplored. 

Methods: To investigate this, we investigated effects of SMG on pre-osteoblast MC3T3-E1 cells using 

Western-blotting to analyze expression of metabolic regulators and Seahorse assays to characterize 

cellular metabolism. The cytotoxic necrotizing factor-1 (CNF1), an activator of focal adhesion kinase 

(FAK), was applied to assess its ability to modulate SMG-inhibited OBD. Results: Our results showed 

that, besides its established inhibition of FAK and the Wnt/β-catenin signaling cascade, SMG also 

induced a metabolic shift from fatty acid oxidation (FAO) to glycolysis by decreasing mitochondrial 

content and reducing expression of metabolic regulators [sirtuin-1 (SIRT1), peroxisome proliferator-

activated receptor-γ coactivator-1α (PGC-1α), and carnitine palmitoyl transferase-1α (CPT1A)] that 

are critical for mitochondrial biogenesis and FAO capacity. CNF1 exposure was found to counteract 

the SMG’s inhibitory influence by upregulating expression of above metabolic regulators and restoring 

mitochondrial content and FAO as the primary cellular metabolism and thereby rescuing OBD. 
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Altogether, our findings emphasize that FAK activation plays a critical role in restoration of SMG-

inhibited osteoblast differentiation by triggering transcriptional Wnt/B-Catenin-BMP2 (bone 

morphogenic protein-2)-COL1 (type-1 collagen) and metabolic SIRT1-PGC1a-CPT1A pathways. 

Conclusion: Our data shed light on FAK as a potential therapeutic target to mitigate SMG-driven 

bone-loss for astronauts and attenuate bone defectiveness for clinical osteoporosis. 

Keywords: Osteoblast metabolism; Simulated microgravity; FAK; CNF-1; Wnt/β-catenin; BMP2; 

COL1; SIRT1; PGC-1α; CPT1A 
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1. Introduction 

Astronauts encounter a range of stressors that can have adverse effects on their physiological 

well-being during spaceflight explorations [1]. In particular, aerospace microgravity (AMG) poses a 

prominent threat to bone homeostasis as it inhibits osteoblast differentiation (OBD), leading to 

decreased bone mass and osteopenia [2,3]. To replicate AMG conditions for ground-based 

experimental procedures, simulated microgravity (SMG) has been implemented to explore the 

molecular mechanisms of AMG-induced alterations in osteoblast differentiation. 

In regulating OBD and skeletal homeostasis, the Wnt/β-catenin pathway plays a prominent role 

in these processes [4]. Upregulation of Wnt/β-catenin leads to the downregulation of glycogen synthase 

kinase-3β, resulting in the hypo-phosphorylation of β-catenin, further stabilizing the β-catenin protein 

since it concentrates in the cytosol before localizing in the nucleus [4,5]. When in the nucleus, β-

catenin binds to the transcription factors lymphoid-enhancing-binding factor (LEF) and T-cell factor-

1 (TCF1), leading to the increased expression of the osteoblast maturation markers such as bone 

morphogenic protein-2 (BMP2) and type-1 collagen (COL1) [6,7]. Osteoblasts also enhance the 

expression of alkaline phosphatase (ALP), an enzyme responsible for the regulation of the 

mineralization and calcification of bones [8].  

It has been found that osteogenic differentiation of bone marrow mesenchymal stem cells (MSCs) 

can also be inhibited through alterations in cellular energy metabolism [9]. Specifically, SMG has been 

reported to impair OBD by inhibiting fatty acid oxidation (FAO), while other studies demonstrated 

that SMG downregulates the NAD+-dependent histone deacetylase sirtuin-1 (SIRT1) and diminishes 

oxidative phosphorylation (OXPHOS), resulting in suppressed osteogenesis in MSCs [10,11]. 

Complementary findings have further revealed that the restoration of SIRT1 expression and OXPHOs 

activity reversed the SMG-induced inhibitory effects [12]. However, the precise impact of SMG on 

osteoblast energy metabolism and its contribution to defective OBD remains understudied. 

Focal adhesions (FAs) are formed from the interactions between cell surface integrins and the 

extracellular matrix (ECM), enabling cells to sense and adapt to external biochemical and mechanical 

cues [13]. By anchoring the cytoskeleton to ECM, these specialized contact sites act as the central 

point of force transmission by converting forces generated by actin filaments and contractile myosin 

into cell movement [14]. FAs are multiprotein structures that are primarily built from a multitude of 

structural and mechano-sensing macromolecules, such as α/β-integrin transmembrane receptors, 

intracellular adaptor proteins (IAPs) consisting of scaffolds paxillin, vinculin, and talin, and IAP-

associated signaling proteins such as focal adhesion kinase (FAK) and Ras homolog gene (Rho) family 

GTPases [15]. Within this network, FAK plays an especially vital role, concurrently acting as a 

scaffold that organizes other FA substituents and as a signaling hub that triggers various downstream 

pathways such as mechanistic target of rapamycin complex-1 (mTORC1) and extracellular signal-

regulated kinase (ERK1/2) through its interactions with paxillin and Src [16].  

We previously investigated SMG’s effect on tumor cell biology using a mouse melanoma BL6-

10OVA cell line and demonstrated that SMG drastically reduced FA formation, resulting in decreased 

expression of FAK and declined tumor cell proliferation, adhesion and invasiveness [17], and 

increased tumor cell apoptosis [18]. Interestingly, the addition of FAK activator cytotoxic necrotizing 

factor-1 (CNF1), an Escherichia coli toxin, to SMD-treated tumor cell culture resumed tumor cell 

biological activity through AMP-activated protein kinase (AMPK) and mTORC1 signaling [17], 

rescuing SMG-induced tumor cell apoptosis through ERK1/2 and mTORC1/NF-κB signaling [18]. 
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This indicated that FAK activation is central in the counteraction of SMG-inhibited tumor cell 

functional alterations.  FAK was reported to control OBD and bone regeneration [19]. Therefore, we 

assumed that FAK activation may also control the Wnt/β-catenin-BMP2-COL1 pathway to restore 

SMG-inhibited OBD.  

2. FAK activation plays a critical role in restoring SMG-inhibited OBD by triggering the 

transcriptional Wnt/β-Catenin-BMP2-COL1 pathway 

It has been reported that SMG inhibits OBD and induces bone loss via the inhibition of the Wnt/β-

catenin pathway [20]. To investigate whether FAK activation controls the Wnt/β-catenin-BMP2-COL1 

pathway to restore SMG-inhibited OBD, a three-dimensional clinostat random positional machine 

(RPM) was utilized to simulate the SMG (µg) condition for culturing a mouse pre-osteoblast cell line 

MC3T3-E1, compared to ground (1g) control condition, followed by analysis of cells and cell lysates 

by fluorescence microscopy and Western blotting, respectively [21]. We demonstrated that SMG not 

only decreased FA formation but also reduced FAK activity and inhibition of OBD by downregulating 

Wnt/β-catenin signaling and its downstream targets: BMP2 and COL1 and alkaline phosphatase (ALP) 

[21], as previously reported [4,6,7]. This further led to decreased ALP activity and impaired in vitro 

cell mineralization capacity, the two hallmarks of defective OBD, compared to ground (1g) control 

condition. The addition of the FAK activator CNF1 to the SMG-treated MC3T3-E1 cell culture also 

counteracted SMG's ability to reduce FA formation and FAK activity, down-regulate the Wnt/β-

catenin-BMP2-COL1 signaling pathway, and block ALP activity and cellular mineralization [21]. 

Hindlimb unloading (HU) is a common mouse or rat model for studying SMG-induced bone 

demineralization in vivo [22,23]. Our HU-treated mice demonstrated a significant decrease in tibia 

trabecular bone density and overall bone loss, compared to control (1g) mice, using mouse tibia 

trabecular bones measured by 3D-CT scanning and histopathologic analysis [21], as previously 

described [23,24]. Interestingly, pharmacological activation of FAK by administration of HU-treated 

mice with CNF1 also restored tibia trabecular bone density in HU-treated mice [21]. Our data thus 

indicated that FAK activation plays a critical role in restoration of SMG-inhibited OBD by triggering 

the transcriptional Wnt/B-Catenin-BMP2-COL1 pathway. 

3. FAK activation plays a critical role in restoring SMG-inhibited OBD by triggering the 

SIRT1-PGC-1α-CPT1A pathway 

Bone metabolism has a substantial yet underrecognized role in bone remodeling, as osteogenic 

differentiation is strongly dependent on the metabolic state of the bone cells [25,26]. To illustrate, FAO 

induces OBD by stimulating β-catenin acetylation [27,28], and mitochondrial oxidative 

phosphorylation (OXPHOS) influences osteogenic differentiation in MSCs [27,29]. The SIRT1 and 

proliferator-activated receptor-γ (PPARγ) coactivator-1α (PGC-1α) are potent regulators of FAO and 

mitochondrial function [30–32], with SIRT1 particularly being able to promote OBD and bone 

deposition [33–35]. When PGC-1α is deacetylated by SIRT, its transcription factor properties are 

upregulated, enabling it to enhance mitochondrial biogenesis by increasing the expression of 

mitochondrial regulators [31,32]. These regulatory molecules are crucial for mitochondrial functions 

including glycerol channel aquaporin-9 (AQP9), a glycerol-specific transporter important for fatty acid 

esterification and fat storage, and carnitine palmitoyl transferase-1α (CPT1A), a key rate-limiting 
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enzyme for FAO [36–39]. 

To investigate the mechanism underlying SMG-modified metabolic programming, we performed 

the same experiments using pre-osteoblast cell line MC3T3-E1 as previously described [21]. We 

observed that SMG markedly reduced the abundance of the crucial metabolic regulators, including 

SIRT1, CPT1A, and PGC-1α, relative to the control (1g) condition [40]. The mitochondria, an 

organelle important for energy synthesis and homeostatic regulation [27–29], were also assessed under 

SMG conditions. Our results showed that SMG-cultured cells exhibited significantly decreased 

mitochondrial content compared to the control, further exacerbating SMG’s ability to alter metabolic 

function [40]. Furthermore, the complementary Seahorse assay revealed that SMG induced a distinct 

metabolic reprogramming, characterized by elevated extracellular acidification rate (ECAR), reduced 

oxygen consumption rate (OCR), and diminished FAO [40]. Collectively, these findings demonstrate 

that SMG reduces mitochondrial content and function while promoting a shift from FAO toward 

glycolysis as the primary source of ATP, thereby impairing the bioenergetic capacity of osteoblasts 

[40], consistent with a previous study for SMG-induced metabolism switch from FAO to glycolysis in 

MSCs [41]. In parallel to our previous findings [21], the addition of CNF1 also counteracted SMG’s 

effects on metabolism alteration. We demonstrated CNF1 restored mitochondrial composition, 

reinstated expression levels of the metabolic regulators (SIRT1, CPT1A, and PGC-1α), and reversed 

the SMG-associated reprogramming of energy metabolism, reestablishing FAO as the dominant 

energy pathway over glycolysis, indicating that FAK activation plays a critical role in restoration of 

SMG-inhibited OBD by triggering the metabolic SERT1-PGC-1α- CPT1A pathway. 

4. Conclusions 

Altogether, our previous and recent findings [21,40] illustrate SMG’s ability to suppress 

osteoblast differentiation via two convergent pathways: (i) Inhibition of the transcriptional Wnt/β-

Catenin-BMP2-COL1 signaling cascade, and (ii) downregulation of the metabolic SIRT1–PGC-1α–

CPT1A axis, driving pre-osteoblast MC3T3-E1 cell from its FAO into a glycolytic-dependent 

metabolism (Figure 1). Importantly, FAK activation via CNF1 alleviated these SMG-altered pathways 

and SMG-inhibited OBD (Figure 1), illustrating that FAK activation plays a critical role in the 

restoration of SMG-inhibited OBD by triggering transcriptional Wnt/β-Catenin-BMP2-COL1 and 

metabolic SIRT1-PGC-1α-CPT1A pathways. TCF1, as a tolerated pharmaceutical reagent, has been 

applied to the treatment of rodent neuro diseases [42,43]. In applying these findings to therapeutic 

interventions, alongside the previously established focus on targeting Wnt/β-catenin signaling [44], 

our results also shed light on FAK as a potential therapeutic target to mitigate SMG-driven bone loss 

for astronauts and attenuate bone defectiveness for clinical osteoporosis. 



6 

AIMS Molecular Science  Volume 13, Issue 1, 1–9. 

 

Figure 1. Schematic diagram demonstrating that SMG inhibits FAK, leading to 

downregulation of FAK-regulated transcriptional Wnt/β-catenin, BMP2 and COL1 factors 

and metabolic SIRT1, PGC-1α and CPT1A molecules for osteoblast differentiation, 

respectively. The FAK activator CNF1 reverts the suppressive effects of SMG by 

activating the above molecules and restoring the osteoblast differentiation. Note: Red 

arrows represent upregulation and blue arrows denote downregulation. 
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