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Summary 

Osteoblasts are bone forming cells that work in cooperation with osteoclasts, which resorb bone, in 

a continuous cycle of bone remodeling. Since bone remodeling is crucial for preserving skeletal integrity 

and functionality, events, such as mechanical unloading, perturb this equilibrium, leading to pathological 

conditions, like disuse osteoporosis.  

In a previous work conducted in our laboratory, Lipocalin 2 (LCN2) and Pre-proenkephalin 1 

(PENK1) were identified as the most up- and down-regulated genes in osteoblasts subjected to 

mechanical unloading.  

Starting from this data, during my PhD I focused my research to evaluate the involvement of these 

molecules in osteoblasts homeostasis, in particular in response to mechanical unloading.  

In Chapter 2 we confirmed PENK1 downregulation due to mechanical unloading in both human and 

animal models of mechanical unloading. We also observed high expression of Penk1 in mouse in mouse 

femurs and calvariae cleaned from bone marrow, and this expression progressively increased during 

osteoblast differentiation. Surprisingly, Penk1 knock out (Penk1-/-) mice did not show bone phenotype 

compared to the WT littermates; however silenced Penk 1 in mature osteoblasts we observed an 

impairment of the Wnt pathway, while primary osteoblasts isolated from Penk1 -/- mouse calvariae 

showed an impairment of their metabolic and Alp activities, along with a lower nodule mineralization 

ability, compared to cells isolated from WT mice. Moreover, in a CFU-Fibroblastic assay, using bone 

marrow cells isolated from tibias, we observed a decrease of ability to form Alp-positive colonies in 

Penk1-/- versus WT mice, suggesting a cell autonomous positive effect of Penk1 in osteoblasts. In line 

with this, treatment of osteoblasts with Met-enkephalin, Penk1 encoded peptide, increased Osx and 

Col1a1 mRNAs, and enhanced nodule mineralization.  

In the second part of this work (Chapter3) we investigated whether genetic ablation of this gene can 

counteract the inhibitory effect of microgravity on osteoblast differentiation. Our results demonstrated 

that, at least in vitro, Lcn2 genetic ablation counteracts the reduction of Runx2 and Osx transcriptional 

expression induced by microgravity. Moreover, Lcn2 ablation also prevents the increase of 

RANKL/OPG ratio observed in the conditioned media of WT osteoblasts cultured under unloading 

conditions. However, in the mice subjected to mechanical unloading, the lack of Lcn2 is not sufficient to 

counteract the bone loss due to mechanical unloading and disuse, although it is enough to prevent the 

number and the surface area of osteoblasts from decreasing, as compared to WT littermates. 
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In conclusion, although future studies will be required to fully understand the mechanism of bone 

detrimental adaptation after mechanical unloading, the work reported in this dissertation adds another 

piece of knowledge, demonstrating the role that Penk1 and Lcn2 play in this event, as well as the 

contribution of Penk1 in osteoblast homeostasis. It is also important to point out that these studies are 

exploitable and applicable to those pathological circumstances in which patients experience disuse 

induced-bone loss due to of paralysis or neuromuscular disorders, as well as in case of long-duration 

space flights. 
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Chapter 1: “Introduction” 
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1. Introduction 

1.1 The bone tissue 

The bone tissue exerts many important functions, including locomotion, protection of soft organs, 

metabolic reserve of calcium and phosphate, and harbouring of bone marrow1. Unlike its marble-like 

appearance, bone is far from immutable being an extremely dynamic and metabolically-active tissue, 

that is renewed throughout our entire lifetimes75 Like other connective tissues, bone has an abundant 

organic extracellular matrix (ECM) mainly composed of collagen fibers (predominantly type I), 

glycoproteins and proteoglycans. What sets bone apart from the other connective tissues is its inorganic 

matrix component composed of mainly hydroxyapatite (a form of calcium phosphate), along with low 

amounts of calcium carbonate, magnesium hydroxide, fluoride and sulphate. During growth, bone has to 

change shape and size to accommodate the growing organism, in a process called bone modeling, while 

after puberty and final height is reached, it undergoes a continuous remodeling process through which 

old bone is replaced by a new one, in order to preserve its mechanical properties2,3. The remodeling 

process requires the three main cell types present in the bone tissue to work in concert: (i) osteoblasts, 

the bone forming cells, (ii) osteoclasts, the bone resorption cells, and (iii) osteocytes, mechanosensors 

and controllers of bone remodeling 1,5. 

1.2 Anatomy and macroscopic organization 

Bone can be classified according to its morphology and structure, from a macroscopic to a nanoscopic 

level 5. Macroscopically, the 206 bones that form the human skeleton can be divided into five types: long, 

short, flat, irregular and sesamoid 4. Long bones, such as the femur and tibia, consist of a cylindrical-like 

body whose length is greater than its width, called diaphysis, which ends in two epiphyses, as well as a 

transition zone between them, the metaphysis 4. The diaphysis is a hollow cylinder in which the medullary 

cavity is housed and whose wall consists of dense, compact bone tissue, known as cortical bone. 

Proceeding from the diaphysis to the epiphysis, the bone tissue thins out and the free space is occupied 

by trabecular bone 4,5. The trabeculae are thin calcified structures that form a network, the cavities thus 

formed are continuous with the diaphyseal medullary cavity and are occupied by bone marrow 5. Short 

bones, such as the carpus, tarsus, and vertebrae, are characterized by similar length and diameter; while 

flat bones have a large surface area and are thin in cross section. Examples of irregular bones are 
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vertebrae, difficult to describe in terms of shape. Finally, the sesamoid bones, like the patella, are small 

round-shaped bones with the main function of protecting the tendons from compression 1, 5. 

From a structural point of view, human bone can be classified into woven and lamellar bone 4. The 

former is only found in embryonic and neonatal bones and during fracture healing and is characterized 

by collagen fibers organized in randomly oriented bundles, resulting in a weaker but more flexible bone 

compared to lamellar bone (Figure 1a). In contrast, in lamellar bone the matrix is organized in 

microscopically thin layered sheets known as lamellae, in which collagen fibers are arranged in parallel 

oriented bundles whose orientation varies between adjacent lamellae (Figure 1b) 1,5. 

 

 

In trabecular bone and periosteum, which is an envelope of connective tissue that lines external bone 

surfaces, the lamellae are arranged parallel to each other and lodged along a flat surface, while in cortical 

bone they are deposited around a central canal, known as Haversian canal. In fact, cortical bone is 

organized in the Haversian systems or osteons (Figure 2). In the center of each osteon there is the 

Haversian canal, which is coated by endosteum, a layer of connective tissue that lines the inner surfaces 

of bones and contains blood vessels and nerves. In addition to Haversian canal, Volkmann's canals ensure 

communication between adjacent osteons by also connecting Haversian blood vessels. The appearance 

of an osteon is that of a cylinder running parallel to the long axis of the diaphysis. In the interstices 

between the osteons there are irregular areas of lamellar bone, which are residues of previous remodeled 

osteons. In the outermost and innermost layers of cortical bone, called the outer and inner circumferential 

Figure  SEQ Figure \* ARABIC 1 Woven and lamellar bone. Diagram illustrating the difference between woven (a) 

and lamellar (b) bone. Wowen bone, due to the random organization of collagen fibres, displays a disorganised appearance, 

while in lamellar bone the matrix is organized in microscopically thin layered sheets known as lamellae in which collagen 

fibers are arranged in parallel oriented bundles (Source: adapted from: Bone Structure, Development and Bone Biology: 

Bone Pathology - Scientific Figure on ResearchGate. Available from: https://www.researchgate.net/figure/Diagram-of-

immature-and-mature-bone-Immature-woven-bone-displays-a-disorganized_fig2_224929158).  

Figure 1: Woven and lamellar bone. Diagram illustrating the difference between (a) woven and (b) lamellar bone. 

Woven bone, due to the random organization of collagen fibres, displays a disorganised appearance, while in lamellar bone 

the matrix is organized in microscopically thin layered sheets known as lamellae in which collagen fibers are arranged in 

parallel oriented manner (Source: adapted from: Bone Structure, Development and Bone Biology: Bone Pathology - 

Scientific Figure on ResearchGate. Available from: https://www.researchgate.net/figure/Diagram-of-immature-and-mature-

bone-Immature-woven-bone-displays-a-disorganized_fig2_224929158).  
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lamellae respectively, there are no Haversian canals and the lamellae run parallel with periosteal and 

endosteal surfaces. 1, 5. 

 

 

Figure 2: Microscopic structure of bone. Schematic representation of the Haversian system and of lamellar bone 

(Source: adapted from https://www.vectorstock.com.) 

 

1.3 The bone matrix 

The bone extracellular matrix is quite unique, since it is mineralized and therefore composed of both 

inorganic and organic components 3. The mineral component of the matrix provides to the bone tissue 

the mechanical rigidity and load-bearing strength, while the organic component is responsible for its 

flexibility and elasticity. About 90% of the mineral component consists of hydroxyapatite crystals, while 

the main constituent of the organic matrix, which accounts for 35% of the dry weight of all the tissue, 

consists of collagen type I fibers oriented parallel to each other and arranged in layers that form the 

typical lamellar structure of the bone 6. This organization gives reason for the extensive resistance and 

stiffness of the bone. Non collagenous proteins in the organic matrix, such as osteonectin, osteocalcin, 

osteopontin, proteoglycans, cytokines and growth factors, are involved in many functions, including a 

structural function but also regulation of bone mineral deposition and turnover, and regulation of bone 

cells activity 6, 7. 
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1.4  Bone cells 

1.4.1 Osteoblasts 

Osteoblasts are cuboidal-shaped cells (Figure 3) accounting for the 4–6% of the total resident bone 

cells. Osteoblasts are in charge for deposing and calcifying the bone matrix 1. Osteoblasts can be observed 

lining the bone matrix in often long lines of cells (>3), which are in contact with the neighboring ones 

through adherent and gap junctions8,9. The latter not only provide adhesion but also intercellular 

communication 8.  

 

 

Figure 3: Osteoblasts, osteocytes, and bone-lining cells morphology. Toluidine blue staining of a mouse tibia showing 

osteoblasts (arrows), osteocytes (arrowhead) and bone-lining cells (asterisks) (male, 8 weeks of age, original magnification 

400×). 

 

Like other cells of connective tissues such as adipocytes, chondrocytes, fibroblasts and myoblasts, 

osteoblasts arise from mesenchymal stem cells (MSCs) 9. The commitment of MSCs to an 

osteo/chondroprogenitor line is regulated by specific molecules, such as those belonging to the Wingless-

related integration site (WNT) and Bone Morphogenetic Proteins (BMPs) 28 family (Figure 4). A very 

important role is played by WNT proteins by means of both the canonical and non-canonical WNT 

signaling pathways. The canonical WNT pathway is initiated by the binding of WNT ligand to Frizzled 

(FZD) receptor and to Low-density lipoprotein Receptor–related Proteins 5/6 (LRP-5/6) coreceptor, 

expressed on osteoprogenitor cell plasma membrane 29. This binding promotes an intracellular signaling 
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cascade which involves a multi-protein complex, incluùding Glycogen Synthase Kinase 3β (GSK3b), 

Axin, Adenomatous Polyposis Coli (APC) and Dishevelled (DSH) proteins. The assembled complex 

inhibits the GSK3β-mediated β-catenin phosphorylation and its ubiquitin-mediated degradation, leading 

to β-Catenin stabilization and translocation into the nucleus. Once in the nucleus, β-Catenin interacts 

with T cell-specific transcription factor/Lymphoid Enhancer-binding Factor (TCF/LEF) and promotes 

the transcription of the master regulators of osteoblast differentiation Runt-related transcription factor 2 

(RUNX2) and Osterix (OSX), among other important osteoblast differentiation genes 30. Genetic evidence 

that β-Catenin is required for osteoblast development has been demonstrated by Hu and colleagues in 

2005 73, while Tu X et al 64 proved that WNT-GAQ/11 -PKCd non-canonical pathway operates in 

mammalian osteoprogenitors in order to promote osteoblast development. Another novel noncanonical 

signaling pathway enhancing osteogenic differentiation of MSCs is reported by Chang J et al 65, 

according to which WNT-4 plays a critical role in osteoprogenitor development. 

Going through the differentiation pathway, pre-osteoblasts express AKP2, the gene coding for 

Alkaline phosphatase (ALP), which is considered one of the early markers of osteoblast differentiation 

along with Collagen 1A1 (COL1a1, which is kept very active throughout the differentiation process) and 

Osterix. Mature osteoblasts also express receptors for parathyroid hormone (PTH), estrogens (ERs), 

vitamin D3 (VDR), and produce bone matrix proteins, such as bone sialoproteins and osteocalcin 1-9-10. 

When observed by transmission electron microscopy, mature osteoblasts have a very abundant 

endoplasmic reticulum and an extensively developed Golgi apparatus, their cytoplasm is rich in 

ribosomes and secretory vesicles, and the nucleus is euchromatic, with large, well-defined nucleoli 11,12. 

In fact, the main activity of osteoblasts is the production and secretion of the organic component of the 

ECM, as well as the deposition of its mineral component, which is consistent with their appearance and 

organelle composition 9.  

Osteoblasts also produce several cytokines involved in the regulation of osteoclasts, such as 

Macrophages-Colony Stimulating Factor (M-CSF), responsible for the survival and growth of pre-

osteoclasts, Receptor Activator of Nuclear Factor-κB Ligand (RANKL), which is crucial for osteoclast 

differentiation, and osteoprotegerin (OPG), a RANKL decoy receptor that prevents RANKL from 

binding to RANK and therefore also osteoclastogenesis 10-13. In addition, recent papers highlight 

unexpected osteogenic functions of RANKL. In particular, it has been identified the existence of an 

autocrine loop possibly activated by the secreted cytokine in MSCs. RANKL-/- MSCs, in fact, show a 

reduction in osteogenic capacity and, in parallel, restoration of RANKL production ameliorates the defect 

in the osteoblast lineage 66. Moreover, osteoclast derived vesicular RANK is able to promote bone 
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formation by binding to osteoblast RANKL. This interaction activates RANKL reverse signaling, which 

in turns activates RUNX2 67. 

Osteoblast is however only a phase in the osteoblast-lineage cell, which once completed its work as 

bone matrix builder, can go to three different fates: apoptosis, become an osteocyte (see below), or giving 

rise to bone lining cells, which are flat and quiescent cells covering the resting bone surfaces until a 

stimulus reactivates them 9-13. 

 

 

Figure 4: Schematic representation of the osteoblast differentiation process. Osteoblasts derive from mesenchymal 

stem cells and their differentiation is promoted by Wingless (WNT) and bone morphogenic protein (BMP) pathways. The 

activation of these pathways promotes RUNX2 and OSX expression in osteo-chondroprogenitors, leading to their 

differentiation towards osteoprogenitors and then pre-osteoblasts, which express ALP, one of the earliest markers of osteoblast 

differentiation. Later on osteoblasts will express other specific markers, such as COL1A1, OPN, BSP II and OCN. Mature 

osteoblasts ultimately will be embedded in the bone matrix as terminally differentiated osteocytes, or will became a bone 

lining cell, or will die by apoptosis. 
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1.4.2 Osteocytes 

The evolution from osteoblasts to osteocytes is characterized by a drastic change in cell shape. In 

fact, from a polygonal morphology that characterizes mature osteoblasts, the cells become flattened and 

with several polarized cytoplasmic protrusions, some of which extend towards the mineralization front, 

while others extend towards the vascular space or towards other osteocytes, forming the so-called 

lacunar-canalicular system (LCS) 9. In the last decades, some specific markers for osteocytes 

differentiation have been identified, including phosphate regulating neutral endopeptidase on the 

chromosome X (PHEX), dentin matrix protein 1 (DMP1), and E11/gp38 for early osteocytes; while 

RANKL, sclerostin (SOST), fibroblast growth factor 23 (FGF23), and matrix extracellular 

phosphoglycoprotein (MEPE) are mainly expressed by mature osteocytes 14. Although osteocytes are the 

most abundant cell population in bone tissue (about 90-95% of the total bone cells), for a long time they 

were considered quiescent cells derived from osteoblasts trapped in the bone mineralized matrix. 

Currently, thanks to new technologies and improved isolation protocols, additional functions have been 

attributed to osteocytes 1. Indeed, osteocytes are very long-lived cells, having an estimated life span up 

to 25 years, during which they play a role as mechano-sensors, as well as in the local activation of bone 

turnover and in the release of FGF23, a hormone that regulates tubular phosphate reabsorption by the 

kidney 11. Another molecule produced by osteocytes playing a crucial role in the regulation of bone 

formation is SOST, a glycoprotein that inhibits proliferation and differentiation of osteoblasts by binding 

to LRP5/6 and thus blocking the Wnt/β-catenin signaling pathway 36. For this reason, antibodies against 

sclerostin are successfully used in osteoporosis treatment 35.  

Since osteocytes are fully surrounded by LCS, these cells can sense shear stress from mechanical 

stimulation, convert mechanical signals into internal biochemical signals, and eventually transduce these 

into different biological functions, playing an important role in bone remodeling regulation 37. Indeed, 

osteocytes regulate both bone formation by osteoblasts and bone resorption by osteoclasts, via both cell–

cell interactions, and also through the release of soluble mediators 38. Indeed osteocytes are a source of 

OPG and RANKL, and the regulation of their production provides a mechanism by which osteocytes can 

regulate osteoclast-mediated bone resorption 39. Moreover, mice in which RANKL expression was 

selectively suppressed in osteocytes showed an osteopetrotic phenotype, resistant to bone loss induced 

by mechanical unloading after tail suspension. Osteocytes also secrete other molecules with the ability 

to modulate bone remodeling, including small mediators like prostanoids, nitric oxide, and nucleotides, 

as well as a huge variety of cytokines and growth factors, such as insulin-like growth factor-1 (IGF-1), 

vascular endothelial cell growth factor (VEGF) and Transforming Growth Factor-β (TGF-β).  



 

14 

In addition, PTH increases RANKL osteocytes production, therefore osteocytes are mediators of the 

PTH effect on bone resorption 39. 

1.4.3 Osteoclasts 

Osteoclasts are giant multinucleated cells belonging to the monocyte-macrophage lineage, 

originating from the fusion of mononuclear precursors. Osteoclasts contain 4 to 50 well defined nuclei 

each, and their main job is resorbing bone 9-15. They are located in the so-called Howship’s lacunae, 

depressions of the bone surface originating from matrix resorption by the osteoclasts themselves 15. 

Osteoclasts are polarized cells showing different plasma membrane domains: the apical membrane, 

characterized by the “sealing zone”, a bone-facing area with specialized adhesion structures called 

podosomes; the “ruffled border”, a system of membrane expansions that increase the membrane surface 

between osteoclasts and the bone matrix, facilitating the resorption process; the basolateral membrane, 

rich in ion channels and presenting a secretory domain essential for releasing the digested matrix 

components into the bloodstream 17. 

The cytoplasm is rich in vacuoles, with numerous mitochondria, lysosomes, and multiple Golgi 

apparati 16 (Figure 5). 

 

 
Figure 5: Osteoclasts morphology. Transmission electron microscopy (TEM) picture of an osteoclast from an Epon-

embedded tibia from a C57/B6 mouse. Scale 10 µm. B: bone. OC: osteoclast. BM: bone marrow. (Source: Maurizi A, Rucci 

N. 2018 17) 
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As already described, osteoclast differentiation is regulated by specific cytokines, such as M-CSF 

and RANKL; the first stage involves the commitment of hematopoietic stem cells (HSCs) to the 

macrophage lineage; this is followed by the acquisition of positivity for the tartrate-resistant acid 

phosphatase (TRAcP) enzyme and for calcitonin receptor, thus giving rise to an osteoclast precursor and, 

finally, the fusion of the precursors into mature polynucleated osteoclasts 17. M-CSF binds to the c-Fms 

receptor located on the preosteoclast surface, thus inducing trans-phosphorylation of tyrosine residues in 

the receptor's cytoplasmic tail, which in turn activates a downstream pathway that promotes the 

proliferation and survival of osteoclast precursors. Moreover, the RANKL-RANK interaction on the 

surface of osteoclast precursors results in the recruitment of proteins of the TNF receptor-associated 

factor (TRAF) family, followed by the nuclear translocation of the nuclear factor k-activated B-cell light-

chain-enhancer (NFkB) and nuclear factor of activated T-cell nuclear factor 1 (NFATc1). These 

transcription factors promote the expression of osteoclast specific genes, such as TRAcP, Cathepsin K, 

Osteoclast Associated Receptor (OSCAR), Dendritic Cell-Specific Transmembrane Protein (DC-

STAMP) and Matrix Metalloproteinase (MMP)-9 and -14, 18, 19 (Figure 6). 

Tumour Necrosis Factor-α (TNF-α), Interleukin (IL-) 1β and 6 and other inflammatory molecules 

can also support osteoclastogenesis through activation of the NFkB pathway 20. 
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Figure 6:  Osteoclast differentiation. Osteoclasts arise from myeloid-committed precursors that are able to differentiate 

into monocytes/macrophages or dendritic cells. Monocytes/macrophages then differentiate into osteoclast progenitors (Pro 

OC), pre-osteoclasts (Pre OC), osteoclasts (OC) and then active OC (Act OC). (Source: created in BioRender.com). 

 

1.5 Bone remodeling 

Bone remodeling was first defined by Frost 21 as a cycle by which bone tissue integrity and 

functionality is preserved, consisting of a series of well-programmed cellular events that lead to the 

resorption of old and damaged bone tissue and the deposition of new bone, without however leading to 

changes in the shape of the bone itself 8, 21, 22. This process takes place in the Bone Multicellular Units 

(BMU), where osteoblasts and osteoclasts closely collaborate, and can be divided into five steps 23 

(Figure 7): 

i. Activation: can be initiated by a variety of stimuli, including bone microfractures and soluble 

factors released in the bone microenvironment, PTH, as well as the inflammatory cytokines 

TNF-α, IL-1β and IL-6 under pathological conditions. This phase turns into the activation of 

bone lining cells, the exposure of the bone surface and the secretion of chemokines involved 

in the recruitment of osteoclast precursors from the bloodstream.  

ii. Resorption: in this phase, osteoclasts undergo polarization and initiate acidification of the 

bone matrix, allowing degradation of the inorganic component, and the release of lysosomal 
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enzymes such as cathepsin K and MMP-9, that can degrade the organic part. From bone 

resorption, type I collagen degradation products are released, including terminal peptide 

fragments [N-terminal (NTx) and C-terminal telopeptides (CTx)], but also calcium and 

growth factors, such as BMP, FGF, IGF-2 and TGF-β, which trigger the subsequent 

recruitment of osteoblast precursors. 

iii. Reversal: the activity of osteoclasts stops, and these cells undergo apoptosis. At the same 

time, the bone surface becomes populated with reverse cells, macrophage-like cells 

responsible for the removal of residual debris produced during matrix degradation and 

involved in the stimulation of the anabolic activity of osteoblasts. 

iv. Formation: is the longest phase and consists in the differentiation of osteoblasts precursors, 

which start to secret and deposit bone matrix, called osteoid, which is the pre-calcified bone 

matrix. Once hydroxyapatite crystals precipitate on osteoid, the formation phase is completed. 

v. Termination: matrix mineralization is completed, and osteoblasts undergo to their fate dying 

by apoptosis, becoming lining cells or remaining trapped in ECM as osteocytes.  

Bone remodeling is finely regulated in order to prevent an imbalance between bone resorption and 

deposition. Conversely, alterations of the compensation and timing of bone resorption and formation 

could potentially lead to severe disorders, such as osteoporosis 23, 24. 
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Figure 7: The Bone remodeling process. Schematic diagram of the bone remodeling cycle illustrating the phases of 

activation, resorption, reversal, formation and termination. Hematopoietic stem cells (HSCs) and mesenchymal stem cells 

(MSCs). (Source: Kenkre JS, Bassett J. 2018 22)  

 

2. Osteoporosis and disuse osteoporosis 

2.1 Definition  

Osteoporosis is the most common metabolic bone disease, it causes decrease of bone mineral density 

(BMD), impaired bone microarchitecture and mineralization, and, consequently, an increase in bone 

fragility and risk of fracture 39 (Figure 8). Being almost always a clinically silent disease, diagnosed only 

after a fracture, osteoporosis is often underrecognized and undertreated 40. Although its etiology includes 

several factors, such as ageing, hormonal changes, or endocrine disorders, as well as the use of some 

therapies like anticonvulsant or glucocorticoids 39 which reduce BMD as a side effect, osteoporosis is 

due to an altered balance between bone deposition and resorption functions.  
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Figure 8: Normal vs osteoporotic trabecular architecture Tridimensional micro-computed tomography (μCT) images 

of cadaveric vertebral biopsies from a 52-year-old woman with no osteoporosis (on the left) compared to one of an 84-year-

old woman with clinically manifested osteoporosis (on the right) (Source: Borah B, Gross GJ, Dufresne TE, et al. Three-

dimensional microimaging (MRμI and μCT), finite element modeling, and rapid prototyping provide unique insights into 

bone architecture in osteoporosis. Anat Rec. 2001;265(2):101-110. doi:10.1002/ar.1060). 

 

Skeletal mechanical unloading or systemic immobilization result in osteoporosis, which in this case 

is defined as “disuse osteoporosis” 41 This is a state of bone loss that occurs in different clinical 

conditions, including spinal cord injury, neuromuscular diseases, and immobilization, or after unloading 

due to weightlessness, a condition usually experienced by astronauts during space flights 42. Bone loss 

during disuse is linked to a deregulation of bone-muscle crosstalk and to the lack of muscle contraction, 

as much as to the absence of mechanical loading, as confirmed by studies which compared the unloading 

effects on bone microstructure between weight-bearing bones, for instance femur or tibia, and non-

weight-bearing bones, such as radius 42, 43. The adaptive response occurring in absence of mechanical 

loading is characterized by the inhibition of osteoblastic bone formation and/or by the increase of 

osteoclastic bone resorption, leading to bone loss 44.  

2.2 Disuse osteoporosis in long-term bed rest and paralysis 

Long-term bed rest, as well as paralysis due to spinal cord injury (SCI) and neuromuscular disorders 

(NMD), result in the absence of skeletal mechanical loading due to reduction of muscle contraction, 

eventually leading to osteoporosis in up to 75% of patients 49. The fracture rate is five-fold higher in 

patients with NMD compared to age-matched healthy people 46, 45. Although osteoporosis in SCI and 

NMD patients has been described to be caused by a combination of factors, including neuronal and 

hormonal changes, the main causal factor reported is the lack of mechanical loading 46. Importantly, SCI 

patients may not feel pain in the fracture area due to neurological damage, making the fracture difficult 
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to identify, which underscores the need of a better understanding of the phenomenon so that it can be 

more effectively prevented 47.  

Guidelines for the treatment of osteoporosis due to disuse in SCI patients include the use of both 

pharmacological and non-pharmacological therapies. The first recommendation involves lifestyle 

modification, including the cessation of detrimental behaviors such as smoking and implementation of 

calcium and vitamin D in the diet 47. Mechanical loading, such as weight-bearing activity, has been 

demonstrated to reverse, at least partially, SCI-induced bone loss; similarly, low magnitude mechanical 

signals and low-intensity vibration treatment protocols have shown to be promising in bone remodeling 

stimulation in SCI patients. As for the available pharmacological therapies, these include the use of 

standard anti-osteoporotic drugs such as bisphosphonates, pharmacological compounds able to inhibit 

osteoclast resorption activity, or denosumab, a monoclonal antibody directed against RANKL, whose 

early administration allows an increase of BMD in spine and femur of SCI patients 47, 48.  

2.3 Disuse osteoporosis in space flight 

During long-duration space flights, the human body experiences a microgravity condition (µG) and 

undergoes adaptation phenomena. In particular, fluid mass is redistributed, and the energy required for 

movement is less, resulting in muscle atrophy. The cardiovascular system is fatigued, the immune system 

decrease, vision problems and neurological impairment can occur due to the increased intracranial 

pressure. Microgravity also induces skeletal adaptation, resulting in a significant bone mass reduction, 

increasing the risk of bone fracture and development of disuse osteoporosis 50. 

Despite preventive exercise, one of the most common problems afflicting astronauts after space flight 

is bone loss 50. Astronauts can lose about 1-2% of their bone mass per month during space mission 51 52 

and the recovery of the lost bone mass can be much longer than the mission itself 53. Anti-resorptive 

bisphosphonates, as much as other pharmacological treatments, are effective in limiting bone loss during 

flight, but they may contribute to a longer and sometimes incomplete recovery54. Changes induced in 

bone by microgravity conditions seem to also be different according to the site. In fact, at variance with 

the axial skeleton, it is possible to observe a paradoxical increase in bone mass in the skull region 54. 

Whether this is due to a differential effect on muscle-loaded vs non-muscle-loaded bones remains to be 

understood. 

Although the interest in bone health during long-duration space flights has increased since the 1960s, 

and it is bound to become even more of an issue with the democratization of space travel we will observe 
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in the future, to date microgravity-induced bone loss is still a problem and unresolved health risk for 

space travellers54. 

2.4 How to model simulated microgravity 

As observed in astronauts, microgravity also induces bone loss in animals, especially rodents, which 

can therefore be used as models to study the effects of space flight on bone homeostasis 55, 56. Even 

though the experiments conducted during space flight are the most physiologically appropriate to study 

microgravity-induced bone loss, limitations such as the low number of space launches, the need to keep 

the weight of the cargo low, the number and size within certain limits of samples, as well as the 

complexity of experiment design and the enormous costs, prompted the researchers to develop new 

simulated human and animal microgravity models. 

2.4.1 Simulated microgravity: human models 

In order to study microgravity effects on human health, five ground-based tests have been developed: 

water immersion, dry immersion, unilateral lower-extremity limb suspension, head down tilt, and supine 

bed rest (Figure 9) 50. 

In water immersion (Figure 9a), the volunteer is submerged from the clavicles downwards in 

thermoneutral water (temperature of the water: 32-34,5 °C). He floats, simulating the effect of 

microgravity, even if the impact is limited to the body below the neck, so it is not a perfect model for 

microgravity. The main limitation of this method is its duration, which cannot exceed 72 h, in fact, longer 

immersion in water can induce dermatitis. An additional disadvantage of this model is linked to the 

necessity to leave the apparatus for hygienic purposes, impacting the study. 50, 57. 

The dry immersion (Figure 9b) is very similar to water immersion, but in this case the volunteer, 

before being submerged in water, is covered by a waterproof high elastic cloth to keep the body dry, 

making this model useful for long-term studies. Floating in water leads the musculoskeletal system to 

experience atrophy and loss of strength similarly to those occurring in space flight during a comparable 

amount of time, since the reduction of bone density in lower limbs reaches 2% within 7 days 50. The 

longest duration for a dry immersion experiment was 56 days, while the shortest lasted 10h 68. 

The unilateral lower limb suspension (ULLS) (Figure 9c) is one of the most cost-effective methods 

to study microgravity effects on human health and in particular on the musculoskeletal system. In ULLS, 

thanks to a platform shoe and crutches, one leg is held in suspension, while the other is normally weight-

bearing and can be used as control. Therefore, in ULLS there is no necessity to confine the volunteer, 
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allowing him to travel, work or stay at home. Even though this model is useful for studying the effect of 

unloading on muscles and bone, it is not possible to study whole body or cardiovascular changes 50.  

The supine bed rest (SBR Figure 9d) provides a uniform fluid distribution throughout the body, 

which together with the lack of mechanical loading leads to effects similar to those induced by 

microgravity. However, this method also results in the compression of posterior tissues, which does not 

happen in microgravity conditions. In order to overcome this limitation, the head-down tilt bed rest was 

developed. 

The main goal of the head-down tilt bed rest (HDTBR Figure 9e) is to reproduce on Earth the 

conditions experienced by the human body during space flight, in particular the absence of hydrostatic 

pressures and the equal distribution throughout the body of the arterial pressure. Subjects are placed in 

supine position on a bed that is tilted 6 degrees, to place the head closer to the ground and elevate the 

feet. As opposed to supine bed rest, HDT increases head-ward fluid shifts but alters the gravity vector 

over the entire body from front to back. For the method to work, the subject cannot leave the position 

even for a short period or use a pillow. This posture does not completely remove the application of gravity 

and therefore it does not completely simulate the effect of microgravity environment, even if HDT leads 

to a decrease in bone density 50. 

 

 

Figure 9: Microgravity ground-based models in human Diagram illustrating tests for microgravity ground-based 

study in humans. (Source: adapted from Pandiarajan, M., & Hargens, A. R. (2020) 50). 
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2.4.2 Simulated microgravity: animal models 

The effects of the disuse in animal models can be studied by unilateral or bilateral immobilization of 

the hindlimbs.  

As for unilateral immobilization, it is possible to use a bondage to fix one of the hindlimb of the 

rodent, thus preventing its movement but allowing for any other movement of the 3 remaining limbs. 

Immobilization of the hindlimb results in a substantial loss of muscle and bone mass, and in a 

deterioration of the trabecular microarchitecture, making this model useful for studying the effects of 

microgravity on musculoskeletal apparatus but not on other organs. The contralateral, non-immobilized 

hindlimb is a great control, albeit the effect of increased loading should be considered in the analyses 

and therefore standard caged animals should also be kept as control in these experiments if possible 58. 

Moreover, the fact that the immobilized hindlimb still has functional muscles may allow for some loading 

to still occur on the bones, which can increase the variability. Unilateral hindlimb immobilization in mice 

is normally performed on eight/ten-week-old male mice. Animals are anesthetized and their left hind 

limb is shaved and wrapped with surgical tape from the paw to the knee. A microcentrifuge tube with 

the bottom end removed, in order to allow air flow into it, is fixed on the tape immobilizing the hindlimb. 

The duration of the experiments is generally three weeks 69.  

A model that provides similar outcomes in terms of monoliteral hindlimb immobilization is the 

botulin toxin A (botox) injection 59. The recommended botox dose for mice is 2 international units (IU) 

per 100g body weight, to be injected into the quadriceps femoris and the gastrocnemius muscles. 

Injection of botox in both these muscle groups determines a uniform flaccid paralysis and hindlimb 

disuse. The duration of the experiment is usually of three weeks, at the end of which muscle and bone 

degradation occurred in response to the muscle paralysis can be observed 69, 70. 

The best animal model chosen to study the effect of microgravity on bone tissue is represented by 

hindlimbs suspension (HLS) by tail traction 60. In this method, a strip of elastic tape is applied to the 

ventral surface of the tail, making a half-circle at the centre and fixed by another strip of the tape applied 

spiral to the whole tail. Through a swivel, the half-circle of tape is fixed to an overhead wire, whose 

height is adjusted to maintain the animals suspended at an approximately 30°. This apparatus allowed 

animals access to food and water and to move freely into the cage using their forelimbs 71. 

The optimum angulation between the animal's body and the bottom of the cage is 30° and is necessary 

to prevent excessive orthostatic intolerance and stress to the animal 60 (Figure 10). Several studies 

confirmed that HLS results in a significant reduction of bone, mostly due to an increase in bone 

resorption, rather than to a decrease in bone formation 61, 71, 25, 26. 
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Figure 10: Simulate microgravity: hindlimbs suspension by tail traction. This animal model is used to study 

spaceflight like changes in rats and mice, suspending rodents through the tail. The forelimbs stay on the bottom of the cage 

and allow the animal to move around freely to reach food and water, while the hindlimbs remain suspended and do not touch 

the ground. To prevent excessive orthostatic intolerance and stress, the angulation between the animal's body and the bottom 

of the cage should be 30°. (Surce: adapted from https://gaidi.ca/weblog/a-dynamic-hindlimb-unloading-apparatus/) 

2.4.3 Simulated microgravity: in vitro models 

Although the microgravity conditions achieved in space cannot be perfectly replicated on Earth, 

scientists have developed bioreactors that allow them to mimic the effects of microgravity in vitro 62.  

One of these bioreactors is the Rotating-wall vessel (RWV), which is a cylindrical, horizontally-

rotating bubble free bioreactor, with an inner co-rotating cylinder with a gas exchange membrane. Cells 

and liquid culture media are placed in the space between the inner and the outer cylinders, and the 

assembled device is rotated about its longitudinal axis at constant speed. The culture medium, and the 

cells on microcarriers, rotate inside the vessel in a low-shear, low-turbulence and low fluid stress forces 

environment. Microcarriers are in suspension and rotate inside the vessel of the bioreactor as a solid 

body. The horizontal rotation of the vessel subjects the cells to a randomization of the normal gravity 

vector, thus mimicking a state of simulated free fall (Figure 11). To culture cells usually maintained in 

adhesion, gelatin microcarriers beads are used as substrate for adhesion 72, 74. Although the environment 

generated inside the vessel is low-shear, the shear stress is not null, and it may affect cellular behavior 

and differentiation 62. 
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Figure 11: Schematic representation of the rotating-wall vessel (RWV) bioreactor. It is composed of (i) Outer and 

(ii) inner cylinders, (iii) cell constructs and (iv) rotator base. Rotating wall vessels are filled with culture medium and medium 

oxygenation is provided via a silicone-rubber gas-transfer membrane. Cells are cultured in a microgravity environment. 

(Source Bioreactor Systems for Human Bone Tissue Engineering - Scientific Figure on ResearchGate. Available from: 

https://www.researchgate.net/figure/Rotating-wall-vessel-Schematic-representation-of-a-rotating-wall-vessel-showing-

the_fig2_272660002) 

 

Another kind of bioreactor used to simulate microgravity on ground is the Random positioning 

machine (RPM). This machine consists of a culture chamber mounted on a rotating platform with two 

independent rotating frames, whose direction changes continuously and randomly, nullifying the gravity 

vector of the earth. RPM can be controlled to achieve a randomized gravity vector, allowing for more 

representative microgravity simulations. Nevertheless, the sheer forces and vibrations generated by this 

system can influence cell behavior, and the limited size of the culture chamber can be a limit to the type 

of experiments that can be performed 63. 

Two-dimensional (2D)-Clinostat consists of a platform that can rotate samples in two dimensions, 

along a single axis, so that gravitational forces act equally in all directions. Even if it cannot replicate 

exactly the microgravity condition experienced in space, it constitutes an excellent tool for the study of 

simulated microgravity in vitro, especially due to the simplicity with which it can be designed, operated, 

and maintained. Unfortunately, the 2D rotation cannot eliminate completely the effects of gravity on the 

samples, thus some gravitational artefacts or uneven force distributions can affect the accuracy of the 

results. In addition, two-dimensional rotation limits the orientations and configurations of the tested 

sample 62. 

Three-dimensional (3D)-Clinostat consists of a platform capable of rotating samples in three 

dimensions around two perpendicular axes, at a constant speed. This rotation makes gravitational forces 

null on the samples, simulating the unloading conditions experienced in space. Unlike the 2D clinostat, 

this system is difficult to use, and requires technical expertise for the design and use, as well as additional 
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hardware and software components, which make this technique more expensive. Anyway, the 3D 

rotation provides a more accurate microgravity simulation than the 2D version 62.  

3. Aim of the work 

When bone is challenged by disuse, its physiological balance is perturbed, such as in the case of 

mechanical unloading due to forced bed rest or long duration space flights 50. This causes inhibition of 

osteoblastic bone formation and the increase of osteoclastic bone resorption, leading to bone mass 

decrease which can result in disuse osteoporosis 50. It is of paramount importance to understand the 

molecular mechanisms leading to this disease, so that it can be combated or prevented in a more effective 

way. 

In a whole gene expression profiling analysis performed in osteoblasts subjected to microgravity as 

a model of mechanical unloading, we found Penk1 (Pre-proenkephalin 1) and Lcn2 (Lipocalin 2) to be 

the most down and up-regulated genes, respectively 33. Penk1 is a gene encoding a pro-neuropeptide that 

is proteolytically processed to generate the following enkephalins: [Met]-enkephalin, [Met]-enkephalin 

extended sequence and [Leu]-enkephalin, all belonging to the family of opioid peptides that are 

endogenous ligands for opioid receptors having potent analgesic properties 27, 28, 31. Dysfunction of the 

enkephalin system has been implicated in a range of psychiatric and neurological disorders, in chronic 

pain, cardiac and gastrointestinal functions, and in immunity 32. Lcn2 is a gene encoding for the 

glycoprotein Lipocalin-2 (LCN2), also known as Neutrophil Gelatinase-Associated Lipocalin (NGAL) 

33, 34. LCN2 is a circulating protein, is expressed in a huge variety of cells, including hepatocytes, lung, 

bone marrow, macrophages, thymus, prostate, kidney and even in bone and is involved in several 

functions 35.  

These two genes were not known to be associated with bone cell functions, thus representing new 

potential targets and/or biomarkers for low mechanical loading in bone. The present PhD thesis is aimed 

at more deeply understand whether Penk1 and Lcn2 may be involved in osteoblasts’ response to 

mechanical unloading. 

In particular, in Chapter 2 we conducted a study aimed at investigating Penk1 involvement in bone 

metabolism under physiological and mechanical unloading conditions. In Chapter 3, instead, we 

analyzed the effect of genetical ablation of Lcn2 on osteoblasts subjected to simulated microgravity.  
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In Chapter 4 the general conclusions of this thesis are presented and in Chapter 5 are reported the 

references of this thesis. Lastly in Chapter 6 are presented the achievement. 
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Chapter 2: “Pre-proenkephalin 1 is 

downregulated under unloading and is 

involved in osteoblast biology” 

Published in Calcified tissue international, 2024 (doi: 10.1007/s00223-024-01199-z.) 

Puri C, Dannenberg C, Ucci A, Ponzetti M, Pucci E, Silvestri L, Lau P, Frings-Meuthen P, Heer M, 

Rucci N, Teti A, Maurizi A.  
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1. Abstract 

Pre-proenkephalin 1 (PENK1) is a pro-neuropeptide that belongs to the typical opioid peptide’s 

family, having analgesic properties. We found Penk1 to be the most downregulated gene in a whole gene 

profiling analysis performed in osteoblasts subjected to microgravity as a model of mechanical 

unloading. In this work, Penk1 downregulation was confirmed in the bones of two in vivo models of 

mechanical unloading: tail suspended and botulinum toxin A (botox)-injected mice. Consistently, in the 

sera from healthy volunteers subjected to bed rest, we observed an inverse correlation between PENK1 

and bed rest duration. These results prompted us to investigate a role for this factor in bone. Penk1 was 

highly expressed in mouse bone, but its global deletion failed to impact bone metabolism in vivo. Indeed, 

Penk1 knock out (Penk1-/-) mice did not show an overt bone phenotype compared to the WT littermates. 

Conversely, in vitro Penk1 gene expression progressively increased during osteoblast differentiation and 

its transient silencing in mature osteoblasts by siRNAs upregulated the transcription of the Sost1 gene 

encoding sclerostin, and decreased Wnt3a and Col1a1 mRNAs, suggesting an altered osteoblast activity 

due to an impairment of the Wnt pathway. In line with this, osteoblasts treated with the Penk1 encoded 

peptide, Met-enkephalin, showed an increase of Osx and Col1a1 mRNAs and enhanced nodule 

mineralization. Interestingly, primary osteoblasts isolated from Penk1-/- mice showed lower metabolic 

activity, ALP activity and nodule mineralization, as well as a lower number of CFU-F compared to 

osteoblasts isolated from WT mice, suggesting that, unlike the transient inhibition, the chronic Penk1 

deletion affects both osteoblast differentiation and activity. Taken together, these results highlight a role 

for Penk1 in the regulation of the response of the bone to mechanical unloading, potentially acting on 

osteoblast differentiation and activity in a cell autonomous manner. 

2.  Introduction 

Recent research has shown that neuropeptides affect the functions of bone cells playing an essential 

role in the metabolism of the skeletal tissues 31, 32 .Pre-proenkephalin 1 (Penk1) is a gene encoding a pro-

neuropeptide that is proteolytically processed to generate the following enkephalins: [Met]-enkephalin, 

[Met]-enkephalin extended sequence and [Leu]-enkephalin, all belonging to the family of opioid peptides 

that are endogenous ligands for opioid receptors having potent analgesic properties 76. In addition to their 

analgesic effects, enkephalins also regulate mood, stress, and addiction 77. Dysfunction of the enkephalin 
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system has been implicated in a range of psychiatric and neurological disorders, in chronic pain, cardiac 

and gastrointestinal functions, and immunity 78-83. Coherently with the broad range of functions, their 

expression is not limited to the nervous and neuroendocrine systems. Indeed, Penk1 mRNA is 

particularly abundant during development 84 and is expressed in many tissues, such as kidney, liver, lung, 

skeletal muscle, and heart 85, 86. 

Our interest in Penk1 started from a previous study of global gene profiling analysis performed in 

mouse primary osteoblasts subjected to simulated microgravity by employing the NASA-developed 

Rotating Wall Vessel (RWV) apparatus as an in vitro model of mechanical unloading 74. Among the 

differentially regulated genes observed in this study, some were not known to be associated with bone 

cell functions, thus representing new bone determinants. These included Penk1, which resulted to be the 

most downregulated osteoblast mechano-responding transcript in our experimental conditions 74. Indeed, 

previous studies already demonstrated the expression of Penk1 in bone and joints 87, 88. Moreover, Rosen 

et al. identified Penk1 mRNA in foetal rat calvaria-derived cells as well as in osteoblast-like cell lines 97, 

89. The same authors reported an inverse correlation between osteoblastic Penk1 mRNA levels and 

cellular differentiation 90. Later, Seitz et al. 91 found that, at variance with Rosen finding, Penk1 was 

more expressed in differentiated osteoblasts, but its presence seemed to be dispensable for bone 

development, since bone histomorphometry did not reveal any bone defect in a mouse model deficient 

for Penk1 91, 92. However, when Penk1 was deleted in a spontaneous mouse model recapitulating the X-

linked hypophosphatemic rickets disease (i.e. Hyp mouse), which harbours a deletion within the Phex 

gene encoding for an endopeptidase crucial for bone mineralization, they observed a reduction of the 

osteoid enrichment at 24 weeks of age 91. Interestingly, Pérez-Castrillón and colleagues 93 found the 

expression of opioid receptors in the osteoblast-like MG63 cell line, suggesting the ability of these cells 

to respond to opioid stimulation.  

Overall, the relationship between Penk1 and bone metabolism is still an area of active research. In 

this context, we sought to investigate Penk1 involvement in bone metabolism under physiological and 

mechanical unloading conditions. We confirmed, in in vivo mouse and human models, an inverse 

correlation between Penk1 and unloading. However, we could not find any obvious phenotype in Penk1-

/- mice. In contrast, in ex vivo osteoblast primary cultures the lack of Penk1 impaired Alkaline phospatase 

(Alp) activity and nodule mineralization formation. Consistently, transient Penk1 knock-down in 

differentiated osteoblasts by siRNAs treatment reduced the transcriptional expression of genese involved 

in bone formation, while treatment with the opioid receptor agonist Met-Enkephalin (Met-Enk) encoded 

by Penk1 increased the transcriptional expression Collagen 1α1 as well as nodule mineralization.  
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3.  Materials and methods 

3.1  Materials 

Dulbecco's modified Minimum Essential Medium (DMEM), penicillin, streptomycin, and trypsin 

were from Euroclone (Milan, Italy), Fetal Bovine Serum (FBS) was from GIBCO (Uxbridge, UK). 

Sterile plastic ware was from Greiner bio-one (Kremsmünster, Austria) or Euroclone (Milan, Italy). 

TRIzol reagent (cat#15596018), primers and reagents for RT-PCR (cat#k1622) were from Invitrogen 

(Carlsbad, CA, USA). The qRT-PCR assays Luna Universal One‐Step RT‐qPCR Kit (#E3006) was from 

New England Biolab. Human (cat#CSB-EL017781HU) and mouse (cat#CSB-EL017781MO) PENK1 

ELISA assays were from Cusabio (Houston, TX, USA); Carboxy Terminal collagen crosslinks (CTx, 

cat#AC-06F1), Procollagen type I N-terminal Propeptide (PINP1, cat#AC-33F1) and Tartrate-Resistant 

Acid Phosphatase (TRAcP, cat#SB-TR103) immunoenzymatic kits were from Immunodiagnostic 

Systems (The Boldons, UK). Met-Enkephalin (Met-Enk) was purchased by Sigma (cat# M6638). Anti-

Collagen Iα1 antibody was from Immunological Sciences (cat#AB82138). All other reagents, including 

the histochemical Alp (cat #86C-1KT) and TRAcP (cat #386) kits, and Thiazolyl Blue Tetrazolium 

Bromide (cat# M2128), were of the purest grade from Sigma Aldrich Co. (St. Louis, MO, USA). ON-

TARGETplus Mouse Penk1-siRNA SMARTpool was purchased from Dharmacon (#L-050124-00-

0005). 

3.2  Animals 

Penk1–/– mice (background C57BL/6J) were purchased by the European Mouse Mutant Archive 

(EMMA), and their phenotype described in Konig et al.92. They are vital, with an overall normal lifespan 

and fertility. All procedures involving animals and their care were conducted in conformity with national 

and international laws and policies (European Economic Community Council Directive 86/609, OJ L 

358, 1, December 12, 1987; Italian Legislative Decree 4.03.2014, n.26, Gazzetta Ufficiale della 

Repubblica Italiana no. 61, March 4, 2014) and animal procedures received approval by the Italian 

Ministry of Health authority (Approval N. 392/2020-PR). Mice were housed in the animal facility of the 

University of L’Aquila, Italy, at the following conditions: temperature: 20-24°C, humidity: 60%, 

dark/light cycle: 12/12 hours. They had access to food and water ad libitum and were fed with standard 

diet (Mucedola code: 4RF21). 
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3.3  Hindlimb suspension and in vivo treatment with botulin toxin A 

Hindlimb suspension (HLS) was performed according to Sakata et al 94 on 8-week-old C57BL/6J 

male mice and as described in Rucci et al. 71 while in vivo treatment with botulinum toxin A (Botox) was 

performed in 8-week-old C57BL/6J male mice according to Warner and colleagues 70 and as described 

in Rucci et al. 71. 

3.4 Head Down tilt Bed Rest (HDBR) experiment 

A 14-day head-down tilt bed rest (HDBR) study, including 8 male subjects (mean age 26.3 ± 3.5 

years, Body Weight [BW] 78.0 ± 4.3 kg) was conducted in the metabolic ward of the German Aerospace 

Center. Immobilization was accomplished with 6-degree HDBR, a valid ground-based model to simulate 

microgravity-induced bone loss. Study design and primary outcome are described more detailed in 

Frings-Meuthen and colleagues 95. For the assessment of serum PENK1 levels in the present study, we 

took advantage of 3 unutilized study samples. Approval for the study was obtained from the Ethical 

Committee of the “Aerztekammer Nordrhein,” Düsseldorf, Germany, and was conducted in accordance 

with the latest version of the Declaration of Helsinki. The study is registered on 

http://www.clinicaltrials.gov with the unique trial number: NCT01183299; registration date: August 13, 

2010. 

3.5 Osteoblast primary cultures 

Primary mouse osteoblast cultures were performed according to Capulli et al.33 and cells were 

cultured in DMEM plus 10% FBS. At confluence, cells were trypsinized and plated according to the 

experimental protocol.  

For siRNA transfection, mouse primary osteoblasts (1 × 106 cells) were nucleofected with 100nM of 

Penk1-specific or scrambled (SCR)- siRNA (Dharmacon) using the Amaxa Mouse Neuron Nucleofector 

kit (Lonza, Basel, Switzerland; Cat. #VPG-1001). After 48 hours from nucleofection, osteoblasts were 

employed for the experiments. Alp activity was evaluated cytochemically according to the 

manufacturer’s instructions. For mineralization assay, DMEM plus 10% FBS was supplemented with 

10mM β-glycerophosphate and 50 µg/mL ascorbate (osteogenic medium). Mouse primary osteoblasts 

were cultured for 3 weeks before evaluation of mineralization nodules by von Kossa staining. Metabolic 

activity was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) bromide 

reduction assay, according to the manufacturer’s instructions.  

Alp-positive colony forming unit (CFU) was performed according to Capulli et al. 33 and at the end 
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of the experiment number and area of Alp-positive colonies were analyzed to estimate the amount of 

osteoblast progenitors in the bone marrow, using the Fiji® software. 

3.6 Comparative real-time RT-PCR 

Total RNA was extracted Using the TRIzol® method. One microgram of RNA was reverse 

transcribed into cDNA using Revert Aid First Strand cDNA Synthesis Kit (Invitrogen) and the equivalent 

of 0.1 μg was processed using the Luna Universal One‐Step RT‐qPCR Kit (New England Biolab). 

Results, expressed as fold increase versus control, were normalized with the housekeeping gene glycerol-

3-phosphate dehydrogenase (Gapdh). Primer sequences are reported in Table 1. 

Table 1: Real time primers sequences 

Gene Forward primer Reverse primer 

Gapdh 5′-TGTGAGGGAGATGCTCAGT-3′ 5′-TGTTCCTACCCCCAATGTG-3′ 

Penk1 5′-GACAGCAGCAAACAGGATGA-3′ 5′-GTTGTCTCCCGTTCCCAGTA-3′ 

Akp2 5′-CCAGCAGGTTTCTCTCTTGG-3′ 5′-CTGGGAGTCTCATCCTGAGC-3′ 

Runx2 5′-CCCAGCCACCTTTACCTACA-3′ 5′-TATGGAGTGCTGCTGGTCTG-3′ 

Osx 5′-TGCTTCCCAATCCTATTTGC-3′ 5′-AGAATCCCTTTCCCTCTCCA-3′ 

Col1α1 5′-CACCCTCAAGAGCCTGAGTC-3′ 5′-GTTCGGGCTGATGTACCAGT-3′ 

Bglap 5′-TTCTGCTCACTCTGCTGACC-3′ 5′-GGGACTGAGGCTCCAAGGT-3′ 

Sost 5′-ACAAGGATGGGAGGTGACTG-3′ 5′-ACCCCGTGTAGACTGGTGAG-3′ 

RankL 5′-AGCCGAGACTACGGCAAGTA-3′ 5′-CCACAATGTGTTGCAGTTCC-3′ 

Opg 5′-AGTCCGTGAAGCAGGAGTG-3′ 5′-CCATCTGGACATTTTTTGCAAA-3′ 

Il-1β 5′-GCCCATCCTCTGTGACTCAT-3′ 5′-AGGCCACAGGTATTTTGTCG-3′ 

Il-6 5′-GTTCTCTGGGAAATCGTGGA-3′ 5′-GGAAATTGGGGTAGGAAGGA-3′ 

Wnt3a 5′-TACCCGATCTGGTGGTCCTT-3′ 5′-GGGCATGATCTCCACGTAGT-3′ 

 

3.7. MicroCT analysis 

Images of femurs previously fixed in 4% buffered paraformaldehyde were acquired using the 

SkyScan 1174 (Bruker, Billerica, MA, USA) with a resolution of 6.7μm (X-ray voltage 50 kV). Image 

reconstruction was carried out employing a modified Feldkamp algorithm using the Skyscan Nrecon 

software. Three-dimensional (3D) and two-dimensional (2D) morphometric parameters were calculated 

for the trabecular bone, 100 slides (6.7μm thick) from the growth plate 96. 3D parameters were based on 

analysis of a Marching Cubes-type model with a rendered surface 97, 98. Calculation of all 2D areas and 
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perimeters was based on the Pratt algorithm 99. Bone structural variables and nomenclature were those 

suggested by Bouxsein et al. (2010) 100. Cortical bone thickness was analyzed 450 slides below the 

growth plate on 54 slides as described in Rufo et al.101. 

3.8 Bone histomorphometry 

Tibiae harvested from WT and Penk1-/- mice were fixed in 4% buffered paraformaldehyde, 

dehydrated in ascending alcohol series, and processed for methyl–methacrylate embedding without 

decalcification. Histomorphometric measurements were carried out on 5-μm-thick sections using the 

image analysis software NIH ImageJ (RRID:SCR_003070 version 1.50i.) and with the suggested 

nomenclature 102. Osteoclast number/bone surface (Oc.N/BS) and osteoclast surface/bone surface 

(Oc.S/BS%) were evaluated after histochemical staining for TRAcP activity, while osteoblast 

number/bone surface (Ob.N/BS) and osteoblast surface/bone surface (Ob.S/BS%) were evaluated in 

sections stained with toluidine blue. Dynamic assessment of the mineral apposition rate (MAR) was 

calculated after double injection of calcein, 10 and 3 days before euthanasia. Bone formation rate (BFR) 

was calculated according to the following formula: MAR × MS/BA, where MS = mineralized surface and 

BA = bone area, as suggested by Dempster and colleagues 102. 

3.9 Bone turnover biomarkers 

Markers of bone turnover, including CTx, TRAcP 5b isoform and PINP1 were evaluated in sera 

collected from WT and Penk1-/- mice by ELISA according to the manufacturer’s instructions. 

3.10 Statistics 

Results are expressed as the mean ± SD of at least 3 independent experiments, 3 human subjects, and 

at least 4 mice/group. Statistical analyses were performed by the Student's t test or linear regression test 

according to the type of data, using the Prism Graph pad software (v8). A p-value <0.05 was 

conventionally considered statistically significant. 
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4. Results 

4.1  Mechanical unloading induces Penk1 downregulation in mouse and 

human 

Our interest in Penk1 started from a previous work showing, by a whole genome microarray assay, 

that it was the most downregulated gene in osteoblasts subjected to microgravity as a model of in vitro 

mechanical unloading 74, suggesting a possible involvement of Penk1 in the osteoblast mechano-

response. These results prompted us to evaluate Penk1 expression in two mouse models of disuse 

osteoporosis due to mechanical unloading: the tail suspended mice and mice injected with botox in the 

right quadriceps and the posterior compartment of the right calf. Interestingly, we observed a significant 

reduction of Penk1 mRNA expression in the femurs of mice subjected to hindlimb suspension (HLS) 

compared to mice maintained in normal loading condition (NLC, Figure 1a). Consistently, a decrease 

of Penk1 mRNA was also observed in the botox-injected hindlimbs, versus the contralateral limbs 

injected with vehicle (Figure 1b). Moreover, we had the chance to evaluate PENK1 expression in human 

sera from  healthy volunteers subjected to bed rest for 14 days, a well-known mechanical unloading 

model. Our analysis showed a significant reduction of PENK1 serum level after 14 day of bed rest 

(Figure 1c) along with an inverse correlation between PENK1 serum levels and duration of bed rest 

(Figure 1d). Taken together, these results indicate that mechanical unloading causes a reduction of Penk1 

expression systemically, as observed in humans, or locally in bone, as observed in mice, and this could 

mediate the response of the skeleton to this condition. 
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Figure 1: Penk1 modulation in mouse and human models of unloading. (a) Eight-week-old male mice were 

maintained in normal loading condition (NLC) or were subjected to hindlimb suspension (HLS) for 21 days. Transcriptional 

expression of Penk1 in femurs by comparative real-time RT-PCR. (b) Eight-week-old mice were injected with saline solution 

(vehicle) or with Botulinum toxin A (Botox, 20 µL of 2.0 unit/100 g), into the right quadriceps and the posterior compartment 

of the right calf (targeting gastrocnemius, plantaris, and soleus) of the left or the right hindlimbs, respectively. Transcriptional 

expression of Penk1 in femurs by comparative real-time RT-PCR. (c) Serum PENK1 was assessed by ELISA in the sera of 

human healthy volunteers at time 0 and after 14 days of bed rest. (d) Linear regression test showing an inverse correlation 

between serum PENK1 levels of human healthy volunteers subjected to bed rest and the duration of unloading. In (a,b) results 

are the mean ± SD of 3-10 mice/group. *p≤0.05 (Student’s t test). Results in (c) are the are the mean ± SD of 3 human subjects 

per group. **p=0.01 (Student’s t test). 

 

4.2  Lack of an overt bone phenotype in Penk1 KO mice.  

Based on the effect of the microgravity on Penk1 expression, we aimed at characterizing the role of 

Penk1 in vivo. Interestingly, besides the brainstem and the cerebellar cortex, already expected to express 

Penk1 mRNA, we found a comparable transcriptional expression of this gene in mouse femurs and 

calvariae cleaned from bone marrow, while its expression in the flush-out bone marrow cells was very 

low (Figure 2a). Further examination revealed that, among the bone cells evaluated, the osteoblasts 
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expressed significantly higher transcriptional and protein levels of Penk1 compared to osteoclasts 

(Figure 2b,c).  

 

 Figure 2: Penk1 expression. (a) Transcriptional expression of Penk1 evaluated by real time RT-PCR in the indicated 

organs and tissues collected from 3-month-old WT male mice. (b) Transcriptional expression of Penk1 in mouse primary 

osteoclasts (OCs) and osteoblasts (OBs). (c) Penk1 protein levels in conditioned medium harvested from mouse osteoclast 

(OCs-CM) and osteoblast (OBs-CM) primary cultures. Gene expression was normalized using mouse Gapdh. Data are the 

mean ±SD of at least 3 mice or 3 cell preparations per group. **p=0.0012; ***p≤0.001. (Student’s t). 

 

However, in line with Seitz et al. 91, μCT analysis on tibiae of Penk1-/- mice did not show any 

difference in bone volume over tissue volume between the two genotypes at 3 and 12 months of age in 

male mice (Figures 3a). Consistently, evaluation of trabecular parameters showed that the trabecular 

number (Tb.N, Figures 3b), thickness (Tb.Th, Figures 3c) and separation (Tb.Sp, Figures 3d), as well 

as the cortical bone thickness (Ct.th, Figures 3e), were not influenced by the lack of Penk1. As expected, 

histomorphometry revealed that osteoclast number/bone surface (Oc.N/BS), osteoclast surface/bone 

surface (Oc.S/BS %), osteoblast number/bone surface (Ob.N/BS) and osteoblast surface/bone surface 

(Ob.S/BS%) were similar between the two genotypes (Figures 4a-d), along with the bone dynamic 

parameters Mineral Apposition Rate (MAR) and Bone Formation Rate (BFR) (Figures 4e, f), both in 

males and females. Similar results were obtained for females (Table 2). Finally, no differences were 

observed in the serum bone remodeling biomarkers TRAcP, CTx and P1NP (Table 3). Therefore, despite 

the results we found in microgravity, these data confirmed that the systemic ablation of Penk1 in vivo 

does not affect bone metabolism in normal mechanical conditions. These results can be partially 

explained by the combined effect of residual enkephalins and other neuropeptides on bone cells that 

could potentially counterbalance the effect of the absence of Penk1 in vivo. 
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Figure 3: Bone phenotype of Penk1 globally deleted mouse model. MicroCT analysis of distal femurs isolated from 

3 and 12-month-old WT and Penk1-/- male mice to evaluate (a, e) trabecular and cortical bone structural variables. Data are 

the mean ±SD of 5 mice per group. (Student’s t). 
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Figure 4: Bone histomorphometric analyses of Penk1 globally deleted mouse model. Histomorphometry performed 

on histological sections of tibiae isolated from 3 and 12-month-old WT and Penk1-/- male mice, stained with toluidine blue to 

evaluate (a) osteoblast number per bone surface (Ob.N/BS) and (b) osteoblast surface per bone surface (Ob.S/BS%), and 

stained for Tartrate-resistant acid phosphatase (TRAcP) activity to assess (c) osteoclast number per bone surface (Oc.N/BS) 

and (d) osteoclast surface per bone surface (Oc.S/BS%). Mice were subjected to a double injection (10 and 3 days prior 

sacrifice) of calcein in order to evaluate the following dynamic parameters: (e) Bone Formation Rate (BFR) and (f) Mineral 

Apposition Rate (MAR) Data are the mean ±SD of 5 mice per group. (Student’s t). 
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Table 2: Bone microarchitectural and histomorphometric parameters in 3 and 12-month-old WT and Penk1-/- 

female mice 

 3-month-old 12-month-old 

 WT Penk1-/- p value WT Penk1-/- p value 

Trabecular bone, 

µCT 

      

BV/TV% 8.39 8.59 0.79 1.83 1.07 0.07 

Tb.N (μm-1) 0.0025 0.0025 0.89 0.36 0.23 0.08 

Tb.Th (μm) 33.59 35.03 0.43 49.97 44.04 0.12 

Tb.Sp (μm) 197.15 197.09 1.00 402.36 398.35 0.90 

Cortical bone, 

µCT 

      

Ct.Th (μm) 185.08 184.63 0.90 36.33 34.84 0.22 

Trabecular bone, 

histomorphometry 

      

Oc.S/BS, % 12.56 11.53 0.60 6.26 5.87 0.64 

Oc.N/BS (mm-1) 4.96 4.96 1.00 1.77 2.27 0.28 

Ob.S/BS, % 9.22 8.39 0.55 5.09 4.61 0.34 

Ob.N/BS (mm-1) 5.57 5.29 0.71 3.63 3.49 0.66 

BFR(μm2/μm/day) 1.19 1.1710 0.95 0.47 0.39 0.25 

MAR (μm/day) 3.2817 3.6248 0.62 1.15 0.99 0.07 

Table 3: Serum bone remodeling biomarkers in WT and Penk1-/- mice 

 Males Females 

3-month-old WT Penk1-/- p value WT Penk1-/- p value 

TRAcP (U/L) 7.17 8.70 0.15 7.96 7.97 0.99 

CTx (ng/ml) 12.22 15.12 0.50 27.55 33.62 0.18 

PINP (ng/ml) 35.31 67.36 0.13 46.6 38.80 0.58 

12-month-old   

TRAcP (U/L) 2.25 2.31 0.94 4.07 3.84 0.82 

CTx (ng/ml) 19.74 17.04 0.43 22.17 21.32 0.76 

PINP (ng/ml) 47.29 53.07 0.81 41.90 61.66 0.29 

 

4.3 Penk1 regulates osteoblast differentiation and activity. 

To remove any confounding effect related to compensatory mechanism acting in vivo, we next 

investigated a potential role for Penk1 in osteoblasts. Despite the absence of an overt bone phenotype in 

vivo, primary osteoblasts isolated from Penk1-/- mouse calvariae showed an impairment of their metabolic 

and Alp activities, along with a lower nodule mineralization ability, compared to cells isolated from WT 

mice (Figure 5 a-c). Moreover, in a CFU-Fibroblastic assay, using bone marrow cells isolated from 

tibias, we observed a lower number and area of Alp-positive colonies in Penk1-/- versus WT mice (Figure 

5d), suggesting a cell autonomous positive effect of Penk1 in osteoblasts. 
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Next, we found that Penk1 transcriptional expression increased during osteoblast differentiation in 

mouse primary osteoblasts cultured in osteogenic medium (Figure 6a). In line with this, Penk1 mRNA 

downregulation in differentiated osteoblasts by treatment with specific Penk1 siRNAs increased 

Sclerostin (Sost) while reducing Wnt3a and Col1α1 mRNAs, compared to cells treated with scrambled 

siRNA (SCR-siRNA, Figure 6b). In contrast, osteoblast differentiation markers, including Akp2, 

encoding for Alkaline phosphatase (Alp), Runx2, Osterix (Osx) and Bone gamma-carboxyglutamic acid-

containing protein (Bglap) encoding for osteocalcin, were unremarkable (Figure 6b), indicating a 

possible role for Penk1 in Wnt-mediated osteoblast anabolic activity rather than in osteoblast 

differentiation. In line with this observation, treatment of primary osteoblasts with Met-Enk, a Penk1 

product that activates the δ- and μ-opioid receptors, did not affect Alp activity (Figure 6c), while it 

increased nodule mineralization compared to vehicle-treated cells (Figure 6d). Consistently, 

Figure 5: Effect of Penk 1 in osteoblast biology. Primary osteoblasts were isolated from the calvariae of 7-day-old WT 

and Penk1-/- mice and evaluated for (a) cell metabolic activity assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium (MTT) bromide reduction assay, (b) Alp activity by cytochemical assay and quantified by densitometric 

analysis (graph) and (c) von Kossa staining of mineralization nodules after 3 weeks of culture in osteogenic medium.(d) 

Osteogenic colony forming unit assay performed in bone marrow stromal cells flushed out from femurs of 7-day-old WT and 

Penk1-/- mice. Data are the mean ±SD of at least 3 mice or 3 cell preparations per group. *p≤0.05; **p=0.0012; ***p≤0.001; 

****p≤0.0001 (Student’s t test). 
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transcriptional analysis showed a significant increase of Col1a1 and Osx in Met-Enk-treated cells 

(Figure 6e). 

 

 

Altogether this data demonstrated that Penk1 affects both osteoblast function and differentiation in a 

cell-autonomous manner, and that the transient deletion of Penk1 in differentiated osteoblasts specifically 

impairs the osteoanabolic activity while its chronic deletion affects both differentiation and activity.  

Figure 6: Effect of Penk 1 in osteoblast biology. (a) Time-course of Penk1 mRNA expression in WT primary 

osteoblasts isolated from 7-day-old mice and cultured in standard medium supplemented with 10 mM β-glycerophosphate 

and 50 µg/mL ascorbic acid (osteogenic medium). (b) Mouse primary osteoblasts were treated with scrambled (SCR) siRNA 

or with siRNAs specific for Penk1 (Penk1-siRNA), after 48h the RNA was extracted, retro-transcribed in cDNA and 

subjected to real time RT-PCR for the indicated genes. Mouse primary osteoblasts were treated with vehicle or 1 µM Met-

Enkephalin (Met-Enk) for 48 hours. (c) Alp activity evaluated by histochemical assay and quantified by densitometric 

analysis (graph) and (d) vonKossa staining to evaluate nodule mineralization in osteoblasts treated with vehicle or 1 µM 

Met-Enk for 2 weeks in the presence of osteogenic medium. (e) Transcriptional expression of the genes indicated in the 

abscissa, evaluated by real time RT-PCR, in Met-Enk-treated osteoblasts. Scale bars are indicated in the figures. Gene 

expression was normalized using mouse Gapdh. Data are the mean ±SD of at least 3 mice or 3 cell preparations per group. 

*p≤0.05; ***p≤0.001. (Student’s t test or in (a) RM-ANOVA). 
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5. Discussion 

Neuropeptides are involved in the regulation of bone metabolism, influencing the activity of bone 

cells, including osteoblasts, osteoclasts, and osteocytes 31, 32, 103, 104. Nevertheless, the role of opioids, a 

specific class of neuropeptides, in bone is still partially unclear and the complexity of their signaling 

pathways further complicates the scenario. Indeed, opioid receptors are known to be expressed in bone 

cells and opioid-derived peptides have been shown to have direct effects on bone metabolism 31, 89, 104, 

105. When opioids bind to their receptors on bone cells, they can activate several signaling pathways that 

influence bone cell functions. As an example, the use of naltrexone and naloxone, two opioid growth 

factor receptor (OGFR) antagonists, stimulate bone formation in vitro and vivo 106, 107. Similar results 

were obtained in mice in which the expression of the opioid peptide dynorphin or its κ-opioid receptor 

were abolished 108. In contrast, D’Ângelo et al. 109 demonstrated that the blockade of the κ-opioid receptor 

increases osteoclast differentiation and bone resorption in rats. Seitz et al. 91 observed a significant 

reduction of the osteoid formation in Phex-deficient Hyp mice in which Penk1 expression was abolished 

in vivo, suggesting that Penk1 is involved in the accumulation of non-mineralized bone matrix. A recent 

study showed that Met-Enk blocks osteocyte apoptosis by regulating the nuclear translocation of 

NFATc1 in the presence of compressive forces 103. Finally, different studies have shown that the chronic 

use of opioids can lead to decreased bone density and increased risk of fractures 110, 111. 

It is therefore within this intricate context that our study is inserted, with the scope of understanding 

the role of Penk1 in bone homeostasis under physiological conditions and in response to mechanical 

unloading. In line with our previous study, in which Penk1 mRNA was downregulated in unloaded 

osteoblasts, in the present work we found that mechanical unloading leads to a reduction of Penk1 

expression both in mouse’s and human’s models of disuse osteoporosis. Moreover, we demonstrated an 

inverse correlation between Penk1 serum levels and the time of unloading, suggesting that Penk1 is 

highly responsive to this condition. These results not only suggest a possible role for Penk1 in the 

response of the skeleton to unloading conditions but they also candidate Penk1 as a possible marker of 

unloading-induced bone loss. Further study, including a larger cohort of human subjects, will be required 

to shed light on the underlining mechanisms. Indeed, the falls of Penk1 level could be also involved in 

the onset of chronic bone pain afflicting people exposed to skeletal unlading condition, such as astronauts 

and bedridden people 112, 113. 
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Despite the data obtained in the microgravity experiments, no impact on bone phenotype was 

observed in vivo in Penk1-/- mice, compared to wild type littermates. These findings are in line with the 

results reported by Seinz et al. 91 on the lack of an overt bone phenotype in Penk1-/- mice. They could be 

in part explained by the fact that residual circulating enkephalins are detectable in the sera of Penk1-/- 

mice, as demonstrated by Seinz et al 91. A further explanation could be that the δ, κ and µ opioid receptors 

expressed by bone not only bind Penk1-derived enkephalins, but also other neuropeptides, such as β-

endorphins and dynorphins, known to impact the bone metabolism 89, 108, 107, 114. Therefore, the combined 

effect of residual enkephalins and other neuropeptides on bone cells could potentially counterbalance the 

effect of the absence of Penk1 in vivo. This conclusion was further supported by the presence of impaired 

differentiation and activity in vitro in osteoblasts isolated from Penk1-/- mice, suggesting the presence of 

a cell-autonomous effect in these cells.  

To further recognize the involvement of Penk1 in bone metabolism, we investigated its role in 

osteoblast differentiation and activity. We found that Penk1 is highly expressed in bone and in mature 

osteoblasts. In this regard, conflicting data are reported in the literature. Indeed Rosen et al. 95 

demonstrated an inverse correlation between Penk1 mRNA expression and osteoblast differentiation, 

while Seitz and colleagues 91 found a higher expression of Penk1 in differentiated cells. In our hands, 

Penk1 is expressed by the bone tissue, in particular during osteoblast differentiation, and its suppression 

impacts on osteoblast differentiation and activity. Interestingly, we found that the transient deletion of 

Penk1 in differentiated osteoblasts impairs specifically osteoanabolic activity but not differentiation, 

while its chronic germline deletion affects both differentiation and activity. These findings are in line 

with a possible dual role of osteoblastic Penk1 in embryos and adults, as postulated by Rosen and Bar-

Shavit 115. Moreover, in contrast with the observations of Nikhil et al. 107 we found that treatment of 

mature osteoblasts with Met-Enk increases nodule mineralization in vitro. To reconcile these results, we 

can speculate that probably Met-Enk increases nodule mineralization indirectly, by enhancing type I 

collagen expression and bone matrix deposition, without acting directly on mineral metabolism, as shown 

by our gene expression data and in part suggested by Seinz et al. 91. 

Mechanistically, we demonstrated that the Wnt pathway could be a potential candidate through which 

the Penk1 signalling acts on differentiated osteoblast activity. In fact, we showed that transient Penk1 

knock-down in differentiated osteoblasts increased the expression of the sclerostin encoding gene, Sost1, 

along with a parallel downregulation of Wnt3a and Col1α1.  

In conclusion, our work adds another piece of information to the intricated network of interactions 

between neuropeptides and skeletal tissues, confirming a role of Penk1 in osteoblast differentiation and 
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activity and paving the way to future studies for dissecting the mechanisms underlining the involvement 

of Penk1 in unloading-induced bone loss.  
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 Chapter 3: “Effect of Lipocalin-2 

ablation on osteoblasts subjected to 

mechanical unloading.” 
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1. Abstract 

Lipocalin-2 is a versatile molecule involved in different physiological and pathological processes. 

From previous works we know that this protein plays an important role in bone homeostasis and in 

osteoblasts response to mechanical unloading. Indeed, we found Lcn2 to be the most upregulated gene 

in a whole gene profiling analysis performed in osteoblasts subjected to microgravity as a model of 

mechanical unloading. Moreover, simulated microgravity results in an impairment of osteoblast 

differentiation compared to unit gravity control condition. Therefore, to investigate whether genetic 

ablation of Lcn2 can counteract the inhibitory effect of microgravity on osteoblast differentiation, we set 

up in vitro and in vivo experiments using mechanical unloading models. For the former, primary 

osteoblasts isolated from calvariae of WT and Lcn2-/- mice were cultured at unit gravity (1g) or under 

modeled microgravity (0.008g) using the NASA-developed rotating wall vessel (RWV) bioreactor for 5 

days. For the in vivo experiment, WT and Lcn2-/-mice were subjected to Hindlimb suspension (HLS) by 

tail traction for 21 days. Our results demonstrated that, at least in vitro, Lcn2 genetic ablation counteracts 

the reduction of Runx2 and Osx transcriptional expression induced by microgravity. Moreover, Lcn2 

ablation also prevents the increase of Rankl/Opg ratio observed in the conditioned media of WT 

osteoblasts cultured under unloading conditions. However, in the mice subjected to HLS, the lack of 

Lcn2 is not sufficient to counteract the bone loss due to mechanical unloading and disuse, although it is 

sufficient to prevent the number and the surface area of osteoblasts from decreasing, as observed to WT 

littermates subjected to HLS. 

2. Introduction 

Lipocalin-2 (LCN2), also known as Neutrophil Gelatinase-Associated Lipocalin (NGAL), is a 

glycoprotein of 22-25 kDa, purified for the first time by Kjeldsen et al 34 in 1993 from neutrophil granules 

released at sites of infection and inflammation. However, it is possible to refer to this protein also as 

adipokine, since it is highly produced by adipocytes 116. Actually, LCN2 is expressed in a huge variety 

of cells, including hepatocytes, lung, bone marrow, macrophages, thymus, prostate, kidney and even in 

bone 35. As a member of the lipocalin superfamily, it transports small hydrophobic molecules such as 

steroids, fatty acids, retinoids, prostaglandins, and hormones 117. In addition, LCN2 can bind iron, thus 

absolving also an antibacterial function and for this it is also known as siderocalin 35, 117, 118. 
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LCN2 is involved in several functions including innate immunity, inflammation, tumor progression 

and metastasis, acute kidney and liver injury, bone and muscle pathophysiology, cell differentiation, 

apoptosis, organogenesis, and even systemic insulin sensitivity, glucose homeostasis and lipid 

metabolism, although the exact role played in the last listed functions has not yet been fully described 

and is still unclear 35, 96, 117, 118.  

Since 2009, our interest in LCN2 has been growing. In Capulli et al. (2009) 74 Lcn2 has been 

identified as the most upregulated gene in primary murine osteoblasts maintained under simulated 

microgravity condition using the Rotating-wall vessel (RWV) bioreactor. Later on (Rucci et al., 2015) 

our group demonstrated that Lcn2 is a mechanoresponding gene able to regulate bone homeostasis; 

moreover, a direct correlation between LCN2 serum levels and the duration of the mechanical unloading 

in human subjects mimicked by HDTBR (Head Down Tilt Bed Rest) was found 71. Similar results were 

obtained in the murine model of mechanical unloading, thus indicating a causative role for Lcn2 in 

unloading induced bone loss. In addition, Lcn2 overexpression in osteoblasts inhibit their differentiation, 

increase the expression of pro-osteoclastogenic factors RankL and Il-6 and decrease the expression of 

Opg, an anti-osteoclastogenic factor, enhancing osteoblasts’ ability to stimulate osteoclastogenesis 71. 

Additional studies (Capulli et al.; 2018) proved that Lcn2 has an important role in bone metabolism, in 

fact Lcn2 -/- mice display an osteopenic phenotype, characterized by a reduction of osteoblast number 

and activity, likely due to an alteration of the glucose metabolism observed in Lcn2-/- mice 33. Finally, 

Ponzetti et al. (2022), found that the MDX mouse model of Duchenne Muscular Dystrophy (DMD), 

showed higher LCN2 serum levels compared to WT mice, while the ablation of Lcn2 in these mice 

counteracted the bone loss due to the muscle failure and also ameliorate the muscle phenotype in MDX 

mice 96. 

Based on this evidence we decided to investigate in deeper the role of LCN2 in osteoblasts 

homeostasis and whether the ablation of LCN2 could influence osteoblasts’ response to unloading 

conditions. 

3.  Materials and methods 

3.1  Materials 

Dulbecco's modified Minimum Essential Medium (DMEM), penicillin, streptomycin, and trypsin 

were from Euroclone (Milan, Italy), Fetal Bovine Serum (FBS) was from GIBCO (Uxbridge, UK). 
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Sterile plastic ware was from Greiner bio-one (Kremsmünster, Austria) or Euroclone (Milan, Italy). 

TRIzol reagent (cat#15596018), primers and reagents for RT-PCR (cat#k1622) were from Invitrogen 

(Carlsbad, CA, USA). The qRT-PCR assays Luna Universal One‐Step RT‐qPCR Kit (#E3006) was from 

New England Biolab. LCN2(cat# MLCN20), RANKL (cat# MTR00) and OPG (cat#MOP00) ELISA 

assays were from R&D, Minneapolis, MN, USA, for interleukin (IL)6 ELISA kits (cat# ab100712) were 

from Abcam (Cambridge, UK) All other reagents were of the purest grade from Sigma Aldrich Co.(St. 

Louis, MO, USA). 

3.2  Animals 

Lcn2–/– mice (background C57BL6/J, IMSR Cat# JAX:000664, RRID: IMSR_JAX:000664) were 

generated and kindly provided by Dr. Tak Wah Mak (University Health Network, Toronto, ON, 

Canada19. They are vital, with an overall normal lifespan and fertility. All procedures involving animals 

and their care were conducted in conformity with national and international laws and policies (European 

Economic Community Council Directive 86/609, OJ L 358, 1, December 12, 1987; Italian Legislative 

Decree 4.03.2014, n.26, Gazzetta Ufficiale della Repubblica Italiana no. 61, March 4, 2014) and animal 

procedures received approval by the Italian Ministry of Health authority (Approval N. 392/2020-PR). 

Mice were housed in the animal facility of the University of L’Aquila, Italy, at the following conditions: 

temperature: 20-24°C, humidity: 60%, dark/light cycle: 12/12 hours. They had access to food and water 

ad libitum and were fed with standard diet (Mucedola code: 4RF21). 

3.3 Osteoblast primary cultures 

Calvariae from 7‐day‐old WT and Lcn2 -/- mice were explanted, cleaned free of soft tissues, and 

digested three times with 1 mg/mL Clostridium histolyticum type IV collagenase and 0.25% trypsin, for 

15, 30 and 45 min at 37°C, with gentle agitation. Cells from the second and third digestions were plated 

following centrifugation at 200g for 7 min and grown in DMEM plus 10% FBS. The purity of the culture 

was evaluated by the transcriptional expression of the osteoblast markers alkaline phosphatase (Akp2), 

Runt‐related transcription factor 2 (Runx2), type I collagen, and osteocalcin and by the cytochemical 

evaluation of Alkaline phosphatase activity 33, 119.  

At confluence, osteoblasts were trypsinized, collected and resuspended in DMEM 10% FBS 

containing CultiSpher-G1 microcarriers (1 g/L medium), at a cellular density of 1.2 × 10 6 cells/ml, to 

allow cell-microcarrier interaction. This suspension was then grown for 5 days into the RWV bioreactor 

under a 16-rpm rotation, which leads to a simulated microgravity condition of 0.008g, or in non-adhesive 
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Petri dishes, that is the unit gravity condition (1g) 74. At the end of the experiments, cells were collected 

and subjected to RNA extraction, while conditioned media (CM) were recovered for ELISA assays.  

3.4 Comparative real-time RT‐PCR 

Total RNA was extracted Using the TRIzol ® method. 1µg of RNA was reverse transcribed into 

cDNA using Revert Aid First Strand cDNA Synthesis Kit (Invitrogen) and the equivalent of 0.1 μg was 

employed per PCR reaction using the Luna Universal One‐Step RT‐qPCR Kit (New England Biolab). 

Results, expressed as fold increase versus control, were normalized with the housekeeping gene glycerol-

3-phosphate dehydrogenase (Gapdh). Primer sequences are reported in Table 1 as follow: 

 

Table 1 Real Time Primers sequences 

Gene Forward primer Reverse primer 

Gapdh 5′-TGTGAGGGAGATGCTCAGT-3′ 5′-TGTTCCTACCCCCAATGTG-3′ 

Lcn2 5'-ACTGAATGGGTGGTG-3' 5'-GGGAGTGCTGGCCAA-3' 

Runx2 5′-CCCAGCCACCTTTACCTACA-3′ 5′-TATGGAGTGCTGCTGGTCTG-3′ 

Osx 5′-TGCTTCCCAATCCTATTTGC-3′ 5′-AGAATCCCTTTCCCTCTCCA-3′ 

Akp2 5′-CCAGCAGGTTTCTCTCTTGG-3′ 5′-CTGGGAGTCTCATCCTGAGC-3′ 

Col1α1 5′-CACCCTCAAGAGCCTGAGTC-3′ 5′-GTTCGGGCTGATGTACCAGT-3′ 

Rankl 5′-AGCCGAGACTACGGCAAGTA-3′ 5′-CCACAATGTGTTGCAGTTCC-3′ 

Opg 5′-AGTCCGTGAAGCAGGAGTG-3′ 5′-CCATCTGGACATTTTTTGCAAA-3′ 

Il-1β 5′-GCCCATCCTCTGTGACTCAT-3′ 5′-AGGCCACAGGTATTTTGTCG-3′ 

Il-6 5′-GTTCTCTGGGAAATCGTGGA-3′ 5′-GGAAATTGGGGTAGGAAGGA-3′ 

 

3.5 ELISA assay 

Soluble Rankl, Opg and Lcn2 were quantified in the conditioned media using the R&D System 

ELISA kits cat# MLCN20, cat# MTR00, and cat#MOP00, respectively according to the manufacturer’s 

instructions. The quantity of soluble Il-6 was evaluated in conditioned media using the Abcam ELISA 

kit #ab100712, following the protocol provided by the manufacturer.  

3.6 Hindlimb suspension  

Hindlimb suspension (HLS) was obtained according to Sakata and colleagues 94. Eight-week-old WT 

and Lcn2 -/- mice were suspended by tail traction using a strip of elastic tape and a swivel fixed to an 
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overhead wire, the height of which was adjusted to maintain the mice suspended at an approximately 30-

degree angle. The swivel apparatus allowed animals ready access to food and water and to move freely 

into the cage using their forelimbs. After 21 days of suspension mice were euthanized by CO2 inhalation, 

blood was harvested by intracardiac injection and sera were collected after coagulation and 

centrifugation. Hindlimbs were removed, cleaned from soft tissues and fixed in 4% buffered 

paraformaldehyde for histological analyses. An equal number of mice was maintained under normal cage 

conditions for 21 days as control. 

3.7 MicroCT analysis 

Femurs harvested from WT and Lcn2 -/- mice were fixed in 4% buffered paraformaldehyde and then 

images were acquired using the SkyScan 1174 (Bruker, Billerica, MA, USA) with a resolution of 6.7μm 

(X-ray voltage 50 kV). Image reconstruction was carried out employing a modified Feldkamp algorithm 

using the Skyscan Nrecon software. Three-dimensional (3D) and two-dimensional (2D) morphometric 

parameters were calculated for the trabecular bone, 150 slides (6.7μm thick) from the growth plate 96. 3D 

parameters were based on analysis of a Marching Cubes-type model with a rendered surface 97, 98. 

Calculation of all 2D areas and perimeters was based on the Pratt algorithm 99. Bone structural variables 

and nomenclature were those suggested by Bouxsein et al. (2010) 100. Cortical bone thickness was 

analyzed 450 slides below the growth plate on 100 slides as described 101. 

3.8 Bone histomorphometry 

Tibiae harvested from WT and Lcn2 -/- mice were fixed in 4% buffered paraformaldehyde, dehydrated 

in ascending alcohol series, and processed for methyl–methacrylate embedding without decalcification. 

Osteoclast number/bone surface (Oc.N/BS) and osteoclast surface/bone surface (Oc.S/BS%) were 

evaluated after histochemical staining for TRAcP activity, while osteoblast number/bone surface 

(Ob.N/BS) and osteoblast surface/bone surface (Ob.S/BS%) were evaluated in sections stained with 

toluidine blue. Histomorphometric measurements were carried out on 5-μm-thick sections using the 

image analysis software NIH ImageJ and with the suggested nomenclature 102. Dynamic assessment of 

the mineral apposition rate (MAR) was calculated after double injection of calcein, 10 and 3 days before 

euthanasia. Bone formation rate (BFR) was calculated according to the following formula: 

MAR × MS/BA, where MS = mineralized surface and BA = bone area, as suggested by Dempster and 

colleagues 102. 
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3.9 Statistics 

Results are expressed as the mean ± SD of at least 3 independent experiments, or at least 5 

mice/group. Statistical analyses were performed by the Student’s t-test, using the Graph pad Prism 

software (v8). A p-value <0.05 was considered statistically significant. 

4.   Results 

4.1 Effect of Lcn2 ablation on osteoblasts subjected to simulated 

microgravity 

Results obtained from previous works 33, 74, 71 identified Lcn2 as a mechanoresponsive gene, which 

prompted us to investigate the effect of Lcn2 ablation on the response of osteoblasts to mechanical 

unloading. For this purpose, osteoblasts isolated from calvariae of 7-day-old WT and Lcn2-/- mice were 

cultured for 5 days under unit gravity (1g) or simulated microgravity conditions (0.008g) using the RWV 

bioreactor. First, we confirmed the upregulation of Lcn2 in WT osteoblasts subjected to microgravity 

conditions, both transcriptionally (Figure 1a) and as protein released in the conditioned medium (Figure 

1b). 
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Interestingly, simulated microgravity induced in WT osteoblasts a reduction in Runx2 (Runt-related 

transcription factor 2) and Osx (Osterix) transcriptional levels compared to control at 1g (Figure 2a), 

while this is not observed in Lcn2-/- osteoblasts subjected to microgravity (Figure 2b). With regards to 

Akp2 (Alkaline phosphatase) and Col1a1 (collagen type I alpha 1 chain) their transcriptional expression 

was not affected by microgravity in both genotypes (Figure 2). This data indicates that the lack of Lcn2 

counteracts the transcriptional downregulation of the master regulators of osteoblastogenesis Runx2 and 

Osx.  

  

Figure 1: Lcn2 is overexpressed in osteoblasts under simulated microgravity. Primary osteoblasts isolated from the 

calvaria of 7-day-old WT (WT OBs) or Lcn2-/- mice (Lcn2-/- OBs) were cultured for 5 days under unit gravity (1g) or simulated 

microgravity (0.008 g) using the NASA approved Rotating Wall Vessel (RWV) bioreactor. (a) Transcriptional expression of 

Lcn2 by real time RT-PCR. (b) ELISA assay performed on conditioned medium to quantify the secretion of Lcn2. Data are the 

mean ± SD of 5 independent experiments (*p=0.04, **p=0.0023 vs control set at 1, Student t-test, dotted line=unit gravity,1g; 

ND= non detectable).  
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In agreement with Rucci et al (2007) 120, we observed a significant increase of RankL mRNA due to 

microgravity in WT osteoblasts (Figure 3a), while only a trend of increase in RankL was found in Lcn2 

-/- osteoblasts under microgravity, which also had a much smaller magnitude of change vs control (Figure 

3b). Moreover, Opg expression during microgravity conditions decreased in WT osteoblasts compared 

to the control (Figure 3a), while a trend of decrease was observed in Lcn2 -/- osteoblasts (Figure 3b). 

Interleukin -1β and -6 transcriptional levels were not affected by simulated microgravity compared to 

control, neither in WT, nor in Lcn2 -/- osteoblasts (Figure 3). At protein level, in the culture media of 

WT osteoblasts subjected to 0.008g, the amount of secreted Rankl was higher than those quantified in 

the CM of the osteoblasts maintained at 1g (Figure 3c).  For Lcn2 -/- osteoblasts, no significant difference 

in the amount of secreted Rankl can be appreciated between the samples cultured under microgravity 

conditions and at unit gravity (Figure 3d). We also evaluated the amount of secreted Opg in the CM. At 

variance with what observed at transcriptional level, ELISA assays showed a significant decrease of the 

secreted protein in the CM of the osteoblasts subjected to microgravity conditions compared to the 

control at 1g both for WT and Lcn2-/- osteoblasts (Figure 3c, 3d). However, when we evaluated the 

Rankl/Opg ratio, this was significantly increased in WT osteoblasts subjected to microgravity, but not in 

Lcn2 -/- osteoblasts cultured at the same condition (Figure 3e). Moreover, we observed an increase of 

released IL-6 protein in the CM of the osteoblasts cultured at 0.008g compared to those maintained at 

1g, in both WT and Lcn2 -/- cells (Figure 3c, 3d). 

 

Figure 2: Effect of Lcn2 ablation on osteoblasts response to simulated microgravity. Primary osteoblasts isolated 

from the calvaria of 7-day-old WT (WT OBs) or Lcn2-/- mice (Lcn2-/- OBs) were cultured for 5 days under unit gravity 

(1g) or simulated microgravity (0.008g) using the Rotating Wall Vessel (RWV) bioreactor. Evaluation of Runx2 (Runt-

related transcription factor 2), Osx (Osterix), Akp2 (Alkaline phosphatase) and Col1a1 (Collagen type I a1) transcriptional 

levels in (a) WT and (b) Lcn2-/- osteoblasts. Data are the mean ± SD of 5 independent experiments (*p=0.028, **p=0.005 

vs control set at 1, Student t-test; dotted line=unit gravity,1g). 
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Figure 3: Effect of Lcn2 ablation on osteoblasts response to simulated microgravity. Primary osteoblasts isolated 

from the calvaria of 7-day-old WT (WT OBs) or Lcn2-/- mice (Lcn2-/- OBs) were cultured for 5 days under unit gravity (1g) 

or simulated microgravity (0.008g) using the NASA approved Rotating Wall Vessel (RWV) bioreactor. (a,b) Transcriptional 

expression of the cytokines involved in osteoclastogenesis Rankl, Opg, Il1b and Il6 in (a) WT and (b) Lcn2-/- osteoblasts. (c,d) 

ELISA assay to assess (c) WT and (d)  Lcn2-/- osteoblast release of Rankl, Opg, Il6. (e) Evaluation of Rankl/Opg ratio. Data 

are the mean ± SD of 5 independent experiments (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs control set at 1, Student 

t-test; dotted line=unit gravity,1g) 

 

Taken together, this data indicates that Lcn2, which is increased in osteoblasts subjected to 

microgravity likely promotes the decrease of Runx2 and Osx and the increase of RankL mRNAs observed 

under the same conditions. Moreover, Lcn2 promotes the increase of Rankl/Opg ratio observed in the 

CM of osteoblasts subjected to microgravity. 
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4.2 Effect of Lcn2 ablation in the bones of mice subjected to mechanical 

unloading 

In Capulli et al (2018) 33, our group demonstrated that Lcn2 -/- mice had a marked osteopenic 

phenotype due to reduced osteoblast number and activity, with no changes in osteoclast parameters. This 

phenotype was due to the impairment of the expression of Glut1 (glucose transporter 1) in the bone Lcn2 

-/-, leading to energetically deregulated metabolism 33. Nevertheless, mechanical unloading resulted in 

bone loss as well as Lcn2 increasing 71.  

To determine whether Lcn2 ablation could abrogate the osteopenic effect of unloading in vivo, 8-

week-old WT e Lcn2-/- male mice were subjected to HLS for 3 weeks. WT and Lcn2-/- male mice were 

also maintained in standard conditions (NLC=Normal Loading Condition) as control groups. 

First, we confirmed the increase of Lcn2 protein levels in serum of WT animals due to mechanical 

unloading, which is in agreement with our previous work 71 (Figure 4).  

 

 

Micro-computed tomography (Micro-CT) analysis showed results in line with Du J et al 121 and Rucci 

et al. 71. In particular, in femur trabecular bone of WT mice HLS caused a reduction of bone 

volume/tissue volume (BV/TV%) and trabecular number (Tb.N.) as well as an increase of trabecular 

separation (Tb.Sp) and no modulation of trabecular thickness (Tb.Th.); moreover, mechanical unloading 

in the same mice decreased femurs’ cortical thickness (Ct.Th.). Similar results were found for Lcn2 -/- 

mice subjected to mechanical unloading, excepting for trabecular separation which was not modulated. 

WT NLC mice show and higher Tb.N. and Tb Sp. compared to Lcn2 -/- NLC mice (Figure 5). 

Figure 4: In vivo effect of unloading conditons on LCN2 serum levels in mice. Eight-week-old WT and Lcn2-/- 

male mice were subjected to hindlimb suspension (HLS) for 3 weeks or maintained under normal loading conditions 

(NLC) as control groups. ELISA assay to assess LCN2 serum levels in mice subjected to mechanical unloading vs mice 

normal caged. (*p=0.01, Student t-test). 
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. 

 

Histomorphometric analysis revealed that in the tibiae of WT HLS mice the osteoclasts number over 

bone surface (Oc.N/BS) showed a trend towards increase compared to control (p=0.07), while no changes 

were observed in Lcn2 -/- mice bones (Figure 6a). osteoclasts surface over bone surface (Oc.S/BS) was 

not affected by mechanical unloading both in both genotype. (Figure 6b). As for osteoblasts, their 

number over bone surface (Ob.N/BS) was significantly reduced in the bone of WT mice subjected to 

unloading compared to WT NLC mice. Interestingly, in bone of Lcn2 -/- mice Ob.N/BS did not change 

between HLS and NLC (Figure 6c). Similar results were obtained for the osteoblasts surface over bone 

surface (Ob.S/BS), in fact, this parameter was lower in the tibias of WT HLS mice than in WT NLC 

mice, while this decrease in unloading conditions was abrogate by Lcn2 genetical ablation (Figure 6d). 

In order to evaluate the dynamic parameters bone formation rate (BFR) and mineral apposition rate 

(MAR), mice were subjected to a first injection of calcein ten days before takedown, and a second one, 

three days before takedown. Mechanical unloading reduced BFR in the bone of WT mice compared to 

control littermates but this detrimental effect of mechanical unloading was abrogated by the Lcn2 

ablation (Figure 6e).  

Figure 5: In vivo effect of Lcn2 ablation on mechanical unloading-induced bone loss. Eight-week-old WT e Lcn2-/- 

male mice were subjected to HLS for 3 weeks, in parallel, WT and Lcn2-/- mice were maintained in NLC as control groups. 

Evaluation, by µCT performed on explanted femurs, of (a) bone volume/tissue volume (BV/TV), (b) trabecular number 

(Tb.N),(c) trabecular thickness (Tb.Th), (d) trabecular separation (Tb.Sp), and (e) cortical thickness (Ct.Th), (*p<0.05, 

**p<0.01, ***p<0.001, Student t-test). 
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Finally MAR was not affected by HLS both in WT and Lcn2 -/- mice (Figure 6f). 

This result suggests that lack of Lcn2 in the in vivo model of mechanical unloading prevents the 

reduction of osteoblast parameters and BFR in HLS mice, however this is not sufficient to prevent bone 

loss due to disuse.  

 

 

  

Figure 6: In vivo effect of Lcn2 ablation on cellular bone parameters under mechanical unloading conditions. Eight-

week-old WT e Lcn2-/- male mice were subjected to HLS for 3 weeks, in parallel, WT and Lcn2-/- mice were maintained in 

NLC as control groups. Histomorphometry performed on histological sections of tibiae, stained for (a,b) Tartrate-resistant acid 

phosphatase (TRAcP) activity to assess (a) osteoclast number per bone surface (Oc.N/BS) and (b) osteoclast surface per bone 

surface (Oc.S/BS%) and (c,d) stained with toluidine blue to evaluate (c)  osteoblast number per bone surface (Ob.N/BS) and 

(d) osteoblast surface per bone surface (Ob.S/BS%). (e,f) Mice were subjected to a double injection (10 and 3 days prior 

sacrifice) of calcein In order to evaluate the following dynamic parameters: (e) Bone Formation Rate (BFR) and (f) Mineral 

Apposition Rate (MAR) (*p<0.05, **p=0.001, Student t-test). 
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5.   Discussion 

Several recent studies have shown Lipocalin-2 to partake in bone homeostasis 50, 71, 122, 124, 125, 126 In 

our hands, this protein plays a key role in bone response to mechanical unloading 96, 31, 71. It is known 

that this phenomenon, which occurs during forced bed rest and long-duration space flight, is detrimental 

for bone, since the osteoblasts bone formation activity is inhibited, while osteoclasts resorptive activity 

could be enhanced, leading to disuse osteoporosis 126. Lipocalin 2 seems to be involved to the 

pathological response of the bone tissue to low mechanical forces, and in particular, it was found to be 

increased by simulated microgravity and unloading both in vitro and in vivo 71, 74.  

The current study investigated whether the ablation of Lcn2 could counteract the detrimental effect 

of unloading conditions on bone homeostasis. We found that simulated microgravity conditions, obtained 

by using the RWV bioreactor, reduced Runx2, Osx and Opg while increasing RankL expression levels in 

primary murine osteoblasts. Interestingly, the absence of Lcn2 prevented these changes. In addition, 

accordingly with Rucci et al 2007 120, ELISA assays showed us that mechanical unloading prompted to 

the increase of Rankl/Opg ratio in the conditioned medium of WT osteoblasts compared to control 

maintained at 1g, whereas this increase does not occur for Lcn2-/- osteoblasts. Given that Opg is a decoy 

receptor for Rankl 127, the lack of an increase in the Rankl/Opg ratio indicates that the ablation of Lcn2 

in osteoblasts may be able to counteract the pro-osteoclastogenic effect of microgravity demonstrated by 

Rucci et al in 2007 120. 

Encouraged by in vitro results, we set up an in vivo mechanical unloading experiment, exploiting the 

HLS by tail traction on mice. Accordingly with previous results, the lack of Lcn2 cancel the pro-

osteoclastogenic effect of microgravity conditions, in fact, HLS induce no changes in osteoclasts 

parameters in tibiae of Lcn2 -/- mice, while in WT mice the mechanical unloading determine a trend of 

increase in Oc.N./BS. However, our results show that, although the absence of Lcn2 is able to counteract 

the decrease of Ob.N/BS, Ob.S/BS%, and thus also the decrease in BFR, it is not sufficient to cancel out 

the bone loss due to mechanical unloading. Considering that ablation of Lcn2 in MDX mouse model of 

Duchenne muscular dystrophy (DMD) counteracted the bone loss due to unloading/ disuse, the results 

obtained in this work may seem inconsistent with previous work 96. Nevertheless, in DMD are involved 

other factors that can be considered detrimental for bone in addition to disuse, such as inflammation and 

muscle damage, in which Lcn2 is also known to be involved 128, 129. 
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In conclusion, our work shows that although this protein is definitely involved in the response of 

osteoblasts to mechanical unloading, genetic ablation of Lipocalin 2 is not sufficient to counteract bone 

loss due to mechanical unloading/disuse.  
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Chapter 4: “General discussion and 

conclusions” 
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1. General discussion and conclusions 

In order to preserve its integrity and functionality, bone tissue is subjected to remodeling, consisting 

of a cycle of well programmed cellular events that lead to the resorption of old and damaged bone by 

osteoclasts, and deposition of new bone by osteoblasts 22. Bone remodeling is under the control of a very 

complex network of pathways, ensuring the perfect balance between osteoclasts and osteoblasts activity 

8, 130. Events which perturb osteoclasts and/or osteoblasts homeostasis, such as mechanical 

unloading,may result in the imbalance of this equilibrium, leading to pathological conditions, like disuse 

osteoporosis 42. 

Starting from a previous work in which Lcn2 and Penk1 were identified, respectively, as the most up 

and downregulated genes in unloaded osteoblasts 74, during my PhD I focused my research to evaluate 

the involvement of these molecules in osteoblasts homeostasis, particularly in response to mechanical 

unloading.  

In Chapter 2 of this thesis, we investigated the role of Penk1 in bone under physiological conditions 

and in response to mechanical unloading. We confirmed Penk1 downregulation in response to 

mechanical unloading in two animal models of disuse osteoporosis (HLS and Botox intramuscular 

injection). Moreover, we observed an inverse correlation between PENK1 protein levels and bed rest 

duration in sera of healthy volunteers subjected to bed rest. These results suggest a potential role for 

Penk1 in osteoblasts’ response to mechanical unloading.  

Based on these premises we decided to evaluate physiological functions of Penk1 in osteoblasts. We 

found that Penk1 is expressed in mature osteoblasts and its gene expression progressively increased 

during osteoblasts differentiation in vitro. Overall, ablation of Penk1 in mice did not affect bone 

phenotype in vivo, however transient silencing in mice osteoblasts impaired osteoblast activity, while the 

treatment of osteoblasts whit Met-enkephalin, Penk1 encoded peptide, improved osteoblasts activity. 

Finally, we evaluated the chronic deletion of Penk1 in osteoblasts in vitro, observing that in Penk1 -/- 

osteoblasts both differentiation and activity were impaired. These controversial results may be explained 

by the fact that combined effect of residual enkephalins and other neuropeptides on bone cells could 

counterbalance the effect of the absence of Penk1 in vivo 89, 91, 108, 109, 114. In fact, osteoblasts isolated from 

Penk1 -/- mice displayed impair differentiation and activity, suggesting the presence of a cell-autonomous 

defect in these cells.  
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Future studies will be required to fully understand Penk1 role in osteoblasts homeostasis and response 

to mechanical unloading, however our study added a piece of information to understand the mechanisms 

underlining the involvement of Penk1 in unloading-induced bone loss. 

In Chapter 3 we dealt with Lcn2, this molecule was found to play an important role in osteoblasts’ 

response to mechanical unloading, therefore we investigated whether the ablation of Lcn2 could 

counteract bone loss due to unloading conditions. In vitro experiments showed that the lack of Lcn2 

prevented the reduction of Runx2, Osx and Opg and the increase of RankL expression levels in primary 

murine osteoblasts subjected to simulated microgravity using RWV bioreactor. In addition, as 

demonstrated by Rucci et al (2007) 120, mechanical unloading prompted to increase Rankl/Opg ratio in 

the conditioned medium of WT osteoblasts compared to control maintained at 1g, whereas the absence 

of Lcn2 counteract this increase, indicating Lcn2 ablation in osteoblasts may be able to prevent the pro-

osteoclastogenic effect of microgravity demonstrated by Rucci et al in 2007 120.  

In vitro results persuaded us to go deeper, evaluating the effect of Lcn2 genetical ablation in hind 

limb suspension (HLS) mice, an animal model of mechanical unloading. Our results demonstrate that, 

absence of Lcn2 is able to counteract the decrease of osteoblast number and surface observed in WT 

unloaded mice, as well as the decrease in BFR. However, this it is not sufficient to counteract the decrease 

of bone mass due to mechanical unloading.  

In conclusion, although there is still a long way to go, the work done during my PhD adds another 

step forwards to understand the mechanisms of bone adaptation after mechanical unloading, 

demonstrating the role that Penk1 and Lcn2 play in this event, as well as the contribution of Penk1 in 

osteoblast homeostasis. It is also important to point out that these studies not only allow to understand 

the mechanisms underlying bone loss during long-duration space flight, but they are also exploitable and 

applicable to those pathological circumstances in which patients experience disuse induced-bone loss as 

a consequence of paralysis or neuromuscular disorders. Our studies, although more comprehensive 

investigations will be required, provide evidence that serum levels of LCN2 and PENK1 may be useful 

markers of disuse bone loss and suggest that blocking LCN2 and/or increasing Met-Enkephalin levels 

could represent viable therapeutic options for disuse osteoporosis. 
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Figure 1: Graphical abstract of the main findings of the thesis. This thesis examined the role of Penk1 (a) and Lcn2 

(b) in bone homeostasis under physiological conditions and in response to mechanical unloading. Mechanical unloading leads 

to a reduction of Penk1 expression both in mouse and human models of disuse osteoporosis (a.1.). Penk1 is highly expressed 

in osteoblasts, in particular during differentiation (a.2.). The transient downregulation of Penk1 in differentiated osteoblasts 

impairs specifically osteoanabolic activity but not their differentiation (a.3.), while its chronic germline deletion affects both 

differentiation and activity (a.4.). Treatment of mature osteoblasts with Met-Enk increases nodule mineralization in vitro (a.5.). 

Lcn2 was found to be increased by simulated microgravity and unloading both in vitro and in vivo (b.1.). Lcn2 is involved in 

the pathological response of the bone tissue to low mechanical forces, and in particular in the reduction of Runx2 and Osx 

relative expression, along with the increase of RankL transcriptional levels due to unloading (b.2.). In vivo results showed that 

the absence of Lcn2 is able to counteract the decrease of Ob.N/BS%, Ob.S/BS%, and thus also the decrease in BFR, although 

it is not sufficient to cancel out the bone loss due to mechanical unloading (b.3.). Ob= osteoblast.  
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