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INTRODUCTION 

Osteoporosis is a para-physiological condition in which the skeleton undergoes 

progressive loss of bone mass and qualitative alterations (macro and microarchitecture), 

leading to increased fragility and, as a result, a higher risk of spontaneous fractures 

(especially in vertebrae, femur, wrist, humerus, ankle) or due to minor trauma1. Bone loss 

is determined by an alteration of the dynamic balance of bone remodelling, in which bone 

resorption mediated by osteoclasts exceeds the osteoblastic activity of bone formation2.  

In this context, Runt-related transcription factor 2 (Runx2) is the earliest osteoblastic 

marker, required for osteoblastic differentiation. In turn, it promotes the expression of 

genes encoding osteocalcin, VEGF, RANKL, and sclerostin3. Another transcription 

factor required for osteoblast maturation is Osterix4. Various factors including bone 

morphogenetic proteins (BMPs), fibroblast growth factor (FGF), insulin-like growth 

factor (IGF), and parathyroid hormone (PTH), also influence osteoblast proliferation and 

differentiation5. Moreover, PTH and BMP activity is linked to the stimulation of Wnt 

signaling pathways involved in bone metabolism6. Mature osteoblasts express first 

alkaline phosphatase (ALP) and type I collagen, both required for bone matrix synthesis 

and mineralization, and then release other mineralization regulators such as osteocalcin, 

osteopontin, and ostenectin, as well as RANKL (Receptor Activator of Nuclear factor 

kappa-Β ligand) and PTH receptor (PTHR1) that are essential for osteoclast 

differentiation7. Finally, osteoblasts differentiate into osteocytes embedded in the 

mineralized matrix8. 

Depending on the factors that influence bone metabolism, osteoporosis can be classified 

into primary or secondary. Osteoporosis is defined as primary when associated with the 

physiological loss of bone mass, and in turn can occur in the post-menopausal form, when 
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directly caused by an estrogenic deficiency, or in the senile one, if associated with aging 

processes. Instead, it is known as secondary osteoporosis when determined by other 

conditions such as endocrine, gastrointestinal, or blood diseases, drugs that interfere with 

bone metabolism, lifestyle, etc.9. 

The most frequent form of primary osteoporosis is certainly the postmenopausal one, in 

which the reduced action of estrogens negatively affects bone metabolism. In fact, by 

interacting with its own receptors, estrogens act at the cellular level promoting osteoblast 

proliferation and differentiation by activating Wnt signal10, stimulating collagen 

production, and reducing the activity of osteoclasts by promoting apoptosis and by 

negatively regulating the expression of RANKL, and cytokines such as IL-1, IL-6 and 

TNF, which promote osteoclastogenesis. Furthermore, estrogens activate the calcitonin 

secretion while inhibiting that of PTH, thus reducing the process of bone resorption 

modulated by these two hormones, and also promote the conversion of vitamin D3 into 

its active form, which favors the intestinal and renal absorption of calcium, in addition to 

its deposition in the bone11 (Figure 1).  

 

Figure 1. Pathway diagram of the estrogen modulation of bone metabolism. 
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On the other hand, among the secondary forms, the most common is the glucocorticoid-

induced osteoporosis (GIO), due to the interference that these drugs (widely used for the 

treatment of several inflammatory diseases) have with bone metabolism12. In particular, 

glucocorticoids may have a direct effect on bone formation by upregulating the 

expression of peroxisome proliferator-activated receptor gamma 2 (PPARγ2) which 

promotes the differentiation of multipotent precursor cells into adipocytes rather than 

osteoblasts, thus reducing the number of osteoblasts13. Furthermore, by stimulating the 

overexpression of sclerostin which binds to the co-receptors for Lrp4 and Lrp514, 

glucocorticoids have a direct inhibitory effect on the Wnt/β-catenin signaling pathway 

resulting in reduced osteogenic differentiation and an increase in apoptosis15. On the other 

hand, the direct effects on osteoclasts are aimed at the RANKL/OPG (osteoprotegerin) 

system, with an increase in the expression of RANKL, essential for the differentiation, 

survival and function of osteoclasts, and a reduced expression of OPG, a natural 

antagonist of RANKL, resulting in an increase in osteoclast activity and, consequently, a 

prevalence of bone resorption processes16. Glucocorticoids can also have indirect effects 

on bone metabolism by reducing calcium absorption in both the intestine and the kidney, 

and by reducing the production of growth hormone (GH), IGF1 and IGF1 binding protein 

(IGF-BP), which are crucial for maintaining bone homeostasis17 (Figure 2). 
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Figure 2. Pathway diagram of the glucocorticoid modulation of bone metabolism. 

Osteoporosis is now known to represent a global public health problem, with over 200 

million people affected worldwide and an incidence of 1 in 3 women and 1 in 5 men over 

the age of 50. It causes significant morbidity and, in some cases, even mortality. 

Furthermore, osteoporosis leads to a decrease in the quality of life, in addition to the high 

economic costs of the health system to ensure patient care18. 

Although osteoporosis has traditionally been considered a women's medical issue, it is a 

serious public health problem also in men, who develop osteoporosis as a result of a 

complex combination of factors such as age-related hypogonadism, hereditary factors, 

physical inactivity, smoking, alcohol abuse, and corticosteroid excess19. Osteoporosis in 

men is far underestimated, although not only morbidity and mortality rates associated 

with osteoporotic fractures are higher in men than in women20, but also pharmacological 

treatments currently available are restricted to bisphosphonates, teriparatide (for up to two 

years), and testosterone therapy21.  

Therefore, a successful therapeutic approach to treating osteoporosis in both women and 

men must be identified immediately. 
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Currently, the pharmacological treatment of osteoporosis involves the use of two 

categories of drugs: antiresorptive drugs which reduce bone absorption by affecting 

osteoclastic activity, and anabolic drugs which stimulate bone formation and 

mineralization. These drugs are generally combined with calcium supplement and 

vitamin D, which enhances calcium intestinal reabsorption and directly stimulates 

osteoblastic activity22. 

Among the antiresorptive drugs, we can mention:  

- bisphosphonates (alendronate, ibandronate, risedronate and zoledronic acid), 

which represent the first line drugs used for the treatment of osteoporosis even if 

they have several side effects such as hypocalcemia, fever, widespread pain, 

alterations in renal function, osteonecrosis of the jaw 23;  

- denosumab, a monoclonal antibody that acts by blocking the binding of RANKL 

to its RANK receptor expressed by osteoclasts, inhibiting their differentiation, 

activation and survival, although it is not used as a first-line drug and may increase 

the risk of osteonecrosis of the jaw and skin infections 24;  

- calcitonin, which, despite having minor side effects (nausea, abdominal pain, 

hypersensitivity reactions, skin rashes), appears to have limited efficacy25;  

- hormone replacement therapy (HRT) with estrogens to treat postmenopausal 

osteoporosis, although this type of therapy exposes patients to a greater risk of 

developing cardiovascular problems and breast cancer26.  

- Selective Estrogen Receptor Modulators (SERMs), such as raloxifene and 

bazedoxifene, which are selective agonists of estrogen receptors located in some 

tissues like bone, where they promote anti-resorptive activity, while they act as 

antagonists in other tissues such as breast and uterus, thus reducing the risk of 
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developing neoplasms. However, the use of these drugs can produce serious side 

effects like venous thromboembolism27.  

Currently, the only anabolic drugs that exclusively promotes new bone formation are: 

- teriparatide, the 1-34 N-terminal portion of the PTH molecule produced by 

recombinant DNA technology, which stimulates osteogenesis through direct 

effects on osteoblasts. Unfortunately, teriparatide shows important limits in the 

duration of treatment (maximum 24 months) and in the economic cost which is 

higher than all the other drugs available. Therefore, the use of teriparatide is only 

recommended for secondary prevention in patients with severe osteoporosis28; 

- romosozumab, monoclonal antibody neutralizing sclerostin, physiological 

inhibitor of the Wnt system involved in osteogenesis, which seems to have a 

considerable and rapid beneficial effect on bone mass. However, this effect 

decreases after 12 monthly administrations, which is why it is only indicated for 

the treatment of women with severe postmenopausal osteoporosis and a high risk 

of fracture29. 

In addition to the two categories of drugs mentioned above, there are also the Dual Action 

Bone Agents (DABA), which have a dual action as they work both by decreasing 

resorption and increasing the production of new bone tissue30. This category is 

represented by strontium ranelate, a synthetic strontium salt which stimulates osteoblastic 

formation by interacting with the Calcium Sensing Receptor (CaSR) and, at the same 

time, reduces osteoclastic production by increasing the production of OPG31. 

Nevertheless, treatment with strontium ranelate is limited to osteoporotic patients with a 

high risk of fractures, as its use increases the risk of thromboembolic events32.  
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Therefore, it is clear that the treatment of osteoporosis mainly prefers the use of anti-

resorptive drugs, which only slow down the rate of bone loss without increasing bone 

mass, and could even cause serious side effects. On the other hand, among the few 

anabolic agents available, a drug that has a long-term effectiveness and does not cause 

undesirable events has not yet been identified.  

Hence, signals and mechanisms that target bone-forming cells or their progenitors in 

order to restore bone strength and density are, today, of great therapeutic interest. 

In this context, the Wnt signaling pathway has emerged as a crucial regulator of bone 

metabolism, recently drawing the interest of numerous researchers in investigating an 

anabolic therapeutic approach that targets this pathway33.  

Wnt signaling was first recognized to be implicated in carcinogenesis and in embryonic 

development34. Wnt proteins constitute a large family of secreted ligands that are involved 

in several cellular processes including proliferation, differentiation, survival, migration 

and polarity. To date, 19 members of the Wnt family and 10 related seven-pass 

transmembrane receptors belonging to the Frizzled family (Fz) have been identified in 

both humans and mice, in addition to Ror2, Ryk, and 2 low density lipoprotein receptor-

related proteins (LRPs) such as LRP5 and LRP635.   

Different Wnts bind to specific receptors and so selectively activate three distinct Wnt 

cascades: the Wnt/β-catenin pathway, also called canonical Wnt pathway, the non-

canonical Wnt pathway, and the Wnt-calcium pathway. However, the Wnt/β-catenin 

pathway has emerged as the main Wnt cascade that affects bone cells36 (Figure 3).  
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Figure 3. Pathway diagram of the Wnt cascades and their involvement in bone 

metabolism. 

The canonical pathway begins with a Wnt protein binding to a receptor complex 

consisting of a Fz and either LRP5 or LRP6, leading to the recruitment of Axin to the 

Wnt/receptor complex and the consequent inactivation of the destruction complex 

initially formed by Axin, adenomatosis polyposis coli (APC), protein phosphatase 2A 

(PP2A), glycogen synthase kinase 3 (GSK3) and casein kinase 1α (CK1α). The 

inactivation of the destruction complex prevents the ubiquitin-mediated proteasomal 

degradation of β-catenin which, once accumulated in the cytoplasm, translocates into the 

nucleus and activates the lymphoid enhancer factor (Lef)/T-cell factor (Tcf) complex of 

transcription factors which induce a specific cellular response37.  
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Several studies have shown that the canonical Wnt pathway affects both osteoblastic and 

osteoclastic lineage.  In particular, it has been found to promote mesenchymal stem cells 

(MSC) differentiation along the osteoblastic line while suppressing differentiation along 

the chondrogenic and adipogenic lines38, and to prevent the apoptosis of mature 

osteoblasts39. It also inhibits the differentiation of osteoclasts by promoting the production 

and secretion of OPG40 and, even if the mechanism is still unclear, it has been observed 

that the deletion of β-catenin in osteoclasts results in an increase in their number41. 

Various Wnt proteins have been shown to play a crucial role in bone homeostasis. Among 

these, Wnt10b appears to be the most important endogenous regulator of bone mass by 

improving osteoblastogenesis42, followed by Wnt6 and Wnt10a, which promote the 

differentiation of mesenchymal stem cells into osteoblasts rather than adipocytes via the 

canonical Wnt pathway43. Recent studies have also shown that Wnt1 mutations lead to a 

reduced induction of Wnt signaling, impairing the bone formation process44. Wnt16 has 

been found to stimulate the canonical Wnt signaling pathway in osteoblasts and suppress 

osteoclast maturation by upregulating OPG expression45. Furthermore, loss-of-function 

mutations in LRP5 and LRP6 have been related to a decrease in bone mass, confirming 

the importance of the canonical Wnt pathway in bone formation46. On the other hand, 

loss-of-function mutations in the gene encoding Sclerostin (SOST) prevent it from 

inhibiting the canonical Wnt pathway, resulting in increased bone density47.  

Recent studies have revealed the relevance of β-catenin in influencing bone formation via 

Wnt signaling by regulating both osteoblast and osteoclast lineages. The effective target 

genes of β-catenin during osteoblast differentiation remain largely unknown, although β-

catenin has been found to directly induce Runx248 and OPG expression49. So, the 

importance of β-catenin in Wnt-mediated bone homeostasis is well-established. However, 

although Wnt3a preferentially activates canonical Wnt signaling in bone homeostasis50, 
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it has been shown to enhance osteoblast differentiation by activating non-canonical Wnt 

signaling, as well as Wnt451, Wnt5a52, and Wnt7b53, thus elucidating the role of β-catenin 

independent Wnt signaling in bone formation. 

Wnt signaling is constantly modulated at several points along its pathway to ensure an 

appropriate function. As a result, several Wnt inhibitors affect the signaling pathway, 

including: the secreted frizzled-related proteins (sFRPs), which occupy the Wnt-binding 

site of Frizzleds; the Wnt inhibitory factor 1 (Wif-1), which directly binds to Wnt 

proteins; Dickkopfs (Dkk), Wise and Sclerostin that interact with LRP5 or LRP654.  

In this context, microRNAs (miRNAs) are also important in modulating the Wnt pathway 

and avoiding its hyperactivation. In turn, the Wnt pathway appears to be associated with 

miRNA synthesis and activity, interacting together to regulate many biological 

processes55.  

MicroRNAs (miRNAs) are small non-coding RNA molecules containing approximately 

19-25 nucleotides that regulate gene expression at the post-transcriptional level56, and are 

implicated in controlling various biological processes such as cell proliferation, apoptosis, 

metabolism, and differentiation, via base-pairing with complementary sequences within 

target mRNAs57. As a result, miRNAs have recently been identified as essential regulators 

of gene expression, and since a single miRNA potentially target several genes, miRNA 

dysregulation has been linked to a variety of diseases including cancer, autoimmune 

disorders, developmental disorders, and more58. 

MicroRNAs silencing may occur either by direct cleavage of their respective mRNA 

targets, degradation through deadenylation, or prevention of mRNA translation59.  

MiRNAs target mRNAs by complementary base-pairing binding multiple sites in 3′ 

untranslated regions (UTR). The "seed" sequence, a region of 6-8 nucleotides contained 
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in the 5' end of the miRNA from positions 2 to 8, facilitates binding of miRNA to target 

mRNA60. Additionally, the 3' UTR of a single target mRNA can exhibit several miRNA 

binding sites, as well as a single miRNA can control multiple target mRNAs by 

interacting with the corresponding binding site in their 3' UTRs61.  

RNA polymerase II/III (RNA Pol II/III) is responsible for miRNA transcription62. First, 

the Drosha - DGCR8 complex converts primary miRNA transcript (pri-miRNA)63, which 

can be monocistronic or polycistronic, into the pre-miRNA, a hairpin-structured sequence 

of 60-70 nucleotides in length64. The pre-miRNA is then translocated from the nucleus to 

the cytoplasm, where Dicer cleaves it into a mature double-stranded miRNA65. 

Subsequently, the mature miRNA is incorporated into the RNA inducing silencing 

complex (RISC) which maintains the functional guide strand, while releasing the 

passenger strand which is finally destroyed66. When a mature single-strand miRNA 

associated with the RISC complex interacts with a target mRNA, it is directed to destroy 

it when the pairing is perfect, or prevent it from being translated when the match is 

incomplete, depending on the level of complementarity67. 

MiRNAs can also be secreted into extracellular fluids such as serum, cerebrospinal fluid, 

saliva, sperm, ovarian follicular fluid, breast milk, and carried to target cells by vesicles 

like exosomes or by binding-proteins like Argonautes. Extracellular miRNAs work as 

chemical messengers to facilitate cell-cell communication: miRNAs have hormone-like 

properties in this aspect68. 

In recent years, miRNAs have demonstrated enormous potential for diagnostic and 

therapeutic uses. In this regard, there are two alternatives to use miRNAs for therapeutic 

interventions, based on the use of exogenous miRNAs to replace endogenously generated 

miRNAs69, or antagonists that reduce the gene regulatory function of biological 
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miRNAs70. In the first scenario, synthetic miRNA mimics are employed to imitate the 

beneficial regulatory function of some natural miRNAs. On the other hand, antagonistic 

oligonucleotides, also known as antagomirs, which target miRNAs that exhibit a negative 

effect on gene expression regulation, are a potential approach for the treatment of cancer 

and other disorders, including osteoporosis. They are single-stranded antisense 

oligonucleotides capable of trapping and destroying mature miRNAs due to its greater 

affinity or amount than the mRNA target71. 

Despite this, antisense oligonucleotides composed only of bases are rapidly destroyed in 

vivo by endo- and exonucleases72, limiting interactions with their endogenous miRNA 

targets. The need to overcome these limits emerged immediately and for this reason 

several strategies based on chemical modifications of the antagomir were introduced73. 

The most typical and effective modified antagomirs are known as locked nucleic acids 

(LNAs), which include two methyl groups in the 2′‐oxygen and 4′‐carbon, giving a cyclic 

structure which improves their affinity for the target and keeps them from degradation, 

as well as reducing toxicity74.  

Recently, several studies have found that miRNAs can affect osteoblast differentiation by 

targeting the Wnt signaling pathway75. In particular, it has been shown that some miRNAs 

highly expressed during osteoporosis negatively affect the activation of the Wnt pathway. 

Similarly, miRNAs targeting Wnt inhibitors and which are found to be down-regulated 

in osteoporosis have been identified76. Among these, miR-9-5p was found to negatively 

regulate Wnt3a, inhibiting osteoblast differentiation and promoting osteoporosis 

progression77,78.  

MiR-376c, in addition to acting as a tumor suppressor that inhibits cell proliferation and 

invasion in osteosarcoma79, also appears to be capable of suppressing osteogenesis. 
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Target prediction analysis tools and experimental validations identified Wnt3a as a direct 

target of miR-376c, preventing β-catenin transactivation and hence inhibiting bone 

formation80. 

MiR-374b-5p has been also identified as a key inhibitor of osteoblast development by 

targeting Wnt3a and RUNX2, considering that elevated levels in plasma have been linked 

to postmenopausal osteoporosis81. MiR-34a-5p, a Wnt signal inhibitor that target Wnt182, 

has been revealed to reduce osteoblastic maturation83. MiR-31-5p has been shown to 

reduce osteogenesis by affecting RUNX2 and Osterix expression84, as well as to increase 

osteoclastogenesis by modulating RANKL85. It has also been found to interact with 

FZD386, inhibiting Wnt signaling, and predicted to bind to the 3’UTR of WNT187, 

suggesting that its involvement in bone homeostasis is mediated by Wnt signal. In 

addition, miR-31-5p was found to be up-regulated in an ovariectomized rat model88 and 

in postmenopausal women89. 

MiR-199a-5p has been observed to inhibit cell proliferation and differentiation in some 

diseases by targeting FZD4 and Wnt290,  and to positively regulate RANKL-induced 

osteoclast differentiation91, although its involvement in osteoporosis is still 

controversial92. MiR-100, which has been found up-regulated in osteoporotic patients 

inhibiting osteoblast differentiation93, could be associated to the Wnt pathway by 

potentially targeting FZD5 and FZD894. 

MiR-16-3p is negative related to bone formation as it inhibits osteogenic differentiation 

by probably binding to the 3’UTR of WNT5A mRNA95. 

MiR-375 was found to reduce osteoblast differentiation by downregulating RUNX2 

expression96, and also Frizzled 8 has been identified as a target of miR-37597. As a result, 

miR-375 is probably involved in the control of osteogenesis via the Wnt pathway. MiR-
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23a attenuates osteoblast maturation by suppressing expression of RUNX298, and is 

probably linked to the inhibition of the Wnt receptor LRP599. 

MiR‐409‐5p was identified as an inhibitor of osteoblast function by targeting Lrp‐8, an 

activator of the canonical Wnt cascade, by demonstrating that silencing miR‐409‐5p 

improves bone microarchitecture in ovariectomized mice100. 

MiR-214 was found to be significantly increased in osteoporosis patients101, suggesting 

its relevance in bone metabolism. Furthermore, an in vitro investigation indicated that 

miR-214 reduces osteoblast differentiation and β-catenin expression, confirming 

bioinformatics analysis that revealed the complementary affinity with the 3'-UTR of β-

catenin mRNA102,103. 

Overexpression of miR-139-5p, which exerts its role by targeting FZD4 and β-catenin104, 

has been found to impair osteoblast differentiation. NOTCH1, which acts as an effector 

of the Wnt canonical pathway, is also another potential target of miR-139-5p105. 

Both miR-141-3p and miR-22 have been shown to act as negative regulators of osteoblast 

proliferation and differentiation, by probably targeting β-catenin mRNA106,107. 

Other data suggests that while miR-26b-3p represses ER-α expression, which in turn 

reduces bone formation by inactivating the Wnt/β-catenin signal108, miR-26b-5p activates 

the Wnt/β-catenin pathway by targeting GSK3β and stimulates osteogenesis109, as well 

as miR-346, which directly targets the 3′ UTR of GSK3β promoting bone formation110. 

MiR-142-3p targets APC, causing the accumulation and nuclear translocation of β-

catenin, which stimulates Wnt signaling and induces osteoblastogenesis111.  
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MiR-27a-3p has been demonstrated to promote osteoblastic differentiation by inhibiting 

sFRP1112 and APC113, promoting the nuclear translocation of β-catenin which stimulates 

the expression of osteogenesis-related genes. 

MiR-218 promotes osteoblast differentiation by directly targeting the 3′-UTR of DKK2 

and SFRP2 mRNAs114–116, which are known Wnt inhibitors.  

MiR-29a-3p seems to mitigate bone loss in an in vivo model of glucocorticoid-induced 

osteoporosis117, and to promote osteoblast differentiation in vitro, probably by targeting 

two Wnt antagonists, DKK1 and SFRP2118. 

It was demonstrated that miRNA-291a-3p enhances osteogenic differentiation in an in 

vitro model of dexamethasone-induced osteoporosis by directly inhibiting DKK1 

translation and then activating the Wnt/β-catenin signaling pathway119.  

MiR-433-3p was shown to be down-regulated in an ovariectomized rat model of 

postmenopausal osteoporosis, considering that its target is represented by the Wnt 

antagonist DDK1120. 

MiR-335-5p also stimulates osteoblast differentiation121 and inhibits apoptosis122 by 

targeting DKK1123. MiR-539, which prevents β-catenin degradation by targeting AXIN1 

and promotes osteoblast activity and osteoclast apoptosis, has been demonstrated to be 

down-regulated in osteoporotic rats124. 

MiR‐542‐3p appears to have a protective role in bone homeostasis, preventing 

osteoporosis in an in vivo model of ovariectomized rats by targeting the Wnt inhibitor 

SFRP1125. The let-7 miRNAs, a highly conserved family of microRNAs, were shown to 

have significant association with both Wnt pathway126 and regulation of bone 

homeostasis 127, even if the molecular mechanisms remain still unclear.  
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Among these, let-7c was found to be overexpressed in osteoporotic patients and to inhibit 

osteoblastic differentiation in vitro by targeting the stearoyl-CoA desaturase-1 (SCD-1) 

128,129, probably leading to a decreased activation of Wnt signal.  Let-7i-3p also acts as an 

inhibitor of the canonical Wnt pathway by targeting LEF1, hence affecting 

osteogenesis130.  

Finally, both let-7d-5p and let-7g-5p have been demonstrated to block the Wnt pathway 

by targeting Wnt1131 and the Wnt effector HMGA2 (High Mobility Group AT-Hook 

2)132, respectively, even if their involvement in osteoporosis is still unclear. 

In summary, miRNAs that control the Wnt pathway by targeting Wnt activators are up-

regulated in osteoporosis, while those miRNAs that target Wnt antagonists are down-

regulated. Hence, these miRNAs could have a great potential as anabolic therapeutic 

agents for the treatment of osteoporosis by using the corresponding antagonists or 

mimics, depending on their beneficial or deleterious effects on bone, respectively. 

Nevertheless, most of these findings probably require further validation both in vitro and 

in vivo, as well as greater data consistency, to better understand the link between miRNAs 

and Wnt signal implicated in bone metabolism.  

For this reason, the aim of this PhD research project was to identify those microRNAs 

involved in primary and secondary osteoporosis that interfering with the Wnt/β-catenin 

signaling pathway could represent therapeutic targets for the treatment of osteoporosis. 

The animal models selected in this study reproduce the most common forms of primary 

and secondary osteoporosis: postmenopausal osteoporosis and glucocorticoid-induced 

osteoporosis, respectively.  
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As first, ovariectomized animal model has been chosen since it is the most commonly 

used to simulate postmenopausal osteoporosis in vivo. In fact, several studies have 

revealed significant bone loss consequent to estrogen deficiency caused by ovariectomy, 

especially in the proximal tibial metaphysis, femoral neck, and lumbar vertebral body 

after 14, 30, and 60 days, respectively133. An alternative method to surgical ovariectomy 

leading to osteoporosis is the induction with pharmaceutical agents such as gonadotropin-

releasing hormone agonists, estrogen receptor antagonists and aromatase inhibitors, 

which is reversible after withdrawal and thus requires continuous administrations to 

maintain the animal model. Other hormonal interventions that cause bone loss include 

hypophysectomy and parathyroidectomy, which are not only as invasive as ovariectomy, 

but they also do not directly affect estrogen levels and can cause other complications in 

the animals134. As a result, the ovariectomy model is the one that differs least from the 

real postmenopausal condition in women, as well as being the most reliable and ethically 

appropriate. 

On the other hand, induction of osteoporosis through subcutaneous administration of high 

doses of prednisolone to C57BL/6J mice is the most represented GIO model, probably 

due to its lower potency than other glucocorticoids such as dexamethasone and 

methylprednisolone, which allows to reproduce the GIO model without causing serious 

bone injuries in the animal, or even death before the end of the induction. Furthermore, 

daily injections are stressful for the animals, and could interfere with the study. Therefore, 

the majority of studies carried out in GIO mice have predominantly employed slow-

release subcutaneous pellets135. As a result, based on the scientific literature, a 

prednisolone dose of 5 mg/kg/day in a 60-day slow-release pellet was selected as GIO 

model of this study136. 
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Finally, the antagomirs used in this study contain not only LNA nucleotides that enhance 

target affinity, but also a full phosphorothioate (PS) backbone that increases stability137, 

biodistribution138, and cellular uptake in vivo139. Furthermore, they are shorter (12-16 nt) 

than other antisense oligonucleotides (approximately 20 nt long), and hence enter 

considerably better through the natural mechanisms of cellular uptake140. In this way, this 

study was able to identify not only potential therapeutic targets, but also the efficacy of 

the selected antagomirs in the treatment of osteoporosis. 
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MATERIALS AND METHODS 

Animal models 

Fifty-one adult C57BL/6J mice (25-30 g), including 17 males, 24 females and 10 

ovariectomized females, were purchased from Charles River Laboratories Italia s.r.l. 

(Calco, Italy) and maintained in plastic cages in the Animal Facility of the Department of 

Clinical and Experimental Medicine under controlled environmental conditions (12 h 

light-dark cycle, 22-24 °C), receiving free access to standard food and water. All 

procedures were carried out in accordance with the Directive 2010/63/EU and the 

ARRIVE guidelines for animal care and use, reviewed by the Ethics Committee of 

Messina University (OPBA), and approved by the Italian Ministry of Health.  

In this study, two experimental models of osteoporosis were adopted: ovariectomized 

(OVX) mice were used to simulate post-menopausal osteoporosis, while mice treated 

with high doses of prednisolone were used to reproduce glucocorticoid-induced 

osteoporosis.  

For the postmenopausal osteoporosis model, 12-week-old female mice were used by 

selecting a of OVX mice (n=10) and a group of non-ovariectomized mice, representing 

the Sham-OVX group (n=7). Animals were euthanized one month following 

ovariectomy.  

For the GIO experimental model, 12-week-old mice were divided into 2 groups as 

follows: (1) GIO group (n= 10 males + 10 females), which was administered a daily dose 

of 5mg/kg of prednisolone (Sigma-Aldrich, Germany) for 60 days by subcutaneously 

implanting, every 14 days, micro-osmotic pumps (Model 1002, Alzet) which contained 

the drug (dissolved in a total volume of 100 µl), and released it into the body with a 
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pumping rate of 0.25 µL/hour; (2) Sham GIO group (n= 7 males + 7 females) was used 

as negative control.  

All the animals group mentioned above were killed by cervical dislocation, then femurs 

were kept to establish osteoporosis by histological analysis while the rest of anterior and 

posterior limb bones were used to isolate osteoblasts for molecular investigations.  

Osteoblast isolation from mice 

To identify the specific miRNAs implicated in osteoporosis that affect the Wnt pathway, 

primary osteoblasts were isolated from long bones of C57BL6/J mice. Bones were kept 

in PBS until use, epiphyses removed and bone marrow flushed with PBS.  

To remove all soft tissue, diaphysis were cut into 1-2 mm pieces, washed several times 

with PBS and incubated by gently shaking for 2 hours at 37°C in a 2 mg/ml collagenase 

II solution (Sigma-Aldrich, Germany) dissolved in Dulbecco's Modified Eagle Medium 

(DMEM) with 1% of Penicillin and Streptomycin (P/S). Then, bone pieces were rinsed 

three times with PBS and placed in six-well plates containing DMEM supplemented with 

10% Fetal Bovine Serum (FBS), 1% P/S, and 1% Amphotericin B (Ampho B). 

Cells were maintained under standard conditions (37°C and 5% CO2 atmosphere) and 

fresh medium was added every 2-3 days. Ten days after isolation, cells reached the 

optimal confluence to be collected for mRNA isolation, while the culture media were 

used to obtain miRNAs. 

Isolation of RNA from osteoporosis-induced mice osteoblasts, cDNA synthesis and 

Real-Time quantitative PCR (RT-qPCR) Amplification using TaqMan Array  

Upon reaching confluence, RNA was isolated from primary osteoblast cells by using 

Trizol LS reagent (Invitrogen, US) and quantified with a spectrophotometer (NanoDrop 
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Lite, Thermo Fisher Scientific, US). cDNA was synthetized from 2 µg of RNA for a final 

volume of 60 µL by using SuperScript IV VILO Master Mix (Invitrogen, US). 

RT-qPCR was performed by combining cDNA sample with the TaqMan Fast Advanced 

Master Mix in a configurable TaqMan Array 96-well plate supplied by Thermo Fisher 

(US), according to the manufacturer's instructions, and by using a QuantStudio 7 Flex 

Real-Time PCR System (Applied Biosystems, US) to measure amplification. Twenty 

nanograms of cDNA were loaded to each well of the plate, which was intended to contain 

96 Taqman probes that specifically target transcript related to osteoporosis or the Wnt 

pathway. All the targets selected to configure the plate are listed in the table below (Table 

1). B2m, 18s rRNA, Gapdh, Gusb, Actb, and Hprt were used as endogenous controls. 

Gene Symbol Gene Name Assay ID 

Dkk3 dickkopf homolog 3 (Xenopus laevis) Mm00443800_m1 

Wnt2 wingless-type MMTV integration site family, 

member 2 

Mm00470018_m1 

Dvl2 dishevelled 2, dsh homolog (Drosophila) Mm00432899_m1 

Sfrp4 secreted frizzled-related protein 4 Mm00840104_m1 

Gsk3b glycogen synthase kinase 3 beta Mm00444911_m1 

Frat1 frequently rearranged in advanced T cell 

lymphomas 

Mm00484502_s1 

Dvl1 dishevelled, dsh homolog 1 (Drosophila) Mm00438592_m1 

Axin1 axin 1 Mm01299060_m1 

Fzd3 frizzled homolog 3 (Drosophila) Mm00445423_m1 

Fzd2 frizzled homolog 2 (Drosophila) Mm02524776_s1 

Sfrp1 secreted frizzled-related protein 1 Mm00489161_m1 

Lrp6 low density lipoprotein receptor-related protein 

6 

Mm00999795_m1 

Dkk1 dickkopf homolog 1 (Xenopus laevis) Mm00438422_m1 

Wnt1 wingless-type MMTV integration site family, 

member 1 

Mm01300555_g1 

Ctnnb1 catenin (cadherin associated protein), beta 1 Mm00483039_m1 

Wnt5b wingless-type MMTV integration site family, 

member 5B 

Mm01183986_m1 

Fzd1 frizzled homolog 1 (Drosophila) Mm00445405_s1 
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Fzd5 frizzled homolog 5 (Drosophila) Mm00445623_s1 

Wnt8a wingless-type MMTV integration site family, 

member 8A 

Mm01157914_g1 

Wnt3a wingless-type MMTV integration site family, 

member 3A 

Mm00437337_m1 

Wnt8b wingless-type MMTV integration site family, 

member 8B 

Mm00442108_g1 

Lrp5 low density lipoprotein receptor-related protein 

5 

Mm01227476_m1 

Fzd8 frizzled homolog 8 (Drosophila) Mm01234717_s1 

Wnt7b wingless-type MMTV integration site family, 

member 7B 

Mm01301717_m1 

Wnt9a wingless-type MMTV integration site family, 

member 9A 

Mm00460518_m1 

Wnt3 wingless-type MMTV integration site family, 

member 3 

Mm00437336_m1 

Wnt11 wingless-type MMTV integration site family, 

member 11 

Mm00437327_g1 

Wnt10a wingless-type MMTV integration site family, 

member 10A 

Mm00437325_m1 

Fzd6 frizzled homolog 6 (Drosophila) Mm00433387_m1 

Apc adenomatosis polyposis coli Mm00545872_m1 

Sfrp2 secreted frizzled-related protein 2 Mm01213947_m1 

Wnt16 wingless-type MMTV integration site family, 

member 16 

Mm00446420_m1 

Wnt7a wingless-type MMTV integration site family, 

member 7A 

Mm00437356_m1 

Fzd9 frizzled homolog 9 (Drosophila) Mm01206511_s1 

Wisp1 WNT1 inducible signaling pathway protein 1 Mm01200484_m1 

Fzd4 frizzled homolog 4 (Drosophila) Mm00433382_m1 

Wnt5a wingless-type MMTV integration site family, 

member 5A 

Mm00437347_m1 

Wnt2b wingless-type MMTV integration site family, 

member 2B 

Mm00437330_m1 

Wif1 Wnt inhibitory factor 1 Mm00442355_m1 

Wnt6 wingless-type MMTV integration site family, 

member 6 

Mm00437353_m1 

Axin2 axin2 Mm00443610_m1 

Frzb frizzled-related protein Mm00441378_m1 
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Wnt4 wingless-type MMTV integration site family, 

member 4 

Mm01194003_m1 

Fzd7 frizzled homolog 7 (Drosophila) Mm00433409_s1 

Ccnd1 cyclin D1 Mm00432359_m1 

Csnk1a1 casein kinase 1, alpha 1 Mm00521599_m1 

Ctnnbip1 catenin beta interacting protein 1 Mm00517812_m1 

Csnk2a1 casein kinase 2, alpha 1 polypeptide Mm00786779_s1 

Mmp7 matrix metallopeptidase 7 Mm00487724_m1 

Lef1 lymphoid enhancer binding factor 1 Mm00550265_m1 

Ppard peroxisome proliferator activator receptor delta Mm00803184_m1 

B2m beta-2 microglobulin Mm00437762_m1 

18s rRNA 18S ribosomal RNA Hs99999901_s1 

Gapdh glyceraldehyde-3-phosphate dehydrogenase Mm99999915_g1 

Gusb glucuronidase, beta Mm00446953_m1 

Actb actin, beta Mm00607939_s1 

Hprt hypoxanthine guanine phosphoribosyl 

transferase 

Mm00446968_m1 

Bmp7 bone morphogenetic protein 7 Mm00432102_m1 

Pth1r parathyroid hormone 1 receptor Mm00441046_m1 

Ctsk cathepsin K Mm00484039_m1 

Il6ra interleukin 6 receptor, alpha Mm00439653_m1 

Esr1 estrogen receptor 1 (alpha) Mm00433149_m1 

Esr2 estrogen receptor 2 (beta) Mm00599821_m1 

Col1a2 collagen, type I, alpha 2 Mm00483888_m1 

Calcr calcitonin receptor Mm00432282_m1 

Alpl alkaline phosphatase, liver/bone/kidney Mm00475834_m1 

Spp1  secreted phosphoprotein 1 (osteopontin gene) Mm00436767_m1 

Bglap3  bone gamma-carboxyglutamate protein 3 

(osteocalcin gene) 

Mm00649782_gH 

Bmp2 bone morphogenetic protein 2 Mm01340178_m1 

Sost sclerostin Mm04208528_m1 

Pth parathyroid hormone Mm00451600_g1 

Wnt10b wingless-type MMTV integration site family, 

member 10B 

Mm00442104_m1 

Col1a1 collagen, type I, alpha 1 Mm00801666_g1 

Runx2 runt related transcription factor 2 Mm00501584_m1 

Lrp1 low density lipoprotein receptor-related protein 

1 

Mm00464608_m1 

Lep leptin Mm00434759_m1 
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Timp2 tissue inhibitor of metalloproteinase 2 Mm00441825_m1 

Crtap cartilage associated protein Mm00517335_m1 

Vdr vitamin D receptor Mm00437297_m1 

Clcn7 chloride channel 7 Mm00442400_m1 

Mmp2 matrix metallopeptidase 2 Mm00439498_m1 

Casr calcium-sensing receptor Mm00443375_m1 

Itga1 integrin alpha 1 Mm01306375_m1 

Il6 interleukin 6 Mm00446190_m1 

Itgb3 integrin beta 3 Mm00443980_m1 

Tgfb1 transforming growth factor, beta 1 Mm01178820_m1 

Ar androgen receptor Mm00442688_m1 

Igfbp2 insulin-like growth factor binding protein 2 Mm00492632_m1 

Igf1 insulin-like growth factor 1 Mm00439560_m1 

Esrra estrogen related receptor, alpha Mm00433143_m1 

Notch1 notch 1 Mm00435249_m1 

Calca calcitonin/calcitonin-related polypeptide, alpha Mm00801463_g1 

Bmp6 bone morphogenetic protein 6 Mm01332882_m1 

Dkk2 dickkopf homolog 2 (Xenopus laevis) Mm01322146_m1 

Ppargc1a  peroxisome proliferative activated receptor, 

gamma, coactivator 1 alpha (PGC1a gene) 

Mm01208835_m1 

Scd1 stearoyl-Coenzyme A desaturase 1 Mm00772290_m1 

 

Table 1. List of the 96 TaqMan probes contained in the configurable TaqMan Array plate 

used to perform qPCR from osteoblast cell mRNA.   

Isolation of microRNAs from osteoblast culture media, cDNA synthesis and Real-

Time quantitative PCR (RT-qPCR) Amplification using TaqMan Array 

The microRNAs were isolated from the collected osteoblast culture media by using 

mirVana PARIS RNA and Native Protein Purification Kit (Invitrogen, US).  

According to the manufacturer’s protocol, 12 ng of each miRNA sample were collected 

to synthetize cDNA by using TaqMan MicroRNA Reverse Transcription Kit, pre-

amplified and finally loaded on Custom TaqMan Array MicroRNA Cards supplied by 
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Thermo Fisher. Then, cards were put in a QuantStudio 7 Flex Real-Time PCR System 

(Applied Biosystems, US) to perfom qPCR. 

TaqMan Array MicroRNA Cards were designed by inserting 32 probes selected from 

scientific literature which target miRNAs implicated in osteoporosis and Wnt signal.  The 

list of the 32 miRNAs probes (Table 2) and their layout in the card (Figure 4) are shown 

below. The small nuclear RNA U6 (U6 snRNA) was used as endogenous control. 

miRNA name assay ID Card position 

mmu-let-7c 000379 1 

mmu-miR-9 000583 2 

mmu-miR-26b 000407 3 

U6 snRNA 001973 CTL 

mmu-miR-34a 000426 4 

mmu-miR-142-3p 000464 5 

mmu-miR-199a-5p 000498 6 

mmu-miR-218 000521 7 

mmu-miR-291a-3p 002592 8 

mmu-miR-335-5p 000546 9 

mmu-miR-346 001064 10 

mmu-miR-375 000564 11 

mmu-miR-409-5p 002331 12 

mmu-miR-539 001286 13 

mmu-miR-542-3p 001284 14 

mmu-miR-23a 000399 15 

mmu-miR-31 000185 16 

mmu-miR-22 000398 17 

mmu-miR-374b 001319 18 

mmu-miR-16* 002489 19 

mmu-miR-26b* 002444 20 

mmu-miR-433* 001078 21 

mmu-miR-27a* 002445 22 

mmu-miR-29a* 002447 23 

mmu-miR-376c* 002523 24 

mmu-let-7i* 002172 25 

mmu-miR-214* 002293 26 

mmu-let-7d 002283 27 

mmu-let-7g 002282 28 

mmu-miR-100 000437 29 

mmu-miR-139-5p 002289 30 
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mmu-miR-141* 002513 31 

 

Table 2. List of the 32 TaqMan probes contained in the Custom TaqMan Array MicroRNA 

Cards used to perform qPCR from miRNA released from osteoblast in culture media. 

Where the miRNA family is not reported, the presence or absence of “*” indicates -3p 

and -5p, respectively. 

 

Figure 4. Layout of the Custom TaqMan Array MicroRNA Cards. Replicates (1-4) refer 

to samples; for each replicate; probes from positions 1 to 31, including the control (CTL), 

are arranged in triplicate; each miRNA sample is loaded into the card through 2 ports. 

Bioinformatic Analysis 

For bioinformatics analysis, each osteoporotic group was compared to its respective 

control group: OVX vs Sham females; GIO males vs Sham males; GIO females vs Sham 

females. 

After eliminating samples that appeared to be outliers, ∆Cq and ∆∆Cq values were 

obtained for each comparison. ∆∆Cq (∆Cqsample - ∆Cqcontrols mean) and ∆∆Cq mean 
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(∆Cqsample mean - ∆Cqcontrols mean) were calculated for each sample and for each group, 

respectively.   

The dysregulation of a gene that was consistently supported by the ∆∆Cq of each single 

sample of the group was defined as 'highly supported', whereas the dysregulation of a 

gene that was only supported by the ∆∆Cq mean of the group due to the intrinsic standard 

deviation was considered “poorly supported”.  

The following data were obtained for each comparison: 

‐ using the 2-Cq method, the n-fold changes for each gene and miRNA differently 

expressed compared to the mean of the controls. 

‐ using Pearson Correlation (P.C.), those genes with which miRNAs correlate 

positively (P.C. > 0.8). or negatively (P.C. < -0.8). 

Seaborn, a data visualization library by Python based on matplotlib, was used to plot 

cluster maps, which are hierarchically-grouped heatmaps of the dataset based on a 

similarity algorithm.  

Correlation matrices containing Pearson correlation coefficients between variables were 

also plotted using seaborn. Each cell of the matrix represents the correlation between two 

variables. Correlation coefficients range from -1 to 1, with values ranging from -0.8 to -

1 indicating strong negative correlation, and values between 0.8 and 1 indicating strong 

positive correlation. 

Antagomirs Design 

Based on the bioinformatic analysis of the data obtained by qPCR, the following miRNAs 

that negatively affected the Wnt pathway were identified for each condition (ovariectomy 
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or GIO), then their sequences were obtained by using miRbase.org: mmu-miR-31-5p (5’-

AGGCAAGAUGCUGGCAUAGCUG-3’) and mmu-miR-199a-5p (5’-

CCCAGUGUUCAGACUACCUGUUC-3’) in the OVX group; mmu-miR-9-5p (5’-

UCUUUGGUUAUCUAGCUGUAUGA-3’) and mmu-miR-141-3p (5’-

UAACACUGUCUGGUAAAGAUGG-3’) in male GIO; mmu-let-7c-5p (5’-

UGAGGUAGUAGGUUGUAUGGUU-3’) in female GIO. 

As a result, antagomirs have been designed in order to be reverse complementary to their 

respective miRNAs, and then produced through LNA technology (miRCURY LNA 

miRNA Inhibitors) by Exiqon (Denmark): I-MMU-MIR-31-5P CUSTOM MIRCURY 

(5'-TGCCAGCATCTTGCC-3'); I-MMU-MIR-199A-5P CUSTOM MIRCURY (5'-

TAGTCTGAACACTGG-3'); I-MMU-MIR-9-5P CUSTOM MIRCURY (5'-

GCTAGATAACCAAAG-3'); I-MMU-MIR-141-3P CUSTOM MIRCURY (5'-

TCTTTACCAGACAGTG-3’); I-MMU-LET-7C-5P CUSTOM MIRCURY (5'-

CATACAACCTACTACC-3'). Scramble antagomir (5’-ACGTCTATACGCCCA-3’) 

has been also designed as negative control.  

Animals treatment with antagomirs 

Adult C57BL/6J mice (n=84) were purchased and cared as previously described, and then 

randomly assigned to groups to receive antagomirs. 

For the postmenopausal osteoporosis model, 12-week-old female mice were divided into 

the following groups: OVX mice given I-MMU-MIR-31-5P (n=10); OVX mice 

administered with I-MMU-MIR-199A-5P (n=10); OVX mice receiving scramble (n=3); 

OVX mice taking only PBS as vehicle (n=7); Sham group (n=4) of non-ovariectomized 

mice, used as negative control.  
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Treatment began one month after ovariectomy, when osteoporosis emerged. Antagomirs, 

scramble and vehicle were administered intraperitoneally twice a week for 12 weeks.  As 

suggested by the manufacturer's protocol, both lyophilized antagomirs and scramble were 

dissolved in PBS and injected in a final volume of 100 µL at a dose of 10 mg/kg during 

the first week, and 15 mg/kg for the remaining 11 weeks. 

For the GIO model, 12-week-old mice were divided into the following groups: male GIO 

mice receiving I-MMU-MIR-9-5P (n=8); male GIO mice given I-MMU-MIR-141-3P 

(n=8); female GIO mice administered with I-MMU-LET-7C-5P (n=8); GIO mice taking 

scramble (n= 3 male + 3 female); GIO mice injected with PBS as vehicle (n= 6 male + 6 

female); Sham group (n= 4 male + 4 female), which did not receive prednisolone 

treatment, as negative control.   

GIO model was induced by administering prednisolone 5 mg/kg for 60 days using micro-

osmotic pumps as previously described. Treatment started 30 days after GIO induction 

and consisted of twice-weekly intraperitoneal injections of antagomirs, scramble, or 

vehicle until the 60th day of GIO. As aforementioned, antagomirs and scramble were 

dissolved in PBS and administered in a final volume of 100 µL at 10 mg/kg for the first 

week, and 15 mg/kg from the second week until the end of prednisolone induction. 

All the animals mentioned above were sacrificed by cervical dislocation. For further 

analysis, femurs were collected for histological evaluations and micro-CT scanning, to 

establish if the treatment with the selected antagomirs was able to reverse osteoporosis, 

and the rest of limb bones were used to isolate osteoblasts as mentioned above to evaluate 

through molecular investigations if the antagomir treatment changed the expression of 

genes involved in bone formation process. 
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RNA Isolation, cDNA synthesis and Real-Time quantitative PCR (RT-qPCR) 

Amplification from antagomir-treated mice osteoblasts 

Upon reaching confluence, total RNA was isolated from treated mice osteoblasts as 

previously described. cDNA was synthetized from 1 μg of total RNA for a final volume 

of 20 μL using SuperScript IV VILO Master Mix (Invitrogen, US).  

RT-qPCR was performed adding 1 μL of cDNA to the BlasTaq 2X qPCR MasterMix 

(Applied Biological Materials, Canada) in a final volume of 20 μL per well and using a 

QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, US) to measure 

amplification. Samples were loaded in triplicate and GAPDH was used as an endogenous 

control. The final concentration of the primers selected for the analysis was 10 μM.  

Results were obtained using the 2-Cq method and expressed as n-fold change in gene 

expression compared to the control group used as a calibrator. Runx2, Bmp6, and Col1a1 

were used as target genes. Primers used for target and reference genes are reported below: 

GAPDH forward, 5’-GTCAAGGCTGAGAATGGGAA-3’; GAPDH reverse, 5’-

ATACTCAGCACCAGCATCAC-3’; Runx2 forward, 5’-

GCCGGGAATGATGAGAACTA-3’; Runx2 reverse, 5’-

GAACCGTCCACTGTCACTTT-3’; Bmp6 forward, 5’-

CTCTTCGGGCTTCCTCTATC-3’; Bmp6 reverse, 5’-CCAACACCGACAGGATCT-

3’; Col1a1 forward, 5’-AATGGTGCTCCTGGTATTGC-3’; Col1a1 reverse, 5’-

GGCTCCTCGTTTTCCTTCTT-3’. 

Ex Vivo Microcomputed Tomography 

To evaluate the effects of treatments on bone microstructure, the excised femurs were 

kept at -20°C until the micro-CT by usig in a micro-CT device (Skyscan 1174, Bruker, 
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Belgium). For micro-CT imaging, each femur was defrosted at room temperature and 

then scanned parallel to the sagittal and coronal plane.  

The scanning parameters were set as follows: tube voltage (50 kV); tube current (200 

µA); filter (Al 0.5 mm); image pixel size (7.3 µm); tomographic rotation (180°) with 

random movement; rotation step (0.5°). 

Tomographic image reconstruction was performed using Skyscan Nrecon software 

(Bruker) with the following parameters: smoothing (2); smoothing kernel (Gaussian); 

ring artifact correction (5); beam hardening correction (33%); grey thresholds (62–70).  

Micro-CT images were resliced parallel to the axial plane of the femoral distal epiphysis, 

CTAn Skyscan 1275 software (Bruker) was used to separate cortical and trabecular 

volumes, and perform 3D morphometric analysis on approximately 50 consecutive slices 

to determine bone volume fraction (bone volume/total volume, BV/TV, unit = %), and 

trabecular thickness (Tb.Th, unit = µm) by means of Batman tool. 

Histological examination 

Femurs were collected by disarticulating the leg at the hip and knee, and immediately 

fixed in 10% neutral buffered formalin at room temperature for at least 24 hours. After 

fixation, samples were cleaned of soft tissue and placed in a decalcifying solution (5 ml 

of 7% citric acid and 95 ml of 7.4% ammonium citrate, both dissolved in ddH2O, and a 

few drops of chloroform, for a total volume of 100 ml) for about 24 hours, dehydrated in 

graded ethanol, cleared in xylene, and then embedded in paraffin. Five-micron-thick 

paraffin-embedded horizontal bone sections were cut from the proximal end of the 

diaphysis, mounted on glass slides, deparaffinized, rehydrated, and stained with 

hematoxylin and eosin according to standard procedures for light microscopy. Femoral 

heads were observed to judge structural bone quality. 
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Statistical Analysis 

All quantitative data are expressed as means ± S.D. Different groups were compared and 

analyzed using one-way ANOVA for non-parametric variables, with Tukey post-test for 

intergroup comparisons. Statistical significance was set at p values less than 0.05. Graphs 

were drawn using GraphPad Prism software version 9.0 for Windows (GraphPad 

Software Inc., US). 
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RESULTS 

Identification of up- and down-regulated microRNAs and related mRNAs. 

The bioinformatic analysis revealed which miRNAs were up- and down-regulated in each 

of the osteoporosis mouse models when compared to their respective Sham groups. 

In particular, both miR-31 and miR-199a were found to be significantly up-regulated in 

the ovariectomized mice group when compared to the Sham group (Figure 5). In contrast, 

the following miRNAs were found to be down-regulated in ovariectomized mice: miR-

100, miR-214*, miR-23a, miR-26b*, miR-27a*, miR-335, miR-539, miR-542-3p, miR-

16*, and miR-291a-3p (Figure 6). 

 

 

 

 

 

 

 

 

Figure 5. Expression of up-regulated microRNAs in ovariectomized mice compared to 

Sham group. The expression levels are represented on a logarithmic scale and 

normalized using let7 and U6 as endogenous controls. 
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Figure 6. Expression of down-regulated microRNAs in ovariectomized mice compared to 

Sham group. The expression levels are represented on an inverted logarithmic scale and 

normalized using let7 and U6 as endogenous controls. 
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According to the cluster map and the correlation matrix, increased miR-31 levels are 

associated with a significant down-regulation of Wnt11 and a less significant one of Alpl 

and Crtap, whereas miR-199a overexpression is related to a significant down-regulation 

of Alpl and Crtap and a less significant one of Wnt11. A considerable over-expression of 

Dkk3 is correlated with the upregulation of miR-199a, which is also increased but less 

significantly in correlation with miR-31 (Figures 7, 8). 

 

Figure 7. Cluster map of highly supported up-regulated microRNAs and their correlated 

genes in ovariectomized mice compared to Sham group. The expression level values are 

referred to Cqs. 



37 
 

 

Figure 8. Correlation matrix of highly supported up-regulated microRNAs and their 

correlated genes in ovariectomized mice compared to Sham group; values ranging from 

-0.8 to -1 indicating strong negative correlation, and values between 0.8 and 1 indicating 

strong positive correlation. 

In GIO mice, different clusters of differentially expressed microRNAs and their related 

genes were identified based on sex.  

In particular, both miR-9 and miR-141* were highly upregulated in male GIO mice, 

followed by miR-346, miR-375, and miR-218 (Figure 9). Furthermore, the following 

miRNAs have been identified as being down-regulated: miR-27a*, miR-29a, miR-335, 

miR-31, miR-16*, let-7c, let-7d, let-7g, miR-100, miR-139-5p, miR-142-3p, miR-214*, 

miR-22, miR-23a, miR-26b*, miR-26b, miR-34a, miR-346, miR-374-5p (Figure 10). 
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Figure 9. Expression of up-regulated microRNAs in male GIO mice compared to Sham 

group. The expression levels are represented on a logarithmic scale and normalized using 

let7 and U6 as endogenous controls. 
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Figure 10. Expression of down-regulated microRNAs in male GIO mice compared to 

Sham group. The expression levels are represented on an inverted logarithmic scale and 

normalized using let7 and U6 as endogenous controls. 
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Additionally, the cluster map not only shows how male mice from the GIO group and 

those from the Sham group used for molecular investigations clustered perfectly, but, 

together with the correlation matrix, also reveals how the up-regulation of both miR-9 

and miR-141* correlated to a strong down-regulation of Wnt5b, Wnt16, Ar, Pthr, and 

Alpl while, in contrast, to a significant overexpression of Apc, Csnk1a1, Dkk2, Dkk3, 

Mmp2 and Clcn7 (Figures 11, 12). 

 

Figure 11. Cluster map of highly supported up-regulated microRNAs and their correlated 

genes in male GIO mice compared to Sham group. The expression level values are 

referred to Cqs. 
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Figure 12. Correlation matrix of highly supported up-regulated microRNAs and their 

correlated genes in male GIO mice compared to Sham group; values ranging from -0.8 

to -1 indicating strong negative correlation, and values between 0.8 and 1 indicating 

strong positive correlation. 

Finally, let-7c was found to be highly upregulated in female GIO mice, followed by miR-

542-3p (Figure 13), while let-7d, miR-100, miR-335, miR-34a, miR-374-5p, miR-375, 

miR-9, miR-16*, miR-291a-3p, miR-409-5p, miR-218, miR-26b*, miR-27a*, miR-539, 

miR-141*, miR-31, and miR-346 were observed to be down-regulated (Figure 14). 
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Figure 13. Expression of up-regulated microRNAs in female GIO mice compared to 

Sham group. The expression levels are represented on a logarithmic scale and 

normalized using let7 and U6 as endogenous controls. 
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Figure 14. Expression of down-regulated microRNAs in female GIO mice compared to 

Sham group. The expression levels are represented on an inverted logarithmic scale and 

normalized using let7 and U6 as endogenous controls. 
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Based on let-7c and its related genes, the cluster map revealed that female GIO mice 

clustered perfectly with each other when compared to Sham mice (Figure 15). Moreover, 

according to the correlation matrix, overexpression of let-7c corresponded to a down-

regulation of several genes involved in the Wnt pathway and bone formation, including: 

Fzd1, Fzd2, Fzd3, Fzd5, Fzd8, Wnt5a, Wnt5b, Wnt16, Lef1, Scd1, Ar, Pth1r, Igfbp2, 

Ccnd1, Pparg1a, Crtap, Bmp7, Col1a1, Col1a2, Bglap3 (Figure 16). 

 

Figure 15. Cluster map of highly supported up-regulated microRNAs and their correlated 

genes in female GIO mice compared to Sham group. The expression level values are 

referred to Cqs. 
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Figure 16. Correlation matrix of highly supported up-regulated microRNAs and their 

correlated genes in female GIO mice compared to Sham group; values ranging from -0.8 

to -1 indicating strong negative correlation, and values between 0.8 and 1 indicating 

strong positive correlation 

As a result of these findings, antagonists of miR-31 and miR-199a, miR-9 and miR-141*, 

and let-7c were chosen for the second phase of this research to treat ovariectomized mice, 

male GIO mice, and female GIO mice, respectively. 

Administration of the assigned antagomirs stimulated osteogenesis in OVX and GIO 

mice osteoblasts. 

The effect on bone homeostasis of the antagomirs assigned to each osteoporotic group 

was assessed by qPCR, evaluating the expression of genes involved in the early stages of 

osteoblastic differentiation: Runx2, BMP6, and Col1a1.  
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 In the postmenopausal osteoporosis model, both Runx2, Bmp6, and Col1a1 (Figure 17 

A, B, and C) appeared to be significantly down-regulated in untreated OVX mice and 

those given scramble compared to healthy controls, while in OVX treated with 

antagonists of miR-31-5p and miR-199a-5p, respectively, their expression, especially 

Runx2, was significantly increased compared to untreated or OVX given scramble.   

 

Figure 17. qPCR results of (A) Runx2. (B) BMP6 (C) Col1a1 obtained from primary 

osteoblasts of: untreated OVX mice (OVX Untreated); OVX given scramble (OVX + 

Scramble); OVX administered with the antagonists of miR-31-5p (OVX + I-MMU-MIR-

31-5P) and miR-199a (OVX + I-MMU-MIR-199A-5P), respectively. Sham group was 

used as negative control. Error bars correspond to standard error; *p < 0.05; **p < 

0.01; *** p < 0.001, and ****p<0.0001. 

A similar situation was observed in the male GIO model, where the expression of Runx2, 

Bmp6, and Col1a1 (Figure 18 A, B, and C) was significantly reduced in untreated and 
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scramble-administered male GIO, while compared to them, it significantly increased in 

male GIO treated with the antagomir of miR-9-5p and miR-141-3p, respectively. 

However, even if Runx2, Bmp6, and Col1a1 were significantly more expressed in mice 

treated with anti-miR-9-5p than in GIO mice that did not receive antagomirs, they were 

still significantly less expressed than in healthy controls. On the other hand, anti-miR-

141-3p did not show significant differences when compared to sham group for all of the 

three tested targets. 

 

Figure 18. qPCR results of (A) Runx2. (B) BMP6 (C) Col1a1 obtained from primary 

osteoblasts of: untreated male GIO mice (GIO M Untreated); male GIO given scramble 

(GIO M + Scramble); male GIO administered with the antagonists of miR-9-5p (GIO M 

+ I-MMU-MIR-9-5P) and miR-141* (GIO M + I-MMU-MIR-141-3P), respectively. 

Sham group was used as negative control. Error bars correspond to standard error; *p 

< 0.05; **p < 0.01; *** p < 0.001, and ****p<0.0001. 
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Finally, in the female GIO model, Runx2, Bmp6, and Col1a1 (Figure 19 A, B, and C) 

were up-regulated when compared to the respective untreated and scramble-administered 

GIO groups, although Runx2 was little significantly less up-regulated than in healthy 

controls. 

 

Figure 19. qPCR results of (A) Runx2. (B) BMP6 (C) Col1a1 obtained from primary 

osteoblasts of: untreated female GIO mice (GIO F Untreated); female GIO given 

scramble (GIO F + Scramble); female GIO administered with the antagonist of let-7c-5p 

(GIO F + I-MMU-LET-7C-5P) and miR-141* (GIO M + I-MMU-MIR-141-3P), 

respectively. Sham group was used as negative control. Error bars correspond to 

standard error; *p < 0.05; **p < 0.01; *** p < 0.001, and ****p<0.0001. 

Treatment with designed antagomirs ameliorated bone architecture in osteoporotic 

mice. 

The micro-CT axial images revealed that femurs of untreated (Figure 20 B) and scramble-

treated OVX mice (Figure 20 C) exhibited a reduction in cortical and trabecular thickness, 
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as well as the presence of large pores indicative of osteoporotic state, compared to Sham 

group (Figure 20 A). On the other hand, the treatment with miR-31 (Figure 20 D) and 

miR-199a antagonists (Figure 20 E) improved the trabecular thickness in OVX mice 

femurs, while the quantity and size of pores was also reduced.  
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Figure 20. Representative micro-CT axial images obtained from femoral distal epiphyses 

of each investigated group of OVX model. (A) Sham; (B) OVX untreated; (C) OVX + 

scramble; (D) OVX + I-MMU-MIR-31-5P; (E) OVX + I-MMU-MIR-199A-5P. 

In addition, the analysis of 3D micro-CT parameters of bone structure at femoral distal 

epiphysis confirmed that both untreated (BV/TVmean 12,5%; Tb.Thmean 44,59 μm; Figure 

21 B) and scramble-treated (BV/TVmean 13,09%; Tb.Thmean 43,29 μm; Figure 21 C) OVX 

mice showed reduced trabecular thickness and bone fraction compared to Sham group 

(BV/TVmean 15,95%; Tb.Thmean 56,22 μm; Figure 21 A),  and to OVX mice treated with 

anti-miR-31 (BV/TVmean 15,15%; Tb.Thmean 48,25 μm; Figure 21 D), and with anti-miR-

199a (BV/TVmean 14,08 %; Tb.Thmean  47,85 μm; Figure 21 E), where a recovery of 

trabecular microarchitecture and mineralization was observed. 
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Figure 21. Representative micro-CT three-dimensional images of cortical and trabecular 

bone microarchitecture obtained from femoral distal epiphyses of each investigated 

group of OVX model. (A) Sham; (B) OVX untreated; (C) OVX + scramble; (D) OVX + I-

MMU-MIR-31-5P; (E) OVX + I-MMU-MIR-199A-5P. 

Femurs of untreated (Figure 22 B) and scramble-treated male GIO mice (Figure 22 C) 

showed a reduction in cortical and trabecular thickness, and an increased porosity 

compared to male Sham group (Figure 22 A). On the other hand, an increased thickness 

of trabeculae, and a reduced porosity were observed when male GIO mice were treated 

with anti-miR-9 (Figure 22 D), and anti-miR-141-3p (Figure 22 E), compared with the 

untreated ones. 



53 
 

 

 



54 
 

 

 



55 
 

 

Figure 22. Representative micro-CT axial images obtained from femoral distal epiphyses 

of each investigated group of male GIO model. (A) male Sham; (B) male GIO untreated; 

(C) male GIO + scramble; (D) male GIO + I-MMU-MIR-9-5P; (E) male GIO + I-MMU-

MIR-141-3P. 

According to the 3D reconstruction analysis, a restoration of bone fraction and trabecular 

morphology was observed in male GIOs treated with anti-miR-9 (BV/TVmean 20,21%; 

Tb.Thmean 45,31 μm; Figure 23 D) and anti-miR-141-3p (BV/TVmean 18,99%; Tb.Thmean 

45,69 μm; Figure 23 E), when compared to untreated (BV/TVmean 15,91%; Tb.Thmean 

40,85 μm; Figure 23 B)  and scramble-treated ones (BV/TVmean 17,44%; Tb.Thmean 42,15 

μm; Figure 23 C), and with male Shams (BV/TVmean 19,35%; Tb.Thmean 51,27 μm; Figure 

23 A). 
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Figure 23. Representative micro-CT three-dimensional images of cortical and trabecular 

bone microarchitecture obtained from femoral distal epiphyses of each investigated 

group of male GIO model. (A) male Sham; (B) male GIO untreated; (C) male GIO + 

scramble; (D) male GIO + I-MMU-MIR-9-5P; (E) male GIO + I-MMU-MIR-141-3P. 

Finally, compared to female Shams (Figure 24 A), cortical and trabecular thickness were 

found to be reduced in untreated female GIO mice (Figure 24 B) and in scramble-treated 

ones (Figure 24 C), which also showed an increased porosity. These osteoporotic signs 

appeared to be alleviated in female GIO mice when treated with anti-let-7c (Figure 24 D). 



57 
 

 

 



58 
 

 

 

Figure 24. Representative micro-CT axial images obtained from femoral distal epiphyses 

of each investigated group of female GIO model. (A) female Sham; (B) female GIO 

untreated; (C) female GIO + scramble; (D) female GIO + I-MMU-LET-7C-5P. 
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Furthermore, morphometric 3D analysis revealed that female GIO mice treated with anti-

let-7c (BV/TVmean 16,5%; Tb.Thmean 48,93 μm; Figure 25 D) showed a repaired bone 

microarchitecture, comparing them to both female shams (BV/TVmean 15,65%; Tb.Thmean 

51,89 μm; Figure 25 A) and the untreated (BV/TVmean 14,05%; Tb.Thmean 38,67 μm; 

Figure 25 B) or scramble-treated (BV/TVmean 13,09%; Tb.Thmean 43,29 μm; Figure 25 C) 

female GIOs. 

 

Figure 25. Representative micro-CT three-dimensional images of cortical and trabecular 

bone microarchitecture obtained from femoral distal epiphyses of each investigated 

group of female GIO model. (A) female Sham; (B) female GIO untreated; (C) female GIO 

+ scramble; (D) female GIO + I-MMU-LET-7C-5P. 
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Treatment with antagomirs improved bone architecture and cellularity in OVX and 

GIO mice.  

According to histological analysis of femur heads, both male and female Shams (Figure 

26 A, and B) showed normal bone architecture and cellularity, which were not found in 

ovariectomized mice and in both male and female glucocorticoid-induced mice (Figure 

26 C, D, and E), characterized by reduced cellularity and osteoporotic lesions. On the 

other hand, osteoporotic mice treated with the most representative antagomirs of each 

group (anti-miR-31 for OVX; anti-miR-141-3p for male GIOs; and anti-let-7c for female 

GIOs) (Figure 26 F, G, and H) showed signs of cellularity and bone architecture recovery, 

compared to the untreated ones. 
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Figure 26. Representative H&E staining of femur heads, 10X magnification. (A) female 

SHAM; (B) male SHAM; (C) OVX untreated; (D) male GIO untreated; (E) female GIO 

untreated; (F) OVX + I-MMU-MIR-31-5P; (G) male GIO + I-MMU-MIR-141-3P; (H) 

female GIO + I-MMU-LET-7C-5P.  
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DISCUSSION  

Population aging is a phenomenon that affects prevalence and incidence of osteoporosis, 

especially in Western Countries. As a consequence, it is clear that this condition 

represents a real public health emergency for both women and men, due to the significant 

economic and social costs, especially for the management of fragility fractures141. Many 

commonly prescribed medications also contribute to significant bone loss and fractures, 

including glucocorticoids, proton pump inhibitors (PPIs), selective serotonin receptor 

inhibitors (SSRIs), anticonvulsants, hormone deprivation therapy, calcineurin inhibitors, 

chemotherapies, and anticoagulants142.  

 Osteoporotic fractures are frequently overlooked or misdiagnosed, resulting in severe 

disability or even death, more than other chronic noncommunicable diseases143. 

Therefore, best practices in prevention and treatment must be urgently investigated. 

On the other hand, adherence to current osteoporosis medications is surprisingly low. In 

fact, approximately 20-30% of patients will discontinue treatment within 6 to 12 months 

of starting it, mainly due to socioeconomic factors, personal beliefs, healthcare system, 

and adverse drug effects, increasing their risk of osteoporotic fractures and 

hospitalization144. As a result, a valid therapeutic strategy for reversing both primary and 

secondary osteoporosis that is equally effective in women and men must be developed. 

Furthermore, the majority of current osteoporosis treatments works to maintain the 

skeleton by only inhibiting bone resorption, while the introduction of new anabolic 

therapies that can increase bone formation and bone mass is of high relevance.  

In this scenario, the Wnt pathway is known to induce osteoblast differentiation and 

suppress osteoclastic function, as well as being controlled by antagonists that directly 

interact with Wnt proteins or coreceptors. The evidence that several skeletal disorders are 
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associated with genetic alterations in Wnt pathway components emphasizes the 

importance of the Wnt signaling pathway to bone formation. As Wnt signaling promotes 

bone formation, blocking Wnt can decrease the skeletal anabolic response. Thus, 

advances in therapeutic approaches targeting Wnt antagonists to improve bone formation 

are also explored145. Some microRNAs can also be considered antagonists of the Wnt 

pathway, as they have been shown to be epigenetic regulators that inhibit Wnt effectors, 

thereby affecting bone metabolism146.  

Hence, exploiting microRNAs which affect Wnt signal as purported therapeutic targets 

for the treatment of osteoporosis could be a great chance. Within this regard, numerous 

studies have found that miRNA-based antagonism is effective in maintaining bone 

homeostasis. One major advantage of using miRNA-based drugs as is that the nucleotide 

content of the miRNAs can be easily modified by chemicals to improve 

their pharmacokinetics and pharmacodynamics. Moreover, chemical locked nucleic acid 

modifications prevent miRNA susceptibility to intracellular nucleases. Similarly, 

phosphorothioate modification is another method for increasing the efficacy of miRNAs 

in in vivo systems147. 

In the first phase of this study, several down-regulated miRNAs supported by the 

literature were identified in the two osteoporosis models under study. In particular, miR-

27a-3p, miR-291a, and miR-335 were found to be down-regulated both in OVX mice and 

in male and female GIO mice. These are followed by: miR-539, which was down-

regulated in both OVX mice and female GIOs; miR-346, whose expression was decreased 

in both sexes of GIO mice; miR-542, which revealed a reduced expression only in OVX 

mice; miR-29a-3p, miR-142-3p and miR-26b, which were down-regulated only in male 

GIOs; and miR-218 which was found to be reduced only in female GIOs.  Indeed, several 

studies have shown that these microRNAs interfere with the Wnt signal by targeting Wnt 
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inhibitors or components of the β-catenin destruction complex, and that their down-

regulation negatively affects bone homeostasis. 

On the other hand, some miRNAs involved in the Wnt pathway were identified as 

potential therapeutic targets for osteoporosis treatment through the use of antagomirs: 

miR-31 and miR-199a in the postmenopausal osteoporosis model, while in the 

glucocorticoid-induced osteoporosis model miR-9 and miR-141-3p in males and let-7c in 

females were found to be up-regulated. 

Besides being supported by the scientific literature, these up-regulated microRNAs have 

also been shown to correlate with genes involved in the Wnt pathway as well as bone 

homeostasis. 

In ovariectomized mice, the up-regulation of miR-31 and miR-199a corresponded to a 

down-regulation of Wnt11 and Alpl. In this regard, several studies have shown that 

Wnt11 overexpression in pre-osteoblasts promote bone morphogenetic protein (BMP)-

induced expression of alkaline phosphatase and mineralization by activating the canonical 

Wnt pathway148,149. Crtap, whose deficiency causes osteogenesis imperfecta150, were also 

down-regulated, in contrast to Dkk3, an antagonist of the Wnt signal, which was found 

to be over-expressed. Based on these results, while the role of miR-31-5p appears 

controversial, considering that the prediction tool miRDB (mirdb.org) shows Dkk1 as its 

prediction target, miR-199a-5p predicted targets are instead represented by Wnt2, Wnt7a 

and Wnt9b, thus confirming its negative action in the canonical Wnt pathway. 

In male GIO mice the up-regulation of both miR-9 and miR-141* was related to a strong 

down-regulation of Wnt5b and Wnt16, both of which promote osteogenesis through non-

canonical Wnt pathways151. At the same time, the osteogenic marker Alpl, as well as  the 

Ar and PTH1R receptors, which are also osteogenic promoters152,153, were found to be 
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down-regulated, while Apc and Casein kinase 1α (Csnk1a1), which are components of 

the β-catenin destruction complex. In this regard, both miRNAs both miRNAs appear to 

have β-catenin as a predicted target. In addition, the Wnt antagonists Dkk2 and Dkk3, and 

Clcn7 and Mmp2, both of which are considered osteogenic inhibitors154,155, were also 

found to be up-regulated. These data suggest that miR-9-5p and miR-141-3p could affect 

bone metabolism by interfering with both canonical and non-canonical Wnt cascades and 

probably generating a cross-talk between Wnt signal and both androgen and 

parathormone receptors, even if the mechanism is still not clear. 

In female GIO mice, the increase in let-7c expression also corresponded to a down-

regulation of Wnt5b, Wnt16, Ar and PTH1R. Among these down-regulated targets there 

were also included: Wnt5a, which, like Wnt5b, is known to promotes osteogenesis; Lef1, 

transcription factor of the canonical Wnt pathway; Scd1, a Wnt signal activator; the 

majority of Frizzled receptors, including Fzd1, Fzd2, Fzd3, Fzd5 and Fzd8; the osteogenic 

markers Bmp7, Col1a1, Col1a2, and Osteocalcin (Bglap3); Igfbp2 and PGC1α (Pparg1a), 

which are reported to induce osteoblastic differentiation156,157; Cyclin D1 (Ccnd1), which 

was found to be targeted by PTH and its related proteins (PTHrPs) to induce proliferative 

effects in early osteoblastic cells158, and Crtap. In particular, two of the founded down-

regulated genes appear to be predicted targets of let-7c: Fzd3, and Col1a2. This 

association suggests a greater involvement of the canonical Wnt pathway and a greater 

reduction of bone mineralization in female GIOs compared to males, considering that 

glucocorticoids are known to inhibit estrogenic responses 159, thus aggravating the 

osteoporotic condition more in women than in men. 

To support these data, studies  have shown that, while Wnt11 is not upregulated in 

ovariectomized mice or in mice treated with estradiol antagonists160 since its expression 
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is induced by estrogen-related receptor alpha161, glucocorticoids inhibit Wnt16 expression 

in osteoblasts, suppressing bone formation162. 

Hence, these findings suggest that those miRNAs that were found to be up-regulated in 

the two osteoporotic models could play a crucial role in bone remodeling by affecting the 

Wnt pathway and, therefore, the relative antagonists were selected for the next part of this 

research, which consisted in treating osteoporotic mice with the predicted antagomirs. 

The results obtained from the second part of this study demonstrated how treatment with 

the designated antagomirs stimulated gene expression of markers involved in the 

osteogenic process in both ovariectomized and glucocorticoid-induced osteoporotic mice. 

These molecular findings were supported by microcomputed tomography and 

histological evaluations, which revealed that cortical and trabecular thickness, 

mineralization, porosity, as well as lesions and reduced cellularity found in OVX and GIO 

mice, appeared mitigated in animals treated with the assigned antagomirs. 
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CONCLUSIONS 

In conclusion, these data suggest that treatment with miR-31-5p and miR-199a-5p 

antagonists in postmenopausal osteoporosis, and, respectively, anti-miR-9-5p and anti-

miR-141-3p in men, and let-7c-5p antagomir in women with glucocorticoid-induced 

osteoporosis could be a valid anabolic therapeutic strategy that, compared to currently 

available drugs, could overcome the problem of toxicity and adverse side effects, as well 

as promote an increase in bone mass through the pro-osteogenic effect due to the 

modulation of the Wnt pathway. This would allow greater adherence to therapy by both 

women and men osteoporotic patients, as well as an improvement in their quality of life.  

Further investigations will be required to identify the actual mRNAs involved in the Wnt 

signal that are directly targeted by the miRNAs that have been antagonized in this study, 

and to assess whether the use of these antagomirs could positively or negatively interfere 

with other physiological pathways. Therefore, future studies to identify other promising 

therapeutic approaches for the treatment of primary and secondary osteoporosis may also 

focus on the use of mimics to replace the regulatory effect of the aforementioned down-

regulated miRNAs found in this study and implicated in Wnt signal. 
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