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Abstract: Recent technological and scientific advancements have changed the way through which
knowledge is acquired through research. Until the early 1980s, research that was not hypothesis-oriented was
considered an “anathema” within the scientific world. With the advent of high throughput methodologies
in the early 1990s, a new approach to scientific research was created, namely “discovery-driven” research.
These “opposite” approaches produced another discipline, named “translational research” (TR). In this
sense, the investigation of diseases, such as osteoporosis, changed drastically. Osteoporosis is characterized
by decreased bone mass and a deterioration of bone microarchitecture, leading to enhanced fragility and
a subsequent increase in fracture risk. Osteoporosis is also known with the term “silent disease”, since it is
often undetected until a low-energy fragility fracture occurs, which triggers further diagnosis and therapy.
High throughput methodologies, combined with in vitro and in vivo studies have the potential to lead us to
new prognostic and therapeutic targets of osteoporosis management. In the present work we review some of
the important concepts of TR in the treatment and the future of osteoporosis. We have emphasized on the
description of genomics and the use of in vitro and in vivo systems towards the understanding of osteoporosis
pathogenesis and treatment.
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Introduction
Recent technological and scientific advances have changed
the way through which knowledge is produced. Until the
early 1980s, research that was not hypothesis-oriented was
considered an “anathema” within the scientific world. Yet,
since the early 1990s, with the advent of high throughput
methodologies, a new approach to scientific research was
created, namely “discovery-driven” research. From these
two opposite concepts another discipline arose, named
“translational research” (TR). This term is often used
interchangeably with translational medicine or translational
science or bench to bedside and it is considered to be an
effort to build on basic scientific research to create new

therapies, medical procedures, or diagnostics (1). TR is
essentially derived from the application of basic knowledge
gained through basic research, which mainly identifies the
mechanism of a disease or biological phenomenon. Basic
knowledge gained in the laboratory when “translated” to
potential treatments for a disease forms TR.
Osteoporosis is a systemic skeletal disorder characterized
by decreased bone mass and a deterioration of bone
microarchitecture, leading to enhanced fragility and a
subsequent increase in fracture risk (2). It is also called
“the silent disease”, as its presence often goes undetected
until a low-energy fragility fracture occurs, after which a
mechanism of diagnosis and management is put into place.
As a golden rule, bone strength has been clinically
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estimated in the recent decades non-invasively with the
measurement of bone mineral density (BMD) by dualenergy X-ray absorptiometry (DEXA). The operational
definition of osteoporosis proposed by the World Health
Organization (WHO) is a BMD that lies 2.5 standard
deviations (SD) or more below the average value for young
healthy women (a T-score of <−2.5 SD) in post-menopausal
women and men aged ≥50 years. Normal BMD is defined
as a T score of −1.0 or higher; a T score between −1.0 and
−2.5 is defined as osteopenia and a BMD T-score of ≤−2.5
SD associated with one or more fragility fractures defines
established or severe osteoporosis (3).
Although this categorization identifies individuals with
low BMD at increased risk of fracture, the majority of
fragility fractures have been found to occur in individuals
with osteopenia or even normal BMD, allegedly at lower
risk with this method of estimation (4). Therefore, the
need for the inclusion of additional methods, such as
measurement of bone microarchitectural parameters
with peripheral quantitative computerized tomography,
or the inclusion of clinical risk factors in screening for
the prevention of osteoporosis-related fractures, were
identified. The latter led to the development of a number of
tools, one of which is the WHO Fracture Risk Assessment
Tool FRAX (5). Recent studies demonstrated that using
the risk assessment tool in addition to BMD measurement
in women aged 70–85 succeeds in identifying individuals
at risk, reduces the incidence of hip fractures and is highly
cost-effective.
Following diagnosis, management of osteoporosis
includes pharmaceutical therapy and life-style modifications.
Some of the antiresorptive therapeutic options are
associated with side effects, decreasing patients’ compliance
to drug therapy. As examples, estrogen replacement therapy
is associated with increased cardiovascular incidents,
pulmonary embolism and breast cancer; bisphosphonates
are connected to gastrointestinal side effects, atypical
femoral fractures and osteonecrosis of the jaw, even
though the latter has a low incidence and depends on the
concurrence of several factors. Therefore, it is frequently
observed that non-compliant patients with osteoporosis
often turn to alternative methods of therapy.
Hence, the present work attempts to outline some of the
important concepts of TR in the treatment and the future
of osteoporosis. Towards that purpose, we have reviewed
the present knowledge on genomics and the use of in vitro
and in vivo systems that are implemented towards the
understanding of osteoporosis pathogenesis and treatment.

Translational studies in laboratory animals
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Patients with low bone density unwilling to comply with
conventional drug options show an increased interest in
dietary consumption of plants, herbs or their extracts, which
have demonstrated a bone-protective effect in translational
studies. A number of these have been named “functional
foods” and “medicinal plants”. Among their mechanisms
of action are enhancement of osteoblast proliferation,
antioxidant properties, mild phytoestrogenic action or
modulation of the immune system (6), demonstrated
mainly in the widely accepted ovariectomized rat model of
osteoporosis (7). In this animal model, as estrogen withdrawal
through ovariectomy results in statistically significant bone
loss, which at the proximal tibial metaphysis is evident as
early as 14 days postoperatively (8), many plant-derived
substances have been administered in vivo to test their
potentially beneficial action, either preventive or therapeutic.
Traditional Chinese medicinal plants have been
used for generations in the prevention and treatment of
osteoporosis. Current evidence-based experimental studies
are confirming their bone beneficial effects, determining
their mechanism of action and assessing their safety. The
per os administration of naringin, a flavanone glucoside
found in citrus fruits and in particular grapefruit, has been
experimentally documented to be effective in a variety
of disease models, such as atherosclerosis, cardiovascular
disease, cancer models, diabetes, as well as osteoporosis (9).
In the rat osteoporosis model, naringin increased BMD,
bone volume/tissue volume, trabecular thickness and
number, as well as femoral microvessel number in
comparison to the untreated ovariectomized rats (10).
Similarly, icariin administration has been documented to
increase BMD, bone trabecular area and thickness, decrease
trabecular separation and bone turnover markers, and
increase bone biomechanical strength in comparison to the
untreated ovariectomized rats (11). These effects result from
icariin’s triggering the differentiation and mineralization of
osteoblasts, while inhibiting osteoclast differentiation and
inducing their apoptosis (12). Additionally, icariin treatment
of ovariectomized rats resulted in significantly increased
levels of β-catenin, Runx2 and Lrp6 mRNA compared to
the untreated group, supporting that its bone-protective
effect is mediated through the Wnt/β-catenin pathway (11).
Natural products such as green or black tea extracts
administered to ovariectomized rats have also shown a
beneficial effect on bone mass, cortical bone thickness,
biomechanical properties and biomarkers of bone
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resorption (13). Other herb extracts from the
Mediterranean region, such as Sideritis euboea and Onobrychis
ebenoides, have also demonstrated beneficial effects on the
estrogen-deficient rat skeleton by improving bone density,
biomechanical properties and bone histomorphometry (6).
Fresh juice from the kiwi fruit (Actinidia deliciosa)
and mangosteen (Garcinia mangostana) consumed by
ovariectomized rats demonstrated a beneficial effect on
femoral length, weight and strength, and decreased the
bone resorption marker TRAP (14). The consumption
of berries has also been reported to protect from bone
loss (15). Eventually, extracts, juices and fruit which are rich
in polyphenols and antioxidants and have experimentally
demonstrated a bone-protective action, may appear
attractive alternative options for postmenopausal women
who are incompliant to drug therapy.
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can dramatically alter the final amount of active protein
independently of the mRNA level.
The miRNome in the mechanistics of osteoporosis

In the recent years, new methods for quantitative highthroughput analysis of genes, transcripts and proteins
have developed and are applied in the area of disease
genomics and in particular, osteoporosis. Researchers
have established that genome wide detection of DNA
low copy number changes is possible using comparative
genomic hybridization (CGH) arrays. At the mRNA
level, gene expression profiling is achievable through
the introduction of cDNA (16) and oligonucleotide
microarrays (17), which permit simultaneous analysis of
thousands of genes. Real-time quantitative polymerase
chain reaction (qRT-PCR) has been developed as the new
standard for accurate quantification selected subsets of
gene specific DNA or RNA sequences (18). Along with the
genomics and transcriptomics research areas, proteomics
also plays a lead role in cancer research, as a result of new
and powerful analytical methods.
cDNA microarrays have provided us with a huge
amount of information regarding the transcriptional status
of thousands of genes. But transcription is followed by
translation and post-translational modifications (PTMs)
and therefore the level of mRNA does not allow someone
to predict the level of protein expression. This is partly
due to the PTMs and partly due to the fact that protein
maturation and degradation are dynamic processes, which

MicroRNAs (miRNAs) are small, single-stranded, noncoding RNAs, consisting of 20–25 nucleotides, whose
role is post-transcriptional regulation of gene expression.
miRNAs are partially complementary and bind to the
3’-untranslated region (3’-UTR) of their target messenger
RNA (mRNA). They then inhibit the translation of their
target mRNA or cause its degradation. Thus, miRNAs
inhibit the expression of their target gene at posttranscriptional level (19). Concerning the synthesis of
miRNAs, primary miRNA is transcribed in the nucleus
from its gene. Afterwards, ribonuclease Drosha and protein
DGCR8 process the primary miRNA to precursor miRNA.
The precursor miRNA is transferred to the cytoplasm and
ribonuclease Dicer processes it to mature miRNA. The
passenger strand of the miRNA is ejected and degraded
and the other strand—the mature miRNA—is loaded to
protein Argonaute (Ago). The mature miRNA interacts
with proteins Ago and GW182, binds to its target mRNA
and inhibits its translation.
miRNAs are encoded by DNA sequences which are
found in the genome either as separate miRNA genes or
within the introns of other genes. Over 3% of human genes
have been found to contain miRNA-coding sequences,
while the expression of 40–90% of human protein-coding
genes is regulated by miRNAs. The expression of a proteincoding gene may be regulated by more than one miRNA
and each miRNA may regulate the expression of several
target genes. miRNAs participate in many biological
procedures, such as cell differentiation, proliferation
and apoptosis, and they are involved in several diseases,
including cancer, viral infections, bone metabolic diseases
and autoimmune diseases (20).
In a recent study by Wang et al. (21), miR-133a was
identified as a possible molecule, whose expression levels
varied between patients with low BMD as compared to
patients with high BMD values. Further on, microarray
analysis of circulating mononuclear lymphocytes revealed
that miR-133a manifested higher expression levels in
patients with low BMD as compared to those with high
BMD. In the same study, and in accordance to our previous
comments in the previous sections, bioinformatic target
gene analysis demonstrated three potential osteoclast-related
target genes, CXCL11, CXCR3 and SLC39A1 of miR-
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133a (22). These molecules could be considered as potential
biomarkers. In another recent study, miRNAs array analysis
of osteoclast precursors from ten low BMD and ten high
BMD patients determined upregulation of miR-422a in the
low BMD patients, as compared to the high BMD patients. A
more significant upregulation of miR-422a was determined
in the low BMD group by qRT-PCR analysis, as compared
to high BMD patients (21). From these findings, it appeared
that miR-422a could be a potential biomarker underlying
postmenopausal osteoporosis (21). In another recent study
by Meng et al. (23), miR-194-5p was identified as a potential
biomarker for postmenopausal osteoporosis. Microarray
analysis from osteopenia and osteoporosis blood samples
identified five miRNAs (miR-130b-3p, miR-151a-3p, miR151b, miR-194-5p and miR-590-5p), with miR-194-5p
being the only molecule with elevated expression; it was
also noted to be increased in several osteoporosis-related
pathways (23). Additionally, in a study by Panach et al. (24),
three miRNAs (miR-122-5p, miR-125b-5p and miR-21-5p)
were identified to be upregulated in blood samples of brain
trauma patients compared to control samples. Some of the
aforementioned results are summarized in Table 1, which
includes the miRNA expression profile of osteoporotic
patients based on data from the studies by Wang et al. (21),
Meng et al. (23), Panach et al. (24), Cao et al. (25), Kocijan
et al. (26), Seeliger et al. (27) and Kumar et al. (28).
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regulators of osteoblastic differentiation. Their absence has
been demonstrated to result in complete lack of mineralized
skeleton. Many other transcription factors are also
considered important regulators of osteoblast differentiation
and preservation, such as homeobox proteins, members of
the AP1 family or effectors of the β-catenin/Wnt signaling
pathway (31).
Patient-specific drug design for the management
of osteoporosis

Numerous studies have highlighted the role of gene
expression and in particular of gene regulation. For
example, several studies have identified some target genes
of the vitamin D receptor, which included among others
BsmI, ApaI, TaqI, Cdx2 and FokI. Specifically, Cdx2
polymorphism was associated with femoral neck BMD in a
study of 239 osteoporotic postmenopausal women carried
out by Mencej-Bedrac et al. (29). In another recent report
by Gentil et al. (30), Cdx2 polymorphism did not influence
BMD in osteoporotic women by itself, but actually affected
the BMD response to physical activity.
Lately, osteoblast and osteoclast differentiation and
maintenance have been the focal point of microarray
experiments. Osteoblasts’ ability to produce and mineralize
the bone matrix is well known. They differentiate from their
mesenchymal precursors through an intricate procedure
governed by the activation of specific transcription factors
and hormones. Several transcriptional factors, such as
Runx2/Cbfa1 and Osterix have been identified as key

Based on the genomic profiling, recent advances have
led to the discovery of new drug targets. In the case of
osteoporosis, genome-wide studies have identified more
than 100 genetic loci linked to BMD (32). In a recent
study by Kemp et al. (33), 307 potentially independent
single-nucleotide polymorphisms (SNPs) were reported,
which could explain approximately 12% of the phenotypic
variance. Interestingly, novel multiple variants were
identified that showed a strong association with estimated
heel ultra-sound BMD and little correlation with BMD
derived by dual-energy X-ray absorptiometry (e.g.,
TBX1 and ZNRF3), analyzed in the genetic factors for
osteoporosis study (33). The discrepancy might have
originated from the difference in method and larger
sample size. Furthermore, gene expression analysis of
human and mouse bone cells, gene-function predictions,
along with skeletal phenotyping of 120 knock-out mice,
were integrated in this study. Glypican 6 (GPC6), a
membrane surface proteoglycan involved in cellular
growth control and differentiation, was defined here as a
novel determinant of BMD (33). The GPC6 knock-out
mice had shorter femurs and vertebrae than the wild-type
mice, which provided evidence that GPC6 is important in
bone growth and development and might serve as a target
for novel treatments or prevention of fragility fractures.
The first Genome-Wide Association Study (GWAS)
meta-analysis that correlated genome-wide genetic
variants with lumbar spine volumetric BMD was recently
undertaken (34). Lumbar spine volumetric BMD was
measured in 15,275 individuals using quantitative computed
tomography, and this resulted in five significant loci (i.e.,
WNT4, ZBTB40, TNFRSF11B, AKAP11 and TNFSF11).
In addition, expression quantitative trait locus analyses of
iliac crest biopsies were performed in 84 postmenopausal
women, which resulted in two novel SNPs. The majority
of GWASs have correlated genetic variance with the most
widely used characteristic of bone health, BMD. The
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Table 1 miRNA expression profiles in osteoporotic patients
Type of cell
or tissue

n

Males/
females

Circulating
monocytes

20

0/20

High BMD;
low BMD;
osteoporosis

Blood

86

0/86

Normal
BMD (n=24);
osteopenia
(n=30);
osteoporosis
(n=32)

Serum

13

0/13

Osteoporosis
(n=5);
osteoarthritis
(n=8)

Circulating
monocytes

20

0/20

Serum

75

Serum

Serum

Diagnosis

Males,
age (years)
NA

Females,
Other
age (years) characteristics

miRNAs

Regulation

References

61.6±1.6;
63.6±3.2

Postmenopausal

miR-133a

Up

Wang et al.
(21)

63.1±3.01;
63.7±2.95;
64.93±3.02

Postmenopausal

miR-194-5p

Up

Meng et al.
(23)

NA

79.6±3.1;
63.4±8.1

Postmenopausal

miR-122-5p; miR125b-5p; miR-21-5p

Up

Panach et al.
(24)

Osteoporosis

NA

57–68

Postmenopausal

miR-422a

Up

Cao et al.
(25)

32/43

Osteopenia
(n=39);
osteoporosis
(n=36)

46.6±9.4;
46.6±13.0

46.6±9.4;
46.6±13.0

Premenopausal
(n=20); postmenopausal
(n=20)

miR-152-5p; miR335-5p; miR-320a

Up

Kocijan et al.
(26)

75

32/43

Osteopenia
(n=39);
osteoporosis
(n=36)

46.6±9.4;
46.6±13.0

46.6±9.4;
46.6±13.0

Premenopausal
(n=20); postmenopausal
(n=20)

miR-30e-5p; miR140-5p; miR-324-3p;
miR-19b-3p; miR19a-3p; miR-550a3p; miR-186-5p;
miR-532-5p; miR93-5p; miR-378a-5p;
miR-16-5p; miR-2155p; let-7b-5p; miR29b-3p; miR-7-5p;
miR-365a-3p

Down

Kocijan et al.
(26)

30

3/27

Osteoporosis

>50

>50

Postmenopausal
women

miR-21; miR-23a;
miR-24; miR-93;
miR-100; miR-122a;
miR-124a; miR-125b;
miR-148a

Up

Seeliger et al.
(27)

Data summarized from the works by Wang et al. (21), Meng et al. (23), Panach et al. (24), Cao et al. (25), Kocijan et al. (26) and Seeliger
et al. (27). NA, not available.

impact of genetic variance on the expression of genes has
been analyzed in expression quantitative trait loci studies,
where genetic variations are associated with the expression
level of genes in hundreds of individuals. Alonso et al. (35)
conducted a GWAS where genetic variance was associated
with expression quantitative trait loci data from transiliac
bone biopsies. A novel locus on chromosome 2q13, i.e.,
SNPrs10190845, was significantly associated with clinical

vertebral fractures. On the basis of this bioinformatics
analysis, tubulin tyrosine ligase and solute carrier family
20 member 1 (SLC20A1) were proposed as positional
candidate genes of this locus. As SLC20A1 is a sodiumphosphate symporter, its role in regulating bone metabolism
seems quite straightforward.
More than one tenth of the genes have a pleiotropic
effect on multiple phenotypes. This means that a single
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gene can seemingly independently influence more than one
phenotypic trait. The availability of the large-scale genomic
datasets from various epidemiological studies has allowed
the examination for pleiotropic effects of genetic traits on
different phenotypes. The first systematic study of pleiotropy
between osteoarthritis and BMD included GWAS data from
GEFOS, arcOGEN and three osteoarthritis studies, which
revealed 143 genetic variants with cross-phenotypes with
osteoarthritis (36). In this study, SNPs in the intronic region
of SMAD3 that are known to have roles in bone remodeling
were confirmed to be of significant relevance for both the
traits of osteoarthritis and BMD. A bivariate GWAS metaanalysis of total body lean mass and total-body-less-head
BMD in 10,414 children identified genetic factors with
pleiotropic effects on lean mass and BMD (37). Here, eight
genetic loci correlated well with both the traits of skeletal
lean mass and BMD (Table 1). Moreover, the gene SREBF1
was suggested to be an important pleiotropic.
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