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Featured Application: The results highlighted the role of mechanical forces in fish embryo osteo-
genesis. Such a simple in vivo model can be used to elucidate the responsiveness of osteoblasts to
environmental mechanical forces and useful in designing new therapeutic approaches in human
bone diseases.

Abstract: Skeletal system development and remodelling is regulated by several different factors,
including hormones, cytokines, and mechanical forces. It is known that gravity and pressure stimulate
mechanosensors on bone cells which transduce mechanical signals to chemical ones. Nevertheless,
few data have been provided about the role of mechanical forces on embryo osteogenesis in vivo.
Since the zebrafish is an elective model for developmental studies, in particular on bone formation
and tissue mineralization, we analyzed in vivo the effects of a static mechanical force generated by a
water column on fertilized zebrafish eggs. The results have shown that an increase in the hydrostatic
pressure (HP) of up to 5.9% was lethal for 100% of treated embryos at 48 h post fertilization (hpf). A
small decrease in length (−2%) and 49% mortality were found in the +4.4% HP embryos compared
with the controls. To analyze skeletal development, we evaluated the number of mineralized vertebral
bodies in the trunk at five days post fertilization. The embryos grown under +2.4% HP showed
a physiological intramembranous mineralization of vertebral bodies whereas the embryos which
grew with +3.4% HP showed a significant decrease in mineralization rate (−54%). Morphological
analysis of cartilage and bones in embryos at +3.4% HP revealed a delay of both intramembranous
and chondrogenic mineralization, respectively, in axial and head bones, whereas the chondrogenesis
appeared normal. These data suggested that developing osteoblasts and different mineralization
programs are sensitive to mechanical pressure when applied to early embryogenesis.

Keywords: zebrafish; static pressure; osteogenesis

1. Introduction

Zebrafish embryos are widely used for developmental studies, in particular on bone
formation and tissue mineralization, focusing on vertebral and head bone formation [1].
Zebrafish embryo osteogenesis is characterized by two different types of ossification:
the endochondral ossification, that takes place from a cartilaginous scaffold, and the
intramembranous ossification, which is a direct ossification operated by mesenchymal stem
cell precursors [1]. In vivo and in vitro studies have demonstrated that mechanical forces,
as well as chemical signals, are crucial for the differentiation and behavior of bone cells.
For example, osteoblast function and RANKL expression can be modulated by mechanical
forces [2]. The absence of gravity conditions modulates calcium metabolism and induces
osteoporosis in astronauts [3]. In addition, osteoclasts, the bone resorbing cells, have been
indicated as responsive to mechanical forces [4]. It has been suggested that bone cells

Appl. Sci. 2022, 12, 2912. https://doi.org/10.3390/app12062912 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12062912
https://doi.org/10.3390/app12062912
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-2292-5288
https://doi.org/10.3390/app12062912
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12062912?type=check_update&version=1


Appl. Sci. 2022, 12, 2912 2 of 8

possess mechanosensors which transduce mechanical signals to chemical ones. Recently, a
family of ion-channels named Piezo 1/2 were reported to have a role in bone development
and mechano-stimulation of bone metabolism [5].

Few data have been provided about the role of mechanical forces on embryo develop-
ment in vivo, but some evidence indicates that fish eggs and larvae may be susceptible to
barotrauma injury, a direct consequence of hydrostatic pressure variation [6]. Eggs from
different fish species have been shown to be prone to genetic damages when exposed to
hydrostatic pressure excess, driving developmental block and early death [7,8].

In addition, during embryonic development, the fragility of the internal organs as well
as the early vascular network makes the larva more susceptible to barotrauma injury than
juvenile fish [9].

Different types of mechanical forces are able to modulate zebrafish embryonic osteoge-
nesis. Previous experiments into increased mechanical pressure on zebrafish embryos have
been performed by Aceto et al. [10], in which five days post fertilization (dpf) embryos
were treated with hypergravity (3 g) using a large diameter centrifuge up to 9 dpf; similar
experiments were performed by Lawrence et al. [11], which exposed 3 dpf embryos to
3 g and 6 g for 48 h. Lawrence’s study reported that embryo morphology is unchanged
after a short hypergravity treatment, but highlighted small but detrimental changes in the
extracellular matrix of the cartilaginous tissue with altered chondrocyte maturation [11].

Both hypergravity and hydrostatic pressure (HP) can be applied to zebrafish embryos
to verify their effect on osteogenesis: hypergravity is modeled by centrifugation using
centrifugal forces to generate up to 20 g, whereas the hydrostatic pressure is an astatic force
which can be easily modulated by varying the height of the water column above animals
kept at the bottom.

The aim of this study was to evaluate zebrafish embryo osteogenesis under a gradient
of hydrostatic pressure. The evaluation in vivo of whether external physical forces are able
to modulate the mineralization process may elucidate the mechanisms of human bone
pathological conditions such as osteoporosis.

2. Materials and Methods
2.1. Ethics Statement

This experimentation was performed in the Zebrafish Laboratory (IRCCS R.
Galeazzi, GSD Foundation, Milan, Italy) according to Italian and European guide-
lines on research (EU Directive 2010/63/EU) and following authorization by ASL
Varese with Prot. No. 2019/014/DVVS/0078143, Italy.

2.2. Animals

Danio rerio of AB strain were housed in a ZEBTEC© Bench Top System (Tecniplast,
Buguggiate, VA, Italy) and maintained under standard conditions [12] at 28 ◦C. Embryos
used in this experimentation were obtained from three single pairs of adult zebrafish and
were checked for general health conditions, such as unfertilized eggs or for the presence
of mold, and for proper cell division stage under a light stereomicroscope as described by
Kimmel et al. [13].

2.3. Treatments

Treatments were performed while maintaining embryos at 28 ◦C in a dark incubator in
a standard growing medium (E3 medium, 5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L
CaCl2, 0.33 mmol/L MgSO4) and under different hydrostatic pressure (HP) values (from
+0% to +5.9%). Control embryos were maintained in a small beaker with no additional
hydrostatic pressure (CTR, +0% HP) whereas treated embryos were grown in glass cylinders
filled with accurate levels of E3 medium to create different HP increases (25 cm generates
+2.4% HP, 35 cm generates +3.4% HP, 45 cm generates +4.4% HP, 60 cm generates +5.9%
HP). Hydrostatic pressure, first described by Stevino, is produced by a liquid in a static
equilibrium in a container because of gravity, and depends on the liquid density and the
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height of the liquid column. The hydrostatic pressure is given by the formula named
Stevin’s principle: p = po + r × g × h, where p is the total pressure value, po is the
atmospheric pressure acting on the free surface of the liquid, r is the density of the liquid
(water density is 1000 K/m3), g is gravity acceleration (9.81 m/s2) and h is the height of
the liquid column. These embryos were maintained in small beaker (5 mL, height 30 mm)
covered by a thin net that kept the embryos on the bottom of the glass cylinder in which it
was inserted and that guaranteed a correct and constant HP exposure (Figure 1). For five
days the embryos were checked with a light stereomicroscope (SZX-ZB7 Olympus, Tokyo,
Japan) for general health conditions, and dead embryos were removed.
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Figure 1. Static hydraulic pressure generated by water column. Zebrafish embryos were maintained
in a small beaker covered by a thin net on the bottom of the glass cylinder. Water level modulates the
applied pressure (arrows).

2.4. Embryo Histochemistry

Osteogenesis and mortality rate were evaluated at five days post fertilization (dpf).
Embryos were anaesthetized with 0.01% tricaine methanesulphonate (Sigma, St. Louis,
MO, USA) E3 medium solution and fixed in a 3.5% formaldehyde/0.1 M sodium phosphate
buffer. A two-color acid-free stain based on Alcian Blue 8GX (Sigma, St. Louis, MO, USA)
and Alizarin red S (ARS, Sigma, St. Louis, MO, USA) were performed to stain, respectively,
cartilage and bone tissue [14]. Following this, mineralization rate was evaluated by counting
the number of mineralized vertebral bodies (N.V.) normalized for the length (L.) for every
single embryo (N.V./L.). Embryos were examined under a light stereomicroscope (SZX-ZB7
Olympus, Tokyo, Japan) and images acquired using a Discovery CH30 camera (Tiesselab,
Milan, Italy).

2.5. Statistical Analysis

Data from embryo histochemical analysis was derived from 10 embryos grown under
each different HP, with three independent experiments performed, obtaining comparable
results. For each experiment we used embryos from the same batch, derived from a single
pair of fish. Mineralization rate data have been used to calculate the mean value expressed
as the mean of the means of the three independent experiments ± standard deviation versus
control. Data were plotted on SigmaStat3.5 software (San Jose, CA, USA) and subjected to
one-way analysis of variance (ANOVA) followed by Dunn’s test for multiple comparisons.
The software Sigmastat3.5 indicated that the normality test and equal variance test were
passed. All the significance values were set at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
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3. Results
3.1. Embryo Mortality

Embryos were grown under different increases in HP (from +0% to +5.9%) from 0 h
post fertilization up to 5 dpf in order to verify the effects of this additional pressure on the
osteogenesis. The increase in the HP is indicated to be safe for embryos up to 3.4%, whereas
an increase of 4.4% induces a mortality rate of 49%. Moreover, +5.9% HP was found to be
lethal for 100% of embryos (Figure 2). All embryos died before 48 h post fertilization (hpf).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 9 
 

deviation versus control. Data were plotted on SigmaStat3.5 software (San Jose, CA, 
USA) and subjected to one-way analysis of variance (ANOVA) followed by Dunn’s test 
for multiple comparisons. The software Sigmastat3.5 indicated that the normality test 
and equal variance test were passed. All the significance values were set at p < 0.05 (*), p < 
0.01 (**) and p < 0.001 (***). 

3. Results 
3.1. Embryo Mortality 

Embryos were grown under different increases in HP (from +0% to +5.9%) from 0 h 
post fertilization up to 5 dpf in order to verify the effects of this additional pressure on 
the osteogenesis. The increase in the HP is indicated to be safe for embryos up to 3.4%, 
whereas an increase of 4.4% induces a mortality rate of 49%. Moreover, +5.9% HP was 
found to be lethal for 100% of embryos (Figure 2). All embryos died before 48 h post fer-
tilization (hpf). 

 
Figure 2. Mortality rate of embryos grown under different increases in hydrostatic pressure (HP) 
from 0% (CTR) up to 5.9% evaluated at five days post fertilization. Hydrostatic pressure increase is 
indicated to be safe for embryos up to 3.4%, whereas a 4.4% HP increase enhances the mortality at 
49%. Further, a 5.9% HP increase is lethal for all embryos (CTR vs. +4.4% HP, *** p < 0.001; CTR vs. 
5.9% HP, *** p < 0.001). 

3.2. General Development 
The length of vital embryos in +0%, +2.4% and +3.4% have been measured to verify 

the effect of hydrostatic pressure on general body growth. No macroscopic alterations 
were detectable in the developing anatomical structures but a small decrease in length 
(-2%) was found in the +3.4% HP embryos relative to the controls (Figure 3). Due to the 
high mortality of the 4.4% group we did not conduct in-depth analysis of the data of this 
group. 

Figure 2. Mortality rate of embryos grown under different increases in hydrostatic pressure (HP)
from 0% (CTR) up to 5.9% evaluated at five days post fertilization. Hydrostatic pressure increase is
indicated to be safe for embryos up to 3.4%, whereas a 4.4% HP increase enhances the mortality at
49%. Further, a 5.9% HP increase is lethal for all embryos (CTR vs. +4.4% HP, *** p < 0.001; CTR vs.
5.9% HP, *** p < 0.001).

3.2. General Development

The length of vital embryos in +0%, +2.4% and +3.4% have been measured to verify
the effect of hydrostatic pressure on general body growth. No macroscopic alterations were
detectable in the developing anatomical structures but a small decrease in length (−2%)
was found in the +3.4% HP embryos relative to the controls (Figure 3). Due to the high
mortality of the 4.4% group we did not conduct in-depth analysis of the data of this group.
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3.3. Skeletal Development

Morphological analysis of cartilage and bones in embryos at +3.4% HP revealed a
significant delay of intramembranous (vertebral bodies) and chondrogenic (lower jawbone)
mineralization whereas the cartilage development appeared normal (Figure 4a). The
mineralization rate in the trunk was evaluated in embryos at five days post fertilization as
a ratio of the of the number of vertebral bodies positive for ARS staining and the length
of the fish body (N.V./L.). Embryos grown under +2.4% HP showed a physiological
mineralization of vertebral bodies whereas the embryos grown under +3.4% HP shown a
significant decrease in mineralization rate (Figure 4b).
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Figure 4. (a) Alcian Blue/ARS staining highlights a decreased number of mineralized vertebral
bodies (black arrow) and a delayed chondrogenic mineralization of lower jawbone (red arrow) in
+3.4% HP embryos. Scale bar: 200 µm. (b) Vertebral mineralization rate of five days post fertilization
embryos grown under different increased HP from 0% (CTR) up to 3.4%, evaluated as a ratio of the
number of vertebral bodies positive for ARS staining along the length of the fish body (N.V./L.).
Embryos grown under +3.4% HP showed a statistically significant variation in N.V./L. (CTR vs.
+3.4%, *** p < 0.001, −54%).

4. Discussion

Mechanical forces shape living embryos starting from the fertilization of the egg and
later, modulating cell division, differentiation processes, and structural remodeling [15].
We analyzed in vivo the effect of a static mechanical force, generated by a water column, on
fertilized zebrafish eggs. Embryos grown in more than +4.4% HP were seriously damaged
in the developmental processes whereas at +5.9% they died before 48 hpf. Zebrafish
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embryos remained in the chorion membranes up to 48 hpf [12]. The embryos that died
because of the treatment with 4.4% and 3.4% HP died during the first 48 h; this fact indicates
that the increased hydrostatic pressure affects embryo health even in the presence of the
chorion. Some evidence indicated that eggs and larvae may be susceptible to barotrauma
injury, a direct consequence of hydrostatic pressure variation [6]. Eggs from other fish
species have been shown to be prone to genetic damage when exposed to hydrostatic
pressure excess, driving developmental block and early death [7,8]. In addition, during
embryonic development, the fragility of the internal organs, as well as the early vascular
network, makes the larva more susceptible to barotrauma injury than juvenile fish [9]. The
literature is consistent with our data where embryos died before 48 hpf. The mechanosensitivity
of embryonic structures have also been reported for mammalian development, where hydraulic
forces in the blastocoel regulate embryo size and cell fate [16,17].

When we analyzed the mineralization rate, the vital embryos grown at +3.4% HP
showed a significant delay in the mineralization of vertebral bodies and, less pronounced,
head bones. It is well know that mechanical forces are necessary for normal bone mainte-
nance and remodeling [18] so that in vivo bone tissue can be created and modeled basing
on the mechanical stimuli that act on skeletal structures, but it is also widely accepted
that mechanical stimulation is very influential on embryonic osteogenesis [16]. Nowlan
et al. demonstrated in embryonic chicks that the mechanical stimuli interact with cells
thanks to “mechanosensitive genes” in order to generate a spatiotemporal regulation of the
bone tissue [19]. Literature data give evidence that adult mesenchymal stem cells can be
stimulated in vitro to bone differentiation and regeneration by intermittent pulses of hydro-
static pressure [20]. Nevertheless, during embryo development, the cells are proliferating
and remodeling and the mechanical and biochemical crosstalk is much more complicated
and delicate. Functions such as exocytosis, proliferation, apoptosis, ion fluxes, and cell
shape can be modulated by hydraulic pressure [21]. High hydrostatic pressure (HHP)
negatively interferes with cell membrane behavior, cellular shape, and protein synthesis in
yeast [22] and in mammalian cells [23,24] At +3.4%, HP did not induce embryo mortality
but negatively regulated development, as suggested by reduced embryo length (−2%),
even if not significant, and by the delayed bone mineralization.

The neurocranium and the pharyngeal arches are ossified by an endochondral process,
whereas vertebral bodies are formed by intramembranous ossification in a progressive
cranio-caudal direction through notochord direct mineralization [25]. In our results, both
types of mineralization seem to be affected by the increase in hydrostatic pressure.

The mineralization process takes place after mesenchymal differentiation as well
as after cartilage establishment. Mesenchymal stem cells are known to be sensitive to
hydrostatic pressure in vitro since they fail to differentiate into osteoblast cells when it
increases [24]. Endochondral mineralization can also be modulated by hydrostatic pressure
in vitro [26,27].

Experiments on hypergravity indicated that the stage at which the embryos are
exposed to abnormal mechanical stimulation is crucial. Embryos exposed to hyper-
gravity from 5 to 9 dpf resulted in increased bone head mineralization [10], whereas
Lawrence et al. [11] found altered and abnormal chondrocyte maturation with impaired
mineralization exposing embryos to hypergravity from 3 to 5 dpf. In addition, studies on
zebrafish larvae subjected to swim-training from 5 to 15 dpf demonstrated that skeletal
tissue in the cranial, axial, and appendicular skeleton responds to increased water velocity,
which represents a mechanical force [28].

Taken together, these data suggested that early mechanical static pressure causes
fatal damage or osteogenesis delay, depending on the intensity, when applied at early
stages to embryos (0–5 dpf). The timing of physical stimulation, over the intensity, is
crucial to generate bone effects. It has been demonstrated in chick foetal femurs that
intermittent hydrostatic pressure may stimulate in vitro bone regeneration [29]. The role of
timing has been demonstrated in mesenchymal differentiation in vitro, where chondrogenic
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stimulation before, and hydrostatic pressure later, accelerated the osteogenic potential of
stem cells [26].

Regarding the mechanisms, it is known that stretch-responsive genes are regulated in vitro
in mesenchymal stem cells by mechanical forces applied to the extracellular matrix [30].

These pathways include detection of mechanical forces by receptors. The mechanosen-
sors, located as receptors, are activated by mechanical forces and stimulate osteogenic genes
such as osteopontin (OPN) and osteoprotegerin (OPG) [31]. Zebrafish embryos represent a
powerful model to use in further studies on molecular mechanoregulation of osteogenesis.

In conclusion, the data suggested that a fine balance of physical stimulation and its
timing were necessary to regulate bone tissue development.
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