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A B S T R A C T

Objective: Disuse osteoporosis is a major type of bone loss disease characterized by regional bone loss and
microstructure alterations. The condition is induced by a marked decrease in weight bearing over time, which
usually occurs due to limb immobilization, therapeutic bed rest or space flight. To date, the most commonly used
mouse model of disuse osteoporosis is constructed using the classical tail suspension method, which causes tail
injury, movement inconvenience and mental stress. This study aimed to propose a noninvasive and effective
method for the establishment of a mouse model of disuse osteoporosis and compared this method with the tail
suspension method.
Methods: 3D printing technology was applied to construct a movable unloading device. A movable noninvasive
3D-printed unloading device (3D-ULD) was used to unload the hindlimbs of the mice. The bone microstructure
and bone volume of unloaded femurs were analysed through micro-CT and H&E staining, and von Kossa staining
was performed for the detection of bone mineralization in the femurs. TRAP staining, IHC-CTSK and Q-PCR were
performed for evaluation of the bone resorption ability, and double labelling, IHC-DMP1, ALP staining and Q-PCR
assays were conducted to assess the osteogenic ability. The mechanical properties of disused bone were detected
using the three-point bending test. The body, thymus and spleen weights of the mice were recorded, and the
serum corticosterone level of the mice was assayed by enzyme-linked immunosorbent assay (ELISA).
Results: The micro-CT results showed significant trabecular bone loss, and 3D-ULD induced cortical bone loss in
disused femurs as well as a decrease in the bone mineral density in the unloaded mice. TRAP staining and IHC-
CTSK staining results indicated increases in the osteoclast number per bone perimeter (Oc.N/B.Pm) and the
osteoclast surface per bone surface (Oc.S/BS) in the unloaded mice. The Ctsk, Trap and Mmp9 expression levels
were significantly increased in the unloaded mice. Decreases in the ratio of the mineral surface to bone surface
(MS/BS), mineral apposition rate (MAR) and bone formation rate per bone surface (BFR/BS) were found in
unloaded mice in the 3D-ULD by double labelling. The IHC-DMP1 and ALP staining results showed decreases in
the osteoblast number per bone perimeter (Ob.N/B.Pm) and osteoblast surface per bone surface (Ob. S/BS) in the
mice unloaded in the 3D-ULD, and these mice also showed decreased Runx2, Alp and Dmp1 expression levels.
Three-point bending test results showed that the mechanical properties were attenuated in the disused femurs of
the unloaded mice. Less skin rupture and rare alterations in the thymus and spleen weights were found in the
unloaded mice in the 3D-ULD. The ELISA results indicated the serum corticosterone level of the mice unloaded in
the 3D-ULD was significantly lower than that of mice suspended by their tail.
Conclusion: This new disuse osteoporosis mouse model based on 3D-ULD could induce effective disuse bone loss
with significantly alleviated side effects.
Translational potential of this article: This study proposes a new disuse osteoporosis mouse model based on 3D-ULD
that can be used to better understand disuse bone loss in the future.
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1. Introduction

Osteoporosis, which is a common metabolic disease with a high
incidence in elderly individuals, manifests as a seriously low bone mass,
pathological alterations in the bone microstructure and a greatly
increased risk of fracture [1]. Traditionally, osteoporosis is divided into
primary and secondary osteoporosis. Primary osteoporosis is normally
independent of other chronic diseases and refers to osteoporosis
involving senility or gonadal function decline, such as postmenopausal
osteoporosis [2]. Conversely, secondary osteoporosis usually results from
other health issues, among which disuse is one of the main causes [3].
Reductions in weight bearing over time causes regional bone loss and
microstructure alterations at weight-bearing bone sites [4]. Due to the
elimination of weight-bearing physical activity, disuse osteoporosis
usually results from limb immobilization, therapeutic bed rest and space
flight and has become a nonnegligible health problem.

Due to the limitations of clinical research, the establishment of a
suitable animal model is a key precondition for in-depth investigations of
bone damage due to disuse. Several methods have been developed for the
construction of animal models of disuse osteoporosis, and these methods
include tail suspension and hindlimb immobilization by sciatic neu-
rectomy, tenotomy or use of a plaster cast [5–8]. Although these methods
can induce osteoporosis in animals, they have obvious disadvantages.
Sciatic neurectomy immobilizes the hindlimbs by destroying the sciatic
nerve and thereby causing alterations in key neurotrophic factors that
affect bone metabolism [9]. Tenotomy, in which knee tendons are sev-
ered to immobilize the limbs, is an invasive method for inducing disuse
osteoporosis [10]. Moreover, the abovementioned models are not suit-
able for reversibility studies. In some cases, bone loss is even slowly
induced because the hindlimbs of animals still partially bear weight [11].
The tail suspension method is the most commonly used approach for
inducing disuse osteoporosis in mice and rats andwas originally designed
to simulate the low gravity experienced by astronauts [12,13]. However,
suspended animals suffer discomfort, chronic stress and even pain and
cannot move or eat freely. Moreover, due to trauma to the tail, animals
are rarely suspended for a long time using the tail suspension method
[14]. Therefore, to better investigate disuse osteoporosis, the identifi-
cation of novel methods that can effectively achieve disuse bone loss
without harming the animal is urgently needed.

3D printing technology is a rapid prototyping technology that com-
bines intelligent digital manufacturing and material science. The use of
3D printing technology, which is characterized by high precision and
good customization capabilities, can effectively satisfy many special re-
quirements in the field of medicine and currently plays significant roles
in medical models, artificial organs and tissue regeneration [15,16]. In
this study, we created an innovative disuse osteoporosis mouse model
based on 3D printing technology to overcome the abovementioned
shortcomings. Mice were supported by a movable noninvasive
3D-printed unloading device (3D-ULD), which is a personalized device
that can be freely modulated to adjust to the increasing body size of a
growing mouse. The mice can move freely by their forelimbs when
unloaded in the 3D-ULD. To evaluate the effectiveness of this new
method for constructing a mouse model of disuse osteoporosis, histo-
morphological, molecular biological and mechanical experiments were
conducted, and the model was subjected to head-to-head comparisons
with the tail suspension-based model. The experimental results showed
that this unloading method using 3D-ULD could effectively induce disuse
osteoporosis with greater consideration for animal welfare and exerted
no obvious traumatic effects on the mice.

2. Materials and methods

2.1. Animal information

Male C57BL/6 J mice were purchased from Shanghai Legen
Biotechnology Co., Ltd. The mice were housed in a specific pathogen-free
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facility under controlled temperature and humidity conditions and sub-
jected to a 12-h light/dark schedule. Disuse osteoporosis was induced in
3-month-old male mice through tail suspension or the use of 3D-ULD for
1 month. The experimental groups consisted of the control group (4-
month-old male mice), the tail suspension group (3-month-old male mice
suspended by their tail for 1 month) and the 3D-ULD unloaded group (3-
month-old male mice unloaded in the 3D-ULD for 1 month). To assess the
bone loss of mice unloaded in the 3D-ULD over time, a 2-month unloaded
group was also established (2-month-old male mice unloaded in the 3D-
ULD for 2 months). One mouse detached from the unloading device and
accidently fell during the 1-month unloading period, and two mice de-
tached during the 2-month unloading period. One mouse in the tail
suspension group fell from the suspension device. All mice that fell from
the device were eliminated from the study, and new mice were added to
the group. Each group consisted of six mice. The body weight of the mice
was recorded every seven days.

2.2. Study approval

All animals were bred according to the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. This study was
approved by the Ethics Committee and the Institutional Animal Care and
Use Committee of Tongji University (2019-DW-040). This study con-
formed to the ARRIVE guidelines.

2.3. Design of the 3D-printed unloading device

Various body parameters of the mice, including the body length,
width, thickness of the tail (1/3 proximal part) and positions of the hip
joint, were measured. To support the posterior parts of the mouse during
unloading of the hindlimbs, a frame with a middle supporting cavity was
proposed. For evaluation of the mouse at an appropriate 30-degree for-
ward inclination similar to that observed with the tail suspension
method, the height of the bearing surface of the middle supporting cavity
was determined based on the length of the mouse body and the positions
of the hip joint. Moreover, to fix the tail such that the mouse is main-
tained at a tilted angle and their hindlimbs are unloaded, a small cavity
with a cushion in the upper part of the frame was designed in accordance
with the width of the tail. The different body sizes of the individual mice
and the increasing body size of each growing mouse were considered;
therefore, rotary knobs with cushions, which could be freely modulated
to accommodate the individual size of each mouse, were added to the
lateral sides of the frame. To ensure free movement of the mouse in the
unloading device, wheels were assembled under the frame. The 3D-ULD
was designed using Rhino (Version 5.0). A schematic diagram of the 3D-
ULD is shown in Fig. 1A. The exact parameters of the 3D-ULD used in this
study were as follows. The height and width of the 3D-ULD were 65.5
mm and 91.8 mm, respectively, and the thickness of the 3D-ULD was
10.6 mm. The maximum width and height of the middle cavity were
30.6 mm and 20.1 mm, respectively. The diameter of the upper cavity in
the frame was 6.0 mm. The three semilunar cushions were printed using
a 3D printing machine (Lite 600, Union Tech, Shanghai, China) with soft
rubber material, and the rest of the parts of the unloading device (except
for the wheels and wheel axles) were printed with photosensitive resin.
The total weight of the 3D-ULD used in this study was 16.9 g.

2.4. Experimental design of disuse osteoporosis using the 3D-ULD

After anaesthesia through the intraperitoneal injection of 80 mg/kg
pentobarbital sodium, each mouse was gently placed in the 3D-ULD. The
modelling process of disuse osteoporosis is shown in Fig. 1B. In brief, we
placed the abdomen of the mouse in the middle of the supporting cavity
of the frame to tilt the mouse forward and thereby maintain its hindlimbs
out of contact with the ground. The unloadedmice were placed at a head-
down angle of approximately 30� based on the tail suspension method as
a reference. We then modulated the horizontal rotary knobs to fit the



Fig. 1. Establishing a mouse model of disuse osteo-
porosis using a noninvasive movable 3D-printed
unloading device (3D-ULD) (A) Schematic diagram
illustrating the design of the 3D-ULD (A–I) top view
(A-II) front view (A-III) bottom view (A-IV) stereo
view, and (A–V) lateral view of the device and (A-VI
and VII) rotary knob and cushion (B) Modelling pro-
cess of mice unloaded in the 3D-ULD (B–I) separated
components of the 3D-ULD (B-II) assembly of the
unloading devices (B-III) comparison of a mouse with
the 3D-ULD (B-IV and V) top and lateral views of a
mouse unloaded in the 3D-ULD. Scale bar: 1.0 cm in
all the panels.
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body of the mouse and keep the mouse steady in the device. The tail of
the mouse was placed in the upper cavity, and the vertical rotary knobs
were adjusted to fit the size of its tail. The device was readjusted every
three days. Every unloaded mouse was fed in one cage, and sufficient
food and water were supplied on the floor of the cage.

2.5. Tail suspension

After anaesthesia, the mice were suspended through their tail ac-
cording to the recommendations from Morey-Holton and Globus [14]. In
brief, steel wire was attached to the top of the cage and allowed to slide
easily. Medical tape was used to stick the middle part of the tail of each
mouse to the steel wire to suspend the mouse with its hindlimbs in the air
and forelimbs on the ground at a head-down angle of approximately 30�

(Supplemental Figure 1). Food and water were placed on the ground
within reach of the mice. Each mouse was raised in its own cage.

2.6. Micro-CT analysis

Femurs collected from the mice were scanned using micro-CT (micro-
CT 50, Scanco Medical, Bassersdorf, Switzerland). The voxel size was set
to 14.8 μm (14.8 μm for one scanning layer), and the micro-CT threshold
value was set to 212 to 1000. Representative reconstructed images of the
cut femur obtained by micro-CT were obtained using the femur growth
3

plate morphology as a reference. For quantitative analysis of the
trabecular bone, the region of interest was limited to 100 layers above the
distal growth plate of the femur. Representative reconstructed cortical
bone images were taken 500 layers above the distal growth plate of the
femur. For quantitative analysis of the cortical bone, the region of in-
terest was limited to between 500 and 550 layers above the distal growth
of the femur.

2.7. H&E staining

Femurs collected from the mice were decalcified in 10% EDTA solu-
tion for 28 days at room temperature, and the decalcification solution
was renewed every two days. The bone and vital organs (heart, lung,
liver, kidney, spleen and thymus) of the mice were embedded in paraffin
and sectioned using a rotary microtome (Thermo Fisher Scientific,
Microm HM325, MA, USA) at a thickness of 4 μm. The sections were
dewaxed in dimethylbenzene and a graded ethanol series and then
stained using an H&E staining kit (BBI, E607318-0206, Shanghai, China)
according to the manufacturer’s instructions. Images were taken using an
inverted microscope (Nikon, DS-Ri1, Tokyo, Japan).

2.8. TRAP staining

The left femur paraffin sections were dewaxed and then stained using
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the TRAP Staining Kit (Sigma, 387 A, MO, USA) according to the man-
ufacturer’s instructions. Images were taken using an inverted microscope
(Nikon, DS-Ri1, Tokyo, Japan). Analyses of the osteoclast number per
bone perimeter (Oc.N/B.Pm) and the osteoclast surface per bone surface
(Oc.S/BS) on the subepiphyseal region were performed using TRAP
staining images according to the standard procedures published by the
American Society for Bone Mineral Research [17,18].
2.9. Immunohistochemical (IHC) staining

For IHC staining, an IHC Staining Kit (MXB, KIT-9707, Fujian, China)
was used according to the manufacturer’s instructions. The femur
paraffin slices were incubated with one of the following primary anti-
bodies overnight at 4 �C: anti-DMP1-C (1:200 diluted with PBS) or anti-
CTSK (1:300 diluted with PBS). The antibody against DMP1-C (mono-
clonal, 8G10.3) was a gift from Dr. Chunlin Qin at Texas A&M College of
Dentistry. The antibody for CTSK was purchased from Abcam (Santa
Cruz, sc-48353, CA, USA). A DAB Kit (MXB, DAB-0037, Fujian, China)
was used for visualization. The slices were then counterstained with 2%
methyl green solution (Sigma, M8020, MO, USA). Images were taken
using an inverted microscope (Nikon, DS-Ri1, Tokyo, Japan). Analyses of
the osteoblast number per bone perimeter (Ob.N/B.Pm) and the osteo-
blast surface per bone surface (Ob.S/BS) on the endosteal surface of
midshaft femurs was performed using DMP1-IHC images according to the
standard procedures published by the American Society for Bone Mineral
Research [17].
2.10. Alkaline phosphatase (ALP) staining

The femur paraffin sections were dewaxed and stained using an ALP
Staining Kit (Sangon Biotech, C520019-0005, Shanghai, China) accord-
ing to the manufacturer’s instructions. Briefly, the sections were stained
with ALP solution at 37 �C for 30 min and then counterstained with 2%
methyl green solution (Sigma, M8020, MO, USA) for 10 min at room
temperature.
2.11. Quantitative real-time PCR assay (Q-PCR)

Total RNA tibia was isolated from using the TRIzol reagent (Invi-
trogen, 15,596–018, MA, USA). The Prime Script RT Reagent Kit with the
gDNA Eraser Kit (Takara, RR047A, Kyoto, Japan) was used for cDNA
synthesis. Q-PCR was performed with a Light Cycler 96 (Roche, Basel,
Switzerland) using a TB Green Premix Ex Taq II Kit (Takara, RR820A,
Kyoto, Japan) according to the manufacturer’s instructions. The gene
expression levels were normalized to the level of the internal house-
keeping gene Gapdh. The 2-△△Ct calculation method was used to
calculate the relative mRNA expression levels of the genes. The primer
sequences used in this study are listed in Supplemental Table 1.
2.12. Double labelling

Xylenol orange (10 mg/kg, Sigma, 52,097, MO, USA) was intraperi-
toneally injected into the mice one week before sample collection, and
10 mg/kg calcein (Sigma, C0875, MO, USA) was intraperitoneally
injected into the mice 12 h before sample collection. Tibia collected from
the mice were embedded in light-cured resin (EXAKT, 7200 VLC, Nor-
derstedt, Germany) for 13.5 h under light exposure. Hard tissue
sectioning was performed using a hard tissue sectioning and grinding
system (EXAKT, Norderstedt, Germany). The thickness of the sections
was set to 20 μm. Analyses of the mineral apposition rate (MAR) and
bone formation rate per bone surface (BFR/BS) on the endosteum region
were performed using double labelling images according to the standard
procedures published by the American Society for BoneMineral Research
[17].
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2.13. Von Kossa staining

Femurs collected from the mice were embedded in light-cured resin
(EXAKT 7200 VLC, Norderstedt, Germany) for 13.5 h. A hard tissue
sectioning and grinding system (EXAKT, Norderstedt, Germany) was
used to obtain hard tissue s

ections of the femurs at a thickness of 20 μm. The sections were
stained with 2% silver nitrate solution (Sigma, S8157, MO, USA) under
strong light for 45 min. After staining with 5% sodium thiosulfate solu-
tion (Sigma, 217,263, MO, USA), the sections were counterstained with
Nuclear Fast Red solution (BBI, E670101-0100, Shanghai, China) for 15
min at room temperature.

2.14. Three-point bending test

Femurs collected from the mice were subjected to the three-point
bending test. The mechanical properties of the femurs were evaluated
at mid-diaphysis using an electronic universal testing machine (Suns,
UTM2502, Shenzhen, China). Femurs with the physiological curvature
facing up were fixed on a supporter with two fixed loading points sepa-
rated by 3.5-mm gap. A 0.5-mm-thick steel cross bar plate perpendicular
to the long axis of the femurs and at the midpoint between two loading
points was used to apply a stabilizing preload of 1 N. The bending load
was applied at a constant displacement rate of 5 mm/min until fracture
occurred, and the internal and external major- and minor-axis lengths of
the femur at the fracture point were measured after micro-CT scanning.
The maximum load (maximum tensile load that the femur can sustain
before failure), ultimate displacement (maximum displacement that the
femur can sustain before failure), elastic displacement (maximum
displacement that the femur sustains during elastic deformation) and
yield load (maximum tensile load that the femur sustains during elastic
deformation) were determined from the load–deformation bending
curve. The stiffness was calculated according to the formula K¼Fp/dp (Fp
is the yield load and dp is the elastic displacement). The elastic modulus
was calculated according to the formula E ¼ FpL3/48dpI (L is the dis-
tance between two supporting points and I is the moment of inertia of the
cross-section in relation to the horizontal axis). The moment of inertia of
the cross-section in relation to the horizontal axis was calculated ac-
cording to the formula I ¼ π(BH3-bh3)/64 (B is the external major-axis
length of the femur at the fracture point, b is the internal major-axis
length of the femur at the fracture point, H is the external minor-axis
length of the femur at the fracture point, and h is the internal minor-
axis length of the femur at the fracture point). The maximum energy
absorption was calculated based on the formula U¼Fpdp/2, and the
bending stress was calculated according to the formula σ ¼ FLH/8I (F is
the maximum load). The maximum strain was calculated in accordance
with the formula ε ¼ 12 dH/2L2 (d is the ultimate displacement).

2.15. Enzyme-linked immunosorbent assay

Retro-orbital blood was collected before the mice were analysed. In
brief, the mice were anaesthetized and placed in a head-down tilt posi-
tion, and retroorbital blood was then sampled using a blood collection
tube, stored at 4 �C overnight, and centrifuged at 3000 rpm for 10 min.
The serum supernatant was collected for analysis. The corticosterone
serum levels were detected by enzyme-linked immunosorbent assay
(ELISA) using a corticosterone enzyme immunoassay kit (KAY, KX-
76430, Shanghai, China) according to the manufacturer’s instructions.
The detection sensitivity was set to 1.0 ng/ml, and the lower limit of
detection was set to 1.0 ng/ml.

2.16. Statistics

All the data are presented as the means � SDs. Significant differences
among multiple groups were determined by one-way ANOVA with
Dunnett’s multiple comparisons test. A P value less than 0.05 was
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considered to indicate statistical significance: and these values are
labelled as * P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
GraphPad Prism (version 8.0) was used for the statistical analyses.

3. Results

3.1. A 3D-ULD was generated for the mouse unloading model

To determine the size of the 3D-ULD, we first determined various
body parameters of the mice, including the body length, body width,
thickness of the tail and position of the hip joint and then used these body
parameters as references for designing the 3D-ULD. To appropriately
accommodate each mouse, the maximum width and height of the 3D-
ULD were set to 91.8 mm and 65.5 mm, respectively (Fig. 1A–I, V). To
determine the appropriate angle for each mouse (appropriately 30�) to
ensure disuse of their hindlimbs, the height of the bearing surface of the
middle cavity was set to 19.2 mm (Fig. 1A–II). Furthermore, to suit the
different body sizes of the various mice and their growing bodies, the
maximumwidth and height of the middle cavity were set to 30.6 mm and
20.1 mm, respectively, and the width could be adjusted freely using two
rotary cushions (Fig. 1A–II). Fig. 1A–VI and VII show the structure of the
rotary cushions. To allow fixation of the tails of the mice, the width of the
tail-fixing cavity was set to 6.0 mm, and the space of the cavity could be
modulated with an upper rotary cushion (Fig. 1A–II). To achieve a suit-
able bearing surface area, the thickness of the 3D-ULD was set to 10.6
mm (Fig. 1A–III). A 3D rendering of the 3D-ULD is shown in Fig. 1A–IV.
3D printing technology was used to generate and assemble components
of the unloading device (Fig. 1B–I - III). After being anaesthetized, the
mice were unloaded easily and steadily in the 3D-ULD (Fig. 1B–IV, V).
5

3.2. Effective bone loss due to disuse was induced in the mice unloaded in
the 3D-ULD

To explore the impact of the 3D-ULD-based unloading method on the
disused bones of mice, we collected femurs from mice belonging to the
control group, the tail suspension group and the 3D-ULD unloaded group
for micro-CT measurements. The mice in the tail suspension group
showed a reduced femur length comparedwith the control mice, whereas
the 3D-ULD mice showed a femur length comparable with that of the
control mice (Fig. 2B). Obvious trabecular bone loss was observed in the
tail suspension and 3D-ULD unloaded groups compared with the control
group (Fig. 2A). According to the micro-CT quantitative analysis, the
mice suspended by their tail or unloaded in the 3D-ULD displayed sig-
nificant decreases in bone volume per tissue volume (BV/TV), trabecular
number (Tb.N), and trabecular thickness (Tb.Th) (Fig. 2B). Moreover,
compared with the tail suspension group, the 3D-ULD group showed
more trabecular bone loss and a significant decrease in BV/TV, but no
significant differences in Tb.N and Tb.Th were found between these two
groups (Fig. 2A and B). In addition, we found significant decreases in the
bone mineral density (BMD) in the disused femurs of mice unloaded in
the 3D-ULD or suspended by their tail (Fig. 2B). In addition, von Kossa
staining was performed. As shown in Fig. 2E, lighter von Kossa staining
and less bone volume were found in the tail suspension and 3D-ULD
unloaded groups, and these findings were consistent with the quantita-
tive results from the micro-CT analysis. However, a comparable BMD of
disused femurs was found between the mice suspended by their tail and
those unloaded in the 3D-ULD (Fig. 2B, E). In addition to trabecular bone
parameters, we also analysed cortical bone phenotypes. The micro-CT
results showed that both the suspended and unloaded mice exhibited
Fig. 2. Bone loss in femurs of mice unloaded in the
3D-ULD (A) Representative micro-CT images showing
bone structures and trabecular bone of the femurs of
mice belonging to the control, tail suspension and 3D-
ULD unloaded groups. Scale bar: 1.0 mm in all the
panels. The yellow regions in the upper panels indi-
cate the region of interest for quantitative measure-
ments (B) Micro-CT measurements of bone volume
per tissue volume (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), bone mineral density
(BMD) and length in the femurs of mice belonging to
the control, tail suspension and 3D-ULD unloaded
groups, n ¼ 6 (C) Representative micro-CT images
showing the cortical bone of the femurs of mice
belonging to the control, tail suspension and 3D-ULD
unloaded groups. Scale bar: 1.0 mm (D) Micro-CT
measurements of femur cortical bone thickness
(Ct.Th), cortical bone area (Ct.Ar) and periosteal
perimeter of cortical bone of the mice belonging to the
control, tail suspension and 3D-ULD unloaded groups,
n ¼ 6 (E) Representative von Kossa staining images of
femurs of mice belonging to the control, tail suspen-
sion and 3D-ULD unloaded groups. Scale bar: 500 μm.
The data are presented as the means � SDs. The sig-
nificant differences among the three groups were
determined by one-way ANOVA with Dunnett’s mul-
tiple comparisons test. P < 0.05 was considered to
indicate statistical significance. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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thinner cortical bone than the control mice (Fig. 2C). The cortical bone
thickness (Ct.Th) and cortical bone area (Ct.Ar) of the femur were
significantly lower in the two experimental groups compared with the
control group (Fig. 2D). However, no significant difference in cortical
bone phenotype was found between the tail suspension group and the
3D-ULD unloaded group (Fig. 2C and D). No differences in the endo-
cortical perimeter of the femur were found among the three groups
(Fig. 2D). Moreover, we examined the muscles of the hindlimbs and
noted obvious hindlimb muscle atrophy in the mice that were suspended
or unloaded (Supplemental Figure 2A). Additionally, we weighed the
soleus, gastrocnemius and rectus femoris muscles of the mice and found
significant reductions in muscle weight in the two experimental groups
(Supplemental Figure 2B). The weights of the hindlimb muscles of the
mice unloaded in the 3D-ULD were compared with those of mice in the
tail suspension group (Supplemental Figure 2B). To explore the long-term
effect of our method on disused bones, we prolonged the unloading time
in the 3D-ULD from 1 month to 2 months (Supplemental Figure 3A).
According to themicro-CT results, the femurs inmice unloaded in the 3D-
ULD for 2 months showed increased trabecular bone loss than those of
the mice unloaded for 1 month (Supplemental Fig. 3B and C). Consis-
tently, a thinner cortical bone was found in the mice subjected to an
extended unloading time of 2 months (Supplemental Fig. 3B and C).
6

3.3. Bone resorption was enhanced in mice unloaded in the 3D-ULD

H&E staining results showed that the bone volume of the femurs was
markedly decreased in the suspended and unloaded mice (Fig. 3A).
Additionally, we explored the alterations in the bone resorption activity
of the mice. The TRAP staining results indicated increased osteoclast
numbers and enhanced bone resorption activity in the two experimental
groups (Fig. 3B). The bone morphometric analysis results similarly
indicated that the suspended and unloaded mice showed significantly
increased bone resorption parameters, including the osteoclast number
per bone perimeter (Oc.N/B.Pm) and the osteoclast surface per bone
surface (Oc.S/BS) (Fig. 3D). To further verify the enhancement of bone
resorption activity, we conducted anti-CTSK IHC staining. The staining
results showed that mice suspended by the tail or unloaded in the 3D-
ULD displayed markedly increased CTSK expression in the femurs
(Fig. 3C). We also measured the expression levels of bone resorption-
related genes, including Ctsk, Trap and Mmp9. Consistently, the Q-PCR
results showed that the expression levels of bone resorption-related genes
(Ctsk, Trap and Mmp9) in the two experimental groups was significantly
higher than those in the control group (Fig. 3E). Taken together, these
results suggest that bone resorption was significantly enhanced in the
mice unloaded in the 3D-ULD, and similar bone resorption was found
with the unloaded and tail suspension groups.
Fig. 3. Enhanced bone resorption in mice unloaded in
the 3D-ULD (A) Representative H&E staining images
of femurs of mice belonging to the control, tail sus-
pension and 3D-ULD unloaded groups. Scale bar: 500
μm (B) Representative TRAP staining images of fe-
murs of mice belonging to the control, tail suspension
and 3D-ULD unloaded groups. Scale bar: 500 μm in
the upper panels and 100 μm in the lower panels. The
black arrows indicate TRAP-positive osteoclasts (C)
Representative anti-CTSK immunohistochemical
(IHC) staining images of femurs of mice belonging to
the control, tail suspension and 3D-ULD unloaded
groups. Scale bar: 100 μm (D) Quantification of oste-
oclast and bone resorption metrics, osteoclast number
per bone perimeter (Oc.N/B.Pm) and osteoclast sur-
face per bone surface (Oc.S/BS) in femurs of mice
belonging to the control, tail suspension and 3D-ULD
unloaded groups, n ¼ 6 (E) Q-PCR analysis of Ctsk,
Trap and Mmp9 expression levels in the tibia of mice
belonging to the control, tail suspension and 3D-ULD
unloaded groups, n ¼ 3. The data are presented as
the means � SDs. The significant differences among
the three groups were determined by one-way ANOVA
with Dunnett’s multiple comparisons test. P < 0.05
was considered to indicate statistical significance. *P
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.4. Osteogenic activity was inhibited in the mice unloaded in the 3D-ULD

The variation in osteogenic activity of the mice was also analysed. To
determine the bone formation rate, double labelling was conducted. The
mice that were suspended or unloaded exhibited a markedly decreased
new bone formation rate (Fig. 4A, C). Bone formation ability was most
significantly inhibited in the mice unloaded in the 3D-ULD (Fig. 4A, C).
According to the quantitative analysis, the bone dynamic histomorpho-
metric parameters MAR and BFR/BS were markedly reduced in the two
experimental groups (Fig. 4B, D). Moreover, the ALP and anti-DMP1 IHC
staining results showed that osteogenic activity was substantially
inhibited in the disused femurs of mice suspended by the tail or unloaded
in the 3D-ULD (Fig. 4E, G). Consistently, the bone morphometric analysis
indicated that two bone formation parameters, namely, the osteoblast
number per bone perimeter (Ob.N/B.Pm) and the osteoblast surface per
bone surface (Ob.S/BS), were significantly decreased in the tail suspen-
sion group and 3D-ULD unloaded group (Fig. 4F). Significantly decreased
bone formation parameters were found in the 3D-ULD unloaded group
compared with the tail suspension group (Fig. 4F). Furthermore, the
expression levels of osteogenic genes (Runx2, Alp and Dmp1) were
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markedly decreased in the two experimental groups (Fig. 4H). Therefore,
the tail suspension and the 3D-ULD unloading method significantly
inhibited bone formation activity in disused femurs, whereas the inhi-
bition of osteogenic activity induced by the 3D-ULD unloading method
was more marked than that induced by tail suspension.
3.5. The mechanical properties of the femurs were attenuated in mice
unloaded in the 3D-ULD

We further tested the mechanical properties of femurs using a three-
point bending test (Fig. 5A). According to the results, the ultimate force
of the disused femurs was significantly decreased in the tail suspension
and 3D-ULD unloaded groups (Fig. 5B). Furthermore, the femurs of the
suspended and unloaded mice showed obvious decreases in stiffness and
the elastic modulus (Fig. 5B). Moreover, the femurs of the two experi-
mental groups exhibited less maximum energy absorption and decreased
bending stress than those of the normal control group, as determined by
the three-point bending test (Fig. 5B). In addition, the maximum strain
on the femurs was significantly increased in the two experimental groups.
In summary, the 3D-ULD unloading method effectively attenuated the
Fig. 4. Inhibition of osteogenic activity in
mice unloaded in the 3D-ULD (A) Represen-
tative images showing the cortical bone for-
mation rates of the control, tail suspension
and 3D-ULD unloaded groups as determined
by double labelling with calcein and xylenol
orange. Scale bar: 50 μm (B) Bone histo-
morphometric analysis of the mineralization
rate (MAR) and bone formation rate per bone
surface (BFR/BS) of cortical bone of the
control, tail suspension and 3D-ULD unloa-
ded groups, n ¼ 6 (C) Representative images
showing the trabecular bone formation rates
of the control, tail suspension and 3D-ULD
unloaded groups as determined by double
labelling with calcein and xylenol orange.
Scale bar: 50 μm (D) Bone histomorpho-
metric analysis of the mineralization rate
(MAR) and bone formation rate per bone
surface (BFR/BS) of trabecular bone of the
control, tail suspension and 3D-ULD unloa-
ded groups, n ¼ 6 (E) Representative anti-
DMP1 immunohistochemical staining (IHC)
images of femurs of mice from the control,
tail suspension and 3D-ULD unloaded
groups. Scale bar: 50 μm (F) Quantification
of osteoblast and bone formation metrics,
osteoblast number per bone perimeter
(Ob.N/B.Pm) and osteoblast surface per bone
surface (Ob. S/BS) in femurs of mice from
the control, tail suspension and 3D-ULD
unloaded groups, n ¼ 6 (G) Representative
ALP staining images of femurs of mice from
the control, tail suspension and 3D-ULD
unloaded groups. Scale bar: 500 μm in the
upper panels and 100 μm in the lower panels
(H) Q-PCR analysis of Runx2, Alp and Dmp1
expression in tibia of mice belonging to the
control, tail suspension and 3D-ULD unloa-
ded groups, n ¼ 6. The data are presented as
the means � SDs. The significant differences
among the three groups were determined by
one-way ANOVA with Dunnett’s multiple
comparisons test. P < 0.05 was considered to
indicate statistical significance. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.



Fig. 5. Attenuated mechanical properties of bone in
mice unloaded in the 3D-ULD (A) Schematic diagram
illustrating the three-point bending test (B) Analysis
of the ultimate force, stiffness, elasticity modulus,
maximum energy absorption, bending stress and
maximum strain in femurs of mice from the control,
tail suspension and 3D-ULD unloaded groups using
the three-point bending test, n ¼ 6. The data are
presented as the means � SDs. The significant differ-
ences among the three groups were determined by
one-way ANOVA with Dunnett’s multiple compari-
sons test. P < 0.05 was considered to indicate statis-
tical significance. ns, not significant, *P < 0.05, **P <

0.01, ***P < 0.001, ***P < 0.0001.
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mechanical properties of the disused femurs of the mice to levels com-
parable to those of the mice subjected to the tail suspension method.
3.6. The mice unloaded in the 3D-ULD exhibited alleviated side effects

We subsequently examined the side effects that are usually observed
in a mouse suspended by its tail. When a mouse is suspended by its tail,
the tail shows evidence of rupture of the skin and a nonphysiological
8

curve (Fig. 6A). However, no obvious tail damage was observed in the
mice unloaded in the 3D-ULD (Fig. 6A). Moreover, a significant decline in
body weight was detected in mice during the first week of tail suspension
(Fig. 6B). The body weight of the tail suspension group was obviously
lower than that of the control group. And this decrease may have been
induced by chronic mental stress (Fig. 6B). Only a slight decrease in body
weight was detected in the mice unloaded in the 3D-ULD (Fig. 6B).
Furthermore, the chronic mental stress of the mice was assessed. The
Fig. 6. Alleviated side effects in mice unloaded in the
3D-ULD (A) Images showing tails of the mice
belonging to the control, tail suspension and 3D-ULD
unloaded groups (B) Analysis of the body weight of
mice from the control, tail suspension and 3D-ULD
unloaded groups, n ¼ 6. Images showing the thymus
(C) and spleen (D) isolated from mice belonging to the
control, tail suspension and 3D-ULD unloaded groups.
Analyses of the thymus index (E) and spleen index (F)
of mice belonging to the control, tail suspension and
3D-ULD unloaded groups, n ¼ 6. Representative H&E
staining images of the thymus (G) and spleen (H) of
mice from the control, tail suspension and 3D-ULD
unloaded groups. Scale bar: 100 μm in (G) and 200
μm in (H) (I) Serum corticosterone levels in mice from
the control, tail suspension and 3D-ULD unloaded
groups determined by ELISA, n ¼ 6. The data are
presented as the means � SDs. The significant differ-
ences among the three groups were determined by
one-way ANOVA with Dunnett’s multiple compari-
sons test. P < 0.05 was considered to indicate statis-
tical significance. ns, not significant, **P < 0.01, ***P
< 0.001, ***P < 0.0001.
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mice in the tail suspension group exhibited obvious atrophy of the
thymus and spleen (Fig. 6C and D). Consistently, the thymus and spleen
indices of the tail suspension group were significantly lower than those of
the control group (Fig. 6E and F). Slight atrophy of the thymus and spleen
was observed in the mice unloaded in the 3D-ULD, whereas the thymus
and spleen indices were not significantly altered in the mice unloaded in
the 3D-ULD compared with the control mice (Fig. 6C–F). Moreover, H&E
staining showed no marked alteration in the thymus in the unloaded
mice, although obvious loss of the medulla of the thymus was detected in
the suspended mice (Fig. 6G). In addition, the white pulp of the spleen
showed a decrease in area and an unclear demarcation in the tail sus-
pension group, and the demarcation of the white pulp of the spleen was
maintained in the 3D-ULD unloaded group (Fig. 6H). Additionally, no
obvious differences in the other vital organs (heart, lung, liver and kid-
neys) were detected among the three groups (Supplemental Figure 4).
The serum corticosterone levels were also measured by ELISA, and the
results indicated a significant increase in the serum corticosterone levels
in the tail suspension group compared with the control group (Fig. 6I).
However, the serum corticosterone levels in the 3D-ULD group were
significantly lower than those in the tail suspension group. The novelty of
this study is summarized in Fig. 7: the mice unloaded in the 3D-ULD
exhibited marked decreases in bone mass in the disused hindlimbs but
did not suffer from chronic stress, pain or immobilizations.

4. Discussion

Bone loss caused by disuse is more severe than that caused by ordi-
nary primary osteoporosis. Disuse can cause a large amount of bone loss
within a relatively short period of time, which results in a high risk of
fracture and related diseases [4]. In daily life, the lower limb bone of
humans is subjected to three types of mechanical loading, including static
gravity-related weight bearing, ground reaction forces and dynamic
loading generated by muscle contractions during locomotion. The
absence or decrease in mechanical loading results in disuse osteoporosis
[19]. For the in-depth study of disuse osteoporosis, it is important to
establish a reasonable bionic and stable animal model of disuse osteo-
porosis. According to previous studies, several types of animal models of
disuse osteoporosis have been examined [13]. However, the current
models used for investigating disuse osteoporosis face several limitations:
(1) Most methods are invasive and harmful to animals. For instance, the
Fig. 7. Schematic representation of bone loss in mice unloaded in the 3D-ULD. Mice
bone mass. The unloaded mice exhibited significantly decreased trabecular bone an
resorption with increased osteoclasts and inhibited bone formation with decreased o
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tail suspension method may cause sloughing of the tail skin and can even
damage the ventral artery and vein of the tail [14,20]. Moreover, cir-
culatory disturbances in the tail make long-term tail suspension impos-
sible [21]. (2) Under the constraints of unloading devices, animals are
unable to move freely, which greatly affects the chow intake and mental
state of the animals [22,23]. (3) Complicated equipment installation or
surgery requires the operators to have certain experience levels, and the
unloading effects on animals could show variations among different
operators [24,25]. (4) Because the hindlimbs of the animals still show
partial weight bearing in some of the established models of disuse oste-
oporosis, a model with improved consistency is needed [11,26,27]. (5)
The growth of an animal and the increases in its body size during the
modelling period also need to be considered.

To overcome the abovementioned shortcomings, we designed a
noninvasive method for inducing disuse osteoporosis in mice based on
3D printing technology. The approach, which involves support rather
than suspension or surgery, does not induce obvious damage to the
unloaded mice. Moreover, the movable design allows elevation of the
mice at a head-down angle of approximately 30� with their hindlimbs
effectively unloaded. The unloaded mice had free access to food and
water through the use of their forelimbs. Furthermore, the 3D-ULD,
which was designed based on body parameters of the mice, can be
freely modulated based on the increasing body size of the growing
unloaded mice through rotary knobs. We systematically evaluated this
mouse model of disuse osteoporosis in terms of histomorphology, mo-
lecular biology, mechanical properties and chronic stress and performed
head-to-head comparisons with the model established using the tail
suspension method. In previous studies, approximately 45% trabecular
bone loss was found in mouse femurs after 1 month of tail suspension
[28,29]. According to the results of our study, the mice unloaded in
3D-ULD for 1 month exhibited approximately 70% trabecular bone loss
in their femurs, whereas tail suspension for 1 month induced approxi-
mately 50% trabecular bone loss, which indicated that bone loss was
induced effectively through unloading in the 3D-ULD. This new method
resulted in more effective stimulation of trabecular bone loss in unloaded
bone. More trabecular bone loss was induced in our unloadedmodel than
in the tail suspension model, and this increased bone loss may have
resulted from a reduction in movement and less muscular activation in
the hindlimbs of the mice in the 3D-ULD. Moreover, we found that
cortical bone gradually became thinner in the mice unloaded using this
unloaded in the 3D-ULD exhibited obvious alterations in the bone structure and
d thinner cortical bone, and these effects mainly resulted from enhanced bone
steoblasts.
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noninvasive method, and 10% cortical bone mass loss in the femur was
observed after 1 month of unloading. Previous studies indicated that 1
month of tail suspension results in approximately 10% cortical bone mass
loss in mice [28,29], which was consistent with the results observed for
the tail suspension group in this study. In terms of stimulating bone loss,
our method exerted similar effects as tail suspension.

Bone loss occurs because of an imbalance between bone resorption
and bone formation. For example, astronauts lose bone during space
flight, exhibiting markedly increased bone resorption [30]. In a
long-term 90-day bed rest study in humans, bone loss occurred mainly
due to tremendous enhancement of bone resorption [31]. C57BL/6 mice
subjected to tail suspension for 2 weeks also exhibited markedly
enhanced bone resorption [32]. Moreover, immobilization of mice or rats
enhances bone resorption [6,7]. In our mouse model, the bone resorption
parameters Oc.N/B.Pm and Oc.S/BS dramatically increased in unloaded
3D-ULD mice. Consistently, the expression levels of bone
resorption-related genes, including Ctsk, Trap, and Mmp9, significantly
increased. Furthermore, TRAP and anti-CTSK IHC staining showed
enhanced bone resorption activity in the unloaded mice. Therefore, the
results indicate that enhanced bone resorption plays an important role in
the loss of bone observed in the mice unloaded in the 3D-ULD. Notably,
human bone formation was found to be inhibited in a long-term bed rest
study [31]. We found that bone formation was inhibited in mice after
unloading in the 3D-ULD. The poor bone formation observed in the tail
suspension group was consistent with the results obtained in previous
studies [33,34]. The unloaded mice exhibited a significantly decreased
bone formation rate, as determined by double labelling. Moreover, the
bone formation parameters MS/BS, MAR, BFR/BS, Ob.N/B.Pm and
Ob.S/BS was also significantly reduced in the unloaded mice. Moreover,
the expression levels of bone formation-related genes, including Runx2,
Alp and Dmp1, were consistently decreased in the mice unloaded in the
3D-ULD. In summary, the observed bone loss was mainly attributed to
enhanced bone resorption and inhibited bone formation. In addition to a
decreased bone volume, we detected attenuated mineralization in the
mouse femurs under unloaded conditions. Additionally, the mice sub-
jected to tail suspension for 1 month exhibited a 10% lower BMD in their
femurs [28,29]. Similarly, our results showed that the BMD in the femur
was decreased by an average of 10% in the mice unloaded for 1 month,
and this loss tendency was maintained with an extended unloading
period.

According to previous studies, the bone of patients with osteoporosis
exhibits significantly decreased mechanical properties [35,36]. Animal
studies have shown that mechanical properties, including maximum
load, stiffness, energy absorption, elastic force and elastic modulus, are
significantly decreased in mice and rat subjected to tail suspension [37,
38]. In this study, we also observed attenuated mechanical properties in
the femurs of mice suspended by their tail or unloaded in the 3D-ULD.
More importantly, the mechanical test results revealed that the ulti-
mate force, stiffness, elastic modulus, maximum energy absorption and
bending stress of the disused femurs of mice unloaded in the 3D-ULD
were significantly decreased, and the maximum strain of the disused
femurs was markedly increased; these findings were mainly due to bone
loss, the thinning of cortical bone, and the attenuation of mineralization.

In our study, we noted an approximately 5% reduction in body weight
gain in the unloaded mice compared with the control mice, whereas the
mice in the tail suspension group showed a greater reduction in body
weight gain; these findings agree with the results from previous studies,
which indicated a 10%–18% decrease in body weight gain in mice sus-
pended by their tail for 2 weeks [24,33]. The decrease in the body weight
of the mice may have been related to stress suffered during our experi-
ment. Tail suspension could induce chronic stress in mice, which causes
an increase in the corticosterone levels and lymphoid organ atrophy [39,
40]. In addition to being a common strategy for modelling disuse oste-
oporosis in animals, tail suspension is also used to stimulate depressive
behaviour in mice and to screen for antidepressant drugs [41,42].
Although the mice exhibited a slight decrease in body weight, the mice
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unloaded in the 3D-ULD did not exhibit obvious loading pain or stress.
The corticosterone levels and the lymphoid organ (spleen and thymus)
state could reflect the chronic stress state of mice. The mice suspended by
their tail suffered from obvious chronic stress, as indicated by increased
corticosterone serum levels and decreased spleen and thymus indices.
The mice unloaded in the 3D-ULD showed normal corticosterone levels
and spleen and thymus indices. Therefore, mice could be unloaded for a
long time in the 3D-ULD to stimulate disuse osteoporosis without
inducing obvious damage.

The ovariectomized (OVX) and disuse osteoporosis model shows
several key differences from the commonly used postmenopausal osteo-
porosis model. In the OVXmodel, the main factor resulting in bone loss is
a decrease in oestrogen due to ovariectomy [43]. However, a model of
disuse osteoporosis is mainly constructed through a reduction in the
mechanical stimulation of bone, as can be achieved via tail suspension
[44]. According to previous reports, OVX mice with hormone reduction
usually exhibit an increased body weight [45]. In contrast, mice showing
a disuse phenotype exhibit a decrease in body weight due to a reduction
in intake. More than 2 months are needed to establish postmenopausal
osteoporosis in mice; however, only 2 weeks to 1 month are needed for
the induction of disuse osteoporosis [13]. According to our previous
study, an OVXmouse model exhibits approximately 50% trabecular bone
loss after 3 months [46]. In a mouse model of disuse osteoporosis,
trabecular bone is rapidly lost, and 50% trabecular bone loss is detected
after 1 month. Some studies have revealed a decrease in cortical bone
thickness in OVX mice, whereas some studies have shown no alteration.
The age of the mice subjected to OVX may determine the alteration in
cortical bone. In brief, 2-month-old mice undergoing skeletal growth
exhibit a decrease in the cortical bone thickness after ovariectomy, and
3-month-old mice with a mature skeleton rarely show alterations in the
cortical bone thickness after ovariectomy [47,48]. However, a decrease
in cortical bone thickness is detected inmice exposed to disuse conditions
for a relatively short period, and this decrease results in attenuated me-
chanical properties [28]. In a human study, increased cortical porosity
was found after long-term immobilization compared with that found
with postmenopausal osteoporosis, and this increase was found to be
related to lower osteocyte viability and impaired osteocyte connectivity
[49],

In this study, the device used for stimulating disuse osteoporosis was
printed using 3D printing technology. We believe that the use of 3D-
printed models is a simple and accurate method that can be adapted to
different types of animal models and different application scenarios.
Using the same design ideas and corresponding programs, we speculate
that our method could also be applicable for larger animals, such as rats
and rabbits.

Moreover, some aspects of our modelling method need to be further
optimized. Currently, the device must be monitored to prevent it from
causing additional stress to the animals and to prevent it from detaching
from the mice. Due to time limitations, the application of 3D-ULD needs
to be further characterized in our future work. In addition, more
advanced 3D-printing materials could be applied to enhance the porta-
bility and stability of this device in the future. Additionally, this study has
several limitations. Female mice were not included in the experiment. A
previous study showed greater bone loss in both the trabecular and
cortical bones of female mice than in male mice after 21 days of
unloading [50]. Moreover, the study was initiated with 3-month-old
male mice, which are at a stage of slow skeletal growth. Further
studies initiated with aged mice with a mature skeleton are needed to
make this model applicable for the study of osteoporosis induced by
space flight, long-term limb immobilization or bed rest in adults. Based
on the results of the present study, the direct connection between muscle
atrophy and bone loss remains unclear. Less attention was given to the
mechanism underlying disuse osteoporosis, particularly in this new
model. Integrin-based focal adhesion and Pizo1 ion channels in osteo-
cytes reportedly play a role in disuse osteoporosis, and this finding may
provide a basis for studying the underlying mechanism in our future
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studies [51,52]. Moreover, the materials used for printing the unloading
device could be updated to make a sufficiently light device, and this topic
needs to be addressed in the future.

In summary, this study developed a simple and noninvasive strategy
for establishing a stable unloading model. This model could promote
disuse osteoporosis-related research and could thus aid the study of bone
loss mechanisms in typical unloading situations such as long-term bed
rest or space flight. The 3D-ULD can minimize both harm to animals and
the impact of unloading on their lives, and the device thus ensures animal
welfare. The integration of 3D printing technology and the noninvasive
aspect of our experimental approachwill provide new ideas and technical
support for expanding the application of unloading for the establishment
of various animal models.
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