
journal of the mechanical behavior of biomedical materials 124 (2021) 104719

Available online 20 August 2021
1751-6161/© 2021 Elsevier Ltd. All rights reserved.

Microstructure and mechanical behaviors of tibia for collagen-induced 
arthritic mice treated with gingiva-derived mesenchymal stem cells 

Yuxiao Zhou a, Junlong Dang b, Ye Chen c, Song Guo Zheng c, Jing Du a,* 

a Department of Mechanical Engineering, Pennsylvania State University, University Park, PA, USA 
b Department of Clinical Immunology, Third Affiliated Hospital at the Sun Yat-sen University, Guangzhou, China 
c Division of Rheumatology and Immunology, Department of Internal Medicine at Ohio State University of Medicine and Wexner Medical Center, Columbus, OH, USA   

A R T I C L E  I N F O   

Keywords: 
Collagen induced arthritis 
Stem cell 
Micro-CT 
Digital volume correlation 

A B S T R A C T   

Rheumatoid arthritis (RA) is a systemic polyarticular arthritis that primarily affects the small joints but also 
causes bone erosion in large joints. None of the currently existing treatment approaches is curable. In this study, 
the effects of human gingiva-derived mesenchymal stem cells (GMSCs) on collagen-induced arthritis (CIA) mice 
are examined by experimentally assessing the microstructure and mechanical behaviors of tibia. Bone 
morphology and mineral density of mouse tibiae were assessed using micro-X-ray computed tomography (micro- 
CT). Compression testing was performed on mouse tibia to access its stiffness. The deformation and strain 
localized inside proximal tibia were mapped using mechanical testing coupled with micro-CT and digital volume 
correlation of micro-CT images. The results show that CIA disease caused bone erosion in epiphyseal cortical 
bone, which manifested into the adjacent epiphyseal trabecular bone, and also affected the metaphyseal cortical 
bone. CIA disease also weakened the load-bearing function of proximal tibia. GMSC treatment interfered with the 
progress of CIA, attenuated the bone erosion in epiphyseal and metaphyseal trabecular bone and resulted in 
improved load-bearing function of proximal tibia. GMSCs provide a promising potential treatment of autoim-
mune arthritis.   

1. Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease affecting more 
than 1.3 million people in the United States (Helmick et al., 2008), with 
a female/male ratio of 2.5/1 (Lee and Weinblatt, 2001). It causes 
chronic inflammation of the joints, which may lead to bone erosion in 
small joints as well as large joints (Firestein, 2003), including knees and 
shoulders (Schett and Gravallese, 2012; Lee and Choi, 2012; Lindqvist, 
2002; Perhala et al., 1991; Clarke et al., 2016; Kirwan et al., 1994; 
Hermann et al., 2003; Rittmeister and Kerschbaumer, 2001; Kelly et al., 
1987). Bone erosions represent localized bone loss, initially involving 
breaks in the cortical bone surface, then often accompanied by 
destruction of the adjacent trabecular bone. Bone erosions result from 
the imbalance in bone remodeling activities, including the excessive 
bone resorption by osteoclasts and inadequate bone formation by oste-
oblasts (Schett and Gravallese, 2012). 

RA patients are treated with disease-modifying antirheumatic drugs 
(DMARDs), non-steroidal anti-inflammatory drugs (NSAIDs) and 

glucocorticoids. Although some currently existing treatments inhibit 
both bone erosion and inflammation, repair of existing bone lesions 
rarely occurs (Schett and Gravallese, 2012). Lack of repair is partly due 
to proinflammatory cytokines that suppress bone formation (Schett and 
Gravallese, 2012). Although these treatments are favorable for most 
patients, they may be associated with serious long-term side effects. 
More importantly, none of them is curative (Firestein, 2003; Aletaha and 
Smolen, 2018). Therefore, new treatment approaches are still urgently 
needed. 

Substantial evidence exists that naturally occurring regulatory T cells 
(nTreg) play an important role in the prevention of autoimmune diseases 
including RA (Sakaguchi et al., 2008; Zhou et al., 2010; Frey et al., 
2010). However, it is challenging to stabilize nTregs in the inflammatory 
condition and to maintain their functionality (Chen et al., 2020). Unlike 
nTreg, induced Treg cells (iTreg) are stable and functional in conditions 
with inflammation (Lan et al., 2012; Zheng et al., 2004a, 2004b). We’ve 
previously demonstrated that infusion of human gingiva-derived 
mesenchymal stem cells (GMSCs) enhanced iTreg cells differentiation 
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and down-regulated inflammatory cytokine production in 
collagen-induced arthritis (CIA) mice (Chen et al., 2013), a mice model 
that shares many common features with rheumatoid arthritis (Trentham 
et al., 1977). We’ve previously shown that histopathological evaluation 
on bone/cartilage destruction suggested a significant delay in arthritis 
onset and a decrease in arthritis severity after adoptive transfer of 
GMSCs (Chen et al., 2013). In our prior work, micro X-ray computed 
tomography (micro-CT) evaluation showed the bone volumes of meta-
tarsophalangeal joints were significantly higher in GMSC-treated mice 
than those in the CIA mice (Luo et al., 2019). 

The load-bearing function of bone upon CIA disease and GMSCs 
treatment has never been explored. The structure-function relationship 
in GMSC-treated CIA mice bone is not clear either. This study aims at 
investigating the load-bearing functional responses of GMSC-treated CIA 
mouse tibia and its relationship with the changes in bone microstruc-
ture. In this work, CIA mice were treated with GMSCs. Bone mineral 
density and microstructures in tibiae were assessed based on micro-CT 
imaging. The mechanical behaviors of tibiae were characterized by 
compression testing. The localized micro-scale deformation and strain 
inside proximal tibia were mapped using mechanical testing coupled 
with micro-CT. The effects of GMSC treatment on the form and function 
of CIA tibia bone were discussed. 

2. Materials and methods 

2.1. Sample preparation 

The following animal work has been approved by the Institutional 
Animal Care and Use Committee (IACUC) of Penn State University and 
Ohio State University, respectively. All experimental procedures were 
conducted in compliance with the ARRIVE guidelines and National In-
stitutes of Health (NIH) Guide for Care and Use of Laboratory Animals. 
The details of arthritis induction and GMSC treatment are described in 
our prior publication (Chen et al., 2013). Female FoxP3gfp reporter 
DBA/1J mice (Jackson Laboratory, Bar Harbor, ME) were bred at the 
Penn State University and Ohio State University. All mice were main-
tained and handled under specific-pathogen-free (SPF) conditions ac-
cording to the IACUC and facilities guidelines approved in each of the 
respective institutes. All mice were fed with LabDiet® 5K52 formulation 
(6% fat) and housed under corncob granules condition. 

At week 8, all mice were randomly divided into four groups. One 
group didn’t receive any injection (unoperated control group, n = 9), 
whereas collagen induced arthritis (CIA) was induced in other three 
groups via immunization of type II collagen (emulsified in Complete 
Freund adjuvant, 100 μg/mouse). One of these three groups didn’t 
receive any injection after inducing arthritis (CIA group, n = 15). Two 
weeks after arthritis induction, gingival tissue-derived mesenchymal 
stem cells (GMSCs) were infused into a group of mice by single intra-
venous injection of 2 × 106 GMSCs for each mouse (GMSCs-treated 
group, n = 15) (Chen et al., 2013). Alternatively, a similar dose of 
human dermal fibroblasts (American Type Culture Collection, Manassas, 
VA) was injected intravenously into a group of mice (negative control 
group, n = 10) (Chen et al., 2013). 

In another 6 weeks, all four groups of mice were sacrificed. Tibiae 
were collected with all soft tissue and fibulae carefully removed. Tibia 
specimens were first wrapped in Kimwipe (Kimberly-Clark, Irving, TX) 
soaked with modified Hanks’ Balanced Salt Solution (HBSS) (Sigma 
Aldrich, St. Louis, MO), and then wrapped in parafilm to prevent 
dehydration. They were kept frozen at − 23 ◦C, until 12 h prior to the 
following testing, when they were thawed in fridge. 

2.2. Bone mineral density assessment 

All tibia specimens were scanned in a micro-CT (Phoenix v|tome|x 
L300, GE, Boston, MA) with 100 kV voltage, 120 μA current, 285 kVp X- 
ray tube peak potential peak, 200 ms integration time per projection and 

frame averaging of 3. The specimens were wrapped in Kimwipe soaked 
with HBSS. Micro-CT images of proximal tibia together with tibial shaft 
were obtained (Fig. 1). The isometric voxel size was 12 μm. Each micro- 
CT image stack was segmented using the watershed algorithm in an 
image analysis software (Avizo, FEI Visualization Sciences Group, Bur-
lington, MA), with the same threshold across specimens for consistency. 
The proximal epiphyseal region spanned from the proximal tibial 
plateau to the growth plate. The metaphyseal region started from the 
growth plate and extended 1.2 mm proximally. The diaphyseal region 
started where the metaphyseal region ends and extended to the distal- 
diaphysis, i.e. at 75% length of tibia. In the epiphyseal and meta-
physeal regions, respectively, trabecular bone region was identified as 
an irregular anatomic region of interest drawn manually a few voxels 
away from the endocortical boundary. In each region of interest, bone 
tissue was further segmented from marrow and soft tissue (Fig. 1). 

The micro-CT scanner was calibrated using a hydroxyapatite (HA) 
phantom that contains five cylindrical inserts with various HA concen-
trations (PHA-33, QRM, Möhrendorf, Germany). The tissue mineral 
density (TMD) for epiphyseal, metaphyseal and diaphyseal cortical 
bone, and epiphyseal and metaphyseal trabecular bone were estimated 
using the segmented micro-CT images, respectively. Bone mineral den-
sity (BMD) for the epiphyseal and metaphyseal trabecular bone were 
estimated, respectively (Bouxsein et al., 2010). TMD was calculated for 
the bone tissue only; whereas BMD was calculated by including the void 
spaces among trabecular bone. 

2.3. Bone microstructure assessment 

The bone microstructures were assessed based on the recommenda-
tions provided by Bouxsein et al. (2010). For the cortical bone in three 
regions of interest (epiphysis, metaphysis and diaphysis), total 
cross-sectional area inside the periosteal envelope (Tt.Ar), cortical bone 
area (Ct.Ar) were assessed, respectively using Avizo (Bouxsein et al., 
2010). Besides these commonly used morphometric indices, two indices 
commonly used in materials science were adopted. It has been reported 
that bone surface roughness increased after CIA induction (Silva et al., 
2006). As an indicator of surface roughness, the surface curvature, 

Fig. 1. 3D rendering of a representative micro-CT image stack virtually 
sectioned frontally to show the segmentation of bone tissues in different regions 
of interest: Blue – Epiphyseal cortical bone; Green – Epiphyseal trabecular bone; 
Yellow – Metaphyseal cortical bone; Red – Metaphyseal trabecular bone; Grey – 
Diaphyseal cortical bone. 
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defined by Bhushan (2000), was calculated for the proximal tibial 
plateau surfaces using Avizo. Surface-to-volume ratio (SA/V), which is 
given by surface area divided by volume (Ott, 2018), was also calculated 
using Avizo. 

For the epiphyseal and metaphyseal trabecular bone, the bone vol-
ume fraction (BV/TV), mean trabecular thickness (Tb.Th), connectivity 
density (Conn.D) were calculated using BoneJ plug-ins (Doube et al., 
2010) in ImageJ software (National Institute of Health, Maryland, USA) 
(Bouxsein et al., 2010; Dougherty and Kunzelmann, 2007). 

2.4. Mechanical testing 

Tibia specimens were partially embedded from distal end to 70% of 
total height in polymethyl methacrylate (PMMA) (Ortho-Jet BCA, Lang 
Dental, Wheeling, IL). A small amount of PMMA was fixed on top of the 
proximal tibial plateau to create a flat surface for better load transfer in 
the subsequent mechanical testing (Fig. 2). The PMMA dough did not 
infiltrate into the tibial plateau during this process, which was 
confirmed by the micro-CT images taken in section 2.5. During testing, 
tibia specimens were wrapped in Kimwipe soaked with HBSS to avoid 
dehydration (Fig. 2). 

Compression testing was performed in a mechanical tester (Electro-
Puls E3000, Instron, Norwood, MA). A compressive load was applied on 
the PMMA on top of the proximal tibial plateau at a constant displace-
ment rate of 0.1 mm/min until the load reached 5 N, then it was 
unloaded. After 8-min relaxation at no load condition, the tibia spec-
imen was loaded again. Five loading cycles were repeated for each tibia 
specimen, to check the consistency in the recorded load-displacement 
curves. The stiffness of each tibia specimen was obtained by calcu-
lating the slope for part of the load-displacement curve from the peak 
load of 2.5 N–5 N. Statistical significance (p < 0.05) in the stiffness 
values across the four groups were evaluated using Tuckey pair-wise 
comparison in Minitab software. No outlier removal was applied. 

2.5. Mechanical testing coupled with micro-CT 

One tibia specimen was selected from each group, so that its stiffness 
being the closest to mean stiffness in the group. Compression testing was 
performed on the selected specimens in a loading stage (CT5000, Deben, 
Suffolk, UK) coupled with micro-CT scanner (Fig. 2). A compressive load 
was applied on the PMMA on top of proximal tibial plateau at a constant 
displacement rate of 0.1 mm/min until the load reached to 5N. The load 

was held at 5N for 1 h until the change of loading fixture position over 
time was minimal. Micro-CT scans were performed before loading and 
after 1-hr holding, respectively, using a voltage of 100 kV and a current 
of 100 μA. Each scan took approximately 30 min. Micro-CT images with 
isometric voxel size of 10 μm were obtained. 

3D full-field displacement field inside the proximal tibia was calcu-
lated using digital volume correlation (DVC) of micro-CT images at no- 
load and loaded conditions in DaVis software (LaVision, Goettingen, 
Germany). The background images (air, embedding materials, etc.) were 
masked and only the correlation windows that contain more than 10% 
valid voxels were used in the correlation. Multiple passes of correlation 
were carried out with reducing isometric correlation window size. The 
correlation window size in the last pass was 160 μm. The overlap be-
tween adjacent correlation windows was 50%. Displacement vectors 
with correlation value below 0.8 or peak ratio below 1.5 were removed 
from the results and replaced by interpolation of neighboring vectors. 

To eliminate the effects of rigid body movement when comparing the 
deformation inside proximal tibia, the images were rigidly translated, so 
that the distal end of proximal tibia was aligned in the loaded and no- 
load images. 3D full-field strain field inside proximal tibia was calcu-
lated by the numerical differentiation of displacement field. The 
measured 3D displacement and strain fields in the proximal tibia were 
mapped on to the bone microstructures by 3D rending in Avizo. Average 
and standard deviation were calculated. Statistical analysis was not 
performed. The noise in the results was estimated by DVC of two stacks 
of micro-CT images both taken at no-load conditions for the same 
specimen. 

2.6. Statistical analysis 

Data was presented as mean ± standard deviation (SD). The sample 
size estimation was conducted from preliminary data including unop-
erated control and CIA groups. Statistical significance (p < 0.05) in the 
above-mentioned mineral density, morphological indices, stiffness of 
tibia across the four groups were evaluated using Tuckey pair-wise 
comparison in Minitab software (Minitab, LLC, State College, PA). No 
outlier removal was applied. 

Fig. 2. Schematic of the compression testing on mice tibia coupled with micro-CT.  
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3. Results 

3.1. Bone mineral density 

The bone mineral density values measured from micro-CT images are 
presented in Fig. 3, as well as Tables 1 and 2. The TMD for cortical bone 
was not significantly different among 4 groups, in epiphysis (Fig. 3a), 
metaphysis (Fig. 3d) or diaphysis (Fig. 3g). The TMD for the epiphyseal 
trabecular bone in CIA mice was lower than those in the unoperated 
control, but not significantly different between other pairs (Fig. 3b). The 
BMD for epiphyseal trabecular bone in the CIA group and in the negative 
control was lower than that in the unoperated control. The BMD for 
epiphyseal trabecular bone in the GMSC-treated group was 31.9% 
higher than that in the negative control (Fig. 3c). The TMD for the 
metaphyseal trabecular bone in the CIA mice was lower than those in the 
unoperated control but was not significantly different between other 
pairs (Fig. 3e). The BMD for metaphyseal trabecular bone in the GMSC- 
treated CIA mice was significantly higher (27.4%) than that in the CIA 
mice (Fig. 3f). 

3.2. Bone morphometry 

The bone morphometric indices measured for the tibia epiphysis are 
presented in Fig. 4, as well as Tables 1 and 2 The Tt.Ar for cortical bone 
was not significantly different among 4 groups (Fig. 4a). The Ct.Ar for 
cortical bone, the BV/TV and Tb.Th for trabecular bone in the CIA mice 
were lower than those in the unoperated control (Fig. 4bde). Same 
trends were also observed when comparing negative control with the 
unoperated control for Ct.Ar, BV/TV, Tb.Th (Fig. 4bde). The Ct.Ar in the 
GMSC-treated group were 23.7% higher than those in the negative 
control (Fig. 4bd). The BV/TV in the GMSC-treated group were 71.7% 

higher than those in the negative control (Fig. 4bd). The SA/V for 
cortical bone in the CIA mice and negative control were higher than that 
in the unoperated control (Fig. 4c). The SA/V for GMSC-treated mice 
was 20.0% lower than that in the negative control (Fig. 4c). The Conn.D 
for the trabecular bone in GMSC-treated CIA mice was 73.0% higher 
than that in the CIA mice and 78.5% higher than that in the negative 
control (Fig. 4f). The surface curvature was significantly different be-
tween any of the two groups among the four groups (Table 1). The 
erosions in epiphyseal cortical bone can also be visually observed in 
Fig. 4g in the CIA mice and the negative control. 

The bone morphometric indices measured for the tibia metaphysis 
are presented in Fig. 5 as well as Tables 1 and 2 For the cortical bone, the 
Tt.Ar for unoperated control was significantly higher than those for the 
other three groups (Fig. 5a). The Ct.Ar for unoperated control was 
higher than negative control. The SA/V for GMSC-treated CIA mice was 
significantly lower (17.9%) than that for the negative control. For the 
trabecular bone, the BV/TV was not significantly different among 4 
groups. The Tb.Th for negative control was significantly lower than 
those for the unoperated control (20.1%) and the GMSC-treated mice 
(16.8%). The Conn.D for GMSC-treated mice was significantly higher 
than those for the CIA mice (78.5%) and negative control (81.0%). 

The bone morphometric indices measured for the tibia diaphysis are 
presented in Fig. 6 as well as Table 1. No significant difference was 
observed in any of the morphometric indices (Tt.Ar, Ct.Ar and SA/V) 
among the 4 groups. 

3.3. Mechanical behaviors 

The load-displacement curves were recorded for all specimens dur-
ing the 5 cycles of compression test. The one specimen that had its 
stiffness being the closest to the mean stiffness in its group was chosen as 

Fig. 3. The TMD and BMD in different regions of mouse tibia. (a) TMD in epiphyseal cortical bone, (b) and (c) TMD and BMD in epiphyseal trabecular bone, (d) TMD 
in metaphyseal cortical bone, (e) and (f) TMD and BMD in metaphyseal trabecular bone, (g) TMD in diaphyseal cortical bone. UC – Unoperated control; CIA – 
Collagen-induced arthritis mice; NC – Negative control; T – GMSC-treated CIA mice. 
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the representative specimen for the group. Curves for one representative 
specimen in GMSC-treated group are presented in Fig. 7a. As it shows in 
Fig. 6a, the curves are very similar to each other, especially those 

recorded during the 2nd to the 5th cycles, which was also true for other 
specimens. All specimens exhibited high repeatability in the compres-
sive test. Hence, the load-displacement curves recorded in the 5th 
loading cycle are presented in Fig. 7b. 

The load-displacement relationships were nonlinear (Fig. 7b). The 
stiffness increased with increasing load. The stiffness values of all 
specimens were calculated for the second part of the curves and sum-
marized in the boxplot in Fig. 7c. The stiffness values of the CIA mice 
spanned a wider range than those of the other 3 groups. The lower 
bound of stiffness values for the CIA mice was also the lowest among the 
4 groups. The GMSCs-treated mice had significantly higher (52.1%) 
stiffness than the CIA mice. 

For each representative specimen in its group, the 3D full-field axial 
deformation and axial strain, respectively, measured in the mechanical 
testing coupled with micro-CT are presented in the animations in the 
supplemental materials. The axial deformation distributions on the 
frontal sections through the center of the tibia specimens were presented 
in Fig. 8a. The 3D rendered images were virtually sectioned to display 
the internal deformation distribution. The average deformation 
measured in 3D bone microstructures were calculated. The axial 
deformation towards the loading direction in proximal tibia of the CIA 
mouse (46.3 ± 30.8 μm) and negative control mouse (37.5 ± 25.9 μm) 
were much greater than that of unoperated control (4.07 ± 2.61 μm). 
For the GMSCs-treated mouse, the deformation in proximal tibia (14.0 
± 8.68 μm) was smaller than that of CIA mouse and negative control, 
and the variation was also smaller. 

The axial strains in proximal tibiae measured from the mechanical 
testing coupled with micro-CT were all in compression. The 3D full-field 
strain maps in the proximal tibiae are presented in the video clip in the 
supplemental content. The strain distribution on the same frontal sec-
tions were presented in Fig. 8b. Although strain ranges were different 
between groups, the strain distribution patterns were similar, with high 
strain concentration around the growth plates. The average strain 
measured in 3D bone microstructures were calculated. The axial strain 
of the CIA mouse (− 1.263 ± 0.722%) and the negative control (− 1.050 
± 0.629%) were greater than that of unoperated control (− 0.344 ±
0.357%). For the GMSCs-treated mouse, axial strain (− 0.396 ± 0.343%) 
was smaller than those in the CIA mouse and negative control. 

The distributions of maximum principal strain on the same frontal 
sections were presented in Fig. 8c. The average maximum principal 
strain measured in 3D bone microstructures for the CIA mouse (1.644 ±
0.922%) and the negative control (1.448 ± 0.799%) were greater than 
that of unoperated control (0.149 ± 0.068%). For the GMSCs-treated 
mouse, average strain (0.152 ± 0.129%) was smaller than those in the 
CIA mouse and negative control. 

The distributions of minimum principal strain on the same frontal 
sections were presented in Fig. 8d. The average strain measured in 3D 
bone microstructures for the CIA mouse (− 1.625 ± 2.263%) and the 
negative control (− 1.541 ± 1.877%) were lower than that of unoperated 
control (− 0.361 ± 0.269%). For the GMSCs-treated mouse, average 
strain (− 0.477 ± 0.427%) was higher than those in the CIA mouse and 
negative control. 

Using the zero-load method, the noise in the measured displacement 
was estimated to be 0.3 μm and the measured strain was estimated to be 
0.02%, 0.06% and 0.16% for axial strain, maximum principal strain and 
minimum principal strain. 

4. Discussion 

The results of this study show the changes in the form (bone 
morphology) and in the function (load-bearing) of mouse tibia due to 
CIA and due to GMSC-based treatment. The form-function relationship is 
also discussed for GMSC-treated CIA mice. 

Table 1 
Tissue mineral density and morphometric indices of cortical bone in the three 
regions of interest in tibia for the 4 groups of mice: UC – Unoperated control; CIA 
– Collagen-induced arthritis mice; NC – Negative control; T – GMSC-treated CIA 
mice.   

Index UC CIA NC T 

Epiphysis TMD (mg/ 
cm3) 

981.5 ±
24.11 

948.6 ±
35.92 

953.4 ±
73.6 

979.7 ±
67.9 

Tt.Ar (mm2) 2.44 ±
0.21 

2.22 ±
0.24 

2.24 ±
0.36 

2.16 ±
0.23 

Ct.Ar (mm2) 1.18 ±
0.2ab 

0.93 ±
0.2a 

0.82 ±
0.13bf 

1.02 ±
0.11f 

SA/V (mm− 1) 14.16 ±
1.84ab 

16.87 ±
3.15a 

19.01 ±
2.79bf 

15.21 ±
2.84f 

Surface 
Curvature 
(mm− 1) 

46.85 ±
23.58abc 

55.72 ±
31.48ade 

53.62 ±
30.25bdf 

49.15 ±
25.16cef 

Metaphysis TMD (mg/ 
cm3) 

934.5 ±
55.4 

957.2 ±
65.8 

969.9 ±
66.1 

965.0 ±
104.0 

Tt.Ar (mm2) 4.13 ±
0.41abc 

3.47 ±
0.27 a 

3.60 ±
0.40b 

3.41 ±
0.27c 

Ct.Ar (mm2) 0.042 ±
0.006b 

0.035 ±
0.007b 

0.032 ±
0.006 

0.034 ±
0.009 

SA/V (mm− 1) 8.03 ±
0.57 

7.90 ±
1.43 

8.79 ±
1.25f 

7.22 ±
0.87f 

Diaphysis TMD (mg/ 
cm3) 

1220.2 ±
21.1 

1220.6 ±
57.4 

1241.8 ±
35.8 

1252.0 
± 41.4 

Tt.Ar (mm2) 1.09 ±
0.16 

0.91 ±
0.08 

0.97 ±
0.09 

0.95 ±
0.15 

Ct.Ar (mm2) 0.71 ±
0.12 

0.60 ±
0.14 

0.61 ±
0.08 

0.64 ±
0.12 

SA/V (mm− 1) 7.29 ±
0.34 

7.69 ±
0.62 

7.68 ±
0.87 

7.18 ±
0.84 

a - Significant differences between UC and CIA; b - Significant differences be-
tween UC and NC; c - Significant differences between UC and T; d – Significant 
differences between CIA and NC; e − Significant differences between CIA and T; 
f – Significant differences between NC and T. 

Table 2 
Bone mineral density and morphometric indices of trabecular bone in the 
proximal tibia for the 4 groups of mice: UC – Unoperated control; CIA – Collagen- 
induced arthritis mice; NC – Negative control; T – GMSC-treated CIA mice.   

Index UC CIA NC T 

Epiphysis TMD (mg/ 
cm3) 

961.2 ±
34.8a 

885.6 ±
48.8a 

893.4 ±
70.2 

922.8 ±
70.8 

BMD (mg/ 
cm3) 

260.3 ±
31.0ab 

196.9 ±
43.2a 

176.5 ±
40.8bf 

232.8 ±
51.0f 

BV/TV (%) 18.26 ±
3.80ab 

11.65 ±
5.01a 

8.95 ±
4.49bf 

15.37 ±
5.21f 

Tb.Th (μm) 62.22 ±
6.12ab 

53.98 ±
7.35a 

50.85 ±
9.47b 

53.87 ±
6.44 

Conn.D 
(mm− 3) 

148.9 ±
43.9 

110.5 ±
73.4e 

107.1 ±
77.4f 

191.2 ±
55.0ef 

Metaphysis TMD (mg/ 
cm3) 

883.0 ±
46.5a 

816.1 ±
52.4a 

817.2 ±
68.4 

855.1 ±
52.5 

BMD (mg/ 
cm3) 

228.6 ±
35.0 

194.6 ±
49.3e 

192.5 ±
58.0 

248.0 ±
64.6e 

BV/TV (%) 16.04 ±
4.59 

12.49 ±
6.50 

11.82 ±
7.26 

18.79 ±
7.8 

Tb.Th (μm) 50.71 ±
5.81b 

45.65 ±
6.39 

40.07 ±
4.62bf 

48.14 ±
4.97f 

Conn.D 
(mm− 3) 

67.63 ±
24.4 

57.20 ±
39.8e 

56.4 ±
43.6f 

102.1 ±
46.9ef 

a - Significant differences between UC and CIA; b - Significant differences be-
tween UC and NC; c - Significant differences between UC and T. d – Significant 
differences between CIA and NC; e − Significant differences between CIA and T; 
f – Significant differences between NC and T. 
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4.1. Effects of CIA on bone morphology and mineral density 

CIA mice model shares many common features with rheumatoid 
arthritis (Trentham et al., 1977) and causes bone erosion at the joints. 
The results in this study show that the bone destruction caused by CIA 
was most severe in epiphysis, and was also extend to metaphysis, but 
had not seriously affected diaphysis yet. It is consistent with the bone 
erosion development pattern in RA patients in other studies (Schett and 
Gravallese, 2012). 

Bone loss manifested by focal marginal joint erosions represents the 
radiographic hallmark of RA (Goldring and Gravallese, 2000). In the 
epiphysis, compared with unoperated control, the CIA mice had smaller 
cortical bone area (Fig. 4b) and higher surface-area-to-volume ratio 
(Fig. 4c), which indicates disconnected bone pieces. The surfaces of 
proximal tibial plateaus were also rougher for CIA mice than those for 
the unoperated control (Fig. 4g). The results also show that the bone 
erosion had manifested to epiphyseal trabecular bone, where the CIA 
mice had lower bone tissue mineral density (Fig. 3b), bone mineral 
density (Fig. 3c), lower bone volume fraction (Fig. 4d), and smaller 
trabecular thickness (Fig. 4e) than those for the unoperated control. 

The results show that bone destruction caused by CIA has extend to 
metaphysis, where the total cross-sectional cortical bone area of CIA 
mice was lower than that of the unoperated control (Fig. 5a), the 
trabecular tissue mineral density of CIA mice was lower than that of the 
unoperated control (Fig. 3e). Bone destruction caused by CIA had not 
seriously affected diaphysis yet, because there was no significant dif-
ference between cortical bone in CIA mice and that in the unoperated 
control, in terms of morphometric indices or mineral densities (Fig. 6). 

4.2. Effects of GMSC treatment on bone morphology and mineral density 

The results also show that GMSC treatment significantly attenuated 
the bone erosion for CIA mice. In the epiphysis and metaphysis, the 
trabecular connectivity density for GMSC-treated CIA mice was signifi-
cantly higher than that for the CIA mice (Figs. 4f and 5f). In the meta-
physis, the trabecular bone mineral density for GMSC-treated mice was 
significantly higher than that for the CIA mice (Fig. 3f). The surface 
curvature for proximal tibial plateaus in GMSC-treated mice was 11.8% 
smaller than that in the CIA mice (Table 1). The difference in epiphyseal 
cortical bone between the GMSC-treated and CIA groups can also be 
visually observed in Fig. 4g. 

Our previous study showed that the bone volumes of meta-
tarsophalangeal joints were significantly higher in GMSC-treated mice 
than those in the CIA mice (Luo et al., 2019). This is in good agreement 
with the findings in this study. Our previous study also demonstrated 
that GMSC directly inhibit the osteoclasts differentiation by reducing the 
activities of nuclear factor kappa B (NF-κB) (Luo et al., 2019). The 
attenuation of bone erosion that we observed in this study can be related 
to the reduction of osteoclasts in CIA. 

Our prior work has shown that fibroblasts express CD73 (ecto-5′- 
nucleotidase) but not CD39 (nucleoside triphosphate 
diphosphohydrolase-1, NTPDase 1), hence they did not inhibit T cell 
proliferation in vitro (Chen et al., 2013). In contrast, GMSCs express both 
CD39 and CD73 (Chen et al., 2013), and co-expression of CD39 and 
CD73 in Treg cells contribute to its inhibitory function (Deaglio et al., 
2007). In this study, the negative control does not have significant dif-
ference with CIA mice, in terms of bone mineral density (Fig. 3), bone 
morphology (Figs. 4–6, Tables 1 and 2) and mechanical properties 
(Figs. 7 and 8). Therefore, fibroblasts (negative control) do not have a 
therapeutic effect on CIA. 

Fig. 4. Microstructure assessment for the epiphysis. (a) Total cross-sectional area, (b) bone area and (c) surface-to-volume ratio for epiphyseal cortical bone. (d) Bone 
volume fraction, (e) trabecular thickness and (f) connectivity density for epiphyseal trabecular bone. (g) Surface curvature of proximal tibial plateaus on one typical 
tibia for each group. UC – Unoperated control; CIA – Collagen-induced arthritis mice; NC – Negative control; T – GMSC-treated CIA mice. 
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4.3. Load-bearing function and form-function relationship 

The load-bearing function of mouse tibia bone was also affected by 
CIA and GMSC treatment, respectively. The magnitude of deformation 
and the magnitude of strain in proximal tibia for CIA mice were greater 
than those in the unoperated control (Fig. 8), which indicates that the 
load-bearing function of proximal tibia was weakened due to CIA. The 
stiffness of tibia for GMSC-treated mice was higher than that for CIA 
mice (Fig. 7c). The magnitude of deformation and the magnitude of 
strain in proximal tibia for GMSC-treated mice were smaller than those 
for CIA mice (Fig. 8). These indicate that the proximal tibia for GMSC- 
treated mice has better load-bearing function than those for the CIA 
mice. 

The results of this study can also be related to the form-function 
relationships for mouse tibia. The form (bone morphology) and 

function (load-bearing) of proximal tibia were both affected by CIA and 
then by GMSC-treatment. Compared with normal bone, changes in bone 
morphology and stiffness of proximal tibia for rheumatoid arthritis pa-
tients have been reported in previous literatures. Specially, reduced 
stiffness in proximal tibia was observed (Lereim et al., 1974; Lereim and 
Goldie, 1975; Yang et al., 1997), as a result of bone erosion, reduced 
bone fraction, and fractured trabeculae (Lereim and Goldie, 1975). 
Consistent with previous studies, the results of this work show that CIA 
affects several bone morphology indicis in mouse proximal tibia, such as 
decreased bone volume fraction and reduced trabecular thickness 
(Figs. 4 and 5, Tables 1 and 2). Moreover, the results also show that CIA 
reduced tissue mineral density in proximal tibia (Fig. 3). Hence, the 
reduction in the stiffness for epiphysis and metaphysis can be expected, 
which lead to the increases in the localized deformation and strain in the 
proximal tibia (Fig. 8). 

Fig. 5. Microstructure assessment for the metaphysis. (a) Total cross-sectional area, (b) bone area and (c) surface-to-volume ratio for metaphyseal cortical bone. (d) 
Bone volume fraction, (e) trabecular thickness and (f) connectivity density for metaphyseal trabecular bone. (g) Three-dimensional rendering of metaphyseal 
trabecular thickness on one typical tibia for each group. UC – Unoperated control; CIA – Collagen-induced arthritis mice; NC – Negative control; T – GMSC-treated 
CIA mice. 

Fig. 6. Microstructure assessment for the diaphysis. (a) Total cross-sectional area, (b) bone area and (c) surface-to-volume ratio for diaphyseal cortical bone. UC – 
Unoperated control; CIA – Collagen-induced arthritis mice; NC – Negative control; T – GMSC-treated CIA mice. 
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Several bone morphometric indicis and bone mineral density in 
epiphysis and metaphysis showed the attenuation of bone erosion in 
epiphysis and metaphysis by GMSC treatment (Figs. 3–5, Tables 1 and 
2). Though the tissue mineral density was not improved by GMSC 
treatment (Fig. 3), the increased connectivity density (Figs. 4 and 5) 
leads to the increased bone mineral density (Fig. 3). This indicated the 
stiffness of proximal tibia increased after CIA mice received GMSC 

treatment. Therefore, the localized deformation and strain in the prox-
imal tibia in the GMSC-treated mice was smaller than those in the CIA 
mice (Fig. 8). 

For the diaphysis, Since the bone morphology and mineral density 
were not significantly affected by CIA or by GMSC treatment (Figs. 3 and 
5), the stiffness of diaphysis should not be affected, either. The stiffness 
measured in the conventional compression test (Fig. 7) was the 

Fig. 7. (a) Load-displacement curves recorded in the 5 repetitive compression cycles for a representative GMSC-treated specimen. (b) Load-displacement curves for a 
presentative specimen in each group; (c) Comparison of tibia stiffness among groups. UC – Unoperated control; CIA – Collagen-induced arthritis mice; NC – Negative 
control; T – GMSC-treated CIA mice. 

Fig. 8. Three-dimensional rendering and boxplot of (a) axial displacement, (b) axial strain, (c) maximum principal strain and (d) minimum principal strain in 
proximal tibial plateau for a representative specimen in each group. Rendered images were virtually sectioned to show the displacement and strain distribution on the 
frontal sections. UC – Unoperated control; CIA – Collagen-induced arthritis mice; NC – Negative control; T – GMSC-treated CIA mice. 
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combined stiffness for the epiphysis, metaphysis and diaphysis. No dif-
ference in the stiffness were found among groups, except between the 
CIA mice and GMSC-treated mice. This is different than the discoveries 
in other studies by Fonseca et al. in which they showed that the bone 
morphology and stiffness for the diaphysis in other arthritis mice models 
were both impaired by the disease (Caetano-Lopes et al., 2009; Vidal 
et al., 2018). 

4.4. Advantage, limitation and future works 

There are several advantages for the mechanical behavior measure-
ment methods used in current work. Using mechanical testing coupled 
with micro-CT, the deformation and strain localized inside the epiphysis 
and metaphysis were measured and their stiffness can be estimated. It is 
especially important in the study of the diseases that mostly affect the 
joints of bone, for example the CIA mice model. In comparison, the 
conventional compression test of tibia that was also performed in this 
study measured the combined stiffness for the epiphysis, metaphysis and 
diaphysis. It cannot differentiate the mechanical behaviors in these 
different parts. In other studies, conventionally, 3-point bending test 
was often performed on long bones (Caetano-Lopes et al., 2009; Vidal 
et al., 2018). It only measures the stiffness of diaphysis but cannot 
capture the mechanical behaviors of the joints. 

Another advantage of mechanical testing coupled with micro-CT is 
that it can assess the mechanical behaviors inside the internal trabecular 
bone microstructures without sectioning the specimens. Whereas the 
conventional methods, such as strain gauges (Melville et al., 2015; Patel 
et al., 2014; De Souza et al., 2005) and digital image correlation (DIC) 
(Sztefek et al., 2010; Carriero et al., 2014; Amin Yavari et al., 2013) only 
measure the strain on external bone surfaces. Moreover, the bone 
morphology and mineral density assessment is sensitive to the selection 
of region-of-interest (ROI) and threshold in image segmentation 
(Bouxsein et al., 2010). However, the deformation and strain measured 
by mechanical testing coupled with micro-CT are not affected by the 
selection of region-of-interest, and no image segmentation was needed 
for the internal bone microstructure. 

The mechanical testing coupled with micro-CT and the DVC method 
have been for strain mapping in trabecular bone blocks (Verhulp et al., 
2004; Zauel et al., 2006), vertebra (Hussein et al., 2012), diaphysis of 
mouse tibia (Giorgi and Dall’Ara, 2018). In our prior works, we have 
used this method to map strain in native and implanted mandible (Du 
et al., 2015; Zhou et al., 2020a) and glenoid (Zhou et al., 2020b). To the 
best of our knowledge, in this study for the first time this method was 
used to focus on the localized deformation and strain measurement in 
mouse proximal tibia. The noise level was determined by the zero-load 
method to be much small than the measure deformation and strain. The 
results indicate that it is a valid method and can potentially be applied to 
study the small-scale mechanical behaviors inside mouse proximal tibia. 

There are also some limitations in the methods used in the current 
work. The loading condition in the current study is not the same as the 
physiological loading conditions for mouse tibia (Gross et al., 2002), 
which would include bending as well as smaller contact area than that 
performed here. Nevertheless, the methods used in this study are valid 
for characterizing the stiffness of mouse tibia, especially the proximal 
tibia. Another weakness of this study is that the localized deformation 
and strain in proximal tibia were only measured in one typical specimen 
in each group, though the overall stiffness of mouse tibia was measured 
and reported for each specimen (n = 9 to 15). Thus, a systematic study 
with larger sample size and rigorous statistical analysis is recommended 
as a direction for future work. In the future, the mechanics theories of 
cellular materials (Gibson and Ashby, 1997) can be used to analyze the 
correlation of bone morphology and mineral density to mechanical be-
haviors of bone (Gibson and Ashby, 1997). Also, micro-CT based finite 
element analysis (Mao et al., 2019) can also be used to study the me-
chanical behaviors of CIA and GMSC-treated tibia computationally. 
Furthermore, this study only investigated the morphological and 

mechanical tibia bone properties at one time point. Future work should 
include more time points to further investigate the progress of thera-
peutic effects and the mechanisms of GMSC treatment on CIA mice. 

5. Conclusions 

This paper presents the results of experimental measurements of 
microstructure and mechanical behaviors of tibia for GMSC-treated CIA 
mice. CIA disease caused bone erosion in epiphyseal cortical bone, 
which manifested into the adjacent epiphyseal trabecular bone, and also 
affected the metaphyseal cortical bone. CIA disease also weakened the 
load-bearing function of proximal tibia. GMSC treatment interfered with 
the progress of CIA disease, attenuated the bone erosion in epiphyseal 
and metaphyseal trabecular bone and resulted in improved load-bearing 
function of tibia. GMSCs provide a promising potential treatment of 
autoimmune arthritis. 
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