
Sex Differences in Mesenchymal Stem
Cell Therapy With Gelatin-Based
Microribbon Hydrogels in a Murine
Long Bone Critical-Size Defect Model
Masaya Ueno1,2†, Ning Zhang1†, Hirohito Hirata1, Danial Barati 1, Takeshi Utsunomiya1,
Huaishuang Shen1, Tzuhua Lin1, Masahiro Maruyama1, Ejun Huang1, Zhenyu Yao1,
Joy Y. Wu3, Stefan Zwingenberger4, Fan Yang1,5 and Stuart B. Goodman1,5*

1Department of Orthopaedic Surgery, Stanford University, Stanford, CA, United States, 2Department of Orthopaedic Surgery,
Faculty of Medicine, Saga University, Saga, Japan, 3Department of Medicine, Stanford University, Stanford, CA, United States,
4University Center for Orthopaedics, Traumatology, and Plastic Surgery, University Hospital Carl Gustav Carus at Technische
Universität Dresden, Dresden, Germany, 5Department of Bioengineering, Stanford University, Stanford, CA, United States

Mesenchymal stem cell (MSC)-based therapy and novel biomaterials are promising
strategies for healing of long bone critical size defects. Interleukin-4 (IL-4) over-
expressing MSCs within a gelatin microribbon (µRB) scaffold was previously shown to
enhance the bridging of bone within a critical size femoral bone defect in male Balb/c mice.
Whether sex differences affect the healing of this bone defect in conjunction with different
treatments is unknown. In this study, we generated 2-mm critical-sized femoral diaphyseal
bone defects in 10–12-week-old female and male Balb/c mice. Scaffolds without cells and
with unmodified MSCs were implanted immediately after the primary surgery that created
the bone defect; scaffolds with IL-4 over-expressingMSCswere implanted 3 days after the
primary surgery, to avoid the adverse effects of IL-4 on the initial inflammatory phase of
fracture healing. Mice were euthanized 6 weeks after the primary surgery and femurs were
collected. MicroCT (µCT), histochemical and immunohistochemical analyses were
subsequently performed of the defect site. µRB scaffolds with IL-4 over-expressing
MSCs enhanced bone healing in both female and male mice. Male mice showed
higher measures of bone bridging and increased alkaline phosphatase (ALP) positive
areas, total macrophages and M2 macrophages compared with female mice after
receiving scaffolds with IL-4 over-expressing MSCs. Female mice showed higher
Tartrate-Resistant Acid Phosphatase (TRAP) positive osteoclast numbers compared
with male mice. These results demonstrated that sex differences should be considered
during the application of MSC-based studies of bone healing.
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INTRODUCTION

Sex is one of the critical factors that influences the types and frequencies of diseases in the
musculoskeletal system. For example, osteoporosis is more prevalent in women than in men
(Cawthon, 2011). Osteoporosis affects up to 30% of women but only 12% of men at some point
in their lives (Ralston and de Crombrugghe, 2006). The risk of fracture is also higher in women than
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in men (Cawthon, 2011); women show a greater incidence of
stress fractures early in life and fragility fractures later in life
(Cummings et al., 2002; Beck et al., 2000). In a clinical study,
female sex was found to be associated with a reduced fracture
union rate (Chang et al., 2006), and was identified as a major risk
factor for compromised bone healing in several clinical studies
(David et al., 2006; Li et al., 2006; Parker et al., 2007). Thus, it is
prudent to consider the premise that the treatment of
musculoskeletal disorders including bone healing should be
tailored to the patient’s sex.

Mesenchymal stem cell (MSC) therapies have shown great
potential to facilitate bone healing (Shi et al., 2010; Liu et al.,
2014a; Sui et al., 2019; Zhang et al., 2021). MSCs are one of the
most investigated adult stem cell populations and are involved in
the continuous maintenance and repair of many tissue types
(Kern et al., 2006; Jin et al., 2013). For example, systemic
transplantation of MSCs has shown remarkable efficacy in
preventing and treating estrogen deficiency-induced bone loss
in pre-clinical studies (Cho et al., 2009; Lee et al., 2011; An et al.,
2013; Liu et al., 2014b; Sui et al., 2017).

We have encapsulated MSCs within gelatin microribbon
(µRB)-based scaffolds to enhance the efficacy of mesenchymal
stem cell delivery to a bone defect site with high cell survival and
adequate supply of nutrients and provide primary structural
support (Han et al., 2016; Conrad et al., 2018). μRB building
blocks can be homogeneously mixed with cells with high cell
viability and can inter-crosslink into macroporous scaffolds (Han
et al., 2013). Macroporous gelatin μRB-based scaffolds increased
cartilage formation in a murine subcutaneous implantation
model (Rogan et al., 2020). In a murine cranial defect, μRB-
based scaffolds significantly improved stem cell survival, vascular
ingrowth, and accelerated bone formation (Han et al., 2016).

It is recognized that inflammation and the innate immune
system including macrophages play crucial roles in the
differentiation and activation of MSCs, and are essential for
normal bone growth, repair, and homeostasis (Chow et al.,
2019; Maruyama et al., 2020). Acute injury damages bone, the
local soft tissues, and the neurovascular system, leading to the
production of a pro-inflammatory microenvironment. This
inflammatory milieu is the first stage of bone healing and
determines the delicate balance between bone formation and
bone degradation (Loi et al., 2016a). The inflammatory cascade
polarizes macrophages to a proinflammatory M1 phenotype; M1
macrophages produce cytokines and chemokines that recruit
MSCs, vascular progenitors and other cells, and activates or
licenses MSCs to a new state facilitating resolution, re-
vascularization, reconstruction, and homeostasis. As the acute
inflammatory response subsides, M2 anti-inflammatory
macrophages further stimulate tissue regeneration.

IL-4 is an anti-inflammatory cytokine; when IL-4 was added in
monoculture of mouse MSCs acutely, IL-4 decreased cell
proliferation and osteogenic differentiation (Lin et al., 2017a;
Zhang et al., 2021). However, IL-4 stimulates the polarization of
macrophages from an M1 to an M2 phenotype (Shapouri-
Moghaddam et al., 2018), and crosstalk between MSCs and
macrophages is critical for successful bone healing (Pajarinen
et al., 2019). Interestingly, IL-4 over-expressing MSCs enhanced

osteogenesis in MSC-macrophage cocultures if the IL-4 was
added after 48–72 h (Lin et al., 2019). To aid in this reparative
response, we developed IL-4 over-expressing MSCs using
lentiviral vectors. IL-4 over-expressing MSCs within μRB
scaffolds, delivered locally 3 days after the acute injury,
enhanced bone formation using a long bone defect in young,
male mice (Ueno et al., 2020) in an established femoral diaphyseal
critical size bone defect model (Zwingenberger et al., 2013).
Whether this biological approach is comparable in female
mice having a different hormonal profile is unknown.

In the current study, we compare the healing potential of IL-4
over-expressing MSCs in male and female mice using an
established murine long bone critical size defect model. We
evaluated the healing defect using comprehensive histologic
and immunohistochemical analyses, and µCT of the bone
defect site.

MATERIALS AND METHODS

Isolation and Manipulation of MSCs
Bone marrow derived MSCs from each sex were isolated
according to a previously published method (Peister et al.,
2004; Lin et al., 2015). Briefly, we collected bone marrow from
both femurs and tibias of 8–10-week-old BALB/c male and female
mice. Then bone marrow was carefully suspended and filtered
through a 70 μm strainer, spun down and resuspended in alpha-
minimal essential medium (α-MEM, Thermo Fisher Scientific,
Waltham, MA, United States) supplied with 10% fetal bovine
serum (FBS, Invitrogen, Carlsbad, CA, United States) and
antibiotic antimycotic solution (100 units of penicillin, 100 μg
of streptomycin and 0.25 μg of Amphotericin B/ml; Hyclone,
Thermo Fisher Scientific, Waltham, MA, United States). The
unattached cells were removed by replacing the culture media
after 24 h and defined as passage 1. The immunophenotype of
isolatedMSCs according to International Society for Cell Therapy
(ISCR) (Dominici et al., 2006) (CD105+ /CD73+ /CD90.2+ /Scal
+ CD45−/ CD34−CD11b−) was characterized by flow cytometry
(LSR II, Stanford Shared FACS Facility, Stanford, CA,
United States) at passage 4. MSCs between passage four to
eight were used in the current study. Based on our protocol
(Ueno et al., 2020), we produced genetically modified MSCs that
over-express IL-4 by infecting MSCs with the lentiviral vector
carrying murine IL-4 gene. Briefly, the lentivirus vectors were
generated in HEK293T cells by co-transfecting with the transfer
plasmid (pCDH-CMV-mIL-4-EF1-copGFP), packaged plasmid
(psPAX2), and enveloped plasmid (pMD2G VSVG) using a
calcium phosphate transfection kit (Takara Bio United States
Inc., Mountain View, CA, United States) with 25 mmol/L
chloroquine. We then collected the supernatants of the culture
media 48 h after the transfection, and the cellular debris was
removed by centrifugation at 4,000 g for 20 min. The virus was
mixed in MSC culture medium supplemented with 6 μg/ml of
polybrene (Sigma Aldrich, St. Louis, MO, United States) with the
multiplicity of infection 100 for MSC infection (Ricks et al., 2008;
Lin et al., 2017b; Zhang et al., 2021). ELISA kits for mouse IL-4
(R&D system, Minneapolis, MN, United States) were used to
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quantify IL-4 expression by the infected MSCs (IL-4 MSCs) or
non-infected MSCs (MSCs) for 24 h culture. The manufacturers’
protocols were carefully followed. The optical densities were
determined using SpectraMax M2e Microplate Readers
(Molecular Devices, San Jose, CA, United States) set at 450 nm
with wavelength correction set to 540 nm.

Gelatin μRB-Based Scaffold
The fabrication of gelatin μRBs (Figure 1A) using a wet spinning
process was conducted according to a previous report (Conrad
et al., 2018). Briefly, gelatin was stirred in dimethyl sulfoxide
(20 wt%) at 60°C for 18 h at 60 rpm to form a viscous solution.
Then the gelatin solution was transferred to a 60 ml syringe and
ejected using a syringe pump set to 5 ml/h into ethanol located
1.8 m under the syringe being stirred at 500 rpm. The precipitated

gelatin microfiber was transferred to acetone for 3 h to dry and
form μRBs. The μRBs were chopped to short length using a
homogenizer after transferred back to ethanol. The μRBs were
transferred to methanol containing methacrylic acid
N-hydroxysuccinimide ester (15 wt%) and stirred for 18 h at
room temperature to functionalize them. Next, the μRBs were
transferred to fresh methanol containing glutaraldehyde
(0.1 wt%) and stirred vigorously for 18 h at room
temperature. The glutaraldehyde was neutralized by adding
L-lysine hydrochloride (1% in 200 ml PBS) and stirring for 2 h.
The product was washed eight times using PBS and three times
using deionized water to remove the reagents, thereafter, the
product was freeze-dried and stored at −20°C.

To fabricate scaffolds, the μRBs were rehydrated using PBS
containing 0.05% LAP photo-initiator. After incubation for 1 h at

FIGURE 1 | Animal model and surgical procedure. (A) MSC-seeded μRBs scaffolds. (B) A model of the external fixator and μRBs. (C) Implantation of a μRBs
scaffold in a mouse femur critical size bone defect with an external fixator. (D) IL-4 secreting levels detected by ELISA in the culture media of IL-4 MSCs and MSCs for
24 h (2039.01 ± 90.73 pg/ml in male IL-4 MSCs and 1607.25 ± 313.58 pg/ml in female IL-4 MSCs. The IL-4 concentration could not be detected by ELISA in male and
female MSC alone groups). (E) Surgical procedure. The IL-4 overexpressing MSCs (IL-4 MSCs) were added day 3 after creation of the surgical defect, whereas in
the other groups, namely scaffold only (Sc-only), scaffold with unmodified MSCs (Sc + MSCs), were added immediately after the surgery (day 0).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 7559643

Ueno et al. Sex Differences in Bone Healing

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


37°C, the μRBs were gently mixed with trypsinized MSCs
suspended in PBS. The cell concentrations were 10 million
cells/mL. The μRBs containing cells were filled to 2 mm
diameter cylindrical mold and exposed to ultraviolet light
(365 nm, 2 mW/cm2) for 4 min to produce macroporous
scaffolds. The scaffolds were then gently pushed out from the
mold and kept in PBS for further applications. Cell properties
after encapsulation into the same scaffold prior to placement of
this construct into the bone defect, as well as cell viability in the
scaffolds after placement into a defect site in a mouse cranial
defect model were tested and reported previously (Han et al.,
2016). Bioluminescence imaging (BLI) showed that 81.1 ± 21.3%
of stem cells in the µRB scaffold were alive at day 1, compared to
26.6 ± 10.1% in the hydrogel scaffold group. After 6 weeks, almost
40% of stem cell still showed BLI positive signals.

Animals
Stanford’s Administrative Panel on Laboratory Animal Care
(APLAC) approved this animal experiment protocol (APLAC
26905). Guidelines for the Care and Use of Laboratory Animals
were followed in all aspects of the current project. Male and
female Balb/c mice (Jackson Laboratory, Bar Harbor, ME)
between 10 and 12 weeks old were used. These mice were kept
on a 12-h light-and-dark cycle, and they were able to access a
standard diet with food and water ad libitum.

Surgical Procedure and Postoperative Care
The surgery was conducted on mice who were given preoperative
analgesia by subcutaneously injection of 0.1 mg/kg of
buprenorphine. Mice were anesthetized using inhalation
anesthesia with isoflurane in 100% oxygen at a flow of 1 L/
min on a warm surgery station for small animals during the
surgical procedures. The surgery was conducted by at least two
experienced surgeons in each case, and one non-operative
surgeon assistant. A 2-mm critical-sized diaphyseal bone
defect was made in the femur, as previously described
(Figures 1B,C) (Zwingenberger et al., 2013). Briefly, we
approached the right femur via a longitudinal lateral incision,
then implanted the femoral external fixation device (MouseExFix,
RISystem AG, Landquart, Switzerland) onto the right femur.
Then, a special jig was used to generate a 2 mm critical-size bone
defect in the midshaft of the femur using a Gigli saw
(Zwingenberger et al., 2013). There were three groups for each
sex: μRB scaffold without any implantation of cells (Sc-only
group), μRB scaffold with unaltered MSCs (Sc + MSCs group),
and μRB scaffold with IL-4 over-expressing MSCs (Sc + IL-4-
MSCs group). Mice were implanted with MSCs which were
isolated from the same sex. Male recipient mice received male
donor MSCs or IL-4 MSCs, whereas female recipient mice
received female donor MSCs or IL-4 MSCs.

The surgical procedure and scaffold implantation for Sc-only
group and Sc + MSCs group were performed at time zero. Since
the previous in vitro study demonstrated that administration of
the anti-inflammatory cytokine IL-4 during the first 48 h of
culture significantly mitigated acute inflammation, decreased
cell proliferation and downregulated oncostatin M which is
recognized to enhance osteogenesis (Guihard et al., 2012; Loi

et al., 2016b), the scaffolds with IL-4 over-expressing MSCs were
implanted 3 days after the primary surgery (Figure 1D). We
closed the surgical incisions with 5–0 Ethilon sutures and injected
BuprenorphineSR (0.1 mg/kg) subcutaneously for analgesia after
surgery.

Micro-Computational Tomography and
Radiographic Analysis
6 weeks after the primary surgery, mice were euthanized by
exposure to CO2 followed by cervical dislocation. Both lower
limbs from each animal were collected. µCT scans were
performed using a TriFoileXplore CT 120 (TriFoil Imaging,
Chatsworth, CA) with 50 μm resolution (Ueno et al., 2020;
Utsunomiya et al., 2021a; Utsunomiya et al., 2021b). In the
left femur (the healthy side), a 3 × 3 × 2 mm rectangular
region in the center of femur was scanned (Figure 2A). For
the right femur containing the 2 mm critical-size bone defect
surgery, we measured the original length of defect based on the
µCT images case by case to set the size of ROI (3 mm × 3 mm ×
original length) (Figure 2C). Final length of the defect was also
measured case by case. We calculated the tissue mineral content
of the newly formed bone from the original bone defect area. The
length of the bone defect healing was also calculated by this
formula: defect healing (mm) � original length (mm)—final
length (mm) (Figure 2).

Histologic and Immunohistochemical
Analysis
The tissue samples were fixed in 4% paraformaldehyde overnight after
the µCT scans, then decalcified in 0.5M ethylenediaminetetraacetic
acid (EDTA) for 2 weeks, then embedded in optimal cutting
temperature compound (OCT) and frozen at −80°C. Embedded
samples were cut into 10 μm-thick sections. Hematoxylin and
Eosin (H&E) staining was performed for histological analysis. To
evaluate the status of bone healing, the contents of the defect were
graded according to the scoring system ofHuo et al., (1991) (Table.1).
1-Step NBT/BCIP Substrate Solution (Thermo Fisher Scientific
Rockford, IL) was used for Alkaline phosphatase (ALP) staining.
After staining with 1-Step NBT/BCIP Substrate Solution, the ALP-
positive area based on the entire area of the scaffold was calculated
using the image analysis software program ImageJ (National Institutes
of Health, Bethesda, MD, United States) (Schneider et al., 2012).
Osteoclast-like cells were determined using a leukocyte tartrate
resistant acid phosphatase (TRAP) staining kit (Sigma Aldrich, St.
Louis, MO, United States) and counted as TRAP positive multi-
nucleated cells located in the bone defect area. To identify the
macrophages, the sections were blocked by 5% BSA buffer for
30min at room temperature, followed by 1 h primary and
secondary antibody incubation at room temperature. Macrophages
were stained by rat anti-CD11b antibody (Abcam, Cambridge, MA,
United States) followed by Alexa Fluor® 647 conjugated donkey anti-
rat IgG (Abcam, Cambridge, MA, United States). M1 pro-
inflammatory macrophages were identified using mouse anti-
inducible nitric oxide synthase (iNOS) antibody (Abcam,
Cambridge, MA, United States) followed by Alexa Fluor® 488
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FIGURE 2 | µCT -based reconstructions of the femurs in male and female mice. (A) µCT -based reconstructions of the healthy side of femur and the region of
interest. (B) Tissue mineral content (mg) of the region of interest. female, n � 16; male, n � 16. IL-4 MSCs in μRBs decreased the sizes of bone defects in both sexes. (C)
µCT -based reconstructions of the initial defect area and the region of interest. (D) µCT -based reconstructions of femurs and defect areas of three groups. (E) Tissue
mineral content (mg) of the bone defect area and (F) defect healing at 6 weeks (mm) calculated by the µCT. Female Sc-only, n � 7; female Sc +MSCs, n � 6; female
Sc + IL-4 MSCs, n � 7; male Sc-only, n � 6; male Sc + MSCs, n � 6; male Sc + IL-4 MSCs, n � 7. *: 0.01 ≤ p < 0.05, ****: p < 0.0001.
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conjugated goat anti-mouse IgG (Invitrogen, CA, United States).
M2 anti-inflammatory macrophages were stained by rabbit anti-
liver Arginase (Arg1) antibody (Abcam, Cambridge, MA,
United States) followed by Alexa Fluor® 555 conjugated donkey
anti-rabbit IgG (Invitrogen, Carlsbad, CA, United States). Slides
were mounted by prolong gold antifade mount with DAPI (Life
Technologies, Grand Island, NY, United States). Slides were imaged
using a fluorescence microscope (BZ-X800, Keyence, IL,
United States). Positive cells in all slides were counted double
blinded in three randomly selected areas by two independent
researchers. All the samples were recorded as digital images with
200xmagnification using amicroscope (BZ-X800, Keyence, Itasca, IL,
United States).

Statistical Analysis
Statistical analyses were conducted using GraphPad Prism 7
(GraphPad Software, San Diego, CA). Data are presented as
mean ± SD. Student t-tests were to compare the tissue mineral
content of non-operated femurs between female and male mice.
Two-way ANOVA with Bonferroni’s post hoc test was conducted
for the multiple statistical comparisons among groups. The difference
was considered significant when the p-value was < 0.05.

RESULTS

Micro-Computational Tomography of the
Non-Operative Femur
To determine whether there were differences between sex, the
tissue mineral contents of the non-operated femurs were
compared. 16 mice of both sexes were measured for this
experiment. There were no statistically significant differences
in the tissue mineral content between femurs of the non-
operative sides of males vs. females (p � 0.506) (Figure 2B).

Micro-Computational Tomography of the
Bone Defect Area on the Operative Side
To assess the degree of bone regeneration in the defect area, µCT
analysis was performed after 6 weeks to analyze the size and tissue
mineral content of the region of interest (Figure 2C). For both
sexes, the Sc + IL-4-MSCs groups displayed increased bone

healing and decreased bone defect size (Figure 2F). Three of
seven male mice receiving Sc + IL-4-MSCs and one of seven
female mice receiving Sc + IL-4-MSCs showed bony bridging on
µCT; in contrast, none of the other groups showed bony bridging
(Figure 2D). The male Sc + IL-4-MSCs group showed higher
tissue mineral content compared to the male Sc-only group
(Figure 2E).

Histological Analysis
The same trends for the results of µCT were seen with
histomorphometric analysis of H&E-stained sections
(Figure 3). There was increased bone formed in the periphery
of the defect area in Sc + IL-4-MSCs groups of both sexes than in
other groups. Three of seven specimens from the male Sc + IL-4-
MSCs group and one of seven from the female Sc + IL-4-MSCs
group showed bone bridging. None of the mice of the other
groups showed bone bridging of the defect. The grade of defect
healing quantified by the scoring system of Huo et al., in the male
Sc + IL-4-MSCs group (score: 5.4 ± 2.3) was significantly higher
compared with the male Sc-only group (score: 1.8 ± 0.4, p �
0.0005) and the male Sc +MSC group (score: 2.8 ± 0.4, p � 0.022).
No significant difference was detected between male and female
groups using the same treatment.

Expression of Alkaline Phosphatase
Male groups showed higher ALP positive staining than the female
groups for the same treatment, but the values did not reach
statistical significance (female vs. male in Sc-only groups: p �
0.520, in Sc + MSCs groups: p � 0.737). However, the male Sc +
IL-4-MSCs group showed a strong trend compared to the female
Sc + IL-4-MSCs group (p � 0.0536). Comparing the groups in
same sex, the Sc + IL-4-MSCs group showed a higher level of ALP
positive staining, but this did not reach statistical significance
(Figure 4).

Tartrate Resistant Acid Phosphatase
Staining
For the TRAP staining, the number for female Sc-only group was
significantly higher than female Sc + MSCs group: p � 0.044). No
significant differences were detected among female and male of
Sc-only groups, Sc + MSCs groups and Sc + IL-4-MSCs groups
(Figure 5).

Immunohistochemistry for Macrophage
Phenotype
The number of macrophages (CD11b+/DAPI+) in the male Sc +
IL-4-MSCs group was significantly higher than the female Sc +
IL-4-MSCs group (p � 0.0097). No significant differences were
detected among female and male mice in the Sc-only or Sc +
MSCs groups. The macrophage number of male Sc + IL-4-MSCs
group was significantly increased compared with that in male Sc +
MSCs and male Sc-only group (p � 0.0002, p � 0.0002
respectively). There were no significant differences among the
groups of female mice (female Sc-only, female Sc + MSCs, female
Sc + IL-4-MSCs) (Figure 6). For the M1 pro-inflammatory

TABLE 1 | The numerical scoring scheme used for the histologic evaluation of
fracture healing according to Huo et al. (1991).

Score Associated finding at fracture site

1 Fibrous tissue
2 Predominantly fibrous tissue with small amount of cartilage
3 Equal mixture of fibrous tissue and cartilaginous tissue
4 Predominantly cartilage with small amount of fibrous tissue
5 Cartilage
6 Predominantly cartilage with small amount of immature bone
7 Equal mixture of cartilage and immature bone
8 Predominantly immature bone with small amount of cartilage
9 Union of fracture by immature bone
10 Union of fracture fragments by mature bone
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FIGURE 3 | Histology analysis of critical size bone defect healing after 6 weeks in female and male mice. (A) H&E stained representative images of the bone defect
images (scaffolds ± cells) at 200x magnification. The yellow dotted frames show the original bone defect area. (B) Defect healing grade score based on the histological
evaluation. *: 0.01 ≤ p < 0.05, ***: 0.0001 ≤ p < 0.001.

FIGURE 4 | ALP staining and analysis of critical size bone defect healing in female and male mice. (A) The ALP-stained bone defects representative images of all
groups after 6 weeks with 200 times magnification. (B) ALP positive area calculated.

FIGURE 5 | TRAP staining and analysis of critical size bone defect healing after 6 weeks in female and male mice. (A) The TRAP-stained bone defects
representative images of all groups with 200 times magnification (red arrows showed the TRAP positive cells, bar � 100 µm). (B) TRAP positive cell number calculated
per µm2. *: 0.01 ≤ p < 0.05.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 7559647

Ueno et al. Sex Differences in Bone Healing

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


macrophage (iNOS+/DAPI+) number, the male Sc + IL-4-MSCs
group was significantly higher than the male Sc + MSCs group
(p � 0.0483); the female Sc + IL-4-MSCs was significantly higher
than female Sc + MSCs group (p � 0.001) and female Sc-only
group (p � 0.0002). The number of M2 macrophages in the
female Sc + IL-4-MSCs group was significantly increased
compared with that in female Sc + MSCs group (p < 0.0001)
and with that in the female Sc-only group (p < 0.0001). M2
macrophage number in male mice showed a similar trend. M2
macrophage number in male Sc + IL-4-MSCs group was
significantly increased compared with that in male Sc + MSCs
group (p < 0.0001) and the male Sc-only group (p < 0.0001). The
M2/M1 ratio in male Sc + IL-4-MSCs group was significantly
higher compared with that in male Sc + MSCs group (p < 0.0001)
and in the male Sc-only group (p < 0.0001). The M2/M1 ratio in
female Sc + IL-4-MSCs group showed an increased trend
compared with that in male Sc + MSCs group (p � 0.0605)
and the male Sc-only group (p � 0.0913). However, no significant
differences of M1 macrophage number, M2 macrophage number
or M2/M1 ratio were observed between female and male mice
with same implantation treatment (female Sc-only vs. male Sc-
only group; female Sc + MSCs vs. male Sc + MSCs group; female
Sc + IL-4-MSCs vs. male Sc + IL-4-MSCs group) (Figure 7).

DISCUSSION

MSCbased bone tissue engineering has been proposed as a
potential substitutive intervention to promote bone repair,
instead of bulk autologous bone grafting. Recently, we have
investigated the healing of bone defects by modulating the
immune system (Loi et al., 2016a; Loi et al., 2016b; Goodman
et al., 2019; Pajarinen et al., 2019; Maruyama et al., 2020). IL-4 is
the most effective anti-inflammatory cytokine that polarizes M1
macrophages to an M2 phenotype (Lin et al., 2017a; Lin et al.,
2018; Lin et al., 2019). We previously reported that IL-4 over-
expressing MSCs within a μRB scaffold enhanced macrophage
migration into the scaffolds and subsequent bone formation to

aid in the bridging of a 2 mm a critical size femoral defect in male
Balb/c mice, compared to μRB scaffold with or without
unmodified MSCs (Ueno et al., 2020). The crosstalk between
local MSCs and recruited immune cells at the appropriate time
point decreases inflammation and the facilitates bone healing; this
enhancement of bone formation by manipulating immune
regulation with IL-4 appears to be a generalized phenomenon
regardless of sex.

Sex differences have been observed in musculoskeletal
diseases. Although the reasons for these differences are
complex and largely unknown, one of the possible reasons is
the sex-based differences in cells’ response to the local
microenvironment (Knewtson et al., 2021). Sex differences
have been shown to affect the MSC-based therapeutic
potential for bone healing. Katsara et al. found that bone
marrow MSCs from male mice had higher osteogenic and
adipogenic potential than female mice, without affecting their
proliferative abilities (Katsara et al., 2011). Strube et al. reported
that female bone marrow contained significantly fewer MSCs, as
indicated by lower colony-forming unit (CFU) numbers in
femora and tibias using a rat bone defect model (Strube et al.,
2009). Male muscle-derived stem cells were more effective than
female derived cells in the healing of defects in bone and cartilage
(Matsumoto et al., 2008; Meszaros et al., 2012). Mehta et al.,
demonstrated that male rats showed larger bone callus and
advanced healing compared to females using a bone defect
model (Mehta et al., 2011). However, little is known
concerning the influence of sex on long bone defect healing
using MSC-based interventions. Previously, we have compared
the gold standard bone-graft (positive control), µRB scaffold only,
µRB scaffold with unaltered MSCs and µRB scaffold with IL-4
over-expressing MSCs in the same bone defect model in male
mice. The group with bone graft showed enhanced bone
formation, however the scaffold only and scaffold with
unaltered MSCs groups showed fibrous tissue with virtually no
bone formation (Ueno et al., 2020). The group with IL-4 MSCs
plus scaffold showed enhanced bone formation. In the current
study, we investigated the outcomes of the MSC-based therapy

FIGURE 6 | Immunohistochemistry staining and analysis of CD11b/DAPI inside the scaffolds of critical size bone defect healing after 6 weeks in female and male
mice. (A) Representative images of CD11b/DAPI stained macrophages in all groups. (Blue: DAPI/nucleus; White: CD11b/Macrophage marker. Bar � 100 µm). (B)
Number of cells counted from the immunohistochemistry images. Female Sc-only, n � 6; female Sc + MSCs, n � 6; female Sc + IL-4 MSCs, n � 7; male Sc-only, n � 6;
male Sc + MSCs, n � 6; male Sc + IL-4 MSCs, n � 7. **: 0.001 ≤ p < 0.01, ***: 0.0001 ≤ p < 0.001, ****: p < 0.0001.
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using a µRB scaffold in female and male Balb/c mice subjected to
a critical size femoral bone defect.

The current results suggest that IL-4 over-expressing MSCs are an
effective way to enhance bone healing in a critical size bone defect
model in both female andmale mice compared with scaffold only and
scaffold with unmodified MSCs. Although the µCT and histological
analysis of the bone defect area showed no significant differences
between females and males with the same treatment, more detailed
analysis revealed some differences based on sex in the mice receiving
Sc + IL-4-MSCs. Three of seven male mice and one of seven female
mice showed bony bridging after receiving IL-4 over-expressing MSC
seeded scaffolds. The ALP staining showed that with the IL-4 over-
expressing MSCs scaffold treatment, male mice had a strong trend
(p � 0.0536, Figure 4B) of increased ALP positive area. Furthermore,
the total macrophage number in the male Sc + IL-4-MSCs group was

significantly higher than in female mice with the IL-4 over-expressing
MSCs intervention; M2 macrophage number, and M2/M1
macrophage ratio also showed that the male Sc + IL-4-MSCs
group had a higher level than female mice with the same
treatment. These results suggest that male mice had enhanced
bone healing with the IL-4 over-expressing MSC seeded scaffolds
compared with female mice with the same treatment. These results
may be due to sex differences in the properties of the MSCs or the
healing process of different sexes, which have been reported by other
groups (Strube et al., 2009; Mehta et al., 2011). It should further be
taken into account that male animals of the same age have a higher
body weight compared to females. In our study, the average body
weights of males were higher than females (mean ± SD; male 29.4 ±
1.5 g, female 24.0 ± 1.3 g) which may result in different loading
patterns and thus different healing parameters.

FIGURE 7 | Immunohistochemistry staining and analysis of iNOS/Arg1/DAPI inside the scaffolds of critical size bone defect healing after 6 weeks in female and
male mice. (A) Representative images of iNOS/Arg1/DAPI stained macrophages in all groups. (Blue: DAPI/nucleus; Green: iNOS/M1 macrophage marker; Red: Arg-1/
M2macrophagemarker. Bar � 50 µm). (B)Number of cells counted from the immunohistochemistry images. Female Sc-only, n � 6; female Sc +MSCs, n � 6; female Sc
+ IL-4 MSCs, n � 7; male Sc-only, n � 6; male Sc + MSCs, n � 6; male Sc + IL-4 MSCs, n � 7. *: 0.01 ≤ p < 0.05, ***: 0.0001 ≤ p < 0.001, ****: p < 0.0001.
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Interestingly, the TRAP staining showed that femalemice receiving
the empty scaffold (female Sc-only) had significantly higher TRAP
positive cell number compared with female mice receiving Sc +MSCs
(female Sc + MSCs) and higher than female mice receiving Sc + IL-4
MSCs (female Sc + IL-4MSCs), although no significant difference was
detected. Female mice in Sc-only group showed higher TRAP positive
cells than male mice receiving the empty scaffold (Figure 5) although
no significant differences were found. Similar results have been
reported by other researchers using a murine tibial fracture model
(Deng et al., 2020). The increased osteoclast numbers (TRAP positive
cell number) found in female mice may promote faster remodeling of
the fracture calluses.

In the current study, we used IL-4 overexpressing MSCs
implanted 3 days after the generation of the critical size bone
defect but implanted the scaffold without MSCs and with
unmodified MSCs immediately after we created the bone
defect. Direct application of anti-inflammatory
immunomodulatory cytokines at the critical time can
favorably modify the local microenvironment. Administration
of IL-4 too early in the bone healing process inhibits the
proliferation of human osteoblasts (Frost et al., 2001). Lewis
et al. reported that mice overproducing IL-4 had severe
osteoporosis primarily due to a marked decrease in osteoblast
and ALP activity (Lewis et al., 1993). Our previous in vitro study
also showed modulation of macrophage phenotype at an
appropriate time optimized the proliferation and osteogenic
differentiation of MSCs (Loi et al., 2016b). This underscores
the concept that the timing of anti-inflammatory cytokine
intervention such as IL-4 is critical to facilitating osteogenesis
by not interfering with the mandatory pro-inflammatory period
of bone healing. Thus, we implanted the scaffolds with IL-4 over-
expressing MSCs 3 days after the primary creation of the bone
defect.

Autograft is the gold standard for treatment of residual long
bone defects however, autologous bone is often limited in
quantity and/or quality and can be accompanied by morbidity
at the harvest site (Khan et al., 2005). Furthermore, the failure rate
of autologous bone grafting to heal a nonunion or other defect
ranges from 4 to 25% (Tuchman et al., 2016). Allograft bone is
osteoconductive only and may potentially transfer communicable
diseases or cause adverse immunological events (Khan et al.,
2005). In an effort to find alternative therapies, novel biomaterials
were developed. The µRB scaffold used in the current study was
reported to enhance the proliferation of stem cells in 3D culture
compared with hydrogel scaffold (Han et al., 2016). Cell viability
was also promoted in µRB scaffold in vivo in a mouse critical-size
cranial defect model (Han et al., 2016). In this previous study, BLI
results indicated that almost 40% of stem cell survived showed
after 6 weeks; this is the same time period after which we
implanted the scaffolds in the current study. Together with the
addition of MSCs, we showed that the 2-mm defect, which is
almost 100% of the femoral diameter in Balb/c mice, was too
demanding to bridge the defect after 6 weeks (Ueno et al., 2020).
MSC-based therapies using µRB scaffolds are thus promising
strategies for healing of bone defects based on the results of this
study. However, this treatment was not universally successful in
all cases for both sexes.

Limitations to our present study should be recognized.
The model represents an acute femoral diaphyseal critical
size defect, with harvest at one time point. Ongoing studies
using a similar chronic defect will shed further light on these
treatments in the face of an established nonunion. The
timing of administration of IL-4 over-expressing MSCs
was crucial and based on previous in vitro and in vivo
studies. This presents a challenge for clinical translation
in which “one-stop” surgical treatment is preferred. Other
methods of delivery of the IL-4 payload together with MSCs
should be pursued. We also found that the proliferation of
female murine MSCs in vitro was slower than for
males, which is similar to that reported for rat MSCs
(Strube et al., 2009). We did not endeavor to detect the
specific fate of the implanted MSCs at the end of the current
study. A previous report showed an enhancement of cell
survival using the µRB scaffold 6 weeks after implantation
(Han et al., 2016).

In conclusion, µRB scaffolds with IL-4 over-expressing MSCs
improved the healing of critical size femoral diaphyseal bone
defects in female and male mice. Male mice had enhanced bone
healing using the IL-4 over-expressing MSC seeded scaffolds
compared with female mice. These results suggest that sex
differences should be considered during the application of
MSC-based studies of bone healing.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Stanford’s
Administrative Panel on Laboratory Animal Care (APLAC).

AUTHOR CONTRIBUTIONS

MU and NZ contributed in the study design, acquisition, analysis
and interpretation of data, drafting and critical revision of the
manuscript. HH, DB, TU, HS, TL, MM, and EH, contributed in
the acquisition, analysis and interpretation of data. ZY, JW, SZ,
and FY contributed in the study design and critical revision of the
manuscript. SG contributed in the study conceptualization and
design, interpretation of data and critical revision of the
manuscript. All authors approved the submitted version of the
manuscript.

FUNDING

This work was supported by the NIH grants R01AR073145 and
R01AR063717 from NIAMS and the Ellenburg Chair in Surgery
at Stanford University.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 75596410

Ueno et al. Sex Differences in Bone Healing

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

An, J. H., Park, H., Song, J. A., Ki, K. H., Yang, J. Y., Choi, H. J., et al. (2013).
Transplantation of Human Umbilical Cord Blood-Derived Mesenchymal Stem
Cells or Their Conditioned Medium Prevents Bone Loss in Ovariectomized
Nude Mice. Tissue Eng. Part. A. 19 (5-6), 685–696. doi:10.1089/
ten.TEA.2012.0047

Beck, T. J., Ruff, C. B., Shaffer, R. A., Betsinger, K., Trone, D. W., and Brodine, S. K.
(2000). Stress Fracture in Military Recruits: Gender Differences in Muscle and
Bone Susceptibility Factors. Bone 27 (3), 437–444. doi:10.1016/s8756-3282(00)
00342-2

Cawthon, P. M. (2011). Gender Differences in Osteoporosis and Fractures. Clin.
Orthop. Relat. Res. 469 (7), 1900–1905. doi:10.1007/s11999-011-1780-7

Chang, M. A., Bishop, A. T., Moran, S. L., and Shin, A. Y. (2006). The Outcomes
and Complications of 1,2-intercompartmental Supraretinacular Artery
Pedicled Vascularized Bone Grafting of Scaphoid Nonunions. J. Hand Surg.
31 (3), 387–396. doi:10.1016/j.jhsa.2005.10.019

Cho, S. W., Sun, H. J., Yang, J.-Y., Jung, J. Y., An, J. H., Cho, H. Y., et al. (2009).
Transplantation of Mesenchymal Stem Cells Overexpressing RANK-Fc or
CXCR4 Prevents Bone Loss in Ovariectomized Mice. Mol. Ther. 17 (11),
1979–1987. doi:10.1038/mt.2009.153

Chow, S.-H., Chim, Y. N., Chim, Y.-N., Wang, J., Zhang, N., Wong, R.-Y., et al.
(2019). Vibration Treatment Modulates Macrophage Polarisation and
Enhances Early Inflammatory Response in Oestrogen-Deficient
Osteoporotic-Fracture Healing. eCM 38, 228–245. doi:10.22203/ecm.v038a16

Conrad, B., Han, L. H., and Yang, F. (2018). Gelatin-Based Microribbon Hydrogels
Accelerate Cartilage Formation by Mesenchymal Stem Cells in Three
Dimensions. Tissue Eng. Part. A. 24 (21-22), 1631–1640. doi:10.1089/
ten.TEA.2018.0011

Cummings, S. R., and Melton, L. J. (2002). Epidemiology and Outcomes of
Osteoporotic Fractures. Lancet 359 (9319), 1761–1767. doi:10.1016/S0140-
6736(02)08657-9

David, V., Lafage-Proust, M.-H., Laroche, N., Christian, A., Ruegsegger, P., and
Vico, L. (2006). Two-week Longitudinal Survey of Bone Architecture Alteration
in the Hindlimb-Unloaded Rat Model of Bone Loss: Sex Differences. Am.
J. Physiol. Endocrinol. Metab. 290 (3), E440–E447. doi:10.1152/
ajpendo.00293.2004

Deng, Z., Gao, X., Sun, X., Cui, Y., Amra, S., and Huard, J. (2020). Gender
Differences in Tibial Fractures Healing in normal and Muscular Dystrophic
Mice. Am. J. Transl. Res. 12 (6), 2640–2651.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause,
D. S., et al. (2006). Minimal Criteria for Defining Multipotent Mesenchymal
Stromal Cells. The International Society for Cellular Therapy Position
Statement. Cytotherapy 8 (4), 315–317. doi:10.1080/14653240600855905

Frost, A., Jonsson, K. B., BrändstrÖm, H., Ljunghall, S., Nilsson, O., and Ljunggren,
Ö. (2001). Interleukin (IL)-13 and IL-4 Inhibit Proliferation and Stimulate IL-6
Formation in Human Osteoblasts: Evidence for Involvement of Receptor
Subunits IL-13R, IL-13Rα, and IL-4Rα. Bone 28 (3), 268–274. doi:10.1016/
s8756-3282(00)00449-x

Goodman, S. B., Pajarinen, J., Yao, Z., and Lin, T. (2019). Inflammation and Bone
Repair: From Particle Disease to Tissue Regeneration. Front. Bioeng. Biotechnol.
7, 230. doi:10.3389/fbioe.2019.00230

Guihard, P., Danger, Y., Brounais, B., David, E., Brion, R., Delecrin, J., et al. (2012).
Induction of Osteogenesis in Mesenchymal Stem Cells by Activated
Monocytes/macrophages Depends on Oncostatin M Signaling. Stem Cells 30
(4), 762–772. doi:10.1002/stem.1040

Han, L.-H., Yu, S., Wang, T., Behn, A. W., and Yang, F. (2013). Microribbon-Like
Elastomers for Fabricating Macroporous and Highly Flexible Scaffolds that
Support Cell Proliferation in 3D. Adv. Funct. Mater. 23 (3), 346–358.
doi:10.1002/adfm.201201212

Han, L.-H., Conrad, B., Chung, M. T., Deveza, L., Jiang, X., Wang, A., et al. (2016).
Winner of the Young Investigator Award of the Society for Biomaterials at the
10th World Biomaterials Congress, May 17-22, 2016, Montreal QC, Canada:
Microribbon-Based Hydrogels Accelerate Stem Cell-Based Bone Regeneration
in a Mouse Critical-Size Cranial. J. Biomed. Mater. Res. 104 (6), 1321–1331.
doi:10.1002/jbm.a.35715

Huo, M. H., Troiano, N. W., Pelker, R. R., Gundberg, C. M., and Friedlaender, G. E.
(1991). The Influence of Ibuprofen on Fracture Repair: Biomechanical,
Biochemical, Histologic, and Histomorphometric Parameters in Rats.
J. Orthop. Res. 9 (3), 383–390. doi:10.1002/jor.1100090310

Jin, H., Bae, Y., Kim, M., Kwon, S.-J., Jeon, H., Choi, S., et al. (2013). Comparative
Analysis of Human Mesenchymal Stem Cells from Bone Marrow, Adipose
Tissue, and Umbilical Cord Blood as Sources of Cell Therapy. Int. J. Mol. Sci. 14
(9), 17986–18001. doi:10.3390/ijms140917986

Katsara, O., Mahaira, L. G., Iliopoulou, E. G., Moustaki, A., Antsaklis, A., Loutradis,
D., et al. (2011). Effects of Donor Age, Gender, and In Vitro Cellular Aging on
the Phenotypic, Functional, and Molecular Characteristics of Mouse Bone
Marrow-Derived Mesenchymal Stem Cells. Stem Cell Develop. 20 (9),
1549–1561. doi:10.1089/scd.2010.0280

Kern, S., Eichler, H., Stoeve, J., Klüter, H., and Bieback, K. (2006). Comparative
Analysis of Mesenchymal Stem Cells from Bone Marrow, Umbilical Cord
Blood, or Adipose Tissue. Stem Cells 24 (5), 1294–1301. doi:10.1634/
stemcells.2005-0342

Khan, S. N., Cammisa, F. P., Jr., Sandhu, H. S., Diwan, A. D., Girardi, F. P., and
Lane, J. M. (2005). The Biology of Bone Grafting. J. Am. Acad. Orthop. Surgeons
13 (1), 77–86. doi:10.5435/00124635-200501000-00010

Knewtson, K. E., Ohl, N. R., and Robinson, J. L. (2021). Estrogen Signaling Dictates
Musculoskeletal Stem Cell Behavior: Sex Differences in Tissue Repair. Tissue
Eng. Part. B Rev. doi:10.1089/ten.TEB.2021.0094

Lee, K., Kim, H., Kim, J.-M., Kim, J.-R., Kim, K.-J., Kim, Y.-J., et al. (2011). Systemic
Transplantation of Human Adipose-Derived Stem Cells Stimulates Bone
Repair by Promoting Osteoblast and Osteoclast Function. J. Cel Mol. Med.
15 (10), 2082–2094. doi:10.1111/j.1582-4934.2010.01230.x

Lewis, D. B., Liggitt, H. D., Effmann, E. L., Motley, S. T., Teitelbaum, S. L., Jepsen,
K. J., et al. (1993). Osteoporosis Induced in Mice by Overproduction of
Interleukin 4. Proc. Natl. Acad. Sci. 90 (24), 11618–11622. doi:10.1073/
pnas.90.24.11618

Li, Z., Zhang, W., Li, Z.-B., and Li, J.-R. (2006). Abnormal union of Mandibular
Fractures: a Review of 84 Cases. J. Oral Maxillofac. Surg. 64 (8), 1225–1231.
doi:10.1016/j.joms.2006.04.018

Lin, T. H., Sato, T., Barcay, K. R., Waters, H., Loi, F., Zhang, R., et al. (2015). NF-κB
Decoy Oligodeoxynucleotide Enhanced Osteogenesis in Mesenchymal Stem
Cells Exposed to Polyethylene Particle. Tissue Eng. Part. A. 21 (5-6), 875–883.
doi:10.1089/ten.TEA.2014.0144

Lin, T., Pajarinen, J., Nabeshima, A., Lu, L., Nathan, K., Yao, Z., et al. (2017).
Establishment of NF-κB Sensing and Interleukin-4 Secreting Mesenchymal
Stromal Cells as an "On-Demand" Drug Delivery System to Modulate
Inflammation. Cytotherapy 19 (9), 1025–1034. doi:10.1016/j.jcyt.2017.06.008

Lin, T.-h., Gibon, E., Loi, F., Pajarinen, J., Córdova, L. A., Nabeshima, A., et al.
(2017). Decreased Osteogenesis in Mesenchymal Stem Cells Derived from the
AgedMouse Is Associated with Enhanced NF-κB Activity. J. Orthop. Res. 35 (2),
281–288. doi:10.1002/jor.23270

Lin, T., Kohno, Y., Huang, J. F., Romero-Lopez, M., Pajarinen, J., Maruyama, M.,
et al. (2018). NFκB Sensing IL-4 SecretingMesenchymal StemCells Mitigate the
Proinflammatory Response of Macrophages Exposed to Polyethylene Wear
Particles. J. Biomed. Mater. Res. 106 (10), 2744–2752. doi:10.1002/jbm.a.36504

Lin, T., Kohno, Y., Huang, J. F., Romero-Lopez, M., Maruyama, M., Ueno, M., et al.
(2019). Preconditioned or IL4-Secreting Mesenchymal Stem Cells Enhanced
Osteogenesis at Different Stages. Tissue Eng. Part. A. 25 (15-16), 1096–1103.
doi:10.1089/ten.TEA.2018.0292

Liu, Y., Wu, J., Zhu, Y., and Han, J. (2014). Therapeutic Application of
Mesenchymal Stem Cells in Bone and Joint Diseases. Clin. Exp. Med. 14
(1), 13–24. doi:10.1007/s10238-012-0218-1

Liu, Y., Wang, L., Liu, S., Liu, D., Chen, C., Xu, X., et al. (2014). Transplantation of
SHED Prevents Bone Loss in the Early Phase of Ovariectomy-Induced
Osteoporosis. J. Dent Res. 93 (11), 1124–1132. doi:10.1177/0022034514552675

Loi, F., Córdova, L. A., Pajarinen, J., Lin, T.-h., Yao, Z., and Goodman, S. B. (2016).
Inflammation, Fracture and Bone Repair. Bone 86, 119–130. doi:10.1016/
j.bone.2016.02.020

Loi, F., Córdova, L. A., Zhang, R., Pajarinen, J., Lin, T.-h., Goodman, S. B., et al.
(2016). The Effects of Immunomodulation by Macrophage Subsets on
Osteogenesis In Vitro. Stem Cel Res. Ther. 7, 15. doi:10.1186/s13287-016-
0276-5

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 75596411

Ueno et al. Sex Differences in Bone Healing

https://doi.org/10.1089/ten.TEA.2012.0047
https://doi.org/10.1089/ten.TEA.2012.0047
https://doi.org/10.1016/s8756-3282(00)00342-2
https://doi.org/10.1016/s8756-3282(00)00342-2
https://doi.org/10.1007/s11999-011-1780-7
https://doi.org/10.1016/j.jhsa.2005.10.019
https://doi.org/10.1038/mt.2009.153
https://doi.org/10.22203/ecm.v038a16
https://doi.org/10.1089/ten.TEA.2018.0011
https://doi.org/10.1089/ten.TEA.2018.0011
https://doi.org/10.1016/S0140-6736(02)08657-9
https://doi.org/10.1016/S0140-6736(02)08657-9
https://doi.org/10.1152/ajpendo.00293.2004
https://doi.org/10.1152/ajpendo.00293.2004
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/s8756-3282(00)00449-x
https://doi.org/10.1016/s8756-3282(00)00449-x
https://doi.org/10.3389/fbioe.2019.00230
https://doi.org/10.1002/stem.1040
https://doi.org/10.1002/adfm.201201212
https://doi.org/10.1002/jbm.a.35715
https://doi.org/10.1002/jor.1100090310
https://doi.org/10.3390/ijms140917986
https://doi.org/10.1089/scd.2010.0280
https://doi.org/10.1634/stemcells.2005-0342
https://doi.org/10.1634/stemcells.2005-0342
https://doi.org/10.5435/00124635-200501000-00010
https://doi.org/10.1089/ten.TEB.2021.0094
https://doi.org/10.1111/j.1582-4934.2010.01230.x
https://doi.org/10.1073/pnas.90.24.11618
https://doi.org/10.1073/pnas.90.24.11618
https://doi.org/10.1016/j.joms.2006.04.018
https://doi.org/10.1089/ten.TEA.2014.0144
https://doi.org/10.1016/j.jcyt.2017.06.008
https://doi.org/10.1002/jor.23270
https://doi.org/10.1002/jbm.a.36504
https://doi.org/10.1089/ten.TEA.2018.0292
https://doi.org/10.1007/s10238-012-0218-1
https://doi.org/10.1177/0022034514552675
https://doi.org/10.1016/j.bone.2016.02.020
https://doi.org/10.1016/j.bone.2016.02.020
https://doi.org/10.1186/s13287-016-0276-5
https://doi.org/10.1186/s13287-016-0276-5
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Maruyama, M., Rhee, C., Utsunomiya, T., Zhang, N., Ueno, M., Yao, Z., et al.
(2020). Modulation of the Inflammatory Response and Bone Healing. Front.
Endocrinol. 11, 386. doi:10.3389/fendo.2020.00386

Matsumoto, T., Kubo, S., Meszaros, L. B., Corsi, K. A., Cooper, G. M., Li, G., et al.
(2008). The Influence of Sex on the Chondrogenic Potential of Muscle-Derived
Stem Cells: Implications for Cartilage Regeneration and Repair. Arthritis
Rheum. 58 (12), 3809–3819. doi:10.1002/art.24125

Mehta, M., Duda, G. N., Perka, C., and Strube, P. (2011). Influence of Gender and
Fixation Stability on Bone Defect Healing in Middle-Aged Rats: a Pilot Study.
Clin. Orthop. Relat. Res. 469 (11), 3102–3110. doi:10.1007/s11999-011-1914-y

Meszaros, L. B., Usas, A., Cooper, G. M., and Huard, J. (2012). Effect of Host Sex
and Sex Hormones on Muscle-Derived Stem Cell-Mediated Bone Formation
and Defect Healing. Tissue Eng. Part. A. 18 (17-18), 1751–1759. doi:10.1089/
ten.TEA.2011.0448

Pajarinen, J., Lin, T., Gibon, E., Kohno, Y., Maruyama, M., Nathan, K., et al. (2019).
Mesenchymal Stem Cell-Macrophage Crosstalk and Bone Healing.
Biomaterials 196, 80–89. doi:10.1016/j.biomaterials.2017.12.025

Parker, M. J., Raghavan, R., and Gurusamy, K. (2007). Incidence of Fracture-
Healing Complications after Femoral Neck Fractures. Clin. Orthop. Relat. Res.
458, 175–179. doi:10.1097/blo.0b013e3180325a42

Peister, A.,Mellad, J. A., Larson, B. L., Hall, B.M., Gibson, L. F., and Prockop, D. J. (2004).
Adult Stem Cells from Bone Marrow (MSCs) Isolated from Different Strains of
Inbred Mice Vary in Surface Epitopes, Rates of Proliferation, and Differentiation
Potential. Blood 103 (5), 1662–1668. doi:10.1182/blood-2003-09-3070

Ralston, S. H., and de Crombrugghe, B. (2006). Genetic Regulation of Bone Mass
and Susceptibility to Osteoporosis. Genes Develop. 20 (18), 2492–2506.
doi:10.1101/gad.1449506

Ricks, D. M., Kutner, R., Zhang, X.-Y., Welsh, D. A., and Reiser, J. (2008).
Optimized Lentiviral Transduction of Mouse Bone Marrow-Derived
Mesenchymal Stem Cells. Stem Cell Develop. 17 (3), 441–450. doi:10.1089/
scd.2007.0194

Rogan, H., Ilagan, F., Tong, X., Chu, C. R., and Yang, F. (2020). Microribbon-
hydrogel Composite Scaffold Accelerates Cartilage Regeneration In Vivo with
Enhanced Mechanical Properties Using Mixed Stem Cells and Chondrocytes.
Biomaterials 228, 119579. doi:10.1016/j.biomaterials.2019.119579

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 Years of Image Analysis. Nat. Methods 9 (7), 671–675. doi:10.1038/
nmeth.2089

Shapouri-Moghaddam, A., Mohammadian, S., Vazini, H., Taghadosi, M., Esmaeili,
S. A., Mardani, F., et al. (2018). Macrophage Plasticity, Polarization, and
Function in Health and Disease. J. Cel Physiol. 233 (9), 6425–6440.
doi:10.1002/jcp.26429

Shi, Y., Hu, G., Su, J., Li, W., Chen, Q., Shou, P., et al. (2010). Mesenchymal Stem
Cells: a New Strategy for Immunosuppression and Tissue Repair. Cell Res. 20
(5), 510–518. doi:10.1038/cr.2010.44

Strube, P., Mehta, M., Baerenwaldt, A., Trippens, J., Wilson, C. J., Ode, A., et al.
(2009). Sex-specific Compromised Bone Healing in Female Rats Might Be
Associated with a Decrease in Mesenchymal Stem Cell Quantity. Bone 45 (6),
1065–1072. doi:10.1016/j.bone.2009.08.005

Sui, B.-D., Hu, C.-H., Zheng, C.-X., Shuai, Y., He, X.-N., Gao, P.-P., et al. (2017).
Recipient Glycemic Micro-environments Govern Therapeutic Effects of

Mesenchymal Stem Cell Infusion on Osteopenia. Theranostics 7 (5),
1225–1244. doi:10.7150/thno.18181

Sui, B.-D., Hu, C.-H., Liu, A.-Q., Zheng, C.-X., Xuan, K., and Jin, Y. (2019). Stem
Cell-Based Bone Regeneration in Diseased Microenvironments: Challenges and
Solutions. Biomaterials 196, 18–30. doi:10.1016/j.biomaterials.2017.10.046

Tuchman, A., Brodke, D. S., Youssef, J. A., Meisel, H.-J., Dettori, J. R., Park, J.-B.,
et al. (2016). Iliac Crest Bone Graft versus Local Autograft or Allograft for
Lumbar Spinal Fusion: A Systematic Review. Glob. Spine J. 6 (6), 592–606.
doi:10.1055/s-0035-1570749

Ueno, M., Lo, C. W., Barati, D., Conrad, B., Lin, T., Kohno, Y., et al. (2020).
Interleukin-4 Overexpressing Mesenchymal Stem Cells Withingelatin-
basedmicroribbon Hydrogels Enhance Bone Healing in a Murine Long
Bone Critical-size Defect Model. J. Biomed. Mater. Res. 108 (11),
2240–2250. doi:10.1002/jbm.a.36982

Utsunomiya, T., Zhang, N., Lin, T., Kohno, Y., Ueno, M., Maruyama, M., et al.
(2021). Different Effects of Intramedullary Injection of Mesenchymal Stem
Cells during the Acute vs. Chronic Inflammatory Phase on Bone Healing in the
Murine Continuous Polyethylene Particle Infusion Model. Front. Cel Dev. Biol.
9, 631063. doi:10.3389/fcell.2021.631063

Utsunomiya, T., Zhang, N., Lin, T., Kohno, Y., Ueno, M., Maruyama, M., et al.
(2021). Suppression of NF-kappaB-Induced Chronic Inflammation Mitigates
Inflammatory Osteolysis in the Murine Continuous Polyethylene Particle
Infusion Model. J. Biomed. Mater. Res. A. 109, 1828–1839. doi:10.1002/
jbm.a.37175

Zhang, N., Lo, C.-W., Utsunomiya, T., Maruyama, M., Huang, E., Rhee, C., et al.
(2021). PDGF-BB and IL-4 Co-overexpression Is a Potential Strategy to
Enhance Mesenchymal Stem Cell-Based Bone Regeneration. Stem Cel Res.
Ther. 12 (1), 40. doi:10.1186/s13287-020-02086-8

Zwingenberger, S., Niederlohmann, E., Vater, C., Rammelt, S., Matthys, R.,
Bernhardt, R., et al. (2013). Establishment of a Femoral Critical-Size Bone
Defect Model in Immunodeficient Mice. J. Surg. Res. 181 (1), e7–e14.
doi:10.1016/j.jss.2012.06.039

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Ueno, Zhang, Hirata, Barati, Utsunomiya, Shen, Lin, Maruyama,
Huang, Yao, Wu, Zwingenberger, Yang and Goodman. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 75596412

Ueno et al. Sex Differences in Bone Healing

https://doi.org/10.3389/fendo.2020.00386
https://doi.org/10.1002/art.24125
https://doi.org/10.1007/s11999-011-1914-y
https://doi.org/10.1089/ten.TEA.2011.0448
https://doi.org/10.1089/ten.TEA.2011.0448
https://doi.org/10.1016/j.biomaterials.2017.12.025
https://doi.org/10.1097/blo.0b013e3180325a42
https://doi.org/10.1182/blood-2003-09-3070
https://doi.org/10.1101/gad.1449506
https://doi.org/10.1089/scd.2007.0194
https://doi.org/10.1089/scd.2007.0194
https://doi.org/10.1016/j.biomaterials.2019.119579
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1038/cr.2010.44
https://doi.org/10.1016/j.bone.2009.08.005
https://doi.org/10.7150/thno.18181
https://doi.org/10.1016/j.biomaterials.2017.10.046
https://doi.org/10.1055/s-0035-1570749
https://doi.org/10.1002/jbm.a.36982
https://doi.org/10.3389/fcell.2021.631063
https://doi.org/10.1002/jbm.a.37175
https://doi.org/10.1002/jbm.a.37175
https://doi.org/10.1186/s13287-020-02086-8
https://doi.org/10.1016/j.jss.2012.06.039
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Sex Differences in Mesenchymal Stem Cell Therapy With Gelatin-Based Microribbon Hydrogels in a Murine Long Bone Critical-Si ...
	Introduction
	Materials and Methods
	Isolation and Manipulation of MSCs
	Gelatin μRB-Based Scaffold
	Animals
	Surgical Procedure and Postoperative Care
	Micro-Computational Tomography and Radiographic Analysis
	Histologic and Immunohistochemical Analysis
	Statistical Analysis

	Results
	Micro-Computational Tomography of the Non-Operative Femur
	Micro-Computational Tomography of the Bone Defect Area on the Operative Side
	Histological Analysis
	Expression of Alkaline Phosphatase
	Tartrate Resistant Acid Phosphatase Staining
	Immunohistochemistry for Macrophage Phenotype

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


