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Abstract
Even though reunion of bone fracture confronts clinicians, mesenchymal stromal cells (MSCs) are investigated to be curative in
bone fracture. This study aimed to explore the application potential of MSCs for healing bone fractures. By inputting search
terms and retrieving studies published up to March 2021, multiple databases, including PubMed, EMBASE, Web of Science, and
Cochrane Library, were searched to identify eligible studies. The mean difference (MD) and 95% confidence interval (95% CI)
were calculated to analyze the main results in the meta-analysis. Data analysis was performed using Engauge Digitizer 10.8 and
R Software. Of the 31 articles, 26 were preclinical studies (n ¼ 913), and 5 were clinical trials (n ¼ 335). Preclinically, MSCs
therapy significantly augmented the progress of bone regeneration [(bone volume over tissue volume (MD7.35, p < 0.01)],
despite some non-significant effects (on the callus index, bone strength, work to failure, and stiffness). Clinically, the MSC
group had a significantly reduced incidence of poor recovery (odds ratio (OR) 0.30, p < 0.01); however, a significant decrease
in healing time was not observed in the MSC group (MD 2.47, p¼ 0.26). In summary, our data suggest that patients with bone
fractures benefited from MSC administration and that MSCs are a potentially useful agent for bone regeneration. Despite
these satisfactory outcomes, larger randomised clinical trials (RCTs) are necessary to confirm these findings.
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Introduction

Bone fractures are the disconnection of intact bones caused

by tremendous external force (from a fall, car crash, hit, etc.)

and happen most in children and elderly individuals. Each

year, approximately 8 million people in the United States

suffer traumatic fractures, which can lead to hospitalizations,

surgeries, inconveniences and lost work time1. Fracture heal-

ing is associated with increases in delayed union, non-union,

infection and revision surgery2, and no ideal treatments for

accelerating the progression of fracture healing have been

recommended. The direct cost of osteoporotic fractures

was $19 billion a year in 2005 and is projected to reach

$60 billion by 20303.

Although several methods to improve fracture healing

have been developed clinically, they all have their own lim-

itations. Research on electromagnetic field therapy for bone

repair has been carried out for more than 60 years, but the

therapeutic effect of this therapy is still conspicuous. Auto-

logous bone marrow transplantation is considered an

effective method for bone repair, but the sampling technique

and the quality of cell preparation may affect its efficacy4.

Autologous bone marrow grafting might be an effective

strategy for bone repair, but the quality of the harvesting

technique and cell preparation might affect the efficacy5.

Human bone morphogenetic proteins (rhBMPs) 2 and 7 are

used to treat non-union and tibial shaft fractures but can lead

to adverse reactions such as inflammation and a risk of
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ectopic bone formation6. Recombinant human parathyroid

hormone (PTH) 1-34 (teriparatide) has been used off-label

in clinical practice7. However, the US Food and Drug

Administration (FDA) has not approved it for this indication.

Therefore, new therapeutic targets are required to treat frac-

tures and shorten the time for bone healing.

Mesenchymal stromal cells (MSCs) are multipotent stro-

mal cells with the ability to self-renew and have the potential

to differentiate into muscle cells, chondrocytes, adipocytes,

osteoblasts, and other cells8. MSCs can be isolated from

various sources, such as adipose tissue, bone marrow, ten-

dons, cord blood, foetuses9. Moreover, MSCs are also easily

cultured and amplified and are immunologically inert10.

MSCs have recently been reported to treat burns, myocardial

infarction, ulcerative colitis, systemic sclerosis and other

diseases11,12,13. As a reserve force to induce tissue regenera-

tion after injury14, MSCs have been widely studied for their

therapeutic potential in fracture healing and bone regenera-

tion15. It has recently been reported that MSCs can enhance

bone healing. In the process of bone resorption, active TGF-

1 released from the bone matrix induces the aggregation of

MSCs to the fracture site through the SMAD signalling path-

way16, and MSCs stimulate angiogenesis, further promoting

the fracture healing cascade17.

In this regard, a number of recent animal studies and

clinical trials have reported the benefits of MSCs in the

treatment of fracture healing. However, the clinical efficacy

of MSCs in bone repair or strengthening has not been estab-

lished. Moreover, there is little consensus on which cell

source, type of cell, dose and method of administration are

most beneficial to patients. As such, the purpose of our study

was to provide a systematic review of animal and clinical

studies on the treatment of bone repair with MSCs.

Methods

Literature Search Strategy

The meta-analysis was performed according to the Preferred

Reporting Items for Systematic Review and Meta-Analysis

(PRISMA) statement18 (see additional file 1). We conducted

a comprehensive literature search using the online databases

PubMed, EMBASE, Web of Science, and Cochrane Library

up to March 7, 2021. The terms “mesenchymal stem cells

OR mesenchymal stromal cells” and “bone fractures OR

bone regeneration OR bone repair” were used to identify the

relevant literature. Two investigators independently

extracted data, and a third investigator was included when

a disagreement occurred. The retrieval strategy is shown in

Additional file 2.

Inclusion and Exclusion Criteria

If the studies fulfilled these criteria, they were considered for

further evaluation: (1) studies with specific definition of

fracture non-union or bone defect; (2) controlled studies

estimating the effects of MSCs (including bone marrow-

derived MSCs, adipose-derived MSCs and umbilical

cord-derived MSCs) in animals by in vivo administration;

(3) studies in which the control group received either a pla-

cebo or no treatment; (4) studies in which effect estimates

and precision measurements (standard deviation or standard

error) were considered when reporting data; (5) trials with

the full text accessible.

The exclusion criteria were as follows: (1) single-arm

studies; (2) trials using non-MSCs (including other mature

cells, MSC conditioned media (CM), granules, ointments,

Chinese medicines, pulsed ultrasound and surgical treat-

ment); (3) other types of articles, such as reviews, meta-

analyses, conference records, editorials, and research letters;

and (4) articles presenting irrelevant outcomes, such as his-

torical outcomes (HE staining, immunohistochemical stain-

ing) and biochemical indexes (IL-1, IL-6 and TGF-b).

Data Extraction

Two investigators (Hanxiao Yi and Yang Wang) indepen-

dently identified the titles and abstracts and resolved uncertain

data through discussion and consensus. The information

extracted from preclinical trials contained the following:

(1) first author; (2) year; (3) region; (4) stromal cell type;

(5) No. of fractures; (6) model strain/species; (7) sex/age;

(8) fracture site; (9) fracture model; (10) dosage; (11) admin-

istration; and (12) observation time (post model). For clinical

trials, the information included the following: (1) first author;

(2) year; (3) study type; (4) patients evaluated; (5) patients

included; (6) follow-up; (7) fracture site; (8) source of MSCs;

(9) route of delivery; (10) timing; and (11) dose/volume.

Assessment of Study Quality and Bias

The risk of bias was assessed independently by 2 authors

(Hanxiao Yi and Yang Wang). Different quality assessment

tools were used to assess the bias risk for each selected study.

For preclinical trials, the risk of SYRCLE bias (RoB) was

used to study the six sections: the title, the abstract, the

introduction, the methods, the results, and the discussion.

Each item contained several details and was classified as

having low, unclear, or high bias risk19.

For clinical trials, the Cochrane Risk of Bias (Rob) tool for

randomized control trials (RCTs)20 was used, and the individ-

ual domains were (1) random-sequence generation; (2) allo-

cation sequence concealment; (3) blinding of participants and

personnel; (4) blinding of outcome assessment; and (5) com-

pleteness of outcome data. The publication bias of the precli-

nical trials was assessed using funnel plots and Egger’s test.

Outcome Measurements

We refined some data in the original articles to a consensus

definitions: bone volume over tissue volume (BV/TV), the

percentage of bone volume (BV) over tissue volume (TV);

callus width (CW), the maximal outer diameter of the
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mineralized callus minus the outer diameter of the femur;

callus area (CA), the sum of the areas of the external miner-

alized callus; and callus index (Cl.Ind), (the volume occupied

by callus including voids—the callus TV)/the volume occu-

pied by callus including voids � 100. Stiffness is the ability to

resist elastic deformation under stress and was calculated as

the slope of the linear part of the load-displacement curve.

Work to fracture was calculated from the area under the load-

displacement curve. The elastic modulus (E-modulus), the

slope of the stress-strain curve, is known as the tissue stiff-

ness21. Trabecular thickness (Tb.Th) was calculated as a mea-

sure of the thickness of all bone voxels and the bone mineral

density (BMD). Cg.Ar/CI.Ar was calculated as the ratio

between the cartilage area and the CA.

Statistical Analysis

Engauge Digitizer (Mitchell 2016) was used to collect data

from statistical charts. Data analyses were performed with R

software 4.02 (University of Auckland, New Zealand). All

continuous data evaluated in this article are presented as the

mean difference (MD) with the corresponding 95% confidence

interval (95% CI) to eliminate the influence of units and mea-

sures. Binary data are presented as odds ratios (ORs) with 95%
CIs. Statistical heterogeneity was evaluated with the inconsis-

tency index (I2). If I2 � 50%, a fixed-effect model was used;

otherwise, a random-effect model was employed. Subgroup

analysis was used to find potential sources of heterogeneity.

Egger’s linear regression and Begg’s funnel plot were

employed to calculate the potential publication bias.

Result

Search Results

A total of 2686 references were retrieved from the PubMed,

EMBASE, Web of Science and Cochrane Library databases.

After removal of duplicates, other types of articles (reviews,

meeting abstracts and comments), and irrelevant articles, 58

potential full-text articles were carefully reviewed. Among

the studies screened, 32 records were removed according to

different criteria: improper study designs (n ¼ 11) and inap-

propriate result forms (n ¼ 21). A total of 26 studies were

ultimately included in the meta-analysis (Fig. 1).

Figure 1. Flow Chart of the Article Screening Process.
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Quality of Studies

Experimental trials: According to SYRCLE’s RoB Tool, all

the preclinical studies had a moderate to high risk of bias.

The outcome of the quality assessment showed that 36% of

studies had a low risk, 30% of studies had an unclear risk,

and 34% of studies had a high risk of bias. None of the

studies clearly elucidated the generation of random

sequences, and none provided complete baseline informa-

tion, making it difficult to confirm whether each group of

animals were randomly grouped and to accurately extract

article characteristics. In all 26 studies, there appeared to

be a lack of standard practice for allocation concealment,

blindness to study personnel and outcome assessors, and

therefore, there was high detection bias. Attrition and report-

ing bias were low because the results of all 26 articles were

clear and sufficient. See Table 1 for details.

Clinical trials: All clinical trials were relatively high

quality except one article was marked as having a high risk

of bias in terms of allocation concealment and an unclear

risk of bias in terms of randomization, blinding, and selec-

tion. Most articles performed poorly in allocation, blinding,

randomization and blurred deception in their methodologies.

However, all studies integrally reported present outcomes

from all participants, and no missing data existed (Fig. 2).

Study Characteristics

Experimental trials: Ten of the 26 studies used mice, while

11 studies used rats, and the other 3 studies used pigs and

sheep, 4 studies used rabbits. bone marrow-derived MSCs

(BMSCs, n ¼ 20), umbilical cord-derived MSCs

(UC-MSCs, n ¼ 1), and adipose-derived MSCs (ADSCs,

n ¼ 5) were used in these articles. MSCs were administered

through different routes, such as local transplantation (n¼ 9)

and tail vein injection (n ¼ 17). Other information was also

recorded. The detailed characteristics of these studies are

shown in Table 2.

USA, United States of America; MSC, mesenchymal

stem cells; Con, control; AD, administration; R-BMSCs, rat

bone marrow mesenchymal stem cells; H-BMSCs, human

bone marrow mesenchymal stem cells; S-BMSCs, sheep bone

marrow mesenchymal stem cells; R-ADSCs, rabbit adipose

derived mesenchymal stem cells; M-BMSCs, mouse bone

marrow mesenchymal stem cells; P-BMSCs, pig bone mar-

row mesenchymal stem cells; H-UCMSCs, human umbilical

cord mesenchymal stem cells; M-ADRCs, mouse adipose-

derived regenerative cells; R-BMSCs, rat bone mesenchymal

stromal cells; W, week; M, month; M, male; F, female; NA,

not available; m, minute; h, hour; d, day. IV injection, intra-

venous injection.

Clinical trials: Five studies (n ¼ 335 patients) were

included in the meta-analysis. Of these studies, three were

RCTs (n ¼ 124 patients)22,23,24 and two were retrospective

studies (n ¼ 211 patients)25,26. Four of the five studies used

autologous bone marrow-derived MSCs22,23,25,26, while the

others used allogeneic UC-MSCs24. Three of the studies

adopted administration through implantation22,25,26, and the

remaining two studies used percutaneous injection23,27. The

detailed information of these studies is summarized in

Table 3.

Preclinical Evidence

Analysis of regenerated bone. The healing status of bone frac-

tures in animals was reported as various measurements;

therefore, we reported the results according to the volume

and strength of the regenerated bone. The data for BV/TV,

which was the most frequently used output of microCT anal-

ysis performed on bone and was reported by 13 studies

(n ¼ 446 animals), was analysed using a random-effect

model. We did not find a distinct improvement in BV/TV

(1st week, MD 0.06, 95% CI: �0.05 to 0.17, p ¼ 0.29;

2nd week, MD 1.52, 95% CI: �1.83 to 4.87, p ¼ 0.37) in

animals treated with MSCs until 4 weeks after treatment

(4th week, MD 7.35, 95% CI: 2.84 to 11.86, p < 0.01; 5th

week, MD 9.17, 95% CI: 4.51 to 13.83, p < 0.01; 8th week,

MD 11.79, 95% CI: �1.44 to 25.02, p ¼ 0.08) (Fig. 3A).

Furthermore, BV, which was reported by 11 studies (n¼ 297

animals) and directly reflects the volume of the regenerated

bone, showed distinct differences between the two groups

over the observation periods (2nd week, MD 4.12, 95% CI

1.13 to 7.12, p < 0.01; 12th week, MD 4.11, 95% CI 1.83 to

6.39, p < 0.01) except at the 8th week (MD 12.42, 95% CI

23.52 to 48.35, p ¼ 0.50) (Fig. 3A). TV, which is mainly

subjectively determined by the researcher, was also ana-

lyzed. Four of the 22 studies reported TV (n ¼ 94 animals),

and a random-effect model was used for the analysis. The

animals in the MSC group revealed a significantly higher TV

than those in the control group (MD 13.88, 95% CI 3.51 to

24.24, p < 0.01) (Fig. 3B).

The callus is also an important indicator of fracture heal-

ing. In this section, we mainly focused on alterations in the

callus (such as CW, CA, and callus index) that occurred

following MSC administration. All 4 studies involving ani-

mals reported the effect of MSCs on the CA and CW. Pooled

results showed that the CW was larger in the MSC group

than the control group over the four weeks following treat-

ment (2nd week, MD 0.59, 95% CI: 0.29 to 0.89, p < 0.01;

3rd week, MD 0.56, 95% CI: 0.43 to 0.69, p < 0.01; 4th

week, MD 0.67, 95% CI: 0.53 to 0.81, p < 0.01). However,

we the callus index did not significantly change (MD 0.75,

95% CI: �5.33 to 6.82, p ¼ 0.81). Additionally, both

Cheung28 and Wei29 reported changes in the CA (n ¼ 55

animals) at 2, 3, and 4 weeks post treatment (Fig. 3C, D).

They suggested that at the 2nd week (MD 9.90, 95% CI: 2.53

to 17.28, p < 0.01), 3rd week (MD 7.33, 95% CI: 1.06 to

13.60, p ¼ 0.02) and 4th week (MD 6.93, 95% CI: 0.98 to

12.88, p ¼ 0.02) after treatment, a significant change in the

CA was discovered in the MSC group.
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Analysis of biomechanical tests and secondary indexes of bone
regeneration. Mechanical testing is the ultimate method to

determine an intervention’s effect on fracture healing. Stiff-

ness is the ability to resist elastic deformation under stress

and is calculated as the slope of the linear part of the load-

displacement curve. Work to fracture is calculated from the

area under the load-displacement curve. The E-modulus, the

slope of the stress-strain curve, is known as the tissue stiff-

ness21. Our study showed that the E-modulus (MD -2666.91,

95% CI:�4094.07 to�1239.75, p < 0.01) and stiffness (MD

23.80, 95% CI: 9.36 to 38.25, p < 0.01) were significantly

increased in animals in the MSC group. However, bone

strength (MD �20.05, 95% CI: �45.00 to 4.90, p ¼ 0.12)

and work to fracture (MD 3.62, 95% CI: �0.99 to 8.23,

p ¼ 0.12) were not significantly increased in animals in the

MSC group (Table 4). Despite some negative results, these

data hinted that MSCs actually contribute to increasing the

strength of newly regenerated bone.

Cg.Ar/CI.Ar, the ratio between the cartilage area and the

callus area; No, number of fracture sites. MD, mean differ-

ence.Finally, we summarized the ultimate load according to

the observation time. Our results indicated that there were no

significant differences between the two groups at the 2nd

week (MD 4.33, 95% CI: �0.55 to 9.20, p ¼ 0.08) or the

8th week (MD 1.73, 95% CI: �45.34 to 48.81, p ¼ 0.94).

Interestingly, the ultimate load increased by 2.65 at the

5th week (MD 2.65, 95% CI: 1.14 to 4.16, p < 0.01) (Addi-

tional file 3). This result may suggest the early effect of

MSCs on bone regeneration, but this theory needs to be

further confirmed.

Moreover, other indicators, such as fibrous tissue (MD

34.64, 95% CI: 28.30 to 40.99, p < 0.01), trabecular thick-

ness (Tb, Th) (MD 0.10, 95% CI: 0.02 to 0.18, p ¼ 0.01),

BMD (MD 0.94, 95% CI: 0.61 to 1.27, p < 0.01), connec-

tivity density (MD 5.33, 95% CI: 2.77 to 7.88, p < 0.01),

density of BV (MD 39.33, 95% CI: 31.31 to 47.34, p < 0.01),

the Cg.Ar/CI.Ar ratio (MD �0.12, 95% CI: �0.15 to �0.09,

p < 0.01) confirmed that MSCs were efficacious in facilitat-

ing bone regeneration (Table 4).

Subgroup Analysis

To identify heterogeneity potentially influencing the analy-

sis of the BV/TV, subgroup analysis was conducted based on

model species, location, administration route, cell origin and

year. At the 4th week, animals in the local administration

group had higher BV/TV (MD 7.35, 95% CI: 4.35 to 10.35,

p < 0.01) than animals in the control group. Furthermore, for

animals systemically receiving injection of MSCs (MD 4.11,

95% CI: �1.05 to 7.16, p < 0.01) and animals treated with

MSCs of human origin (p < 0.01), a significant difference in

the BV/TV between the two groups were observed. Asian

articles also reported a great improvement in BV/TV

(p < 0.01). Subgroup analysis also indicated that the efficacy

of MSCs may be species-specific because mice receiving

MSCs had an increased BV/TV (MD 16.23, 95% CI: 7.83

to 24.62, p < 0.01), and rats (MD 2.81, 95% CI: 1.03 to 4.59,

p < 0.01). At the 8th week, no factors were identified to

prominently impact the final outcomes (Additional file 4).

Publication Bias

The publication bias related to BMD (Fig. 4 BMD), BV/TV

(Fig. 4 BV/TV), BV (Fig. 4 BV) and ultimate load (Fig. 4

ultimate load) was determined by using a funnel plot and

Egger’s linear regression. BMD (Egger’s test, p ¼ 0.498),

BV/TV (Egger’s test, p¼ 0.234), and ultimate load (Egger’s

test, p ¼ 0.677) showed nonsignificant publication bias.

Although there was a significant publication bias for BV

(Egger’s test, p < 0.01), this is likely the result of the use

of a random-effect model for a small-scale study.

Clinical Evidence

As for the clinical trials, we considered two indicators of

interest, namely, healing time and poor recovery, primarily

due to the lack of studies reporting clinical trials and lack of

indicators that could be included in the meta-analysis. In

addition, rapid fracture healing is very important for patients

Figure 2. Quality evaluation of the included studies. Quality
assessment of included clinical trials using the Cochrane RoB tool.
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treated with MSCs to achieve good recovery. Satisfactory

recovery can well reflect the effect of MSCs on bone regen-

eration, which is also the goal of surgical treatment.

Healing time. The healing time was reported in two studies

including 111 patients (n ¼ 52, MSCs; n ¼ 59, control). Our

pooled outcome showed that the healing time in the MSC

group was not significantly decreased (MD �2.47, 95% CI:

�6.8 to 1.86, p ¼ 0.26) compared with that in the control

group (Fig. 5A).

Poor recovery. Poor recovery at the final follow-up was

reported by three studies23,25,26, and a total of 235 patients

were included (n ¼ 114 receiving MSCs, n ¼ 121 receiving

control treatment). Contrary to the outcome of healing time,

MSC therapy significantly reduced the number of patients

with poor recovery (OR 0.30, 95% CI: 0.16 to 0.57, p < 0.01)

(Fig. 5B).

Discussion

Fractures are the most common form of trauma hospitaliza-

tion, with more than 150,000 people admitted to the hospital

in Australia each year30. In the United Kingdom (UK), non-

union hospital treatment alone is estimated to cost between

£7,000 and £7,90031. Fractures result in a considerable num-

ber of patients with disabilities, inconveniences and

increased financial burden. Therefore, we first conducted a

systematic review and meta-analysis to summarize the effi-

ciency of MSCs in the treatment of bone repair, summarizing

evidence from preclinical and clinical trials. Ultimately,

22 preclinical and 5 clinical studies were included.

To assess the risk bias of included articles investigating

animals, quality assessment was conducted using SYR-

CLE’s RoB scale. SYRCL’s RoB tool was proposed by

Hooijmans et al19 in 2014 and is an adaptation of the

Cochrane RoB tool, which is a tool used to assess animal

research evidence that helps to improve the efficiency of

translating animal research into clinical practice. We

observed that most of the studies showed high and unclear

risk of selection bias and detection bias, which was mainly

due to the lack of randomization, concealment of allocation,

baseline characteristics of the groups of animals, and blind-

ing of the researchers and assessors to the results. At present,

most of the animal research published globally has a high

risk of bias in these aspects, suggesting the necessity to

improve the methodological quality of animal research. In

clinical studies, most studies lack specific methods to

describe allocation concealment and blinding of participants

and personnel, and thus, they have a high risk of bias. This

information is crucial because selection bias and perfor-

mance bias are associated with exaggerated effect sizes.

In terms of the effect of MSCs on bone regeneration, the

results of our meta-analysis showed that MSCs could pro-

mote bone regeneration in animals. However, the callus

index, bone strength and work to fracture of the MSCT
a
b
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treatment group showed no improvement compared to those

in the control group, which was inconsistent with the results

of Doron et al32 and might be explained by the small number

of studies included. The pooled outcomes of poor recovery

from clinical trials greatly decreased (OR ¼ 0.3, p < 0.01)

after MSC transplantation, suggesting that MSC transplanta-

tion is associated with improved prognosis. Nevertheless,

patients treated with MSCs did not show reduced healing

Figure 3. Subgroup analysis for BV, BV/TV, TV, callus width, callus area and callus index. (A) Subgroup analysis of BV at the 2nd, 8th, and
12th weeks and BV/TV at the 1st, 2nd, 4th, 5th, 8th, and 12th weeks. (B) Pooled analysis of TV. (C) Subgroup analysis of the callus width and
callus area at the 2nd, 3rd, and 4th weeks. (D) Pooled analysis of the callus index. All analyses were conducted by using a random- or fixed-
effects model with a 95% confidence interval. BV, bone volume; TV, tissue volume.

Table 4. Analysis of Biomechanical tests and Secondary Indexes of Bone Regeneration.

Outcome No. MD 95% CI P value

Biomechanical test
E-modulus 158 �2666.91 [�4094.07; �1239.75] <0.01
Bone strength 20 �20.05 [�45.00; 4.90] 0.12
Work-to-fracture 38 3.62 [�0.99; 8.23] 0.12
Stiffness 166 23.80 [9.36; 38.25] <0.01
Secondary indexes of bone regeneration
Bone mineral density 208 4.29 [2.84 to 5.74] <0.01
Fibrous tissue 22 34.64 [28.30 to 40.99] <0.01
Connectivity density 46 5.33 [2.77 to 7.88] <0.01
Density of BV 42 39.33 [31.31 to 47.34] <0.01
Trabecular thickness 72 0.10 [0.02 to 0.18] 0.01
Cg.Ar/CI.Ar 27 �0.12 [�0.15 to 0.09] <0.01

10 Cell Transplantation



Figure 4. Funnel plots of primary and secondary outcomes. Funnel plots were generated for BMD, BV, BV/TV, and ultimate load.

Figure 5. Clinical outcomes of healing time and poor recovery. Pooled analysis of (A) the healing time and (B) the rate of poor recovery.

Yi et al 11



time as anticipated. Overall, our results demonstrated a

strongly positive relationship between MSC transplantation

and the prognosis of bone fractures preclinically and clini-

cally. To explore the source of heterogeneity, we performed

a subgroup analysis of administration route, cell origin,

model species and location. The results indicated that these

variables (administration route and model species) were

potential sources of heterogeneity and are highly important

for future clinical applications. With regard to the delivery

route of MSCs, different methods may lead to opposite out-

comes, and systemic administration was preferred. However,

Huang et al33 reported that in a mouse fracture model, both

systemic and local use of allogeneic BMSCs were effective.

Therefore, this point should be further studied in future clin-

ical research.

Due to the small number of clinical trials

retrieved22,23,25,26,27, we were unable to conduct a meta-

analysis of adverse events. Inspiringly, no studies reported

life-threatening adverse events. The results from these trials

showed that patients with bone non-union treated with MSCs

had a shorter treatment time, a higher healing rate, and a

significantly lower number of complications (such as the

incidence of infection, neuropathy, skin necrosis, amputa-

tion, and Charcot joint disease) than those not treated with

MSCs (p < 0.05). In contrast, Chu et al26 reported significant

pain and treatment-related complications during fracture

healing. One single-arm study34 (n ¼ 8) and 3 case

reports35,36,37 (n ¼ 8), including 16 patients with bone

non-union, also reported the efficacy of MSCs in treating

bone fractures. The researchers found that all 16 fracture

patients treated with MSCs healed successfully without

complications such as excessive tissue growth, tumour for-

mation, wound infection, etc. Currently, another phase III,

multicentre, open-label, RCT (NCT03325504) is currently

underway in France to compare two doses (100 � 106 cells

versus 200 � 106 cells) of bone marrow autologous MSCs

and biomaterials with an iliac crest autologous graft for bone

healing in non-union after long bone fractures. The results

are expected on December 30, 2021.

In addition to MSCs, MSC-CM and other cell-based

therapies in bone regeneration are also under investigation.

Maria38 and Augustine2 concluded that the application of

MSC-CM to treat bone defects had a favorable effect on the

repair and regeneration of bone tissue. This finding suggests

that paracrine effects are of great importance in MSC treat-

ment. In addition to MSCs, MSC-like cells cultured from

induced pluripotent stromal cells (iPSCs) have the ability

to form mature mineralized substances histologically similar

to bone39. Even human induced pluripotent stromal cells

(hiPSCs) potentially differentiate into functional osteoblasts

and subsequently form calcified bone stroma in the healing

of critical bone defects without tumorigenesis40. Chen et al41

observed that local transplantation of a new calcium phos-

phate cement, chitosan-RGD biomaterial derived from

human embryonic stromal cells (hESCs), could induce

attachment, proliferation and bone mineral synthesis in vitro.

Kim et al42 also discovered a significant improvement in

bone formation in immunodeficient mice by subcutaneous

inoculation of osteoblasts differentiated from human

embryonic stromal cells seeded onto three-dimensional por-

ous poly (d, l-lactic-co-glycolic acid)/hydroxyapatite com-

posite biomaterials. However, the specific mechanisms by

which cell therapy induces bone fracture healing are still

unknown, and future research should focus on the mechan-

istic study of cell-based therapy.

Though many cell types are utilized in treating bone non-

union, MSCs have great advantages over other types of cells.

MSCs are clonogenic and have the potential to differentiate

into various tissues, such as myocytes, chondrocytes, adipo-

cytes and osteoblasts8. MSCs are also easily expanded in

culture, immunologically inert and can be isolated from var-

ious sources, such as adipose tissue, bone marrow, tendons,

cord blood, foetuses10. Hence, this flexibility in the MSC

collection site avoids the ethical issues associated with the

use of embryonic stromal cells. UC-MSCs have been

demonstrated to be a promising alternative source because

these MSCs are more readily available43, proliferate faster in

vitro and are less immunogenic than other MSCs44. More-

over, adult-type MSCs seem to have stronger immunosup-

pressive effects than foetal-type MSCs45. Over the past

10 years, the clinical use of MSCs derived from umbilical

cord-derived MSCs and adipose tissues has increased by

more than 30%46. The repair of bone fracture is a postnatal

regenerative process, and fracture healing involves an ana-

bolic phase of increased TV and the formation of new bone

tissue, followed by an extended catabolic phase in which the

tissue is remodelled into its original structure47. Fracture

healing and endochondral bone formation are regulated by

fibroblast growth factor 2 (FGF-2)48, BMPs49, PTH-related

protein50, transforming growth factor b (TGF-b)51, parathyr-

oid hormone (PTH)50, wingless morphogenetic factors, and

Wnt protein52, some of which can be released by MSCs and

participate in the interactive feedback loops of bone mor-

phogenesis. Future studies involving MSCs in clinical trials

are urgently needed to ensure MSC-related safety. Although

various types of these cells are reported to promote bone

regeneration, it is necessary to select the single most suitable

cell type for fracture healing5.

This meta-analysis has several advantages. First, this is

the first study to analyze clinical and preclinical trials of

MSCs for bone regeneration. Second, a systematic literature

search was conducted, a published research protocol was

followed to ensure a rigorous review process, and the quality

of the included literature was evaluated according to differ-

ent literature characteristics. Third, we analyzed the poten-

tial sources of heterogeneity and conducted an analysis, and

the results enabled us to remind researchers of which vari-

ables they should pay attention to in prospective studies.

However, some weaknesses still exist. First, the enrolled

animal studies had a small sample size, and thus the conclu-

sions should be treated with caution. Second, the number of

included clinical trials was limited, and some articles had a

12 Cell Transplantation



small sample size, few bone indicators and low methodolo-

gical quality. Furthermore, some adverse events (infection,

skin necrosis and coverage) were unable to be analyzed in

this article but were reported by some studies. Finally, dif-

ferent sources of cells, delivery methods, and doses were

used in the preclinical and clinical trials, which potentially

impacted the pooled outcomes despite being analyzed by

subgroup analysis or meta-regression. In summary, more

clinical bone indicators and widely acceptable indicators in

experimental studies should allow a strict assessment of the

efficacy of MSC therapy in bone healing. In addition, more

expanded RCTs are warranted to evaluate the efficacy and

safety of MSC therapy in the future.

Conclusion

MSCs are a promising therapy for patients with bone non-

union, but more RCTs are needed to support this finding.
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höfer F Poxleitner P. Treatment of stage II medication-related

osteonecrosis of the jaw with necrosectomy and autologous

bone marrow mesenchymal stem cells. Odontology. 2017;

105:484–493.

37. Wongchuensoontorn C, Liebehenschel N, Schwarz U, Schmel-

zeisen R, Gutwald R, Ellis E. Application of a new chair-side

method for the harvest of mesenchymal stem cells in a patient

with nonunion of a fracture of the atrophic mandible – a case

report. J Craniomaxillofac Surg. 2009;37(3):155–161.

38. Benavides-Castellanos MP, Garzón-Orjuela N, Linero I. Effec-

tiveness of mesenchymal stem cell-conditioned medium in

bone regeneration in animal and human models: a systematic

review and meta-analysis. Cell Regen. 2020;9:1–22.

39. Hynes K, Menicanin D, Mrozik K, Gronthos S, Bartold PM.

Generation of functional mesenchymal stem cells from differ-

ent induced pluripotent stem cell lines. Stem Cells Dev. 2014;

10:1084–1096.

40. Kang H, Shih YR, Nakasaki M, Kabra H, Varghese S. Small

molecule-driven direct conversion of human pluripotent stem

cells into functional osteoblasts. Sci Adv. 2016;2(8):16–21.

41. Chen W, Liu J, Manuchehrabadi N, Weir MD, Zhu Z, Xu HH.

Umbilical cord and bone marrow mesenchymal stem cell seed-

ing on macroporous calcium phosphate for bone regeneration

in rat cranial defects. Biomaterials. 2013;34(38):9917–9925.

42. Choi W, Hyoun-Ee K, Mi-Jin K, Uoong-Chul K, Ji-Hwan K,

Young-Hag K. Production and characterization of calcium

phosphate (CaP) whisker-reinforced poly(E-caprolactone)

composites as bone regenerative. Mater Sci Eng C. 2010;

30(8):1280–1284.

43. Anasetti C, Logan BR, Lee SJ, Waller EK, Weisdorf DJ, Win-

gard JR. Peripheral-blood stem cells versus bone marrow from

unrelated donors. N Engl J Med. 2012;367(16):1487–1496.

44. Zhang ZY, Teoh SH, Chong MS, Schantz JT, Fisk NM, Choo-

lani MA. Superior osteogenic capacity for bone tissue

14 Cell Transplantation



engineering of fetal compared with perinatal and adult

mesenchymal stem cells. Stem Cells. 2009;27(1):126–137.

45. Chan CK, Wu KH, Lee YS, Hwang SM, Lee MS, Liao SK. The

comparison of interleukin 6-associated immunosuppressive

effects of human ESCs, fetal-type MSCs, and adult-type

MSCs. Transplantation. 2012;94(2):132–138.

46. Shi Y, Wang Y, Li Q, Liu K, Hou J, Shao C, Wang Y. Immu-

noregulatory mechanisms of mesenchymal stem and stromal

cells in inflammatory diseases. Nat Rev Nephrol. 2018;14(8):

493–507.

47. Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms

and interventions. Nat Rev Rheumatol. 2014;11(1):45–54.

48. Du X, Xie Y, Xian CJ, Chen L. Role of FGFs/FGFRs in ske-

letal development and bone regeneration. J Cell Physiol. 2013;

227(12):3731–3743.

49. Axelrad TW, Einhorn TA. Bone morphogenetic proteins in

orthopaedic surgery. Cytokine Growth Factor Rev. 2009;

20(5-6):481–488.

50. Barnes GL, Kakar S, Vora S, Morgan EF, Gerstenfeld LC,

Einhorn TA. Stimulation of fracture-healing with systemic

intermittent parathyroid hormone treatment. J Bone Joint Surg

Am. 2008;90(suppl 1):120–127.

51. Patil AS, Sable RB, Kothari RM. An update on transforming

growth factor-b (TGF-b): sources, types, functions, and clin-

ical applicability for cartilage/bone healing. J Cell Physiol.

2011;226(12):3094–3103.

52. Virk MS, Alaee F, Tang H, Ominsky MS, Ke HZ, Lieberman

JR. Systemic administration of sclerostin antibody enhances

bone repair in a critical-sized femoral defect in a rat model.

J Bone Joint Surg Am. 2013;95(8):694–701.

Yi et al 15


	Preclinical and Clinical Amelioration of Bone Fractures with Mesenchymal Stromal Cells: a Systematic Review and Meta-Analysis
	Introduction
	Methods
	Literature Search Strategy
	Inclusion and Exclusion Criteria
	Data Extraction
	Assessment of Study Quality and Bias
	Outcome Measurements
	Statistical Analysis

	Result
	Search Results
	Quality of Studies
	Study Characteristics
	Preclinical Evidence
	Analysis of regenerated bone
	Analysis of biomechanical tests and secondary indexes of bone regeneration

	Subgroup Analysis
	Publication Bias
	Clinical Evidence
	Healing time
	Poor recovery


	Discussion
	Conclusion
	Authors’ Contributions
	Ethic Approval
	Statement of Human and Animal Right
	Statement of Informed Consent
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	Supplemental Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


